
AIP Advances 7, 105307 (2017); https://doi.org/10.1063/1.5001149 7, 105307

© 2017 Author(s).

Geometric effect in a vertical stack-up
metal-insulator-metal tunnel diode
Cite as: AIP Advances 7, 105307 (2017); https://doi.org/10.1063/1.5001149
Submitted: 22 August 2017 . Accepted: 02 October 2017 . Published Online: 11 October 2017

Jeong Hee Shin , Jae Hoon Yang , Su Jin Heo , and Jae Eun Jang

ARTICLES YOU MAY BE INTERESTED IN

 Simulated electron affinity tuning in metal-insulator-metal (MIM) diodes
Journal of Applied Physics 121, 184504 (2017); https://doi.org/10.1063/1.4983256

 Optical rectification using geometrical field enhancement in gold nano-arrays
Journal of Applied Physics 122, 183101 (2017); https://doi.org/10.1063/1.4995995

 High performance MIIM diode based on cobalt oxide/titanium oxide
Applied Physics Letters 110, 223901 (2017); https://doi.org/10.1063/1.4984278

http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/test.int.aip.org/adtest/L16/1178022620/x01/AIP/HA_AuthorServices_ADV_PDFCover/HA_AuthorServices_ADV_PDFCover.jpg/686254725256755a63754d4141593558?x
https://doi.org/10.1063/1.5001149
https://doi.org/10.1063/1.5001149
https://aip.scitation.org/author/Shin%2C+Jeong+Hee
http://orcid.org/0000-0002-0836-973X
https://aip.scitation.org/author/Yang%2C+Jae+Hoon
http://orcid.org/0000-0002-8553-6597
https://aip.scitation.org/author/Heo%2C+Su+Jin
http://orcid.org/0000-0002-1505-2597
https://aip.scitation.org/author/Jang%2C+Jae+Eun
https://doi.org/10.1063/1.5001149
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5001149
http://crossmark.crossref.org/dialog/?doi=10.1063%2F1.5001149&domain=aip.scitation.org&date_stamp=2017-10-11
https://aip.scitation.org/doi/10.1063/1.4983256
https://doi.org/10.1063/1.4983256
https://aip.scitation.org/doi/10.1063/1.4995995
https://doi.org/10.1063/1.4995995
https://aip.scitation.org/doi/10.1063/1.4984278
https://doi.org/10.1063/1.4984278


AIP ADVANCES 7, 105307 (2017)

Geometric effect in a vertical stack-up
metal-insulator-metal tunnel diode

Jeong Hee Shin, Jae Hoon Yang, Su Jin Heo, and Jae Eun Janga

Department of Information and Communication Engineering, Daegu Gyeongbuk Institute of
Science and Technology (DGIST), Daegu 711-873, Korea

(Received 22 August 2017; accepted 2 October 2017; published online 11 October 2017)

The geometric effect was investigated in a vertically designed metal-insulator-metal
(MIM) tunnel diode for which a narrow tunneling distance can be controlled eas-
ily and reliably, with the goal of enhancing rectifying efficiency, based on the angle
of a pointed shape electrode and various thicknesses of insulator material. Although
MIM tunneling diodes can provide ultra- high working speeds (>THz), the very low
contrast ratio between forward and reverse currents results in poor rectifying effi-
ciency. An asymmetric geometry design with two metal electrodes can be an effective
approach for enhancing the contrast ratio between the tunneling currents. Using a
sharp electrode with a pointed shape, it was determined that the rectifying efficiency
and tunneling probability could be increased impressively depending on the angle of
the pointed shape of the electrode. Moreover, the selection of insulation material was
also important for improving efficiency. Although the band gap of Al2O3 is larger
than that of HfO2, the rectifying efficiency was significantly improved by blocking
reverse current well. In general, large band gap insulator materials are inappropriate
for a tunneling device, due to the low tunneling current. However, in our approach,
since the issue of low tunneling probability is compensated by the sharp tip structure,
the larger band gap insulator produced better rectifying efficiency with the appropriate
current density. The results of this study demonstrated that geometric design could
be a possible solution to increase rectifying efficiency. If the geometric effect in the
tunneling diode structures will be optimized more, it can improve the applicability of
vertical stack-up MIM tunnel diode to THz switching devices, tunneling transistors
and ultra-high speed electronics. © 2017 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5001149

Recently, there has been increasing demand for electronic devices with ultra-high working fre-
quency or speed, especially in the fields of communications, the military, and aerospace.1 At the same
time, the visible light region has been actively investigated in efforts to develop operating devices
with high response speeds, and to discover new applications for optoelectronics, THz subcutaneous
scanning, energy harvesting and so forth. Although switching devices based on p-n junctions and
the Schottky barrier have been widely studied using III-V group materials and special structures,2–5

the frequency limit remains below several THz due to the slow conduction mechanism, induced by the
depletion region. The metal-insulator-metal (MIM) device structure is an appropriate candidate for
operating in the high frequency region, and with an MIM structure, tunneling is expected to produce
high speed operation.6

A number of results have been published so far using various types of MIM diodes,7–15 which
have focused on ways of increasing working efficiency, such as rectifying efficiency. The simplest way
to accomplish this is to employ the difference in work function between the two metal materials in the
MIM structure.12–14 However, the work function difference between metals is generally not enough to
induce an appropriate contrast ratio between forward current and reverse current. Therefore, double
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or even triple layer insulators, comprised of different materials, have also been utilized to enhance
the contrast ratio, by forming a heterostructure-like band structure.8,16–18 Even though the order of
contrast ratio enhancement has been considerable, compared to the effect using a combination of two
different metals, the multi-stack insulator contribution is not still enough to achieve high performance.
In addition, as the number of insulators is increased, the number of uncertainty factors also increases.
For example, unexpected tunneling from impurities and structural defects have produced issues with
reliability,19 so the heterostructure approach is not an absolutely ideal solution for increasing working
efficiency, or practical realization.

Adding a geometric effect to the design of the MIM structure is another approach that can be used
to improve working efficiency. One of the studies which employed a geometrical asymmetric effect
utilized a bladderwort-like structure formed on a graphene layer, although the resulting efficiency
improvement was not significant.20 Previously, we reported a geometrically asymmetric tunneling
diode using a tip formed from a sharp metal structure, and from a multi-wall carbon nanotube
(MWCNT). Both device designs showed quite enhanced rectifying efficiency.9 However, the high
threshold voltage using the tip of sharp metal electrodes, which in a lateral tunneling diode structure
is limited by the gap between the two electrodes, was still insufficient. At the same time, the process
yields of MWCNT growth needed to be improved for practical realization.21 To address these issues,
a geometrically asymmetric vertical stack-up MIM diode can be a good solution, since a narrow gap
can be easily and reliably formed between the two electrodes by controlling the thickness of the
insulator layer.

Here we report on the geometric effect in a vertical stack-up MIM diode employing a sharp tip-
like structure as one of the conductive electrodes. To enhance the rectifying efficiency of the vertical
stack-up MIM diode, the effects of the angle of the pointed shaped electrode and the insulator materials
were mainly investigated. An electric field simulation was also performed for various device designs
to optimize and to understand the tunneling phenomenon. A vertical stack-up metal-insulator-metal
(MIM) tunnel diode can be used for high frequency driving because of its geometrical advantage,
which is the quite narrow gap (<5 nm) between electrodes. As mentioned above, when asymmetric
electrode designs are employed in an MIM tunneling diode, different tunneling probabilities can be
induced.

Fig. 1(a) shows schematic illustrations and a band diagram of a simple vertical stack-up MIM
diode designed with the same metals. Since the energy level of the cathode and anode are the same,
when a negative or a positive bias is applied to the anode electrode, the same height of tunnel

FIG. 1. Schematic illustration and band diagram of vertical stack-up MIM diode (a) 3 dimensional illustration and band
diagram of the simple vertical stack-up MIM diode consisting of same metals and insulator layer. (b) 3 dimensional illustration
and band diagram of the simple vertical stack-up MIM diode consisting of different metals and insulator layer. (c) Electron
movement in 3 dimensional and 2 dimensional illustration of the simple vertical stack-up MIM diode consisting of same metals
and insulator layer applying positive bias to an anode. (d) Electron movement 3 dimensional and 2 dimensional illustration of
vertical stack-up MIM diode consisting of same metals and insulator with a sharp electrode applying positive bias to an anode.
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barrier is formed, corresponding to the same tunneling probabilities. In contrast, when two different
metals are utilized, they generate different tunneling probabilities (Fig. 1(b)). The energy level of the
anode then changes to an asymmetric band diagram. This can induce different tunnel probabilities in
both directions. Even though various metal combinations had been theoretically and experimentally
investigated to achieve improved asymmetry, the maximum difference among metals is only 1.37eV.9

It cannot induce the big difference of tunnel probabilities.
The electron movement is affected by the uniform strength of the electrical field (e-field)

(Fig. 1(c)). If the geometric effect is applied to the vertical stack-up MIM structure (Fig. 1(d)),
using a sharp tipped electrode as the cathode electrode, a much stronger e-field is induced, due to
the field enhancement produced by the sharp electrode structure, as compared with that of a planar
design. The simple MIM structure shows a uniform electron density and e-field; thus, the band dia-
gram of the insulator maintains the order of a slope depending only on bias (Fig. 1(c)). However,
the MIM structure with the sharp electrode has a condensed electron density and e-field (Fig. 1(d)).
The order of the slope of the band diagram of the insulator is variable, with a short tunnel barrier
width which depends on the sharpness of the cathode electrode and the applied bias. The MIM with
the sharp electrode has a much shorter tunnel barrier width than the simple MIM, and as a result,
it can have a higher tunneling probability. The number of tunneling electrons is mainly determined
by the tunnel barrier produced by the geometric effect. The geometric effect induces a change in the
potential energy equation, as shown below:22

PEM→O (x)= (EF + φ) −
e2

16πε0x
− βexE, (1)

where EF , φ, e, ε0, x, and E are the Fermi level, work function, electronic charge, absolute permittivity,
distance from surface, and the e-field. The ß value is determined by the geometric effect. The potential
energy equation for a simple MIM structure which has a planar electrode design can be expressed
with a constant ß value of 1. The ß value can be from 1 to 20000 depending on the geometry.23

A vertical stack-up structure easily guarantees low resistance for high frequency driving. Even
though the sharp tipped geometric effect is also achieved in a lateral MIM diode structure, the high
resistance resulting from the large gap between the two metal electrodes needs to be revised to
improve performance in the ultra-high frequency region.9 Therefore, intensive study of the details in
the geometric effect of a pointed shape electrode was investigated in various vertical stack-up MIM
structures.

Fig. 2(a) shows schematic illustration and electron movement of rectangular electrode in vertical
stack-up MIM diode. The COMSOL simulation tool was used to analyze the e-field of this structure as
a function of aspect ratio (Fig. 2(b)). The maximum electrical fields of the tip of the rectangular type
electrode depending on the width of a rectangular electrode were shown in Fig 2(c). High aspect ratio
(10 nm width) exhibited the highest e-field (Fig. 2(b) and (c)). The narrower electrode has a much
higher density of electrons at the end of the rectangular shape than that of a wide electrode, as well as a
higher e-field (fig. 2(a)). Fig. 2(d) shows a SEM image of the MIM with a rectangular electrode (100 nm
of width). A 50 nm pattern was the smallest reliable pattern (additional fabrication details in Chapter 1
(supplementary material)). The electrical characteristics of the MIM with the rectangular elec-
trode with various aspect ratios (Fig. 2(e)). With decreasing electrode width, the current level
increased and the threshold voltage decreased. We confirmed that the potential barrier was affected
by the geometric effect (Fig. 2(f)). The threshold voltage of the Fowler-Nordheim (FN) tunneling
decreased with decreasing width, which is an obvious reason for the improvement of tunneling
probability.

The MIM structure with a sharp tipped electrode was expected to induce a higher e-field and
electron density. Fig. 3(a) shows a schematic illustration of the sharp tipped electrode structure
concept with various angles of the tip electrode. The insulator layer is one of important factors
to determine rectifying efficiency. Since high quality insulator could be generally used to improve
efficiency, Al2O3 formed by atomic layer deposition (ALD) was used instead of SiO2.13 A strong
localized e-field distribution was induced at the end of the tip; however, for the large angle, it was
not so strong (Fig. 3(b)).

ftp://ftp.aip.org/epaps/aip_advances/E-AAIDBI-7-022710
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FIG. 2. Electrical field simulation and electrical characteristics of vertical stack-up MIM diode with a rectangular electrode.
(a) Schematic illustration (low and high aspect ratio structure) of vertical stack-up MIM diode and electron movement
3 dimensional and 2 dimensional illustration with a rectangular electrode (top - wide width and bottom – narrow width).
(b) Electrical field simulation (with 60, 50, 40, 30, 20, and 10nm of width) of vertical stack-up MIM diode. (c) Maximum
electrical field of the tip of the square type electrode depending on the width of a rectangular electrode (d) SEM images of
vertical stack-up MIM diode with a rectangular electrode (scale bar: 1µm). (e) Current vs voltage plot and (f) threshold voltage
of Fowler-Nordheim (FN) tunneling VS width plot (inset: shifted tunneling distance in band diagram).

The thickness of the insulator obviously contributes to the enhancement of the geometric effect,
as shown in Fig. 3(c). Although the angle dependence of the e-field is larger with a thicker insulator
design (10 nm), the highest e-field was achieved with a thinner insulator (5 nm case).

The effective work function is one of the parameters that can be used to estimate the geometric
effect (more details in Chapter 2 (supplementary material)). Tunneling probability can be estimated
using the effective work function. The equation for tunneling probability is22

P≈ exp

−

2(2meφeff )1/2xF

}


, (2)

where φeff , e, me, xF , and ~ are the effective work function, electronic charge, mass of the electron in
free space, distance value when potential energy is equal to Fermi energy, Planck’s constant divided by
2π, respectively. The only parameter is the effective work function (xF is determined by the effective
work function).

According to Equations 2, a high tunneling probability can be obtained with a strong geometric
effect, caused by a low effective work function. The effective work function can be calculated from
the e-field depending on the angle of the sharp electrode (Fig. 3(d)). 0.68 eV of effective work function
was obtained with 20◦ of sharp electrode angle, from the MIM with the sharp electrode and 5 nm
thick Al2O3 (the potential barrier of Cr-Al2O3 is 2.7 eV).

The barrier formed with the 5 nm thick Al2O3 is depicted in Fig. 3(e), based on the e-field
distribution. The others, with 7.5 and 10nm thick Al2O3, are illustrated in Fig. S1(c) and (d)
(supplementary material). For the 10 nm thick Al2O3, the order of the shifted tunnel distance was
40 %, despite having the smallest angle (20◦) (Fig. 3(f)). A 50 % shift in tunnel distance was achieved
with 35◦ and 48◦ angles, for the 7.5 and 5 nm thick Al2O3 samples, respectively.

A significant geometric effect greater than 50% can affect the order of shifted tunnel distance
in 7.5 and 5nm thickness of Al2O3 with relatively large degree compared to case of 10 nm thickness
of Al2O3. The MIM with the sharp electrode, 5 nm thick of Al2O3 and 20◦ angle, produced more
than a 70 % shift in tunnel distance. This indicates that a considerably larger geometric effect can
be achieved in the MIM using the sharp electrode, as compared with the case employing a differ-
ence in work function. The rate of the shift in tunnel distance with the geometric effect was also
higher than that for the different work functions. Finally, the tunneling probabilities, calculated using
Equations 2, for the 90◦ and 20◦ angle sharp electrode with 5 nm thick insulator were determined to be
0.014% and 0.306 %, respectively. A significant improvement in tunneling probability was achieved

ftp://ftp.aip.org/epaps/aip_advances/E-AAIDBI-7-022710
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FIG. 3. Schematic illustration and electrical field simulation of vertical stack-up MIM diode consisting of a sharp electrode
with various angles (a) 2 dimensional illustration and 3 dimensional illustration of vertical stack-up MIM diode consisting
of a sharp electrode with various angles. (b) Electrical field simulation of vertical stack-up MIM diode consisting of a sharp
electrode with 90, 53, 26, and 20 degree angles. (c) Electrical field plot resulted from COMSOL simulation depending on
degree of a sharp electrode with various insulator thickness. (d) Effective work function of vertical stack-up MIM diode
consisting a sharp electrode depending on angles. (e) Band diagram of vertical stack-up MIM diode consisting of a sharp
electrode with various angles (calculated from electrical field plot). (f) The rate of shifted tunnel distance plot relying on
degree of a sharp electrode.

with a small angled sharp electrode. It was concluded that the efficiency of the vertical stacked-up
MIM diode could be enhanced by the geometric effect when using a thinner Al2O3 insulator layer,
and a small degree angled sharp electrode.

Based on these simulation results, an MIM with a sharp electrode was fabricated using the
same material combination. 20◦ angle was chosen as the lowest angle to measure the electrical
characteristics of MIM. A total of 5 sharp electrodes were formed on the Cr-Al2O3 of the high e-field
inducing structure, which resulted in reasonable resistance and prevented electro migration from high
resistance.24 Schematic illustration and SEM images of 20◦ and 90◦ tip electrodes can be shown in
Fig. 4(a). Fig. 4(b) shows the angle dependence of the sharp electrodes with the 20◦ and 90◦ tip
electrodes.

Analysis of the threshold voltage of FN (VthFN) is important for understanding what happens in
the band diagram. When positive bias was applied, the VthFN steeply decreased with a narrower angle
(Fig. 4(c)). However, when negative bias was applied, the VthFN slightly increased with a narrower
angle. The 20◦ tip electrodes had a much higher contrast ratio between tunneling distances when
positive and negative bias was applied, respectively, than the 90◦ tip electrodes.
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FIG. 4. Schematic illustration, SEM images, and electrical characteristics of vertical stack-up MIM diode consisting of
5 sharp electrodes with 20◦ and 90◦ angle (a) Schematic illustration and SEM images of vertical stack-up MIM diode with
5 sharp electrode with 20◦ and 90◦ angle, respectively (scale bar: 2 µm). (b) Current density VS voltage plot. Inset shows
schematic illustration of vertical stack-up MIM diode with 5 sharp electrodes. (c) Threshold voltage of FN tunneling depending
on degree of angle. Inset shows shifted tunneling barrier when positive (blue) and negative (red) bias. (d) Asymmetry graph of
20◦ and 90◦ angle and (e) asymmetry dependence of the number of tip electrodes. (f) The plot based on FN tunneling model
with linear fit line and the slope.

Contrast ratio between a forward current (If) and a reverse current (Ir) is the one of the important
parameters for diode structure or switch application, since it relates directly to the rectifying efficiency.
The contrast ratio of 20◦ tip electrodes is better than that of 90◦ tip electrodes due to higher induced
electrical field. This result well supports the results Fig. 4(c). We also investigated dependence of
the number of tip electrodes with 5, 10, and 15 tip electrodes (Fig. 4(e)). Increasing the number of
tip electrodes improves asymmetry, achieved about 8.5 asymmetry in 15 tip electrodes. As shown in
Fig. 4(e), the highest contrast ratio is achieved around 1.5V. Since if the applied voltage is higher
than the bias level, the portion of an over-barrier thermionic current, which is not very relevant to the
geometry effect, is increased, and then, it induces poorer contrast ratio.

Switching speed of suggested MIM diode structure was estimated by cut-off frequency from
1/2πRC (R: resistance & C: capacitance). Since the dimension of device is quite small, the simulation
is performed to obtain capacitance based on physical values of oxide film measured, as shown in
Fig. S2 of the supplementary material. Resistance was calculated from measurement current data as
3.75 kΩ. Thus, the estimated frequency limit is around 0.37 THz. If the current level will be enhanced
more, the frequency limit will be improved easily. However, we should consider the contrast ratio of
currents (If/Ir) together, as mentioned previously.

According to Equation 1, the ß value which can be extracted from the slope of the FN tunneling
model, is determined by the geometric effect. It corresponds to a negative inverse proportional to the
slope. The 20◦ tip electrodes had a higher ß value than the 90◦ tip electrodes based on the calculation
of the slope (Fig. 4(f)). Therefore, we were able to experimentally confirm that an improvement in
rectifying efficiency, proven by the considerable difference in tunneling distance between the forward
and reverse biases, can be achieved with smaller angle tip electrodes.

The geometric effect of 5 sharp electrodes with two insulator layers (Al2O3 and HfO2) in a
vertical stack-up MIM diode was also investigated (Fig. 5(a)). The potential barriers of Al2O3 and
HfO2 are 2.7 eV and 1.5 eV, respectively. 2 nm of Al2O3 and HfO2 were applied to the vertical
stack-up MIM with 5 sharp electrodes. Generally, a small band gap insulator is used for tunneling
devices due to high tunneling current. Since the current density of Al2O3 and HfO2 in the negative
bias regions corresponds well to the band gap of Al2O3 and HfO2, the reverse current of Al2O3

ftp://ftp.aip.org/epaps/aip_advances/E-AAIDBI-7-022710
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FIG. 5. Band diagram and electrical characteristics of vertical stack-up MIM diode consisting of 5 sharp electrodes
(20◦ angle) with Al2O3 and HfO2 (a) band diagram of Al2O3 and HfO2 (b) Electrical characteristics and (c) The plot
based on FN tunneling model with linear fit line as well as the table of threshold voltage of FN tunneling and slope.

was two times smaller than that of HfO2 (Fig. 5(b)). Although at positive region, two time lower
current of Al2O3 was expected, the forward current of Al2O3 was more significantly improved by
the geometric effect in Al2O3. This means that the higher potential barrier induces a much stronger
geometric effect. The finding that Al2O3 and HfO2 have the same threshold voltage (0.15V) and ß
values provides obvious evidence that a strong geometric effect appears in the large band gap insulator
(Fig. 5(c)). Since the issue of low tunneling probability is compensated by the sharp tip structure,
the larger band gap of the insulator results in better rectifying efficiency with the appropriate current
density.

In conclusion, we investigated the geometric effect in a vertical stack-up MIM tunnel diode.
Asymmetrical geometry designs using two metals, a rectangular line shape and a pointed shape, were
theoretically and experimentally studied. The high aspect ratio and small angle of the pointed shape
resulted in short tunneling distance and high rectifying efficiency. In the simulation results of angle
dependency with the 5 nm thick insulator, the smallest angle (20◦) design achieved the very high
tunneling probability of 0.31 %, compared to that of the 90◦ electrode (0.014 %). In the experiment
on the angle dependence of the tip electrode, a considerable improvement in tunneling current and
rectifying efficiency was achieved with the 20◦ tip electrodes compared to the 90◦ tip electrodes.
Furthermore, it was found that a large band gap insulator material is better for rectifying efficiency,
because it enhances the geometric effect. The geometrical design can be expected to improve working
efficiency and tunneling probability in over THz applications.

SUPPLEMENTARY MATERIAL

See supplementary material for fabrication process, fundamentals of geometric effect in potential
energy and tunneling probability equation, and simulation results of vertical stack-up MIM diode with
a sharp electrodes and capacitance.
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