
Effects of a Series Resistor on Quantum Tunneling Current in Dissimilar Metal-Insulator-Metal Nanogap
Bingqing Wang & Peng Zhang*

*Email: pz@egr.msu.edu

I. Introduction
• Quantum tunneling effect plays a crucial role in the development of tunneling 

field-effect transistors (TFETs) and novel vacuum nano-devices. The necessary 
interconnects of the circuits inevitably introduce a parasitic series resistance to 
the nanodevice.

III. Parameters V. Effects of Resistance
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• In this work, we apply the Zhang and Banerjee’s model[1], [2] to a dissimilar 
MIM nanogap with a series resistor. We provide a detailed study on the effects 
of series resistor on current voltage characteristic curves for different voltage 
regimes, which is either parasitic to nanoscale circuits, or intentionally added to 
improve the stability[3] of the current and reduce the abrupt rise.

VI. Conclusion
• We investigate the influence of a series resistor on the tunneling 

current-voltage characteristics in a dissimilar MIM nanogap. The 
model identifies the regimes where the series resistor is important and 
provides a quantitative evaluation of its comparative significance.

• Our findings highlight that the influence of 𝑹 is most pronounced in 
regions characterized by small 𝐷 and high 𝑉, where the impedance of 
the MIM nanogap approaches that of the resistor. 

• It is essential to precisely characterize the current-voltage behaviors in 
nanoscale metal-insulator-metal (MIM) junctions across a broad range of 
material properties and dimensional configurations. The current density-voltage 
relationship could be divided into three regimes(Fig. 1): direct tunneling, field 
emission, and space-charge-limited regime. It would be useful in memory 
devices such as dynamic random-access memory (DRAM) capacitors or 
memristors.

• Self-consistent model
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With the boundary conditions:
𝜙(0) = 0,  𝜙(1) = 1 
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The normalized emission current density from two electrodes 𝛾! and 𝛾" are:
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• Lumped circuit 
𝑉 = 	𝑉$ + 𝐼𝑅  = 𝑉$ + 𝐽𝑆𝑅 

Work function (Al-Au) 𝑊45 = 4.08𝑒𝑉,𝑊46 = 5.1𝑒𝑉, ∆𝑾 = 1.02 eV

Electrode surface area 𝑆 = 70 ∗ 60 nm!

Electrode Temperature 𝑇 = 300𝐾

Electron emission energy 𝐸& = 0

IV. Results
Tunneling Current as a function of gap distance(D) for different series 
resistor of different voltage regime(𝑽) under RB(solid line) and FB(dashed 
line) conditions.

Tunneling Current as a function of work function difference(∆𝑾) for 
different series resistor of different voltage regime(𝑽) under RB (solid 
line) and FB (dashed line) conditions.

• At low voltage, the characteristics are almost identical for FB(solid 
line) and RB(dashed line). Resistor 𝑹	does not affect the tunneling 
current- governed by quantum tunneling.

• As resistor 𝑹 increases, the difference between FB and RB is not 
obvious at high voltages, indicating that the impact of the series 
resistor becomes more dominant than the differences in work 
function.

• The contour plot clearly marks the boundary where resistor 
significantly impacts the behavior of dissimilar MIM nano-gap 
across different voltage and gap distance configurations. 

• As 𝑹 increases, the impedance is getting larger and approaches the 
value of R. The impact of 𝑹 is more pronounced in regions with 
small 𝐷 and high 𝑉. 
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II. Models
Reverse bias Forward bias

Fig. 1: Normalized Current density as a function of applied voltage[1]. 

𝐷 = 1	nm, 𝜀' = 3,𝑊𝟏 = 4.08𝑒𝑉, ∆𝑾 = 𝑊𝟐 −𝑊𝟏

𝐷 = 1	nm, ∆𝑾 = 1.02	eV

𝜀' = 7.6, ∆𝑾 = 1.02	eV

Two electrodes having work function 𝑊! =
4.1𝑒𝑉,𝑊" = 5.1𝑒𝑉, insulator layer 𝜺𝐫 = 1, 
gap distance 𝐷 = 1	nm.

Schrödinger equation: 
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Hartree energy :𝐸$ = 27.2	𝑒𝑉
Electron Penetrate probability: 	𝐷 𝐸%
Temperature: K𝑇 = &!'
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Electron Energy:𝐸% =	𝐸%/	𝐸$
Fermin Energy: 𝐸) =	𝐸)/	𝐸$ 

Contour plots - logarithmic scale of impedance (𝑍) 
normalized by resistance (𝑅) across varying gap 
distance(𝐷) and circuit voltages (𝑉) 

The effects of series resistor 𝑅	on the 
tunneling current I for different voltage 
regime 

Tunneling Current as a function of insulating layer permittivity (𝜺𝐫) for 
different series resistor of different voltage regime(𝑽) under RB(solid line) 
and FB(dashed line) conditions.
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