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Uncertainty Quantification of Charge Transfer
througha Nanowire Resonant-Tunnelling Diode
with an ADHIE-FDTD Method.
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The Nanowire Resonant-Tunnelling Diode.

InAs InP InAs InP InAs

Double barrier structure allows only specific energies to pass. Current ,
IV-characteristic exhibits peak at certain voltage V.

Imperfections and variability of geometrical parameters cause aberrant behavior.

Assess how manufacturing defects influence performance.

Voltage
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Solving the time-dependent Schrodinger equation.
The Finite-Difference Time-Domain (FDTD) method

The time-dependent Schrodinger equation

2
jh% __rg. (%vw) + Vi

Wave function

dt 2

Discretized with the regular FDTD method y T

¢n—|—1 _ AH:/QUH

Fast time stepping, but: Discretized

2h
Z_flz(%‘FALyz)-l-V

m

At <

Stability criterion requires small At due to small Ax.
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Solving the time-dependent Schrodinger equation.
The Alternating-Direction Hybrid Implicit-Explicit (ADHIE)-FDTD method.

Discretized with the ADHIE-FDTD method which freats different directions
differently

ZL,UH—H _ AH[A?L‘DH

Have to solve a linear-system of equations, but relaxed stability criterion:

2h
At < YV

Small steps Ax can be eliminated.
Much higher fime step At.

Decreases simulation time from 2364s to 167s (14x faster).
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Solving the time-dependent Schrodinger equation.

Transmission and current.

Transmission probability calculated with:
Wno(ED: Energy spectrum of incoming wave function.

Wu(E, Vep): The Fourier fransform of time-domain wave function behind barrier for applied voltage V.

Wec(E, Vee) |?
Y ana(E)

I'(E, Vcr) =

Current according to [1]:

Ze > _1 1 1
I(Veg) = —h\/Eof T(E, Vee)(E — Eo)~? - | de
7 Eg 1+exp(ﬁ) 1—|—exP( o7 CE)

[1] R. Ragi, R. V. T. da Nobrega, and M. A. Romero, “Moaeling of peak voltage and current of nanowire resonant tunnelling devices. case study on
InAs/InP double-barrier heferostructures,” Int. J. Numer. Model. Electron. Networks, Devices Fields, vol. 26, no. 5, pp. 506-517, Sep. 2013.
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Variability Analysis.

Transmission probability.

Monte Carlo analysis

Sample barrier thicknesses a and ¢ from bivariate Gaussian

distribution with: Transmission 1
W= H.=50nm, o,=0,=01nm and p=0.8 propbability 10-2
Perform simulation for every sample at every applied voltage V. 10-4
Calculate the tfransmission probability at voltage V. 1070
1078

InAs  InP InAs InP InAs
10710

70mV. 60mV 50mV =V

L 1

20.0 22.9 28.1 338.2 40.0
Energy [meV]
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Variability Analysis.

Transmission probability.

Monte Carlo analysis

Sample barrier thicknesses a and ¢ from bivariate Gaussian Transmission PDF
distribution with: for Ve =50 mV
W= t.=50nm, o,=0,=0.1nm and p=0.8 1.220 meV™

calculation Gaussian fit

Perform simulation for every sample at every applied voltage V.

Calculate the fransmission probability at voltage V. 0.656 <+ 0,=0.5/ meV

Determine the position of the fransmission peak.

mean pr = 33.12 meV and std o = 0.37 meV

Need many thousands of samples.

31.5 338.12 34.5
Energy [meV]
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Variability Analysis.

Transmission probability.

Monte Carlo analysis

Sample barrier thicknesses a and ¢ from bivariate Gaussian Relative error
distribution with: 100 F —
U= He=50nm, o,=0,=0lnm and p=08 | |7l

100t WN T
Perform simulation for every sample at every applied voltage V.

102 0 VoM yw A, - 1//N -trend
Calculate the tfransmission probability at voltage V. s

].0_5 B O, fOI’ VC[ = 50 m\/
Determine the position of the fransmission peak. .

- 33.12 meV and std o; = 0.37 meV. 1074 + " -
mean uy meV and std o7 me ~1 /N -trend
Need many thousands of samples. 10-5 L for Vee = 50 mV
]

109 10! 102 103 104

Relative error goes down as 1/v/N.
2 / Number of MC samples N

Not possible without ADHIE.
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Variability Analysis.

Current-Voltage.

Mean current y, exhibits peak at 72 mV.

Current
- . o . S 107°A
W, + 30, line is much higher than v, indicating a considerable variability
of the current through the RTD.
10—12 -
10714 |
1 Of 6 L /w ,

50 72 Q0
Voltage [mV]
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Variability Analysis.

Current-Voltage.

Current probability density function at different applied voltages V.

Current PDF Current PDF
1x 10%pA" mean 0.05pA L
SISO at 70 mv
ot L 1 1 — ] o+ L 1 1 I
O 1.554 2.361 6.0x10™% 0O 1726 49.89 0.0
Current [pA] Current [PA]
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Conclusions.

Charge transport through nanowire resonant-tunnelling diode.
Simulated with the novel ADHIE-FDTD method.
Performed variability analysis of barrier thickness with Monte Carlo.

A complete statistical description is needed to understand and design more
robust devices.

Showed that ADHIE-FDTD is fast enough to run several thousands of simulations.

Uncertainty Quantification of Charge Transfer through a Nanowire Resonant-
Tunnelling Diode with an ADHIE-FDTD method 8 September 2021 11



Quantum Mechanical &
u e s Electromagnetic Systems
® Modelling Lab

Technologiepark - Zwijnaarde 126, B-9052 Gent, Belgium
T +32 9 331 48 81 — pieter.decleer@ugent.be

Pieter DECLEER, PhD Researcher

GHENT
UNIVERSITY

“umec




