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Fig. 1: The atomic structure of a graphene nanoribbon, where 

the supercells and nodes (ÒÉ  are indicated. The Bloch waves 
are calculated assuming supercell periodicity, while the 

nodes are used to form a finite element basis describing the 

large-scale behavior of the system. 

 

 

Fig. 2: Top: A three-dimensional depiction of the gate-all-

around graphene nanoribbon field-effect transistor (GNR 

FET). Spheres indicate the position of carbon (black) and 

hydrogen (blue) atoms. Bottom: The transfer characteristics 

()ÄÓɀ6ÇÓ) of the GNR FET, shown above, at different drain-
source bias (6ÄÓ) and gate-lengths (,Ç). 

 

Fig. 3: The electronic band structure of the GNR ribbon 

shown in Fig. 2. The figure shows a comparison of the full 

empirical pseudopotential calculation (dashed black lines) to 

our method (colored lines) which uses only the Bloch waves 

at the indicated points (x). 

 

 

 

Fig. 5: Top: A three-dimensional depiction of the gate-all-

around silicon nanowire field-effect transistor (Si-NW FET). 

Spheres indicate the position of silicon (dark blue) and 

hydrogen (light blue) atoms. Bottom: The transfer 

characteristics ()ÄÓɀ6ÇÓ) of the Si-NW FET, shown above, at 

different drain-source bias (6ÄÓ) and gate-lengths (,Ç
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An Efficient Method for Atomistic-Level Non-Equilibrium Greenôs 

Function Simulations of Field-Effect Transistors involving Heterojunctions 

 

Y. Ahn, B. Kim, M. Shin 

School of Electrical Engineering, Korea Advanced Institute of Science and Technology, 

Daejeon 34141, Republic of Korea 

mshin@kaist.edu 

 

The device structure consisting of heteromaterials is being widely considered for the future 

field-effect transistors (FETs) such as tunneling FETs (TFETs) and Schottky barrier FETs. In 

order to properly describe the band gap and band offsets and to naturally capture the interface 

effects at heterojunctions, it is essential to model the heterostructure FETs in the atomistic level. 

Therefore, a density functional theory (DFT) based approach is called for. A recently developed 

framework where the DFT and non-equilibrium Greenôs function (NEGF) parts are performed 

sequentially provides a practical simulation platform [1], but when it comes to its application 

to heterostructure FETs, the large size of the junction Hamiltonians becomes the main obstacle 

to efficient NEGF simulations. This work presents a methodology to reduce the computational 

burden in the NEGF part. The main idea is to employ the recursive Greenôs function (RGF) 

method [2] for homogeneous unit cells and the R-matrix method [3] for the junction parts in a 

heterostructure FET, respectively (Fig. 1), to calculate the retarded Greenôs functions. For this 

purpose, we have extended the R-matrix algorithm to open boundary device. To assess the 

computational efficiency of the proposed RGF+R-matrix approach, we have measured the 

elapsed CPU time (Fig. 2) for calculating the retarded Greenôs functions of four two-

dimensional heterostructures. The calculated transmission functions for the four 

heterostructures (Fig. 3) show the exactness of the computed retarded Greenôs functions. Our 

RGF+R-matrix method is numerically efficient for atomistic-level NEGF simulations of hetero-

FETs. As an application, the self-consistent simulations of NEGF and Poisson equation have 

been performed for germanane/InSe vertical TFET (Fig. 4) using the RGF+R-matrix approach. 

It can be seen in Fig. 5 that the band-to-band tunneling occurs when the conduction band is 

lowered below the valence band, leading to the onset of the ON-state region. The approach of 

this work can be applied to the device having heterojunction of three-dimensional materials, 

surface roughness, and atomic vacancies or dopants. 

 

[1] M. Shin et al., J. Appl. Phys., 119, 154505 (2016). 

[2] A. Svizhenko et al., J. Appl. Phys., 91, 2343 (2002). 

[3] G. Milônikov et al., Phys. Rev. B, 79, 235337 (2009). 







































Book of Abstracts  IWCN 2019 

ISBN 978-3-9504738-0-3             Presentations  74 

  

 

Fig.1: Symmetric MIM design TiN/SiOx/TiN structure used 

for unipolar resistive switching [1]. 

 

Fig.4: The model of SiO2/TiN stack where the SiO2 surface is partially 

hydroxylated, forming silanols (H is shown in white, Si-blue and O-red). 

 

 

 

 

Fig.2: The electron density distribution (blue) of two electrons 

trapped at a Si atom (yellow) in amorphous SiO2 structure. 

The O-Si-O angle after trapping is 176o. 

 

 

Fig.5 Sequence of atomic configurations corresponding to the interstitial 

O2- diffusion in a-SiO2. The middle configuration corresponds to the 

barrier point. The average barrier for diffusion is about 0.2 eV.  

  

 

Fig.3: The model of SiO2/TiN stack. SiO2 is represented by the 

Ŭ-cristobalite crystalline structure. Red arrows indicate the 

directions of O interstitial ion diffusion considered in 

simulations. 

 

Fig.6: Close-up of the interface between a-SiO2 and TiN showing the 

formation of Ti-O-Si bond . 
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Fig. 1 Setup of Voltage Sensor and Gating Current Estimation from ref. [1] 

 

 

 

 

 

 

 

 

 

 
 

Fig. 2 Gating current response to rectangular voltage V,   

from ref. [1] 

Fig.3: Experiment vs. Simulation.  

OFF Time constant †   vs. Voltage V,   from ref. [1] 

  

 

 

 

 

 

 

 

 

 

 

Fig. 4. Charge Q vs. Voltage V,  from ref. [1] 



http://dx.doi.org/10.1038/nnano.2013.231
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Fig.1: Band structure of In64Al.36As strained to the InAs lattice 

constant. 

Fig.4: Relative populations of the  and L valleys of the conduction 

band as a function of the electric field. 

  

Fig.2 Electron mobility as a function of temperature for a doping 

density of 1x1018 cm-2. 

Fig.5 Population of the  and L valleys of the conduction band as a 

function of the kinetic energy of the carriers at 35 kV/cm..  

 

 

Fig.3: Electron velocity and average ener as a function of electric 

field for a carrier density of 1x1018 cm-2. 
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Fast Volume Evaluation on Sparse Level Sets 

X. Klemenschits, S. Selberherr, L. Filipovic 

Institute for Microelectronics, TU Wien 

GuÇhausstraÇe 27-29/E360, 1040 Vienna, Austria 

klemenschits@iue.tuwien.ac.at 

Implicit surface representations such as the level set method, as often applied in process 

simulations [1], usually only represent the interfaces between materials, rather than the full 

volume of a material itself. This limits the accurate representation of diffusion and the effects 

of chemical reactions taking place inside a material. Therefore, diffusive processes cannot be 

modelled directly, but demand regular conversions to a volume representation, requiring 

computationally costly algorithms. As an alternative, we propose a fast ray tracing algorithm to 

evaluate the effective volume of a material layer directly on the implicit surface with sub-grid 

resolution, eliminating the need for a costly volume conversion. Our algorithm is implemented 

in ViennaTS [2], a level set powered topography simulator. As a relevant application, a polymer 

stabilisation step, a so-called N2 flash, performed during gate stack etching [3], was simulated. 

This fabrication step reduces the volume of a thin layer proportionally to the initial layer volume 

[4]. Therefore, the volume of the material to be reduced must be known to model this process 

accurately. Diffusion processes simulated by ray tracing, monitor the path each incoming 

particle takes through the volume of a material. This is computationally costly due to the large 

number of rays needed to describe the process. A bottom-up approach [5], where rays are 

reversely followed from the bottom interface and counted on the top interface, can be used 

instead, which is shown in Fig. 1. The combination of the path length and distribution of rays 

on the top interface provides an approximation of the volume accessible to particles diffusing 

from the top surface. Normalising the length of the rays, as shown in Fig. 2, gives an 

approximation of the effective volume of the material below each surface point. The effect of 

the normalisation for the trench geometry shown in Fig. 3, can be seen in Fig. 4, which 

highlights the discrepancy between pure ray counts per surface element and the effective 

volume. The simulation of the N2 stabilisation process step, using the three test geometries, 

shown in Fig. 3 and Fig. 5, is able to adequately describe the etch process. The developed 

method can also be applied to a variety of diffusive and volume-dependent processes, such as 

ion implantation or oxidation without the need for compute-expensive volume extraction. The 

results of the simulation of a diffusion limited deposition process are shown in Fig. 6. 

[1] S. Osher and J. A. Sethian, J. Comput. Phys., 79(1), p. 12-49, (1988). 

[2] ViennaTS. [Online]. Available: http://www.iue.tuwien.ac.at/software/viennats 

[3] X. Klemenschits, S. Selberherr, and L. Filipovic, in Proc. EUROSOI-ULIS, pp.1-4, 2018. 

[4] O. R. Bengoetxea, Ph.D. dissertation, Universit® Grenoble Alpes, 2016. 

[5] P. L. Manstetten, Ph.D. dissertation, Technische Universitªt Wien, 2018. 
































































