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Semiconductor supply chain and security 

concerns have sparked a global race to re-shore 

semiconductor manufacturing. Projections indicate 

a shortage of 42,000 engineers in the U.S. who can 
architect, design, manufacture, and test chips [1]. 

These engineering functions are encapsulated in a 

complex modeling and simulation tool chain that 

extends from atoms to systems. The high barrier of 

entry into the field is evident, as we are not 

attracting and retaining enough students and we 

never truly use any of these tool chains for teaching. 

Many groups propose refining lectures and 

textbooks and hosting them on the web. However, I 

believe this approach is not much better than the 

VCR-taped lectures I experienced 30+ years ago. 

Instead, I advocate for interactive, immersive, 

project-driven learning to truly attract students into 

the field. In this tutorial, I will present several 

aspects of this approach.  

nanoHUB has made device and materials 

modeling more accessible by offering Apps 

powered by advanced simulation engines in the 

nanoHUB cloud. Over 84,573 students have used 

these tools in 4,247 courses at 404 institutions. 

Overall we have identified clustered user behavior 

in 141,877 users at 1,448 institutions. The 

nanoHUB team initially developed user behavior 

analytics to demonstrate to NSF that scientific Apps 

in the cloud can be effectively used in education. 

This capability now guides educational design and 

provides feedback to faculty members. 

A typical course in semiconductor devices 

follows a sequence that includes crystals, quantum 

mechanics, band structure, semi-classical carrier 

statistics, 1D drift diffusion models, PN junctions, 

bipolar junction transistors, MOS capacitors, and 

MOSFETs. nanoHUB offers numerous Apps and 

tools for these concepts, leading faculty to request 

recommendations. In response, Dragica Vasileska 

(ASU), student Xufeng Wang and I developed 

ABACUS [3], which consolidates these tools. As of 

January 2025, over 74,500 users from more than 

1,690 institutions have utilized ABACUS and its 

constituent Apps. This tutorial will demonstrate 

several of the ABACUS and related tools. 

Beyond ACACUS I also plan to share how I 
restructured the graduate level Semiconductor 

Device Fundamentals course in Electrical and 

Computer Engineering at Purdue University.  I 

believe that this can be translated or adopted 

towards undergraduate students and even be 

introduced into first year engineering.  

The course restructuring has been influenced by 

my personal learning experiences and observations 

of my students. I categorize students into two 

groups: the mathematically driven learners (which 

includes my younger self) and the hands-on, 

practical learners (reflecting my experience as a 

researcher and developer). As a mathematically 

inclined student, I could solve all the analytical 

problems presented to me. However, I realized that 

I lacked a "physical feeling" for concepts like the 

Fermi level or a degenerate semiconductor. 

On the other hand, the practical learners, 

especially those in my online classes who are often 

full-time working engineers, struggle with math and 

physics. For them, traditional derivations and 

explanations completely fail to convey physical 

meaning. To address this, I replaced traditional 

exams with hands-on projects that provide real-

world design experiences and enhance device 

understanding. There are 2 projects involving 

Quantum Dot Design and nanowire transistors. 

Both types of learners finish the course with a much 

better grasp of the subject matter. I hope to inspire 

others to adopt similar changes in their courses.     

I would like to thank nanoHUB Technical 

Director Dr. Daniel Mejia for many discussions and 

amazing tool and analytics developments.    
[1] www.semiconductors.org/chipping-in-sia-jobs-report/    

[2] N K Madhavan, M Zentner, G Klimeck, "Learning and 

research in the cloud", Nature Nano 8, 786– (2013) 

[3] X Wang, et al (2021), "ABACUS …," https:// nanoHUB 

.org/resources/abacus. (DOI: 10.21981/YYFZ-7868). 

[4] Usage data: https://nanohub.org/dashboards/abacus 

http://www.semiconductors.org/chipping-in-sia-jobs-report/


 

 
Fig. 1.  ABACUS splash screen highlighting typical 

semiconductor course topics from crystals to MOSFETS.   

 

 
Fig. 2.  Crystal viewer screen shots.  (left) textbook unit cell 

that can be rotated. (right) crystal chunk with a Miller plane.  

 

 
Fig. 3.  Drift Diffusion Lab. Users can explore how illumination 

of a semiconductor increases the current and separates the hole 

and electron distribution across the device.  

 

 
Fig. 4.  How many atoms does it take to get bandstructure? 

Users can vary the number of barriers/wells and observe band 

formation visualized by transmission through barriers. The 

peak positions clearly identify the bands. Electrical engineers 

can relate to a band-pass filter. 

 
Fig. 5.  Wavefunctions of the states in Figure 4 in a system of 

16 barriers and 15 wells.  The fist 15 states form a band.  State 

1 is the ground state of a particle in a box consistent of 15 

“atoms”.  State 2 has two lobes.  The states at the top of the 

band (typical valence bands) have the same envelopes as the 

bottom states but are anti-bonding.  The concept of Bloch states 

emerges naturally.  

 

 
Fig. 6.  Tool usage pattern of Purdue’s ECE606 class in the 

spring of 2023.  Dots indicate tool use on a specific day 

(horizontal axis) by the 57 class members who are vertically 

stacked.   Dot colors designate a tool.  The Quantum Dot (QD) 

Project spans several weeks.  The nanowire transistor design 

project involves several different tools ranging from classical 

transport to fill atomistic quantum transport. 
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Super-suppression of Long Mean-free-path
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ABSTRACT

In 2020, using equilibrium molecular dynam-
ics simulations, we identified specific nanoporous
geometries that create narrow constrictions in the
passage of phonons, leading to anticorrelated heat
fluctuations [1]. These geometries were found to
lower phonon transport to levels below the charac-
teristic scattering length defined by the pore spac-
ing, leading to a decrease in thermal conductivity
by as much as 80% beyond what Matthiessen’s rule
would predict. Adjusting the size and arrangement
of the pores offers control over phonon transport
in these materials. In more recent work, we probed
the nature of this phonon “super-suppression” with
wavepacket molecular dynamics simulations [2],
analyzed resonances in the power spectrum of the
heat current autocorrelation function (HCACF), and
developed an equilibrium ray tracing Monte Carlo
model to help explain the observed anticorrelations
in the heat flux of the porous geometries [3]. This
model allowed us to detect the distinctive signatures
that different types of correlated scattering leave
in the HCACF, thereby clarifying the conditions
required for diffusely scattered phonons to cancel
their heat flow. With this model, we identified
a region of experimentally accessible geometries
likely to exhibit super-suppressed phonon transport.

MOTIVATION

Thermoelectric applications require materials to
be thermally insulating and electrically conduct-
ing. In typical semiconductor materials, the ma-
jority of the heat is carried by long mean free-
path phonons, which generally correspond to long
wavelengths. Nanostructuring offers a route for
minimizing thermal conductivity, and incorporating

nanopores is a frequent nanostructuring technique.
Nanoscale pores have been shown to significantly
reduce phonon thermal transport in materials, often
causing only minimal degradation to electron trans-
port, which is ideal for thermoelectric applications.
A comprehensive molecular dynamics study exam-
ining the role of geometry, such as pore size, shape,
and distribution, in nanoporous silicon [4], led to the
discovery of the examined unusual porous geome-
tries with exceptionally low thermal conductivities.

METHODS

This study utilized molecular dynamics, non-
equilibrium Green’s function, and ray tracing Monte
Carlo simulations. Thermal transport was evaluated
within equilibrium molecular dynamics (MD) using
the Green-Kubo method, and non-equilibrium MD
wave packets generated from atom displacement
and velocity profiles based on plane waves. The
ray-tracing scheme was developed to simulate the
trajectories of phonons undergoing diffuse elastic
backscattering and compute their HCACF.
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Fig. 1. Plot (a) shows the HCACF (solid lines, left-hand
axis) and HCACF integral (dashed lines, right-hand axis) with
the color-coding corresponding to the two porous geometry
arrangements shown in (b) and (c). Both geometries have
identical porosity, but the pores are offset in the blue geometry
and stacked in the orange geometry. Figure adapted from [2].

Fig. 2. The green-shaded region indicates geometries that can
be experimentally accessed through fabrication methods. The
green square represents pores with a 65 nm radius, arranged
in a rectangular grid with long and short spacings of 400 nm
and 150 nm, respectively, suggesting that the anticorrelation
regime should be experimentally achievable. The circular points
correspond to the geometries used in the molecular dynamics
simulations conducted in this study. Figure adapted from [2].

Fig. 3. A heatmap illustrating the time evolution of the
wavepacket kinetic energies in the nanoporous geometry, dis-
playing anticorrelated effects. The pore radius is 2 nm, with a
neck size of 1.4 nm. White lines mark the pore locations along
the transport direction. Each plot represents a wavepacket of a
transverse acoustic mode centered at the specified wavevector.
The distance between the pores is 54 nm. The wavepacket
amplitudes are adjusted to maintain a temperature of 5 K in
all simulations. Figure adapted from [2] and [3].



Investigation of thermal transport and
dislocations in lattice-matched InGaAs/InAlAs

superlattices by nonequlibrium molecular
dynamics simulations

Sandip Dhruba and Irena Knezevic
Department of Electrical and Computer Engineering

University of Wisconsin-Madison, Madison, WI 53706, USA
dhruba@wisc.edu , irena.knezevic@wisc.edu

InGaAs/InAlAs superlattices are widely used in
optoelectronic and thermoelectric devices, such as
quantum cascade lasers (QCLs). High thermal con-
ductivity is desired in the active region of QCLs
to prevent the accumulation of heat which eventu-
ally leads to dislocation formation and catastrophic
optical damage [1]. Many factors lower thermal
conductivity, among them the slow anharmonic de-
cay of optical phonons, mass-difference scattering,
interface roughness, etc.

Mei and Knezevic investigated the thermal con-
ductivity in the binary compounds InAs, GaAs
and AlAs and their ternary alloys, InxGa1−xAs
and InyAl1−yAs by equilibrium molecular dynamics
(EMD) simulations [2]. However, in practice, QCLs
often experience significant temperature fluctuations
under nonequilibrium conditions owing to thermal
runaway mechanisms. These fluctuations can cause
certain regions to reach critical temperatures and
stresses, leading to the formation of dislocations
[3]. Hence, it is worthwhile to investigate this phe-
nomenon using nonequilibrium molecular dynamics
(NEMD). We have primarily accurately calculated
the thermal conductivity of the InAs, GaAs, AlAs,
In0.53Ga0.47As and In0.52Al0.48As at room temper-
ature using the NEMD method and the values were
very close to [2]. We were also able to successfully
generate dislocations by applying compressive uni-
axial strain to In0.53Ga0.47As/In0.52Al0.48As super-
lattices, as shown in Fig. 1. Zinc blende semicon-
ductors are known to show perfect dislocations with
1/2< 110 > burgers vectors which glide on {111}
planes. These perfect dislocations often dissociate

into partial dislocations of type 1/6< 112 > creating
stalking faults in the structure. Both types were
observed in the simulation.

Thermal conductivities (TC) of InAs, GaAs, and
AlAs, In0.53Ga0.47As and In0.52Al0.48As at room
temperature were calculated by NEMD simulations
in LAMMPS. The system, with periodic boundaries,
was first equilibrated using NVT and NVE ensem-
bles and then Langevin thermostats were applied to
impose heat flux. TC for each simulation cell was
determined using Fourier’s Law, and bulk TC was
calculated by extrapolating 1/κ vs 1/L graph as
shown in Fig. 2b. Separately, compressive strain at a
high strain rate was applied on superlattices made of
random alloys of In0.53Ga0.47As and In0.52Al0.48As
and dislocations were observed. Tensile strain was
also applied to investigate the fracture mechanism.

In conclusion, the goal of this work is to do atom-
istic modeling of nucleation of dislocations because
of nonequilibrium conditions and thermal stress in
InGaAs/InAlAs superlattices. From primary simu-
lations, it is clear that the binary potentials produce
accurate results for thermal conductivity at nonequi-
librium conditions and the superlattices also show
the right type of dislocations under strain.
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(a)

(b)

Fig. 1: Nucleation of dislocations in
In0.53Ga0.47As/In0.52Al0.48As superlattice by
compressive strain at 800K. (a) A sample of
In0.53Ga0.47As/In0.52Al0.48As superlattice (left)
and its strained picture (right) rendered in Ovito.
(b) 1/2< 110 > (blue) 1/6< 112 > (green) type
dislocations shown by dislcoation analysis (DXA)
in Ovito.

(a)

(b)

Fig. 2: Thermal conductivity calculation at room
temperature by NEMD. (a) Sample steady-state
thermal profile for a GaAs sample. (b) Variation of
1/κ with 1/L for GaAs at room temperature.
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The thermal conductivity of nanowires is critically 
influenced by their structural properties, such as 
width and surface-roughness parameters (rms 
roughness, correlation length, and correlation 
type). Accurate modeling of these dependencies is 
essential for optimizing nanowire applications in 
thermal management. In this work, we employ 
symbolic regression to derive explicit 
mathematical expressions that capture the thermal 
transport behavior of silicon nanowires (SiNWs) 
versus structural properties. By integrating Monte 
Carlo simulation data with advanced machine 
learning algorithms, we identify key parameter 
interactions and quantify their effects on thermal 
conductivity for temperature at and above 300 K 
and widths above 20 nm. Our approach offers a 
bridge between complex numerical models and 
analytical expressions. This presentation will 
highlight the methodology, key findings, and 
implications for both theoretical research and 
practical applications in thermal transport. 

The ultralow measured thermal conductivities 
in intentionally roughened SiNWs have been 
reproduced in our phonon Monte Carlo 
simulations in the diffusive limit with 
exponentially correlated real-space rough surfaces 
similar to experimental findings [1,2]. In order to 
understand the behavior of thermal conductivity 
with respect to various physical properties of the 
nanowires, we employed data analysis and 
machine learning methods to infer mathematical 
expressions that would relate the termal 
conductivity to these properties.  

Symbolic regression is a machine learning 
algorithm capable of uncovering analytical 
equations that describe data, which can result in 
interpretable models with strong generalization 
potential beyond the training dataset. In this work, 
we employ a neural-network-based symbolic 
regression framework called the Equation Learner 

(EQL) network [3] and combine it with our Monte 
Carlo results. 

Thermal conductivity values of intentionally 
roughened silicon nanowires has been reproduced 
in phonon Monte Carlo simulations with 
exponentially correlated real-space rough surfaces, 
and the root mean squared (RMS) surface 
roughness, correlation length, wire width, 
temperature, surface area, volume and normalized 
geometric mean free path (N-GMFP) [1] of the 
nanowires are saved to be used as the dataset.  
This dataset was fed to the symbolic regression 
network in various combinations, and the network 
was fine tuned to fit the needs of the dataset and be 
able to produce mathematical expressions that are 
short and comprehendible. The final symbolic 
network was formed of two layers, each layer 
comprising function nodes loaded with identity, 
square, exponential, sinusoidal and product 
functions. The variables we fed in the algorithm 
stayed as variables through the process, and the 
result was finalized into a partial function of the 
input variables. 

The relation of thermal conductivity with N-
GMFP was observed to form compact equations 
with the two distinct parts of thermal conductivity 
vs. N-GMFP graph. The results agree with 
experimental data from literature [2]. 
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Fig. 1.  Thermal conductivity versus normalized geometric mean free path as obtained from phonon Monte Caro simulation 
(symbols) and from symbolic regression (lines). The left panel highlights the fit for diffusive regime (small to moderate roughness 
or high normalized GMFP), and the right panel presents the fit for the localization regime (high roughness or low normalized 
GMFP). 
 
 
 
 

 
Fig. 2.  The equation learner symbolic network schematic. 
This schematic has two layers of neurons that have identity, 
square, exponential, multiplication and sinusoidal activation 
functions in each of the two layers. More nodes with different 
functions can be added to these layers. [2] 
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ABSTRACT 
In this work, thermal transport is calculated for 
silicon-germanium (Si-Ge) composite nanowires 
that have curved interfaces at the axial junction 
between the two materials. This is done for regular 
straight and bent (floppy) wire categories. In real-
life nanowire forests, there will be some bent wires 
present. We use the Müller-Plathe method, which is 
based on non-equilibrium molecular dynamics 
(NEMD), with the Tersoff potential to model 
thermal transport in nanowires with lengths ranging 
between 100 – 550 nm for two wire diameters in 
LAMMPS. We consider a range of curvatures at the 
junction between Si and Ge. The interfacial 
resistance at the axial junctions is also evaluated. 
The direction of heat flow, relevant to thermal 
rectification applications, is also taken into account, 
i.e., geometries are modeled for heat flowing from 
Ge(hot) to Si(cold) and vice-versa.  

INTRODUCTION 
To further the development of different materials 
for applications in thermal management and several 
industrial uses, we need to understand thermal 
transport across interfaces fully. The mechanical 
and thermal attributes of solid systems can be 
strongly dependent on these interfaces if present. 
Interfaces can act as a barrier to efficient thermal 
transport. Thermal transport in small-scale 
heterogeneous systems is controlled by interfacial 
resistance because of the large surface-to-volume 
ratio. This study will further our understanding of 
phonon thermal transport and the role of boundary 
scattering at the interfaces of low-dimensional 
materials. Our choice of nanowires, Si and Ge can 
be experimentally [1] synthesized in several ways. 
A stringent minimization criterion is used to enforce 
bending in the second group of systems such that 
the bent wires are also structurally relaxed.	 

 

 

RESULTS 
Thermal conductivity values calculated using the 
Müller-Plathe method, are plotted in Fig. 1 and Fig. 
2 as a function of the wire length for all regular wire 
geometries. In addition to curved interfaces, the 
thermal conductivities of flat heterojunctions are 
also presented, labeled Si|hot| and Ge|hot|. In this 
set of data, we can easily observe that thermal 
conductivity (k) increases with an increase in wire 
length, with some anomalies. Anomalies largely 
stem from the presence of resonating frequencies 
that lead to oscillations in the wires. For the bent 
counterparts (Fig. 4), we observe an 
uncharacteristic decrease in thermal conductivity as 
length is increased with some outliers. This is likely 
the result of additional scattering due to the 
curvature of the nanowires.  
In part due to limitations in the methodology 
employed, minimal changes are observed in the 
thermal conductivity of the wires due to interfacial 
curvature. Preliminary interfacial resistance 
calculations help shed light on the role of 
heterojunction curvature. We observe that 
notwithstanding the diameter being considered 
(5.43 or 10.86 nm), the resistance in Ge(hot) is 
lower than in Si(hot), as expected. It appears that, 
as a result, for thermal transport between Si(hot) 
and Ge(cold), larger curvatures (and thus interfacial 
surface areas) lead to slightly higher interfacial 
resistances, a trend that is not observed for transport 
between Ge(hot) and Si(cold), as shown in Fig. 5 
and Fig. 6. Further analysis is being conducted to 
fully understand these sets of results. 
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Fig. 1. Size-dependent thermal conductivity of Ge(hot) and 

Si(hot) supercells with diameters of 5.43 nm for regular wires 

 
Fig. 2. Size-dependent thermal conductivity of Ge(hot) and 

Si(hot) supercells with diameters of 10.8 nm for regular wires 

 
Fig. 3. Size-dependent thermal conductivity of Ge(hot) and 
Si(hot) supercells with diameters of 5.43 nm for bent wires 

 
Fig. 4. Size-dependent thermal conductivity of Ge(hot) and 
Si(hot) supercells with diameters of 10.86 nm for bent wires 

 
Fig. 5. Interfacial resistance of Ge(hot) and Si(hot) across all 

sizes for 5.43 nm diameter wires for regular wires 

 
Fig. 6. Interfacial resistance of Ge(hot) and Si(hot) across all 

sizes for 10.86 nm diameter wires for regular wires 



Impacts of Short-range Order on Thermal
Conductivity of GeSn and Si-Ge-Sn Alloys

Shunda Chen and Tianshu Li
Department of Civil and Environmental Engineering,

George Washington University, Washington, DC 20052, USA
e-mail: shdchen@email.gwu.edu, tsli@email.gwu.edu

GeSn and Si-Ge-Sn alloys are versatile, silicon-compatible materials for electronic, photonic, and topo-
logical quantum applications. Effective thermal management remains a challenge in these applications.
Building on our recent studies [1]–[5] predicting complex short-range order in GeSn and Si-Ge-Sn alloys,
we investigate the impact of the non-random alloying element distribution on their thermal conductivity
using first-principles calculations. We find that the thermal conductivity of GeSn and Si-Ge-Sn alloys varies
significantly with atomic ordering. We analyze the underlying mechanisms driving the variation, revealing
the role of atomic ordering in phonon scattering and heat conduction. Our results suggest that short-range
order may offer a new pathway for engineering the thermal properties of Group IV alloys, alongside its
effects on electronic [1]–[6] and topological quantum properties [7], with implications for next-generation
semiconductor technologies.
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Predicting Thermal Conductivity and 
Classifying Chemical Bonds using DFT and 

Machine Learning

Keivan Esfarjani 

Dept. of Materials Science and Engineering, University of Virginia 

Email: k1@virginia.edu 

This talk details our development of computational tools for accurately predicting 
thermal conductivity from first-principles calculations. We utilize harmonic and 
anharmonic force constants, extracted from supercell DFT calculations, to model phonon 
transport. Applying this methodology to lanthanum-pnictides, we demonstrate a 
counterintuitive result: LaBi's thermal conductivity surpasses that of LaP, despite the lighter 
mass of phosphorus. We attribute this discrepancy to the strong anharmonicity in LaP, a 
consequence of its more metavalent La-P bonds. In the second part, we explore the nature of 
metavalent bonding itself. To remove any bias, we employ unsupervised machine learning 
classification on a broad material dataset. We identify four descriptors that effectively categorize 
five distinct bonding types, excluding weak Hydrogen and van der Waals interactions. This 
analysis provides new insights into chemical bonding beyond traditional classifications.  
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ABSTRACT

It was once believed that the thermal conductivity
(κ) in crystalline polyethylene (PE) is higher than
100 W/mK. Here, we applied the stochastic self-
consistent harmonic approximation (SSCHA) [1]
combined with phonon Boltzmann transport equa-
tion to predict the κ of PE. Our calculation scheme
incorporates the quantum, thermal, and anharmonic
effects in force constants. It is found that the room-
temperature κ of PE is only ∼ 18 W/mK, which
matches the previous thermoreflectance experiment
well.

INTRODUCTION

Polymers have the properties of being
lightweight, cost-effective to manufacture, and
soft, thereby having great potential in LEDs,
electronic packaging, flexible electronics, etc. The
thermal conductivities in polymers are usually
≈ 0.2 W/mK, which is relatively low and becomes
the bottleneck in many applications. To address
this issue, it was proposed to achieve very high
thermal conductivity (> 100 W/mK) by stretching
and ordering polyethylene (PE) chains[2]. This
inspires lots of theoretical studies to explore the
upper limit of the thermal conductivity of PE,
either by molecular dynamics simulation [3] or
first-principles calculations [4], [5]. However, those
theoretical predictions generally overestimate the κ
for PE, which is incomparable to the time-domain
thermoreflectance (TDTR) experiment[6].

THEORY AND METHOD

In this work, the SSCHA [1] is employed to
obtain the temperature-dependent force constants

(FCs). This method rigorously incorporates the
quantum, thermal and anharmonic effects on FCs.
The NequIP potential [7] is adopted to address
the huge computing burden in SSCHA calculations.
The thermal conductivity is obtained by solving
the phonon Boltzmann transport equation using the
exact diagonalization method [8].

RESULTS AND DISCUSSIONS

The lattice structure of PE is shown in Fig.
1(a). The phonon dispersions from harmonic ap-
proximation and the Hessian calculation including
anharmonic effects are shown in Fig. 1(b). Overall,
the phonon frequencies from theoretical prediction
matches experimental results. There is a pronounced
renormalization in the harmonic phonon frequency,
which indicates there are large modifications in
FCs. The κ along the chain direction of PE is
shown in Fig. 2. The κ is mainly contributed by
the high-frequency longitudinal acoustic phonons,
which hold relatively large lifetime and group ve-
locity. The κ predicted by our method matches the
TDTR experiment well, while the classical DFT
and the temperature-dependent effective potential
method significantly overestimate the value.
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Fig. 1: (a) The lattice structure of crystalline PE. There are 4 carbon atoms and 8 hydrogen atoms in
the unit cell. (b) The phonon dispersions from density functional perturbation theory (DFPT) and Hessian
calculation at 300 K. The inset shows a zoomed-in region near the Γ-point. The black scatters are data
from experiments respectively.[9], [10].

Fig. 2: The thermal conductivity along the chain direction of crystalline PE from this work, the TDTR
experiment (Exp.)[6], the classical DFT [5], and the temperature-dependent effective potential method
(TDEP)[4]. In classical DFT, force constants were extracted at 0 K using the finite difference method.
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ABSTRACT 
Metal–organic frameworks (MOFs) have the 
potential to be used as thermoelectric materials.   
Thermoelectric materials enable direct conversion 
between thermal and electrical energy. The main 
motivation for this project is to further our 
knowledge of thermoelectric properties in MOFs 
and find which available self-consistent-charge 
density functional tight-binding (SCC-DFTB) 
method can best predict (at least trends in) the 
electronic, phononic and therefore thermoelectric 
properties of MOFs at a lower computational 
cost than standard density functional theory 
(DFT). In the case of the electronic properties, we 
compare SCC-DFTB/3ob and SCC-DFTB/mio 
(based on available Slater-Koster files), GFN1-
xTB and GFN2-xTB against PBE and hybrid DFT 
(HSE06) for Zn3C6O6, Zn-NH-MOF, Ni3(HITP)2 

and Cd3C6O6 MOFs for the monolayer and stacked 
AA, serrated and AB structures. We also calculate 
the phononic contribution to the thermal 
conductivity using SCC-DFTB/3ob(mio) and 
GFN-xTB. Our results suggest that while GFN-
xTB is adequate to predict the MOFs’ electronic 
properties, DFTB-mio and GFN2-xTB are 
adequate to predict the MOFs’ phononic 
properties. We find that while Zn3C6O6, Zn-NH-
MOF and Cd3C6O6 MOFs are predicted to have a 
higher power factor than the Ni3(HITP)2 MOF (one 
of the highest performing synthesized 
thermoelectric MOFs), thermal transport is 
substantially lower for Zn-NH-MOF, leading to 
the highest ZT among the group. 

MOTIVATION 
An estimated two thirds of all the energy produced 
in the world is wasted as heat. Thermoelectric 
(TE) materials can convert wasted heat into useful 
electricity and vice-versa. The challenge to create 
efficient TE materials lies in achieving 
simultaneously high electronic conductivity (σ), 

high Seebeck coefficient (S) and low thermal 
conductivity (κ) in the same solid [1]. These 
properties define the dimensionless TE figure of 
merit ZT=(S2 σ/κ)T, where T is the temperature. 
The research goal of this reasearch is to develop 
the fundamental knowledge to predict key 
quantitative (QSPR) structure-property 
relationships to inform the rational design of 
thermoelectric metal–organic frameworks (MOFs).  
 

METHODS 
We use the Vienna Ab Initio Simulation Package 
(VASP) [2-4], a computer program which uses 
density functional theory (DFT) for atomic scale 
materials modelling. Using VASP is 
computationally expensive. DFTB+ [5] is a fast 
and versatile software package, here used to 
implement SCC-DFTB and GNFn-xTB. 
These semiempirical methods lead to up to two 
orders of magnitude increase in speed with only a 
small loss in accuracy. All the electrical transport 
coefficients (S and σ) are determined by solving 
the Boltzmann transport equation as implemented 
in BoltzTraP2 [6]. Second-order force constant 
phonon properties using both DFT and SCC-
DFTB/GFNn-xTB were determined through the 
PHONOPY code [7]. To get the third-order force 
constant phonon contributions to the thermal 
conductivity (κL), the PHONO3PY code was 
employed [8-9]. 

CONCLUSION 
    While GFN1-xTB electronic properties are 
closer to DFT-PBE, the phonon dispersions using 
GFN2-xTB and DFTB-3ob/mio better resemble 
those from DFT-PBE. We therefore expect that the 
lattice thermal conductivities from GFN2-xTB 
and, to a lesser extent, DFTB-3ob/mio are closer to 
DFT-PBE. Curiously, GFN2-xTB did not 
converge for most unstable geometries (i.e., those 
with negative phonon modes) and was found to 
converge for all but one of the stable geometries. 



The Zn3C6O6, Zn-NH-MOF, Ni3(HITP)2, and 
Cd3C6O6 maximum electrical conductivity, 
Seebeck coefficient, and PF computed with DFT 
and SCC-DFTB are shown in Fig 1. The phonon 
properties of the monolayer, AA-stacked and 
serrated Zn-NH-MOF MOF results have been 
presented here due to its high ZT results (Fig 2). 
This work has been published [10-11]. 
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Fig. 1.  The maximum a) electrical conductivity (σ), b) the Seebeck coefficient 

(S) and c) the power factor (PF) of the Zn3C6O6, Zn-NH-MOF, Ni3(HITP), and 

Cd3C6O6. The black stars, red circles, blue triangles, green squares, and yellow 

stars correspond to the DFT-PBE, DFTB, GFN1-xTB, GFN2-xTB and DFT-

HSE06 results. Figure reproduced from [10].     

 
Fig. 2.  a) The phonon dispersion and b) density of states of e) the wavy Zn-NH-

MOF monolayer. f) The phonon dispersion and g) density of states of h) Zn-

NH-MOF AA-stacked. i)The phonon dispersion and j) density of states of k) 

Zn-NH-MOF serrated. Zn, C, N and H are pink, brown, blue, and yellow, 

respectively. Figure reproduced from [11]. 
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Abstract— For the computation of the nonballistic
electron transport caused by i.e. electron-phonon
scattering high performance computing methods are
needed. Therefore, a Discontinuous Galerkin (DG)
method is used to approximate the Wigner transport
equation (WTE). To oppose the resulting high com-
putation times, a Proper Orthogonal Decomposition
(POD)-method is introduced and linked with DG.

INTRODUCTION

Recently a variety of methods to model the
electron transport have been developed [1]. Those
models mostly neglect the electron-phonon scat-
tering or use relaxation models. Preliminary work
to model electron-phonon scattering has already
been made by [2], but quantum mechanical ef-
fects are neglected. To gain the best sophisticated
approach these approximations are examined and
results based on a larger amount of phonon modes
are discussed. Since the addition of the electron-
phonon interaction emerge into high computing
times and large memory requirements, Model Order
Reduction (MOR) methods like the POD method
are introduced to solve these problems and enable
an examination of more precisely discretisation
schemes [3]. An algorithm can be set up to model
the scattering and to include the already mentioned
methods.

MODEL

A Wigner-Weyl-transformation of the electron-
phonon von Neumann equation results into the
Wigner transport equation in the phase space.
Through the electron-phonon interaction a hierarchy
problem arise. This results in an approximation
of the Wigner function based on 4l phonon states
|nq > with l representing the order of the hierarchy.
The hierarchy problem is dissolved through ap-
proximations like the random phase approximation

(RPA) and the Markov approximation. The DG
method is now used in χ-direction. The phase space
k regarding the charge carrier and the phase space
q of the phonons is discretized which leads to a
discrete modal spectrum. For the transient solution
a Lawson method of fourth order is applied.

RESULTS

For a test device (Fig. 1) the hierarchy problem is
solved for the second order. The expected electron
density can be seen in Fig. 2, which is in agreement
with results taken by assessing the ballistic transport
[4]. Only through the sole consideration of the
electron-phonon interaction, the scattering can be
seen (Fig. 3). The observed carrier concentration
is in agreement with former results in [2] and [5].
From first evaluations (Fig. 4) it can be concluded
that the POD method results in a considerable time
reduction down to a tenth and can be classified as
a promising approach.
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Fig. 1. Schematic GaAs/AlGaAs resonant tunneling diode with
a width of Lx = 60 nm. At the edges of the structure the GaAs
layer is highly doped. An Al0.3Ga0.7As doublebarrier with 5
nm width is placed in the middle of an undoped GaAs layer
with a 5 nm well between the barriers.

Fig. 2. The electron density within the RTD is shown as a func-
tion in dependence of the χ-coordinate and the k-coordinate.
Nk = 60 values are considered for the k-discretisation.

Fig. 3. The density of the scattered electrons is shown
as a function dependent on the computation grid. For the q-
discretisation Nq = 100 values are used. Two maxima are visi-
ble, which represent the creation of electrons at the wavenumber
k + q and k − q respectively. The minimum at k=0 depicts
the annihilation of an electron through the electron-phonon
interaction.

Fig. 4. The density of the scattered electrons is shown as
a function of the computation grid. The solution is achieved
through the POD method. For the q-discretisation the q phase
space is divided into Nq = 11 values. 2750 snapshots are used
to create a basis to reduce the order of the matrix of the system.
The structure of the scattered electron density is in agreement
with the solution gathered in Fig. 3. At the borders of the k-
grid instabilities can be seen which shall be resolved through
further investigations of the boundary conditions, which have
to be adjusted to the expanded phase space k + q and k − q.
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As fabrication techniques have improved and
solar cell efficiencies are getting closer to the
Shockley-Queisser limit, new designs which recon-
sider the fundamental assumptions of loss mech-
anisms are being explored. One such design is
through hot-carrier solar cells in which the design
of the cells is such that the photogenerated carriers
are quickly extracted before the carriers have time
to lose their excess energy to the lattice.

Reduced dimension systems have demonstrated
in photo-luminescence (PL) measurements carrier
temperatures in excess of the lattice temperature
[1]. For 2D-MQW, it is theorized that the inhib-
ited thermalization of carriers is due to the for-
mation of a hot phonon bottleneck; as the phonon
number NLO increases, the rate of absorption and
emission become approximately equal. This leads
to an inhibition of the thermalization rate due to
optical phonons. The dynamics of the system are
not well understood, providing motivation for sim-
ulating these systems. Prior work has focused solely
on the build up of polar LO phonons[2], however,
the present work seeks to show that LA phonons
could also play a role in the inhibition of carrier
thermalization .

To simulate the system used in PL measurements,
a modified Monte-Carlo (MC) method is used to
solve the Boltzmann Transport Equation (BTE) with
modifications to account for the build up of non-
equilibrium phonons. The effects of confinement
are included via the solution of a coupled non-
parabolic Schrödinger-Poisson system. For recom-
bination processes, an ABC model given as,

R(n) = An+Bn2 + Cn3 (1)

is used, wherein the ABC coefficients are extracted
from a fit to experimental measurements.

The non-equilibrium phonons are accounted for
by introducing a discretized mesh of the phonon
number NLO(q). When an emission or absorption
event is selected in the MC, a value ∆NLO is sub-
tracted or added, respectively, for the corresponding
NLO(q) value.

∆NLO =
2π

q2∆qS
(2)

This work also includes a discretization of the LA
phonon branch. At the end of every synchronization
time step, the decay and generation of LO phonons
via Klemen’s mechanism is modeled as:
∂N

∂t
= Γ0 (G− Γ)

= Γ0

(
N ′N ′′(NLO + 1)− (N ′ + 1)(N ′′ + 1)NLO

)
(3)

where N ′ and N ′′ are the LA phonon modes which
are coupled to the LO phonon mode to conserve
both energy and momentum. As such, the dynamics
of both the LA and LO phonons can be studied.

The simulations predict a possible phonon bot-
tleneck resulting from a build up of both optical
and acoustic phonons. This can be advantageous for
designing an effective hot carrier solar cell.

REFERENCES

[1] H. Esmaielpour, B. K. Durant, K. R. Dorman, V. R.
Whiteside, J. Garg, T. D. Mishima, M. B. Santos, I. R.
Sellers, J.-F. Guillemoles, and D. Suchet. Hot car-
rier relaxation and inhibited thermalization in superlat-
tice heterostructures: The potential for phonon manage-
ment. Applied Physics Letters, 118(21):213902, May 2021.
[doi:10.1063/5.0052600].

[2] Y. Zou, H. Esmaielpour, D. Suchet, J.-F. Guillemoles,
and S. M. Goodnick. The role of nonequilibrium LO
phonons, Pauli exclusion, and intervalley pathways on
the relaxation of hot carriers in InGaAs/InGaAsP multi-
quantum-wells. Scientific Reports, 13(1):5601, Apr. 2023.
[doi:10.1038/s41598-023-32125-2].



Init Equilibrium
Poisson

Schrödinger

converged?

EMCconverged?

t < tmax

SchrödingerPoisson

∑
i ni

∂n
∂t = G(n)−R(n)

finished

yes,
ψ,E

ψ,E
yes

ψ,E
no

ψ,E

no,f(E)

yesns(z)

φ

φ

no,
ns(z)

n

Fig. 1. Flowchart of the MC code

K
le
m
en
s

q

TA

TO

LO

LA

E
n
e
rg
y

NLO

NLA

 1.2

 1.6

 2

 2.4

      

N
L

A

q
 1.2

 1.6

 2

 2.4

      

N
L

A

q

 0.4

 0.8

 1.2

     

N
L

O

q

Fig. 2. Schematic diagram showing the considered LO phonon
decay mechanism. The insets show the calculated phonon num-
ber vs wavenumber for the respective branch. Dotted lines show
analytic dispersion used for LO and LA branches

0

20

40

60

80

100

120

0 2× 1012 4× 1012 6× 1012

τLA = 10 ps
τLA = 0.1 ps
τLA = 0.0 ps
relax. approx
[1] expt.

∆
T
e
[K

]

Dss [cm−2]

Fig. 3. Carrier temperature against steady-state sheet density for
different acoustic phonon decay times compared to experimental
results.

1

2

4

0.1 1 10

LO phonons

1

2

4

8

72 72.5 73 73.5 74

LO phonons
LA phonons

Dss = 1× 1012cm−2, τLA = 10 ps
Dss = 2× 1012cm−2, τLA = 10 ps
Dss = 4× 1012cm−2, τLA = 10 ps
Dss = 1× 1012cm−2, τLA = 0.1 ps
Dss = 2× 1012cm−2, τLA = 0.1 ps
Dss = 4× 1012cm−2, τLA = 0.1 ps

Ph
on

on
N

um
be

r
N
(q
)

Phonon Wavenumber
q [1× 108 m−1]

Fig. 4. Steady-state phonon number for both the acoustic and
optical branches

0

10

20

30

0 2 4 6 8 10

Dss = 1× 1012

Dss = 2× 1012

Dss = 4× 1012

τ e
f
f
[p

s]

Phonon Wavenumber
q [1× 108 m−1]

τLA = 10 [ps]

τLA = 0.1 [ps]

Fig. 5. Effective lifetimes for two different acoustic phonon
decay times as a function of phonon wavenumber



Wednesday 2:00-3:30 pm Simulation Methods

Time Type Presenter Title

2:00-2:30 pm Invited Giuseppe Romano Differentiable Hydrodynamics Simulations: From Inverse Design 
to Automatic Material Properties Extraction

2:30-2:45 Contributed Anders Winka Investigation of thermalization effects and hot carriers in ultra-
scaled electronic devices

2:45-3:00 Contributed Denis Mamaluy Phenomenological inelastic scattering model for electron 
transport in mesoscopic devices

3:00-3:15 Contributed Bernhard Pruckner Switching of Magnetization in Strained  Noncollinear 
Antiferromagnet Mn3Sn

3:15-3:30 Contributed Khandakar Aaditta Arnab KROGER: An Extended Calculation Framework  for Realistic Defect 
Modeling in  Semiconductors
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The geometry of a nanostructure strongly influences its transport properties, including its 
effective thermal conductivity. Nondiffusive phenomena—such as hydrodynamic 
transport—introduce novel mechanisms for tuning heat flow beyond what is captured by 
Fourier’s law. However, engineering nanostructures for thermal applications remains challenging 
due to computational complexity. Most existing efforts rely on trial-and-error approaches or 
gradient-free methods, such as genetic algorithms, which suffer from slow convergence and poor 
scalability. In this talk, I will present our recent work on geometry optimization via differentiable 
programming. Our approach leverages automatic differentiation to compute gradients of a cost 
function with respect to the material's geometry, described through a density field. This enables 
efficient gradient-based optimization. We combine density-based topology optimization with the 
mode-resolved phonon Boltzmann transport equation (BTE) to design materials with a target 
effective thermal conductivity tensor. Our topology optimization approach is based on the 
Transmission Interpolation Method (TIM) [1], a novel scheme that connects material density to 
interfacial heat flux. In the second part of the talk, I will show how our differentiable BTE solver 
can be integrated with experimental data to extract key thermal properties. I will also highlight 
emerging directions at the intersection of thermal transport and differentiable programming, such 
as inverse-designed structures for analog computing [2]. The talk will conclude with an overview 
of the open-source software supporting our work. 

 
[1] G. Romano, and S. G. Johnson. "Inverse design in nanoscale heat transport via interpolating 
interfacial phonon transmission." Structural and Multidisciplinary Optimization 65.10 (2022): 
297. 
[2] S. Caio and G. Romano. "Analog Computing with Heat: Matrix-vector Multiplication with 
Inverse-designed Metastructures." arXiv preprint arXiv:2503.22603 (2025). 
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Introduction. Decreasing the channel cross sec-
tion of transistors enhances electron-electron (e-
e) interactions, significantly affecting their perfor-
mance. To capture these effects at an atomistic
level the GW approximation [1] is usually the
method of choice. Notably, it produces band gaps
closer to experiments than density-functional theory.
Going one step further, to describe the transport
properties of nanoscale devices, the GW approxima-
tion should be combined with the non-equilibrium
Green’s function (NEGF) formalism [2]. In addi-
tion to renormalizing the bandstructure of semi-
conductors, the NEGF+GW approach changes the
magnitude of electrical currents and the spectral
distribution of electrons compared to the ballistic
case. High-energy electrons in the drain of the
transistor thermalize, generating hot carriers (HC)
that can depassivate silicon-hydrogen (Si-H) bonds
at the Si surface, degrading device performance
[3]. Modeling HC and thermalization effects in
nanoscale devices is thus crucial for device relia-
bility. Hence, in this paper, we use an NEGF+GW
approach [2] to study the formation of HC in the
ultra-scaled silicon gate-all-around nanowire field-
effect transistor (NWFET) of Fig. 1a and quantify
this phenomenon.

Results. Figure 1b reports the I-V characteristics
of the considered Si NWFET in the quasi-ballistic
limit and with e-e interactions. The latter induce
backscattering, reducing the ON-state current by
3.5× with respect to the quasi-ballistic case. More
interestingly, they also alter the electron distribution,
as can be seen in Fig. 2. Under quasi-ballistic
conditions, electrons are accelerated by the applied
electric field so that their kinetic energy on the drain
side reaches the applied source-to-drain voltage
Fermi level splitting, i.e. 0.6 eV. With e-e scattering,

electrons thermalize, which broadens their distribu-
tion on the drain side. This effect can be better
visualized in Fig. 3a, where the electron density
is extracted in the drain region at three different
gate voltages. Although the kinetic energy of many
electrons clearly exceeds 1 eV, a negligible portion
of them (less than 1014 cm−3) have sufficiently high
energy for Si-H bond depassivation through impact
ionization. For this mechanism to occur, electrons
with an energy larger than 3 eV, the Si nanowire
band gap, would be required.

In Fig. 3b the electron occupancy function is
plotted. In the ballistic case, the occupancy is given
by two Fermi functions with a temperature of 300
K, one for the states injected from the source and
one for states coming from the drain. In the presence
of e-e scattering, the results cannot be fitted with
a Fermi function because of the non-equilibrium
situation. However, the high-energy range of the
calculated occupancies follows a Boltzmann distri-
bution function, from which a carrier temperature
can be extracted. This quantity is presented in the
inset of Fig. 3b. Temperatures up to 2,000 K are
reached, in agreement with previous studies based
on the Boltzmann Transport Equation [4].

Conclusion. Through NEGF+GW, we investi-
gated the electronic properties of an ultra-scaled Si
NWFET, highlighting the presence of hot carriers on
the drain side of this device. While these HC are not
expected to play a detrimental role in the structure
examined here, it is important to have tools capable
of predicting their influence from first-principles.

References. [1] L. Hedin, Phys. Rev. 139, A796–A823
(1965). [2] L. Deuschle et al., arXiv:2112.12986 [cond-
mat.mes-hall] (2024). [3] S. E. Tyaginov et al., ECS Trans.
35, 321 (2011). [4] M. V. Fischetti and S. E. Laux, J. Appl.
Phys. 89, 1205–1231 (2001).



Fig. 1: (a) Schematic view of the silicon gate-all-around (GAA) nanowire field-effect transistor (NWFET) simulated
in this work and its dimensions. (b) Transfer characteristics “Id-Vgs” at Vds=0.6 V for the GAA NWFET in (a). The
quasi-ballistic current (black line with circles) was calculated in the presence of weak electron-phonon interactions
at a phenomenological level to ensure convergence at high Vgs. Electron-electron (e-e) interactions are treated within
the GW approximation (dashed-dotted line with crosses) [2].

Fig. 2: Spatially- and energy-resolved (spectral) electron density in the Si GAA NWFET from Fig. 1 at Vgs=0.6 V and
Vds=0.6 V (a) in ballistic transport and (b) with e-e interactions. The spatial resolution corresponds to partial traces of
the Green’s function at different positions inside the device. The dash-dotted blue lines refer to the conduction band
edge. The presence of hot carriers in (b) is indicated by a circle.

Fig. 3: Spectral (a) electron density and (b) electron occupancy function extracted at x=39 nm in Fig. 2(b) at three
different Vgs-Vth voltages (Vth = 0.4V). Solid lines refer to the quasi-ballistic results and dash-dotted lines to results
including e-e interactions. The occupancy functions are obtained by dividing the electron density by the density-of-
states. The magenta lines in (b) correspond to the source and drain Fermi functions at 300 K. The black dashed lines
are fits to the high-energy tales with a Boltzmann function exp(−(E − EF )/(kBT )), from which a temperature T
can be determined. This quantity is shown in the inset of subplot (b).
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We present a phenomenological inelastic 
scattering model that allows accurate quantum 
transport current calculations in semiconductor 
devices and is applicable to mesoscopic systems 
such as modern state-of-the-art transistors and 
beyond-CMOS devices. The model has no fitting 
parameters and is applicable to systems without 
significant self-heating effects. It is validated on 
silicon mobility and resistivity data in the wide 
range of temperatures (4K-500K), doping densities 
(1018cm-3-1021cm-3) and sheet doping densities 
(1010-1015cm-2). When applied to IBM’s 
Lgate=12nm, TSi=5nm GAAFET devices [1], it 
agrees well with the experimental I-V 
measurements. 

Mesoscopic devices are not made of a single 
molecule, but still consist of many thousands or 
even millions of atoms. Just 1nm3 of Si contains 
about 120 of atoms and the simulation volume of 
the state-of-the-art GAAFET transistor is about 
(50nm)3 or about 15 million atoms. Quantum 
transport simulation of such devices is 
challenging, but recent progress demonstrates [2-
5] that numerically efficient first principles 
simulations with no fitting parameters can 
correctly predict the conductive properties of 
highly-conductive highly-confined Si:P/B systems 
at cryogenic temperatures, where elastic 
electrostatic scattering is very strong, but inelastic 
scattering effects can be ignored. In this work we 
introduce a model that allows sufficiently accurate 
and very simple description of inelastic scattering 
effects on the current in such mesoscopic systems, 
thus extending the range of efficient predictive 
quantum transport simulations to elevated and 
room temperatures. The idea is to approximate the 
current spectrum affected by the two-body 
inelastic scattering collisions by weighting the bal- 
 

 
 
 
 
listic current spectrum with the ballisticity factor 
B(E),  ieff(E)=iballistic(E)∙B(E). The ballisticity factor 
is assumed to be proportional to the number of 
phonons with the comparable to electron energies. 
Effectively, the model dampens the computed 
ballistic current spectrum for those frequencies 
where phonon population is high, leaving the rest 
of the current spectrum unmodified. Remarkably, 
this exceptionally simple scheme for accounting of 
inelastic scattering provides an excellent match to 
the experiment, as can be seen from Figure 1, 
without using any fitting parameters. We show that 
the model also allows to recover the electron 
mobility values in silicon thin films for a wide 
range of temperatures and doping values as 
illustrated in Figure 3. 

  

REFERENCES 
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Fig. 2. Effective 1D potential (conduction band edge) from the 
source (left side) to the channel (middle) and the drain (right side) 
is shown for different gate voltages (solid color curves); VD=0.7V. 
The current density spectrum j(E) is shown in semi-log scale for 
each gate voltage (solid color curves); the ballistic current spectrum 
case is also shown using the dashed lines; the grey area represents 
the phonon distribution  expressed as a function 
of the electron energy. 

 

Fig. 1. Electrical characteristics of IBM’s GAAFET [1] device: 
experimental measurements vs first principles simulation 
results. Dashed lines: no inelastic scattering (ballistic), solid 
lines: using the inelastic scattering model. Note that the current 
spectrum is effectively reduced for those energies, where 
phonon population is high, as a function of the gate voltage and 
the corresponding effective potential barrier, shown in Figure 2.  

 
 
 

  

Fig. 3. Left panel: Comparison of the predicted electron mobilities vs temperature between our quantum transport simulations and the 
Arora model and experimental data for different doping densities; Right panel: Comparison of the electron mobilities predicted by our 
framework with experimental data at room temperature (300K). Note that here the computed mobility is extracted assuming a very thin 
(~5nm) silicon film, which lowers the mobility value compared to the bulk values for high temperatures and doping concentrations.   
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Noncollinear antiferromagnets (nc-AFM) have
been studied for their potential use as spin-
polarizing layer in Spin-Orbit Torque Magnetore-
sistive Random Access Memory (SOT-MRAM) de-
vices [1]. Experimentally shown SOT-induced mag-
netization switching of the nc-AFM Mn3Sn be-
tween two distinct magnetic states, proves the po-
tential of these materials to be also utilized as
free magnetic layer in MRAM devices [2,3]. We
study the magnetic behavior of the nc-AFM Mn3Sn.
Fig. 1a shows the structure of the Mn and Sn
atoms, arrange in a two-dimensional Kagome lattice
[2,3,4], with the Mn atoms carrying the magnetic
moments mA, mB and mC. The energy of the
system is comprised of the interlayer and intralayer
antiferromagnetic exchange energies acting between
the Mn nearest neighbors, with J1 = 23.15 meV
and J2 = 17.53 meV, the single-atom anisotropy
K = 0.19 meV acting along eA, eB, eC, and the
Dzyaloshinskii–Moriya-interaction D = 0.833 meV
acting along eD = ey [2]. When introducing epi-
taxial tensile strain, as shown in Fig. 1b, additional
energy contributions arise: the modulated exchange
energies J1 ∗ (1 − δ) and J2 ∗ (1 − δ), with the
parameter δ accounting for the change in distance
between two nearest neighbor Mn atoms, and a
global uniaxial strain-induced anisotropy Kstrain,
caused by the displacement of Sn atoms neighbor-
ing the Mn atoms. The crystal symmetry of the
unstrained Kagome lattice is broken, introducing a
small net magnetic moment mnet, as depicted in
Fig. 1c. Fig. 2 shows the energy of the system over
the polar angle of mnet from the z-axis and various
strain strengths indicated with the δ parameter.
With increasing strain we observe a six-, four-, and
twofold energy of the system. At high strain only

the two distinct stable states remain, with mnet

pointing along positive or negative z-direction Fig.
1c shows the stable ‘up’ state with high strain.

Applying an external magnetic field along x-
direction shifts the energy barriers, through the
contribution of mnet to the energy, as depicted
in Fig. 3. We show that the shifted energy bar-
riers facilitate deterministic switching making the
nc-AFM Mn3Sn a potential candidate for the
use as magnetic memory. We reduce the 6-spin
model to an effective 3-spin model without ne-
glecting interlayer nearest neighbor effects. We
apply SOT-induced current generated in an adja-
cent Pt heavy metal layer and solve the coupled
Landau-Lifshitz-Gilbert (LLG) equations for our
system. We calculate the octupolmoment moct =
1
3

[
MxymA +R

(
−2π
3

)
mB +R

(
2π
3

)
mC

]
used

as order parameter in nc-AFM materials [3].
Fig. 4 shows moct, mnet, and the energy, when

an SOT-current in x-direction is applied. Fig. 4a
shows the system without applied external field, Fig.
4b and Fig. 4c for an external field of Hext,x = 0.05
T and Hext,x = 0.1 T, respectively. A variation
of the absolute value of mnet proportional to the
energy is shown. The description of the system by
an effective 1-Spin-LLG using the octupolmoment
has been suggested [4]. However, as mnet is ne-
glected, dynamic processes cannot be captured to a
full extent, therefor a careful consideration of the
energy of mnet and moct is necessary.

REFERENCES
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Fig. 1. Kagome lattice of the nc-AFM Mn3Sn without (left) and with (center) tensile strain applied to the crystal
lattice. (Right) The magnetic moments of the sublattices. In a strained state, a small nonzero net-magnetization mnet

emerges.

Fig. 2. The normalized energy for various applied strain
values. For no and very small strains a sixfold energy
profile can be observed (a). Increasing the strain leads to
a fourfold (b) and twofold (c) energy profile.

Fig. 3. mnet, moct, and the energy of the system displayed for an applied SOT-current of 9∗1011 A/m² in x-direction.
a) Hext,x = 0 T, b) Hext,x = 0.05 T, c) Hext,x = 0.1 T. MS is calculated to 1.5 ∗ 106 A/m by using the crystal
parameters in [1].

Fig. 4. a) The energy of the system over the polar angle
of mnet with an external field applied along x-direction.
(Right) The energy for b) no applied field, the energy of
mnet in a field of Hext,x = 0.4T , and the total energy
for Hext,x = 0.4T .
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Accurate defect modeling is essential for 

optimizing semiconductor materials for electronic 

applications. Here, we introduce KROGER [1], a 

robust computational framework that integrates 

density functional theory (DFT) with 

thermodynamic effects such as bandgap 

temperature dependence, chemical potentials, and 

defect vibrational entropy. KROGER enables 

precise predictions of defect equilibria, charge 

carrier compensation mechanisms, and kinetic 

trapping effects, providing valuable insights into 

material processing and defect engineering. 

KROGER models full, partial, and constrained 

defect equilibria to capture the influence of growth 

and processing conditions on defect chemistry. 

Named after F.A. Kroger for his seminal work on 

point defect equilibria, KROGER processes large-

scale datasets of DFT-computed formation 

energies for defects and complexes, allowing 

defect population predictions under real-world 

conditions. It accounts for self-trapped holes 

(STHs) and incorporates a quantum harmonic 

oscillator model to estimate defect vibrational 

entropy, which contributes energy corrections 

exceeding 1.5 eV per defect near the melting point. 

To demonstrate its capabilities, we apply 

KROGER to β-Gallium Oxide (β-Ga2O3), an ultra-

wide bandgap semiconductor with promising 

applications in power electronics. Accurate 

modeling of defects in β-Ga2O3 is crucial for 

optimizing its electrical properties and doping 

strategies. A key challenge in defect modeling is 

predicting defect concentrations under real-world 

synthesis conditions. Standard DFT-based 

formation energy calculations often predict full 

compensation of n-type doping by gallium 

vacancies (VGa), contradicting experimental 

findings. However, Sn-doped β-Ga2O3 crystals 

grown by edge-fed growth (EFG) at 2068°C with 

pO2 = 0.02 atm exhibit degenerate n-type 

conductivity with minimal compensation. By 

incorporating temperature-dependent bandgap 

corrections, realistic chemical potentials from the 

Ga-O binary phase diagram, and vibrational 

entropy effects, KROGER significantly improves 

agreement with experimental data. 

In this study, we modeled 873 charge states of 

259 defects, including native and impurity-related 

species involving 19 elements, to simulate the 

defect chemistry of β-Ga2O3 under EFG growth 

and oxygen annealing. KROGER accurately 

predicts unintentionally doped (UID), Sn-, Fe-, 

and Mg-doped EFG crystals by computing defect 

equilibria based on experimentally reported 

impurity concentrations. This approach provides 

insights into kinetic trapping mechanisms 

influencing dopant distributions and charge 

compensation. Additionally, we validate our 

results against deep-level optical spectroscopy 

(DLOS) data for VGa-related defects and 

experimental electron-donor concentration ratios 

in Sn-doped β-Ga2O3. 

A key advancement is Sequential Quenching, 

bridging equilibrium and infinitely fast quenching 

models by incorporating defect-specific diffusion 

kinetics. This method allows semi-quantitative 

predictions of defect distributions in finite-sized 

samples subjected to realistic cooling rates. By 

freezing defects at distinct temperatures based on 

their diffusion constants, KROGER predicts 

spatial defect distributions across bulk crystals and 

thin films, enabling precise defect engineering 

strategies for optimizing material performance in 

power electronics. 

This study highlights the necessity of 

integrating first-principles calculations with 

thermodynamic corrections to achieve predictive 

accuracy in defect modeling. KROGER provides a 

powerful and transferable framework for 

semiconductor defect engineering, setting a 



benchmark for predictive modeling in electronic 

materials 
 

Fig. 1.  Defect Concentrations in Sn-Doped β-Ga₂O₃ Under Different Conditions. (a) Full temperature-dependent effects with 

fixed impurity concentrations at pO₂ = 0.02 atm, consistent with n-type conductivity and <1% compensation if native defects 

freeze-in by ~1950 K, (b) "O-rich, Sn-doped" conditions without temperature dependencies, incorrectly predicting insulating 

behavior with >99% compensation, (c) Sn solubility limited by equilibrium with SnO₂, requiring simultaneous freeze-in of native 

defects and Sn at ~1850 K, implying unlikely sensitivity to cooling rate. Evidence suggests kinetic trapping enables high [Sn] 

without SnO₂ precipitation. 

 
Fig. 2. Effects of omitting one temperature dependence at a time to investigate their importances.  Conditions kept constant are 

[Sn]=4.5x1018 /cm3 and f=0.40.  (a) Adopting T-independent O-rich conditions as in Fig. 1(b) predicts Oi are the dominant 

compensating acceptors at high temperature and at no temperature does n=[Sn].  (b) Effect of Eg(T), NC(T), and NV(T) held 

constant at 300 K values, again there is no temperature where n=[Sn].  (c) Effect of omitting DSvib(T) – here there is only one 

temperature at which n=[Sn] so coincidence would be required for agreement with experiments.  Also, the concentrations of VGa 

and divacancy complexes increase to at% concentrations, which would be possible to measure.  (d) Replication of Fig. 3(b) 

including all effects to facilitate side-by-side comparison.   

[1] K. A. Arnab et al., “Quantitative Modeling of Point Defects in $β$-Ga2O3 Combining Hybrid Functional Energetics with 

Semiconductor and Processes Thermodynamics,”, arXiv: arXiv:2501.17373 (2025). 
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ABSTRACT SUBMISSION 
We have developed a first-principles method to 

calculate the electron-phonon coupling for specific 
modes and q-points in the Brillouin Zone for 
crystalline organic semiconductors, which can be 
used to compute the corresponding mobility. 

To validate our method, we compare the 
computed mobilities with available data for single 
crystals of naphthalene, anthracene and tetracene, 
finding a good agreement, especially when 
accounting for possible charged impurities. 

INTRODUCTION 
Organic Semiconductors (OSCs), based on 

abundant, eco-friendly, and cheap elements, have 
emerged as attractive candidates in several new 
electronic technologies. [1]  

Two main approaches exist to describe charge 
transport in OCS: hopping and band transport via 
Boltzmann transport equation (BTE). The latter is 
particularly relevant for OSCs with orderly packed 
structures. 

Here, we introduce a method to calculate and 
parametrize the electron-phonon coupling (EPC) 
in OSCs, and then use it to assess the mobility. We 
validate the overall method, Fig. 1, by comparing 
its results with experimental available data. [2] 

MODEL 

We employ DFT-VdW calculations using 
VASP, with the Phonopy package, to perform the 
simulations. The EPC at q-point for phonon 
branch ν is computed as: 

  ,     (1) 

In (1),  and  are the band indexes,  is the 
transfer integral (¼ of the bandwidth) of band , 

 the Davydov splitting between n and m,  

the average displacements of all the atoms along 
the eigenmode ( ). Then, we extract 
deformation potential values specific for band 
indexes and lattice phonon mode:  

                 (2). 

The values in (2) are passed to the BTE solver 
ElecTra [3] to evaluate the charge mobility.  

VALIDATION 
The calculation of the Raman spectra, Fig. 2, 

allows to validate the description of the electronic 
and vibrational structures. The comparison with 
experimental single crystal mobilities, Fig. 3-5, 
shows a very good agreement, which improves 
when we consider possible ionized defects, Fig. 6. 
Importantly, the method is more than one order of 
magnitude cheaper than DFPT-based approaches. 

CONCLUSIONS 
A method has been developed and validated, 

that combines DFT-level calculations and 
semiclassical transport simulations to compute the 
electron-phonon coupling and charge mobility in 
organic semiconductors. The accuracy of the 
method improves when including defects. 
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Fig. 1. Scheme of the workflow from the electronic and 
phononic structure to the mobility µ. 
 

 
Fig. 2. Comparison of Raman spectra in the lattice phonons 
region of the bulk tetracene polymorph I; experimental 
(magenta) and computed (individual modes in colors and total 
in dash-dot black) spectra, ref. [3] and references therein. 
 

 
Fig. 3. Comparison of the hole mobility of naphthalene 
crystals along a, b, and ⊥ab axes. In gray, elastic scattering 
with acoustic phonons is added; in red: µb from a computation 
based on DFPT which is ~ 30× more expensive, details in [3]. 

 
Fig. 4. Experimental and computed hole mobility of 
anthracene crystals along a, b, and c* axes. [3] 
 

 
Fig. 5. Experimental vs computed hole mobility of tetracene 
crystals along the direction perpendicular to ab plane, µ⊥ab. 
The exponent of Tα fits are reported in the legend. µD is for the 
mobility evaluated from diffusivity via Einstein’s relations. [3] 
 

 
Fig. 6. Tetracene case as in Fig. 5, here magenta lines are for 
cases where scattering from ionized impurities of charge Zi is 
included; Zi = 0.5 mimics a charge spread over more sites, 
resembling extended charged defects, details in [3]. 
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INTRODUCTION

Biomolecular juntions can be nowadays almost
routinely prepared and studied by scanning tunnel-
ing microscopy (STM) or atomic force microscopy
(AFM) techniques. From theoretical point of view,
the transport phenomena there can be described
by quantum tunneling effects. However, the situ-
ation is more complex, when large redox-active
biomolecules are investigated. While in a native
aqueous environment, the electron flow through the
system of redox sites proceeds by the thermally
activated hopping mechanism, the temperature-
independent currents of relatively high magnitudes
were detected on protein/metal junctions, suggest-
ing atypical long-range tunneling behavior. [1], [2]

METHODOLOGY

We investigate these electron-transport phenom-
ena by means of computer simulations based on
classical molecular dynamics (MD) as well as
the first-principles description within the frame-
work of density functional theory (DFT). [3],
[4] While the incoherent hopping could be stud-
ied by combined quantum-mechanical/molecular-
mechanical (QM/MM) techniques, [5] the coherent
tunneling requires a quantum description of the
whole interface models. Special care is taken to
electronic–state alignment on the bio/metallic inter-
faces for which we apply the DFT+Σ scheme.

RESULTS

We systematically investigate these biomolecu-
lar junctions by quantum calculations based on
tight-binding potentials (TB) and DFT. Differ-
ent types of molecular junctions (benzene-1,4-
diamine, benzene-1,4-dithiolate, Zn-porphyrin, Fe-
heme) were investigated using non-equilibrium

Green’s function method (NEGF) and approxima-
tive approaches on the basis of Landauer formalism.
Besides, electron transport properties of small redox
proteins (STC, Cytochrome c, Cytochrome b562,
Azurin) in contact with gold electrodes were stud-
ied to elucidate the electronic states and transport
conduction channels in such systems. [6]–[8] We
show importance of the energy-level alignment on
the bio/metallic contacts and discuss accuracy of
different approaches to capture the transport phe-
nomena.
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ABSTRACT 
Carriers in conjugated polymers (CP) are localized 

over couple of molecular sites within the polymer 
chain. The inverse participation ratio (IPR) ranges 
between 1 in the tail to ~8 in the middle of the 
Gaussian density of states (DOS). Delocalized states 
deep in the DOS can be accessed through doping, 
which a priori leads to band-like transport. Conversely, 
dopant counterions create traps and an exponential tail 
in the density of states (DOS). However, the effect of 
doping on carrier delocalization is still not well 
understood. We capture transport properties of doped 
CPs by developing a tight-binding Hamiltonian that 
includes dopant-induced energetic disorder (DID) via 
Coulomb interactions. We show that carriers at the 
Fermi level localize with doping. This prohibits the 
occurrence of band-like transport in CPs. We anticipate 
our work to contribute to understanding of the 
underlying transport physics in CPs.  

INTRODUCTION 
Organic electronic materials are an environmentally 

friendly and low-cost alternative to inorganic 
semiconductors. Among them, conjugated polymers 
(CPs) are a broad family of organic semiconductors, 
and frequently employed as a platform for electronic 
devices. [1] Carrier transport in CPs occurs through 
phonon-assisted hopping between sites that are 
localized over several mer units. The number of units 
depends on the conformational disorder of the CP  [2] 
and conjugation breaking. In the tail of the density of 
states (DOS) carriers are localized and the inverse 
participation ratio IPR = 1, while the IPR can be as 
high as ~8 in the middle of DOS.  [3]  

To increase their conductivity (𝜎𝜎), CPs are usually 
heavily (comparable to the density sites) doped. The 
increase in 𝜎𝜎 is attributed to carriers being more 
delocalized with doping and the transport changing 
from a hopping to band-like. Conversely, Coulomb 
interactions with dopant counterions impact carrier 
mobility by creating heavy tails in the DOS. However, 
the impact of dopants on delocalization and how that 
translates into carrier transport is not fully understood. 

Here we show that doping localizes carriers close to 
the Fermi level and that the transport mechanism 

remains phonon-assisted hopping even at high doping. 
We include dopant-induced disorder (DID) via 
Coulomb interactions in our tight-binding (TB) 
Hamiltonian. We utilize perturbation theory to 
calculate the transition rates between states from 
eigenenergies and eigenfunctions. Then we solve Pauli 
master equation (PME) for site-occupational 
probabilities and compute transport properties of doped 
CPs. Our results stress the important role of DID in 
delocalization. Nevertheless, the effective IPR remains 
low (~2) even at high carrier concentrations (𝑛𝑛). 

MODEL 
To capture the impact of doping, we add Coulomb 

interactions to the Gaussian disorder model according 
to the Arkhipov model  [4] that includes carrier 
screening  [5] of counterions with finite size 𝑅𝑅𝑑𝑑 at a 
distance 𝑅𝑅𝑠𝑠 from carriers. We set the resulting DOS as 
onsite energies of the TB Hamiltonian (20x20x20 
sites) and the overlaps 𝑡𝑡𝑛𝑛𝑛𝑛 = 𝑡𝑡 as off diagonal 
elements. Solving for eigenvalues and eigenfunctions, 
we obtain the resulting DOS and wavefunctions. We 
calculate IPR𝑖𝑖 = 1/∑ �𝑉𝑉𝑗𝑗�

4
𝑗𝑗  for state 𝑖𝑖, where 𝑉𝑉𝑗𝑗 are 

components of the eigenstate vector 𝜓𝜓𝑖𝑖. In order to 
understand the impact on the carriers that contribute to 
transport, we define the effective IPR as IPR𝑒𝑒𝑒𝑒𝑒𝑒 =
1
𝑍𝑍
∑ IPR𝑖𝑖𝑖𝑖 𝑒𝑒−(𝐸𝐸𝑖𝑖−𝐸𝐸𝐹𝐹)/𝑘𝑘𝐵𝐵𝑇𝑇, where 𝑍𝑍 = ∑ 𝑒𝑒−(𝐸𝐸𝑖𝑖−𝐸𝐸𝐹𝐹)/𝑘𝑘𝐵𝐵𝑇𝑇𝑖𝑖  

and 𝐸𝐸𝐹𝐹 is the Fermi level. The transition rates can be 
calculated using [10]: 

     𝑊𝑊𝑖𝑖𝑖𝑖 = 𝜋𝜋
ℏ
∑ �𝑀𝑀𝑖𝑖𝑖𝑖,𝑞𝑞�

2𝛿𝛿�𝐸𝐸𝑖𝑖 − 𝐸𝐸𝑗𝑗 ± ℏ𝜔𝜔𝑞𝑞�𝑞𝑞               (1) 
where 𝑀𝑀𝑖𝑖𝑖𝑖,𝑞𝑞 = 𝑢𝑢�𝜓𝜓𝑖𝑖|𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑|𝜓𝜓𝑗𝑗� is the electron-
phonon coupling constant due to phonon mode 𝑞𝑞 and 
displacement 𝑢𝑢  [6]. In a nutshell, the phonon energy is 
𝐸𝐸 = ℏ𝜔𝜔 �𝑁𝑁(𝐸𝐸) + 1

2
� = 1

2
𝑚𝑚𝜔𝜔2𝑢𝑢(𝑟𝑟)2. The phonon 

displacement contains two contributions given as the 
sum of distribution functions of downward and upward 
hops, 𝑁𝑁(𝐸𝐸) + 1 and 𝑁𝑁(𝐸𝐸), respectively. Then in the 
continuum limit, for downward hops we obtain  

      𝑊𝑊𝑖𝑖𝑖𝑖 = 𝜋𝜋ℏ
𝜌𝜌
��𝜓𝜓𝑗𝑗�

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
�𝜓𝜓𝑖𝑖��

2
�𝑁𝑁�𝐸𝐸𝑖𝑖𝑖𝑖� + 1� 𝐷𝐷(𝐸𝐸𝑖𝑖𝑖𝑖)

𝐸𝐸𝑖𝑖𝑖𝑖
,     (2) 

where 𝐷𝐷(𝐸𝐸𝑖𝑖𝑖𝑖) is the vibrational DOS and 𝜌𝜌 mass 
density. Using these rates, we solve PME for the 



distribution function and calculate 𝜎𝜎 and the Seebeck 
coefficient (𝛼𝛼).  [5] 

RESULTS 
The increase of overlap integral 𝑡𝑡, shifts and skews 

the DOS to higher energies as shown in Fig. 1a). 𝑡𝑡 
delocalizes carriers so that a large enough 𝑡𝑡 leads to 
completely delocalized carriers and band-like 
transport. However, with DID the effective IPR is 
significantly lower as shown in Fig 1b). The effect of 
doping on delocalization overtakes and IPR𝑒𝑒𝑒𝑒𝑒𝑒 ≈ 1 
even at high doping. The IPR at every energy is shown 
in Fig 1c) and d), for 𝑅𝑅𝑠𝑠 = 0.3 nm and d) 𝑅𝑅𝑠𝑠 = 0.8 nm, 
respectively. Below the Fermi level (thin solid lines), 
carriers are localized, while they remain delocalized 
deeper in the DOS.  

 
Fig. 1.  a) effect of overlap integral 𝑡𝑡 on the DOS. Increasing 𝑡𝑡 the 
DOS shifts and skews to higher energies. b) effective IPR with and 
without DID that shows carriers close to the Fermi level localize 
significantly with doping. DOS (left axis) and IPR (right axis) at 
different doping concentrations for c) 𝑅𝑅𝑠𝑠 = 0.3 nm and d) 𝑅𝑅𝑠𝑠 =
0.8 nm. The IPR at the Fermi level (thin solid lines) does not 
exceed 2 even at 𝑛𝑛 = 30% in both cases.  

An IPR𝑒𝑒𝑒𝑒𝑒𝑒 close to 1 indicates that the leading 
transport mechanism is carrier hopping between 
localized sites, even at high carrier concentrations. We 
test this hypothesis by comparing 𝜎𝜎 and 𝛼𝛼 from the 
tight-binding (TB) to the same quantities simulated 
using phonon-assisted hopping (VRH) model (shown 
in Fig. 2 for a) 𝑅𝑅𝑠𝑠 = 0.3 nm and b) 𝑅𝑅𝑠𝑠 = 0.8 nm). 
𝜎𝜎(𝑛𝑛) and 𝛼𝛼(𝑛𝑛) are essentially similar from both 
models. Qualitatively, in the TB model the Fermi level 
crossed the peak of the DOS at a lower 𝑛𝑛 compared to 
the VRH, which is characterized by the change in sign 
of 𝛼𝛼(𝑛𝑛) and a negative slope of 𝜎𝜎(𝑛𝑛). 

Although transition rates increase roughly as 𝑡𝑡2, 
there is a trade-off between higher rates and the DOS 
being “too skewed”, when the conductivity starts 
dropping with doping at 𝑛𝑛 < 50%. As a consequence, 
higher overlap does not necessarily increase 

conductivity (at every 𝑛𝑛) as shown in Fig. 3a) (left 
axis). At the point of conductivity drop, the Seebeck 
coefficient (𝛼𝛼) changes sign, meaning that the Fermi 
level has crossed the peak of the DOS (right axis in Fig. 
3a)), which confirms the previous statement. Both 
quantities are combined into the commonly plotted 
𝛼𝛼(𝜎𝜎) curve shown in Fig. 3b). Qualitatively, the curve 
for realistic values of 𝑡𝑡 (≈ 0.7 eV) is similar to the ones 
from simpler hopping models in which carriers are 
treated as completely localized. This is an important 
result that we anticipate will further advance the 
understanding of transport of doped organic 
semiconductors. 

 
Fig. 2. Compare of 𝜎𝜎 (left axis) and 𝛼𝛼 (right axis) as a function of 
𝑛𝑛 simulated using the hopping (VRH) and our current (TB) model 
for a) 𝑅𝑅𝑠𝑠 = 0.3 nm and b) 𝑅𝑅𝑠𝑠 = 0.8 nm. Results indicate that 
hopping captures the underlying carrier transport physics in CPs. 

 

 
Fig. 3. a) 𝜎𝜎 (left axis) and 𝛼𝛼 (right axis) as a function of 𝑛𝑛 that are 
combined in b) as 𝛼𝛼(𝜎𝜎). The switch in sign of 𝛼𝛼 indicates that the 
Fermi level has crossed the peak of the DOS. 

CONCLUSION 
We utilize the TB Hamiltonian to simulate transport 

in doped CPs. We find that carriers localize with 
doping due to carrier-counterion Coulomb interactions 
and DID. Our results stress the importance of DID in 
carrier delocalization and we anticipate our work to be 
useful for further advancements in this field. 
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INTRODUCTION 

While the splitting of quasi-Fermi levels (QFLs) 

represents a fundamental aspect in the finite-bias 

nonequilibrium operation of semiconductor devices 

[1], its atomic-level calculations remained a 

challenge due to the limitation in the standard 

approach combining density functional theory 

(DFT) and nonequilibrium Green's function (NEGF) 

formalisms. Another inherent shortcoming of the 

DFT-NEGF approach is its incapability of dealing 

with finite two-dimensional (2D) electrodes, 

because it requires semi-infinite electrode models. 

Both limitations can be overcome within the multi-

scale constrained-search DFT (MS-DFT) 

formalism we recently developed [2,3]. In this 

report, we apply the MS-DFT formalism to 

ferrocene-based molecular junction sandwiched 

between metal and graphene electrodes [4,5], and 

analyze the transport properties of ferrocene. 

MODELS & METHOD 

Within the MS-DFT calculation for a 

semiconductor device, we assign the spatial origins 

of single-electron Kohn–Sham eigenstates within 

the junction system to the left electrode (L), channel 

(C), and right electrode (R) regions. Under the finite 

applied bias 𝑉 = (𝜇𝐿 − 𝜇𝑅)/𝑒, where 𝜇𝐿  and 𝜇𝑅

are the electrochemical potentials of L and R, 

respectively, the electrons in the C region are 

occupied by one group originating from L and right-

traveling and the other group originating from R 

and left-traveling, resulting in QFL distributions 

within C [2].  

RESULTS 

In Fig.1, we modeled a ferrocene molecular 

junction system in contact with Au and graphene 

electrode. As shown in Fig.2, the junction shows the 

rectification operation due to the ferrocene formed 

an interface with graphene. Experimentally, the 

conductivity of junction increases/decreases 

depending on whether the Fe within the ferrocene 

undergoes reduction/oxidation, respectively [4,5]. 

In Fig.3 this charge transfer of Fe can be observed. 

Under a bias 𝑉𝑠𝑑 = 1 𝑉 , Fe undergoes oxidation,

resulting in low conductivity of the junction. As the 

bias decreases into −1 𝑉 , the charge on Fe is 

depleted. It leads to increased conductivity in the 

molecular junction, so that the ferrocene junction 

exhibits diode operation. In Fig.4 and 5, the non-

linear bias drop occurs at the gold-ferrocene and 

ferrocene-graphene junctions under positive and 

negative bias, respectively. This can be understood 

in terms of the hybridization of ferrocene with 

electrodes [3]. Under both biases, electrons are 

depleted from the HOMO state of ferrocene, 

effectively replacing the role of the gold/graphene 

electrode with its lower chemical potential. This 

depletion corresponds to the charge transfer of 

down/up state for +1/−1𝑉 in Fig.3, respectively. 

At the graphene electrode under 𝑉𝑠𝑑 = −1𝑉 , a

discrepancy arises between the electrochemical and 

electrostatic potential differences, with the applied 

electrostatic potential difference being smaller. 

This discrepancy is due to the quantum capacitance 

effect in graphene [3]. However, under positive bias, 

this quantum capacitance effect is absent. This 

occurs due to the hybridization of ferrocene with 

graphene, where ferrocene compensates for the lack 

of metallicity in graphene.  
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Fig. 1.  Structure of ferrocenyl-alkanthiolate (ferrocene)-based 

molecular junction. We carried out MS-DFT calculations 

adopted the generalized gradient approximation PBE, double ζ-

plus-polarization-level numerical atomic orbital basis sets, and 

the Troullier-Martins type norm-conserving pseudopotentials 

within the SIESTA software. The mesh cutoff of 200 Ry for the 

real-space integration was used. The k-point mesh was 3 𝗑 3 𝗑 

1 Monkhorst-Pack grid. 

 

 
Fig. 2.  The current–bias voltage (I-V) characteristics. 

calculated within MS-DFT. Red line with square and blue line 

with circles indicate the results corresponding to spin1 and 

spin2, respectively. 

 

 
Fig. 3. The plane-averaged charge density differences or 

Landauer resistivity dipole ∆𝜌  for 𝑉𝑠𝑑 = +1 𝑉  (upper) and 

𝑉𝑠𝑑 = +1 𝑉 (lower). It is defined as ∆𝜌(𝑟) = 𝜌𝑉(𝑟) − 𝜌0(𝑟), 

where 𝜌𝑉 and 𝜌0 are the charge densities at the nonequilibrium 

and equilibrium conditions. Fe of the ferrocene locates at 𝑧 =

4. 

 

 
Fig. 4. Transmission, the non-equilibrium QFL profile and for 

𝑉𝑠𝑑 = +1 𝑉 obtained from MS-DFT calculations. To account 

for the effect of the source-drain bias on electron transport, we 

multiply the transmission function by the bias window, 𝑓𝐿 −

𝑓𝑅 , which represents the difference in Fermi-Dirac 

distributions between the left and right electrodes. The red/blue 

color represents the electrons (occupied states, or QFL) 

originating from the left/right electrode, respectively. The 

orange and light blue color represent the unoccupied states. The 

red and blue peaks in the channel region (near 𝑧 =  4) represent 

the states of ferrocene. The thin black dotted lines near ±0.5 𝑒𝑉 

indicate the chemical potential of source and drain electrode. 

The thick black line represents the plane-averaged bias-induced 

electrostatic potential change ∆𝑣̅𝐻. It is defined as ∆𝑣̅𝐻(𝑟) =

𝑣̅𝐻
𝑉(𝑟) − 𝑣̅𝐻

0 (𝑟) , where 𝑣̅𝐻
𝑉  and 𝑣̅𝐻

0  are the classical Hartree 

Coulomb potentials at the nonequilibrium and equilibrium 

conditions. The HOMO level is spin up/down for the -1/+1 V 

cases, respectively. 

 

 

 
Fig. 5. Transmission, the non-equilibrium QFL profile and the 

plane-averaged bias-induced electrostatic potential change 

∆𝑉𝐻  for 𝑉𝑠𝑑 = −1 𝑉 obtained from MS-DFT calculations. 
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Introduction. The interaction between electrons
(”matter”) and electromagnetic fields (”light”) within the
same confined space has given rise to a new class of
phenomena known as strong light-matter coupling regime
: light and matter can no longer be treated as independent
entities, but instead, they combine to form a hybrid
physical entity known as a polariton which has already
being implemented in various platforms. The goal of this
work is to investigate polariton effects in semiconductor
electron devices—specifically, quantum well heterostruc-
tures—at THz frequencies and room temperature (See
Fig. 1(a)). We argue that this emerging phenomenon
holds the potential to revolutionize electronics by nat-
urally bridging electronics and photonics.

Although the quantum optics community has devel-
oped a robust understanding of the phenomenology of
cavity quantum electrodynamics, and some experimental
prototypes of operating at room temperature have been
documented [1-4], the electronics community has largely
overlooked these phenomena.

Model. The whole Hamiltonian of the light (q) and
matter (x) (see Fig. 1(b) and 1(c)) is given by:

H = − h̄2
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∂2
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+
h̄ω

2
q2 + αqx,

where m is the electron mass, V is the potential profile
of a quantum well, α is the coupling constant and ω the
frequency of the optical cavity. A general solution of the
Schrodinger equation is:

Ψ(x, q, t) =

N∑
n=0

(an(t)ϕn(x)ψ0(q) + bn(t)ϕn(x)ψ1(q)) ,

where ϕn are the typical scattering states in tunneling
scenarios (see Fig. 1(c)) and ψ0/1 is the states of the
light for 0/1 photons (see Fig. 1(b)). Inside the quantum
well, an electron in the ground state absorbs a photon and
“jumps” to the exicted state, and then emits the photon
into the cavity again (see Rabi oscillations in Fig. 2).

The typical polaritonic models found in the literature,
such us Rabi and Dicke models, are developed for closed
systems (i.e., the matter and the light do not escape
from their cavities). However, a realistic physical system
is never perfectly isolated and, in fact, intersubband
polaritonic systems are based on electrons entering and

leaving the quantum well. In this conferecne, we present
a (semi) analytical formalism of the time evolution of
such polaritonic systems in hetrostructures by seeking
the energy eigenvalues and eigenestates of the whole
polaritonic quantum systems.

We compute the traditional scattering states (which are
energy eigenstates of the electron Hamiltonian alone, but
not of the full electron-light Hamiltonian) as seen in Fig.
3. Then, we diagonalize the entire Hamiltonian to find
the polaritonic energy eigenstates, which have a different
spectrum from the electron-only states (see Fig. 1(d)).
Once these eigenstates are known, we can analytically
compute the full wavefunction evolution at any time to
identify the optimal conditions for maximizing transmis-
sion (as an open system) and (Rabi) oscillations inside
the well while electrons traverse the barrier region.

Conclusion. From the early days of electronics,
the interplay between electrons and electromagnetic
fields has played a fundamental role in technological
advancements. In this conference, we demonstrate how
this relationship can now be redefined through pure
quantum interactions between light and matter, blending
electronics and photonics for novel applications. By
exploring this uncharted territory, our work aims to
unlock the immense potential of polaritonic phenomena
to sustain and transform semiconductor electronics.
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Fig. 1. (a) 3D spatial representation of the transport through a
resonant tunneling diode (RTD) whose active region is inside a cavity,
and whose transport direction size is much smaller than the lateral
sizes, Ly , Lz ≫ Lx. (b) zero-photon |0⟩ and single-photon |1⟩ states
for the quantized single mode cavity field with energies h̄ω/2 and
3h̄ω/2. (c) 1D-view of the RTD device showing ground |0⟩ and first
excited |1⟩ electron states with energies E0 and E1; the light-matter
interaction is effective only inside the active region, while a much larger
simulation box is used to deal with open boundary conditions, with
Xleft, right indicating the positions where wavepackets are initialized.
(d) |electron,photon⟩ states inside the RTD/cavity in the resonant
strong coupling regime: state |0, 0⟩ almost unaffected; polaritonic states
formed out of (|0, 1⟩±|1, 0⟩)/

√
2 split by 2Er = 2h̄ωr in comparison

to the degenerate decoupled energies (dashed line); state |1, 1⟩ would
create another polariton subspace, in a larger basis set, with state |0, 2⟩;
ωr = αLx/h̄ is the Rabi frequency.

(a) (b)

(c) (d)

Fig. 2. Probability density of the wavefunction ψ(x, q, t) in the x−q
configuration space at t = 0fs (a), t = 40fs (b), and t = 80fs (c).
Red circles indicate the positions of M = 30 Bohmian trajectories
xj(t) and qj (t) selected with random initial positions according to
ψ(x, q, 0)|2. In (d), the continuous path of these trajectories is plotted,
showing their (Rabi) oscillations.

RTD Emitter

RTD Collector

Fig. 3. Scattering states in the emitter, barrier and collector regions
showing the openness of the RTD. These states are no longer energy
eigenstates of the whole light matter system depicted in Fig. 1(d).
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ABSTRACT 

Optical properties of type-II broken gap 
semiconducting superlattice absorber are modelled 
within interface layer approach, using 8 band k·p 
Hamiltonian and nonequlibrium Greens function 
method. Good agreement with experiments over 
a wide range of temperatures for several structures 
is obtained for a common set of parameters, without 
the need for any adjustment. The studies cover the 
influence of scattering processes on absorption 
coefficient and miniband structure. 

INTRODUCTION 

In recent years, devices based on superlattice 
(SL) materials have attracted increasing attention. 
This is particularly true for the optoelectronics 
sector, which offers devices such as SL photo-
detectors and quantum or interband cascade lasers. 
Due to their sophisticated architecture, complex 
band structure with nonparabolic dispersions, and 
technology-related features designing of such 
devices demands the use of numerical methods. 
Among them, the non-equilibrium Greens function 
(NEGF) method is one of the most advanced, since 
it is a fully quantum method. In the case of type-II 
SL (T2SL) absorbers, this method has been used to 
a very limited extent, mostly for studying the 
electronic transport [1][2]. In this paper the NEGF 
method is used for studying optical properties of 
T2SL InAs/GaSb absorbers. Results of numerical 
computations are compared with experiments 
showing good agreement. The benefits of the NEGF 
approach presented in the paper include, but are not 
limited to, studies of scattering-related features of 
the absorption coefficient and miniband tailing. 

METHOD AND MODEL 

The ingredient materials are modeled with the 8-
band k·p Hamiltonian axially transformed to form 
two 4×4 uncoupled blocks [3]. Computations were 
performed separately for either of these blocks 
preserving the momentum representation for SL 

layers and the real space basis for the growth 
direction, z. The strain arising in SL structure was 
treated according to model solid theory [4]. All 
parameters were adopted from Vurgaftman’s paper 
[5]. The size of simulated system was chosen to 
extend over two SL periods. The remaining part 
was accounted for through the boundary self-
energies B which mimic the SL structure on both 
sides of the device. For this purpose the procedure 
of Ref. [6] formulated for multi-atomic layers of 
tight-binding Hamiltonians was adapted to SL case. 
The representative image of the simulated structure 
is depicted in Fig. 1. Results of the simulations are 
presented in Figs 2-6. 
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Fig. 1. Band diagram and position-resolved 1D density of states 
(left) and spatially averaged 1D density of states as a function 
of k2 (right) calculated with the NEGF method for InAs/GaSb 
25 Å/40 Å T2SL at 77 K. The arrows point at InSb layers, 
which are formed in SL with non-common-atom interfaces. 

 
Fig. 2. Comparison between measured (symbols) and calculated 
(lines) absorption coefficient at 77 K for mid-wavelength 
infrared T2SL absorbers from Ref. [8] (left) and Ref. [7] (right). 
Calculations were performed using the NEGF method which 
includes (i) interface roughness scattering (IR) (dashed lines) 
and (ii) additional polar optical phonon scattering (solid lines). 
The main features of the absorption spectrum, its shape and 
magnitude as well as the cutoff wavelength agree very well. 

 
Fig. 3. Comparison between the cutoff wavelength of the 
absorption coefficient calculated using the NEGF method 
(circles) and experimental data [8] (squares) for an InAs/GaSb 
18 Å/22 Å T2SL. Simulations for different temperatures were 
performed using identical set of parameters except of the lattice 
constant and the bandgap energy, for which the Varshni relation 
was used [5]. 

 
Fig. 4. Density of states calculated for an InAs/GaSb 18 Å/22 Å 
T2SL at 77 K. Dashed lines indicate edge of the C1 and HH1 
minibands. Calculations were performed for different wales of 
asperity height (AH) of the interface roughness scattering 
included in NEGF method. With AH increasing, the bandgap 
narrowing (BGN) effect can be observed. In bulk materials 
such effect results from impurity scattering. The impact of IR-
induced BGN on the absorption edge is shown in Fig. 5. 
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Fig. 5. The cutoff wavelength of the absorption coefficient 
calculated at 77 K using the NEGF method with interface 
roughness scattering for different values of asperity height 
(AH). The dashed line indicates the position of the absorption 
edge in experimental data [8].  
 

 
Fig. 6. Absorption coefficient calculated for an InAs/GaSb 
18 Å/22 Å SL at 77 K (blue) and 200 K (red). Dotted lines 
represent data calculated with IR scattering, while solid lines 
represent data calculated with both IR and polar optical phonon 
scattering. Dashed vertical lines indicate the cutoff wavelength. 
The phonon contribution to the Urbach tail can be recognized at 
200 K plot. 
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Computational device exploration is typically 

driven through few-point or a few swath-based 

simulations.  This conventional research and 

learning process requires significant domain 
expertise to achieve meaningful results and has 

very high entry barriers to the field.  

Our new Interactive Data Viewers enable the 

device community to turn this process around by 

starting the exploration from sets of available data 

and filling in simulation space gaps within the 

same environment. This flipped approach will 

accelerate both human and AI-driven exploration, 

enhance learning, and broaden participation. 

Although common in various research groups and 

in industry, no publicly available resource seems 

to allow such device exploration.  

Two key challenges to achieving this vision are 

the data generation and data hosting. The FAIR 

(Findable, Accessible, Interoperable, and 

Reproducible) data principles [1] have laid out 

fundamental requirements for data stewardship. 

nanoHUB has paved the way for FAIR workflows, 

data generation, and hosting. In 2005, the 

nanoHUB team lowered the barrier to entry device 

design by creating scientific Apps that served as 

wrappers around complex simulation engines. At 

the same time, the team created the first scientific 

end-to-end user cloud before “cloud computing” 

became widely recognized. Since its inception, 

over 200,000 users have run millions of 

simulations on nanoHUB. Over 50% of simulation 

users are in formal classes and over 2,700 citations 

demonstrate research usage [2]. In 2010, we 

developed approaches to store simulation results to 

reduce compute load and to speed-up services [3]. 

To date, the platform has accumulated and curated 

1.5 million datasets to 325 different Apps.   

Figure 1 shows the modernized PN-Junction 

App [4] which runs web-native and retrieves data 

from our Sim2L [5] web service that runs the 

simulation tool PADRE [6].   Figure 1 depicts the 

coupled band edge diagram and I-V of a PN 

junction at high bias. Users can drag the voltage 

handle at the bottom to explore band edges as a 

function of bias. While standard textbooks use 

pages of mathematical derivations to explain ideal 
low voltage characteristics, they never show a 

realistic band diagram under high bias. Instead, 

they rely on pages of prose to discuss complex 

processes that cause non-ideal behavior (inset) 

without a real physical picture. With the new PN 

Junction Lab, students truly understand high bias 

behavior by running physics-based simulations.  

Our PNJunction Lab Exploration Tool, shown 

in Figure 2, allows users to explore available PN 

Junction Lab results and populate the design space 

by requesting new simulations. New results 

generated in the active session are shown as green 

lines. Here we illustrate the resistive drop caused 

by the low doping in the P/N regions. The next 

user can visualize these new results without 

running new simulations in both Apps [3,7].  

While nanoHUB app-generated data 

automatically follows FAIR principles, the 

development of simple and interactive front ends 

are needed to continue lowering barriers for use. 

We believe that this approach is applicable to most 

nanoHUB Apps and invite the community to 

contribute their simulation tools and scripts.  
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Fig. 1.  A moderately doped PN-junction at high bias in PN Junction App [3].  Users can change various device parameters and 

explore physical quantities (left panel).  The App drives the Padre simulation engine which solves the problem though physics-

based drift diffusion simulation [4] via a web service.  The middle section shows a band edge diagram corresponding to the high 

bias current (green dot) on the I-V curve on the right.  Users can change the voltage by dragging the slider on the bottom. The 

figure is augmented with an inset of a typical textbook indicating non-ideal device behavior.  The equation suggests that under 

high current and insufficient charge density a Fermi level drop must occur.  An increased carrier density induced by increased 

doping should compensate for a Fermi level drop.  Users can increase the doping in the “Settings” button on the left and run a 

single simulation. 

 

 
Fig. 2.  View of the PN Junction Data App where we selected a high bias of 1V instead of the default value of 0.6V.  The white 

spaces in the array of doping dependencies indicate a lack of data. The top right and bottom right quadrants were empty when we 

started this specific data view session.  The bottom left was only filled to a bias of 0.6V.  We then clicked on the “ADD POINT” 

button on the lower left and requested new doping data sets: (Nd=1018/cm3 , Na=1015/cm3 top right), (Nd=1015/cm3 , Na=1018/cm3 

bottom left), (Nd=1018/cm3 , Na=1018/cm3 bottom right), (Nd=1016/cm3 , Na=1016/cm3). The generated results in this specific 

session are marked with green lines. A subsequent tool session by any other user will not see the distinction of green lines as they 

are now part of the available data sets.  These new data sets are now also available precomputed in PN-Junction App (Fig. 1).   
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Moiré superlattices, formed by stacking two-
dimensional (2D) materials with a twist angle between
them or stacking two lattice-mismatched materials, have
recently emerged as versatile platforms for exploring
novel quantum phenomena [1]. In addition to the usual
control parameters such as doping, gating, straining,
and external electromagnetic fields, the twist angle
provides additional control as the electronic properties
of the materials highly depend on the twist angle.
Figure 1 shows the emergence of moiré patterns in
two single-layer graphene with a twist angle. The
introduction of twist angle in moiré systems modifies
the interlayer coupling and gives rise to flat electronic
bands and miniband formation.

Surface plasmon polaritons, hybrid excitations that
bear signatures of both electromagnetic waves and col-
lective electron waves and are formed at the surface
of materials, are highly sensitive to the electronic band
structure and dielectric environment and can be gen-
erated in various structures such as nanoribbons and
nanomeshes [2], [3]. Twist-angle-dependent bandstruc-
ture of moiré structures provides an ideal platform
for plasmon generation and control. Plasmons in 2D
materials can control light beyond the diffraction limit
with potential applications ranging in nanophotonics,
biological sensing, photovoltaics, and nonlinear optics.

In this work, we investigate plasmons in twisted
moiré superlattices. By employing theoretical models
based on tight-binding and continuum approximations,
coupled with numerical simulation using the density
matrix formalism, we aim to explore how the twist angle,
interlayer coupling strength, and dielectric environment
control plasmon dispersion, lifetime, and confinement.
Figure 2 shows the angle-dependent bandstructure of
twisted bilayer graphene calculated via the tight-binding
model in the continuum limit. Furthermore, the presence
of localized flat bands in certain twist angles, such as the
magic angles in twisted bilayer graphene, can enhance

the electron–electron interactions, potentially leading to
exotic plasmonic modes. We hypothesize that the inter-
play between moiré-induced minibands and long-range
Coulomb interactions will lead to tunable plasmonic
modes with wavelengths far below the diffraction limit,
making them suitable for extreme light confinement. By
achieving controllable plasmonic resonance over wide
infrared frequency range, twisted bilayer materials have
potential nonlinear optics applications such as frequency
comb generation. Additionally, the quantum nature of
these plasmons in moiré systems could pave the way
for hybrid quantum systems where plasmonic excitations
couple with quantum emitters or other quasiparticles,
such as excitons and phonons.

In conclusion, we presented a numerical study of plas-
mons in twisted bilayer 2D materials. Tuning the band
structure and bandgap with twist angle provides a plat-
form for generating tunable plasmons. This microscopic
simulation results can be effective in designing in next-
generation 2D material-based plasmonic and nonlinear
optoelectronic devices.
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Fig. 1: Two graphene layers with a small twist angle between them creating a moiré pattern with large periodicity.

(a) (b)

Fig. 2: Twist-angle-dependent tunable bandstructure in bilayer graphene. (a) Flatbands at magic twist angle and (b)
single-layer-graphene-like linear bands.
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The industry substituted the planar transistor for
the FinFET to continue Moore’s law and avoid
short-channel effects. The scaling rules for this
transistor consist of increasing the fin height while
reducing its width and the channel length. As the
technology node advances, in addition to following
the scaling rules, some design parameters should
be considered to keep the desirable performance
metrics and avoid short-channel effects. In this
work, we investigate the role played by the source
and drain doping density and the gate oxide in-
terface quality in a state-of-the-art n-FinFET. To
perform this study, a full-band cellular Monte Carlo
simulator (CMC) [1] is employed.

In the CMC, the band structure of Si was cal-
culated using the EPM, and the phonon dispersion
was obtained using the 14-parameter model. The
phonon scattering rate is calculated using the rigid-
ion model. The ionized impurity scattering rate is
obtained by assuming the Brooks-Herring approach
and using Ridley’s probabilistic screening for highly
doped semiconductors. The impact ionization rate is
estimated by the Keldysh model, and the difference
between the energy states of the generated electron-
hole pair is equal to the band gap. The roughness
of the Si/SiO2 interface is described as surface
scattering using the Fuch’s model. The Poisson
equation is solved using a multigrid solver. The
carrier-carrier interactions are taken into account in
the solution of the Poisson equation.

The transport properties of electrons in Si were
estimated to validate our transport model. Fig. 1
shows the electron velocity for a range of electric
field, demonstrating that there is excellent agree-
ment between the CMC and the experimental results
[2]. Fig. 2 shows the low-field electron mobility in
Si as a function of the doping density. The CMC
results agree very well with the experimental [2]

and empirical [3] results, while the MC simulation
[4] diverges from the empirical results in the high
doping range. Fig. 3 shows the structure of the 5-
nm node n-FinFET. The Fin width and height are
5 and 50 nm, respectively, the EOT is 1.2 nm,
and the channel length is 19 nm. The channel and
substrate are p-doped (NA = 1 × 1015cm−3 and
NA = 1 × 1018cm−3, respectively). Fig. 4 shows
the IDS × VGS of transistors with S-D ND = 1 ×
1019cm−3 and ND = 1× 1020cm−3. The effect of
source starvation is observed in the transistor with
low doped S-D. Fig. 5 and Fig. 6 show, respectively,
the IDS × VGS and IDS × VDS curves of FinFETs
with different gate oxide qualities. The roughness
of the oxide interface degrades the current and its
impact is more pronounced in the sidewall interface.

The resistance of the S-D regions decreases by
increasing ND to 1 × 1020cm−3. The interfaces
between Si and SiO2, mainly the sidewall ones,
should present high quality to prevent degradation
of the on-current. As future work, the impact of
strain on the transistor current will be investigated
and the effective potential will be included to ac-
count for quantum confinement.
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INTRODUCTION 
The non-equilibrium Green's function (NEGF) 

method combined with density functional theory 
(DFT) serves as a cornerstone of quantum 
transport simulation of nanodevices. However, its 
prohibitively high computational cost restricts its 
applicability to large-scale devices and parameter 
space explorations, posing a significant bottleneck 
for emerging nanoelectronic applications. The 
mode-space (MS) approach mitigates this issue by 
reducing the Hamiltonian dimensionality while 
preserving key transport characteristics [1,2]. 
Nevertheless, conventional MS methods struggle 
with non-orthogonal Hamiltonians, encountering 
challenges in basis selection and numerical 
stability leading to the need for manual efforts [2].  

To address these limitations, we have 
developed a novel method that integrates parts of 
machine-learning (ML) techniques into the MS 
framework for homo-structure [3], which 
optimizes the transformation matrix U to improve 
computational efficiency while maintaining 
accuracy. Furthermore, we extend this approach to 
hetero-structures, where the complexity of 
multiple material interfaces introduces additional 
computational challenges. 

METHOD 

In this work, the transformation matrix U is 
initialized randomly and iteratively refined via a 
tailored network for the target system to accurately 
reproduce both the real and imaginary band 
structures and maximize the projectability between 
wavefunctions from the full and reduced 
Hamiltonians. By circumventing the need for 
manual basis selection, our approach overcomes 
conventional convergence issues, ensuring a stable 
and reliable transformation process. 

For heterostructures, the device supercell is 
partitioned into fixed and trainable blocks as 
shown in Fig. 2 (a), allowing hierarchical 

optimization while maintaining computational 
efficiency. The final optimized U is then employed 
for NEGF-based transport simulations. The 
workflow of the method is shown in Fig. 1.  

RESULTS AND DISCUSSION 

We have applied our method to the GaSb/InAs 
broken-gap heterostructure depicted in Fig. 2 (a) 
for a tunnel FET simulation as shown in Fig. 3.  
The original full-Hamiltonian is obtained through 
DFT calculations. An optimal transformation 
matrix U is constructed to generate the reduced-
size device Hamiltonian for transport simulations. 

As shown in Fig. 2 (b), our method accurately 
reproduces the band structures of the target energy 
region. The reduced Hamiltonian for each cell has 
an average size of 59, approximately 9% of the 
original full-Hamiltonian size, as summarized in 
Table 1. 

NEGF simulations confirm that our method 
faithfully reproduces key transport characteristics 
while significantly reducing computational cost. 
Fig. 4 (a) shows the band profile of the device at 
the ON-state, while Fig. 4 (b) presents the 
corresponding current spectrum demonstrating 
strong agreement with full-Hamiltonian results. 
These results demonstrate that our method 
accurately captures the complex tunneling 
properties within the hetero-junction, with high 
efficiency in transport simulations. 
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Fig. 1. Workflow of the proposed ML-assisted MS method for 
heterostructure transport simulations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 3.  Schematic of the simulated GaSb/InAs hetero-junction 
tunnel-FET of Fig. 2(a). The lengths of source, channel, and 
drain regions are 10 nm, 10 nm, and 20 nm respectively. 

 
 
 
 
 
 
 
 
 

HAMILTONIAN REDUCTION 
 L JL2 JL1 JR1 JR2 R 

Original H 616 616 616 616 616 616 
Reduced H 50 50 70 70 58 58 

Table 1. The sizes of the original Hamiltonian and the reduced 
Hamiltonian for the cells used in the transport simulation 
among the supercell cells in Fig. 2(a). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 4.  (a) Band profiles and (b) comparison of the calculated 
current spectrum at ON-state using the original Hamiltonian 
(black line) and the reduced Hamiltonian (red dotted line). 
The applied drain bias Vds is 0.5 V. 

Fig. 2. (a) Atomistic configuration of 1.8 
nm-thick GaSb/InAs hetero-juntion 
supercell with 160 Ga, 160 Sb, and 80 H 
atoms. The periodic boundary condition 
is imposed on the structure. For the 
heterostructure MS method, the L and R 
blocks are fixed, while remaining blocks 
are trainable. (b) Band structures of the L 
cell (GaSb), R cell (InAs), and 10-cell 
supercell (GaSb/InAs). aL, aR, aSC  
represent the lateral lengths of the L cell, 
R cell and the supercell, respectively. 
The band structures are calculated at the 
longitudinal wave vector ky = 0. The 
black and red lines represent the band 
structures obtained from original and 
reduced Hamiltonian, respectively. 
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ABSTRACT 
This work reports a physical-based mobility model 

including remote phonon and coulomb scatterings for 
device simulation of monolayer (ML) molybdenum 
disulfide (MoS2) devices. The results adding with 
electronic structure of ML MoS2 using density 
functional theory (DFT) simulation as well as 
calibrating the contact resistance can properly fit edge 
contact gate-all-around (GAA) nanosheet (NS) and 
top contact back gate (BG) FETs well.  

INTRODUCTION 
Recent studies have showed when MoS2 is 

deposited on high- thin layer oxide, such as HfO2 and 
Al2O3, it exhibits a higher mobility [1-2]. MoS2 
devices may have superior characteristics and have 
been studied as a potential candidate for advanced 
CMOS technologies [3-4]. Computationally, MoS2 
devices are simulated by DFT with nonequilibrium 
Green’s function (NEGF) [5] which provides the most 
accurate results; however, huge computational 
resources limit studies of complicated cases. Thus, 
integrating DFT calculation into device simulation, 
after validation with results of DFT and NEGF, 
enables us to explore devices effectively [6].  

This study implements a physical-based model by 
carefully calibrating with Boltzmann transport 
equation (BTE) for ML MoS2 device simulation. By 
adding tunneling gap and contact resistance, we do 
further calibrate the results with fabricated devices.  

THE DEVICE SIMULATION 
The results of DFT simulated ML MoS2 are listed 

in Table 1. We model the mobility based on remote 
coulomb scattering (RCS) and remote phonon 
scattering (RPS) and enhance the accuracy of device 
simulation by calibrating the results with BTE based 
on coulomb and phonon scatterings [7, 8] (Fig. 1). It 
is then applied to device simulation of edge contact 
GAA NS and top contact BG FETs [3, 7] (Fig. 2). For 
metal contacts, different simulations are considered 
for edge and top contact, respectively, devices. In the 
edge contact, contact resistance is included at the 
source and drain (S/D), while in the top contact, 
Wentzel-Kramers-Brillouin (WKB) tunneling with a 
Schottky contact is used at the interface between the 
S/D and the varying tunneling gap. The Schottky 
barrier height between S/D and MoS2 channel is -0.05 
eV. The thickness of tunneling gap (Fig. 3), based on 
the relaxation of DFT simulation, considers Antimony 
(Sb) and Bismuth (Bi) contacts.  

RESULTS AND DISCUSSION 
According to the BTE transport, coulomb 

impurities scattering could be the most significant 
effect in MoS2 mobility. If positive charge appears in 
the channel of MoS2, due to the 2-D properties of 
MoS2, showing screening potential at both sides of the 
oxide. This causing the coulomb impurity scattering 
appears. For the coulomb impurity scattering using 
remote coulomb scattering, we have 
 𝜇௥௖௦ = 𝜇௥௖௦଴ ቀ ௖௖బቁఊೝ೎ೞ

   (1) 
where 𝜇௥௖௦ and 𝜇௥௖௦଴ are the factors for calibration, 𝑐 
is the electron density, and 𝑐଴ = 1.4×1019 cm-3. For the 
phonon scattering, based on conventional phonon 
scattering 𝜇௣௛ with remote phonon scattering, it is 𝜇௥௣௦ = ఓೝ೛ೞబ൬ ಷ఼భబల ౒/ౙౣ൰ംೝ೛ೞ    (2) 𝜇௣௛_௧௛௘௢௥௬ = 𝜇௣௛ିଵ + 𝜇௥௣௦ିଵ   (3) 
where 𝐹  is the transverse field, 𝜇௥௣௦଴  and 𝛾௥௣௦  are 
the calibration factor. Matthiessen rule in Eq. (3) 
adding coulomb and phonon mobility in Fig. 1(b) 
shows the result that could calibrate with BTE under 
the values of calibration factors in Table 2.  

The mobility and electronic structure from DFT are 
used for device simulation of edge contact 40 nm gate 
length GAA NS FET (listed in Table 3). By adding the 
contact resistance from S/D showing with the 
calibration on phonon mobility factor matches the ID-
VG curve (Fig. 4). We then explore the fabricated top 
contact devices. Due to the ultrathin body of MoS2, 
making the top contact of S/D forming an inevitable 
tunneling gap. Using the First-principle method for 
relaxation between the metal and MoS2, Fig. 5 shows 
the results of top contacts of Sb and Bi. The tunneling 
gap of two semimetal contact are equal to 3Å and 5Å. 
By using the calibration of phonon scattering, the 
calibration of ID-VG curve of contact with Sb and Bi 
are fitting well. The detail results for the calibration of 
BG FET are listed in Table 4.  

CONCLUSION 
We have reported a physical-based mobility model 

based on remote coulomb and phonon scatterings for 
ML MoS2 device simulation. Considering the effects 
of contact resistance, we have fitted the fabrication 
results of edge contact GAA NS FET and top contact 
BGFET by calibrating the phonon scattering factors. 
Mentioned of the top contact of BGFET, we adding 
tunneling gap can lead to further simulating the 
transfer length and contact length. 
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Self-heating effect (SHE) and hot carrier degra-
dation (HCD) are two significant and well-known
reliability issues in CMOS technology. Both these
effects degrade device parameters such as drain
current and transconductance, the former being the
performance degradation due to temperature effects,
while the latter is due to the build-up of defects
in the device structure. SHE becomes critical in
structures with poor thermal conductivity — such as
SOI and thin-film transistors—, while HCD depends
directly on the electric field along the channel.
Nevertheless, these effects are far from independent
mechanisms. Even though their interplay is mini-
mal for n-channel devices, it is known that SHE
accelerates HCD in p-channel FETs [1]. To investi-
gate the underlying relationship between SHE and
HCD, electrothermal Monte Carlo simulations were
carried out for a 28-nm technology FD-SOI pFET.
The device structure of interest, depicted in Fig. 1,
has a physical channel length of 30 nm, width of
80 nm, silicon film thickness of 7 nm, gate oxide
thickness of 1.2 nm, and a 25-nm layer of BOX over
a 50-nm thick p-type silicon substrate. Simulated
IDS×VGS characteristic for one MC seed is shown
in Fig. 2 and compared to available experimental
data [2]. The results present good agreement for
the entire bias range, yet mainly for the strong
inversion region, which is the most relevant in the
context of this work. Non-isothermal simulations
were carried out using the framework presented in
[3] considering a bias point of VGS = VDS = −0.9
V and 300 K fixed-temperature thermal bound-
aries at the back, source, and drain contacts. Both
temperature and thickness of the silicon film were
accounted for when considering the thermal con-
ductivity degradation, which reaches no more than

7 W/mK for the temperature range of the device,
in contrast to the 130 W/mK bulk value used in the
substrate. The lattice (acoustic phonon) temperature
TL, depicted in Fig. 3, reaches up to 328 K at
the drain side of the channel. At the same point,
optical phonon temperature TOP may exceed 380 K
under the same circumstances, evidencing the non-
equilibrium between the phonon baths. Increased TL

and TOP enhances all types of scattering mecha-
nisms, i.e., acoustic phonon (ACOU) and non-polar
optical phonon emission (E) and absorption (A) for
holes residing in all three valence bands (heavy
hole (HH), light hole (LH) and split-off (SO)), as
depicted in Fig. 4. In our framework, increased TOP

enables more carriers to interact with the optical
phonon bath and eventually absorb energy. Fig. 5
depicts the hole energy distribution for the entire
device. Even though the energy tends to decrease
slightly on average for non-isothermal simulation
due to enhanced phonon emission scattering, the
increase in phonon absorption events results in even
higher energies for some carriers, extending the
tail of the distribution. These carriers will likely
contribute to HCD since their energy surpasses the
impact ionization threshold of 1.8 eV. Moreover,
they can also increase their contribution to BTI
by occupying charge traps whose energy level was
once unreachable. Fig. 6 depicts how the energy
distribution evolves as a function of the position
along the device length (Ltot = 48 nm). At the
source (Ltot/6), where TL and TOP are smaller,
there is almost no difference between isothermal
and non-isothermal results. However, as the position
moves towards the hot spot (2Ltot/3) and beyond
(5Ltot/6), the increase in the distribution tail due to
SHE becomes evident.
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Fig. 1. PMOS FD-SOI case-study structure.

Fig. 2. IDS × VGS characteristics for the case-study device.

Fig. 3. Lattice temperature profile averaged along the device
width.

Fig. 4. Normalized occurrence of scattering events for each
mechanism in isothermal and non-isothermal simulation.

Fig. 5. Normalized hole energy distribution function for
isothermal (black) and non-isothermal (red) simulation consid-
ering the entire device.

Fig. 6. Normalized hole energy distribution function for
isothermal (black) and non-isothermal (red) simulation at dif-
ferent positions along the device length.
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Dilute III–V-bismide alloys are promising candi-
dates for developing high-power and high-efficiency
midwave infrared (MWIR) optoelectronic devices.
Currently, this spectral range is dominated by
quantum and interband cascade lasers (QCLs and
ICLs). However, these structures are very com-
plicated and suffer from high temperature sensi-
tivity due to Auger recombination. Bismide al-
loys allow for uniquely large spin-orbit split-off
energies [1], which suppresses Auger recombina-
tion and thus temperature sensitivity. Additionally,
the 3–4 µm waveband remains difficult to achieve
with existing technologies. The quaternary alloy
InyGa1−yAs1−xBix shows promise in filling this
spectral gap with quantum-well devices based on
the mature InP platform.

Introducing bismuth to III–V alloys dramatically
raises the valence band due to a valence band
anti-crossing (VBAC) interaction [2]. To accurately
model these alloys, we utilize a 12-band k · p
Hamiltonian [3]. This model allows for numerically
efficient calculation of the alloys’ band structures
given a small number of parameters. As an ex-
ample, Fig. 1 shows the bulk band structure of
In0.50Ga0.50As0.92Bi0.08 calculated with this model
and Fig. 2 shows calculated bandgaps for differing
compositions of the alloy.

Two challenges with bismide alloys are the dif-
ficulty of incorporating large amounts of bismuth
and managing the strain introduced to the system.
To increase the emission wavelength of the device
without raising the required bismuth concentration,
one can increase the width of the quantum well.
However, if the well material is strained, there is
a restriction on how wide the well can be before
relaxation occurs. These challenges can be over-
come by using a graded quantum-well structure.

One such example that we have explored is shown
in Fig. 3. The barrier layers and outer-well layers are
lattice-matched to the InP substrate, while the center
layer is compressively strained. This center layer is
sufficiently thin to avoid relaxation. The outer-well
layers widen the well and lower the energy of bound
electron states, while the center layer confines holes
at a higher energy. These effects combine to reduce
the energy gap of the well and increase the emission
wavelength of the device. Fig. 4 shows the band
diagram of this structure, with a calculated emission
wavelength of 3.4 µm.

In conclusion, this work aims to accurately model
optoelectronic devices implementing III–V-bismide
alloys. Additionally, we aim to develop devices
that can detect and emit light in the difficult 3–
4 µm waveband. Preliminary results suggest this is
possible with bismuth concentrations of less than
10% and strain of less than 1% by utilizing a graded
quantum-well structure.
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Fig. 1. Bulk band structure of In0.50Ga0.50As0.92Bi0.08 on InP
calculated using a 12-band k ·p Hamiltonian near the Γ point.
Note the small bandgap and large spin-orbit split-off energy.

Fig. 2. Calculated bandgap (in eV) of bulk
InxGa1−xAs1−yBiy on InP. Solid lines show constant
energy compositions and the dashed line shows lattice-
matched compositions.

Fig. 3. Quantum-well structure explored in this work.
The In0.53Ga0.47As barrier layers and In0.40Ga0.60As0.92Bi0.08
well layers are lattice-matched to the InP substrate, while the
In0.50Ga0.50As0.92Bi0.08 well layer is compressively strained.
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ABSTRACT SUBMISSION 
Metal-organic frameworks (MOFs) have garnered 
significant attention for their tunable structures and 
potential applications in chemistry, physics, and 
materials science. Among these, metal-organic 
responsive frameworks (MORFs)[1] offer new 
opportunities by leveraging light-actuated behavior 
for applications in sensing, catalysis, drug delivery, 
and carbon capture. This research focuses on 
azobenzene, a prototypical photoisomerizing 
molecule, and its behavior under confinement 
within MOFs. Using time-dependent density 
functional theory (TD-DFT), we investigate the 
trans-to-cis and cis-to-trans photoisomerization 
pathways and how they are influenced by external 
factors such as excitation wavelength, solvent 
effects, and steric constraints. 

We have completed ground-state optimizations of 
azobenzene in vacuum, benzene, and water, as well 
as excited-state calculations for the first two singlet 
states in vacuum. All calculations have been 
performed using the Gaussian16 software [2]. Our 
results are consistent with prior studies, both 
experimental and computational, particularly those 
by Crecca and Roitberg [3], in confirming that the 
trans isomer is more stable than cis by ~0.6 eV, and 
that the cis to trans isomerization barrier in the 
ground state is 1.08 eV.e explore the role of conical 
intersections, electronic relaxation pathways, and 
quantum yield variations to better understand the 
dominant isomerization mechanisms under 
different conditions. By elucidating the influence of 
confinement on electronic structure and 
isomerization efficiency, this study aims to help 
establish design principles for optimizing MORFs 
for practical applications. We anticipate to further 

present calculations of azobenzene within a 3D-
MOF to further explore the impacts of constraint in 
the isomerization process. 

ACKNOWLEDGMENT 
We would like to express our sincere thanks to 

the University of Wyoming’s Research Scholar 
Program for providing funding for this research. 
The scientific computing resources of this work 
were supported by the Advanced Research 
Computing Center (ARCC) at the University of 
Wyoming and the National Center for Atmospheric 
Research Wyoming Supercomputer (NWSC), 
allocation WYOM0181.  

 

REFERENCES 
1. Manion, CA, Arlitt, R, Tumer, I, Campbell, MI, & Greaney, 

PA. "Towards Automated Design of Mechanically 
Functional Molecules." Proceedings of the ASME 2015 
International Design Engineering Technical Conferences 
and Computers and Information in Engineering 
Conference. Volume 2A: 41st Design Automation 
Conference. Boston, Massachusetts, USA. August 2–5, 
2015. V02AT03A004. ASME. 
https://doi.org/10.1115/DETC2015-46078 

2. Gaussian 16, Revision C.01, M. J. Frisch, G. W. Trucks, H. 
B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. 
Cheeseman, et al., Gaussian, Inc., Wallingford CT, 2016. 

3. Christina R. Crecca and Adrian E. Roitberg, Theoretical 
Study of the Isomerization Mechanism of Azobenzene and 
Disubstituted Azobenzene Derivatives, The Journal of 
Physical Chemistry A 2006 110 (26), 8188-8203 
DOI:10.1021/jp057413c 
 
 

 

https://doi.org/10.1115/DETC2015-46078


 



A computational approach to polymorphism in 
BDT organic semiconductors  

L. Gnoli, E. Venuti*, and P. Graziosi 
Institute for Nanostructured Materials, National Research Council, via Gobetti 101, 40129, Bologna, Italy 

*Department of Industrial Chemistry, University of Bologna, via Gobetti 85, Bologna, Italy 
e-mail: lucagnoli@cnr.it 

 
ABSTRACT SUBMISSION 

We have implemented a novel first-principles 
methodology to investigate how the molecular 
packing in organic semiconductors (OSC) affects 
the resulting mobility. We exploit polymorphism 
to disentangle the role of solid-state packing from 
other effects. 

We identify the parameters driving the mobility 
and possible limitations in the use of the bare 
transfer integral to rank the OSC mobility. 

INTRODUCTION 
OSCs are revolutionizing electronics with their 

flexibility, lightweight nature, potential low-cost, 
enabling innovative applications ranging from 
flexible displays to bio-integrated devices. [1]  

One of the main challenges for the worldwide 
use of OSCs is the predictive understanding of the 
inter-relationship between solid-state packing and 
device performance.  

Here, we exploit polymorphism, i.e. same 
molecule with different crystalline packing, to 
isolate the role of molecular packing from effects 
due to the chemical nature. We chose BDT-based 
systems for their rich polymorphism (Fig. 1). 

MODEL 

We combine DFT-VdW calculations using 
VASP, Phonopy package, and in-house routines. 
For every phonon branch νi , we compute the 
related electron-phonon coupling (EPC) at every 
high symmetry qk point from the bandwidth 
modulation (intra-band) or the modulation of the 
Davydov splitting (inter-band). The modulations 
are computed with respect to the displacement 
along each eigenmode (qk νi)[2] Then, for each 
band index and lattice phonon mode, we perform a 
DOS-weighted average over the BZ to extract a 
deformation potential value to be passed to the 
transport code ElecTra [3] to evaluate the charge 
mobility µ, with a protocol validated for OSCs. [2] 

RESULTS 
We computed for three different polymorphs of 

3,7-bis(methylseleno)benzo-[1,2-b:4,5-b′]disele-
nophene (FOXDUU) the phonon dispersions  (Fig. 
2), and DOS (Fig. 3), which show remarkable 
differences in the low frequency region. We 
extracted the maximum µ by projecting it along 
the crystal orientations. We find that the transfer 
integrals, Fig. 4, can offer a rough ranking but a 
better descriptor is based on the ratio between 
bandwidth and effective EPC, evaluated from the 
square root of the ratio between the squared EPC 
and the mode frequency (Fig. 5). We computed 
anisotropic in-plane mobility and compared the 
computed and experimental µ values for the first 
polymorph, [4] obtaining a good agreement (Fig.6) 

CONCLUSION 
A new methodology was applied to 

polymorphic OSCs to unveil the impact of solid-
state packing on µ. The conduction parameters 
extracted from the simulations suggests that the 
brickwork packing favors mobility with respect to 
π-pitched packing. More in general, we show that 
the packing geometry acts at the level of electronic 
structure bandwidth and EPC strength.  
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Fig. 1. Examples of “pitched” (a) and “brickwork” (b) 
molecular packings, and table of the investigated polymorphs. 
 

 
Fig. 2. Phonon dispersions of the FOXDUU01 polymorph 
 
 

 
Fig. 3.  Phonon DOS of the three FOXDUU polymorphs 
showing that the FOXDUU02 polymorph has higher phonon 
DOS at low energy 

 
Fig. 4. Example of the computed hole mobility for three BDT 
polymorphs vs the transfer integral computed in dimers. [4-5] 
 

 
Fig. 5. Mobility of three polymorphs vs the ratio of bandwidth 
and effective EPC (both intra- and inter-band processes are 
accounted for), which appears to be a good ranking descriptor. 
 

 
Fig. 6. Anisotropy of the in-plane hole mobility for the three 
FOXDUU polymorphs. The asterisk indicates the 
experimental mobility measured in [4] 
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ABSTRACT

Graphene has transformed the field of materi-
als science since 2004 [1]. Its unique electronic
properties encouraged an explosion of research into
the electron transport properties of two-dimensional
materials. Covalent organic frameworks (COFs)
emerged around the same time and were of great in-
terest due to their incredible structural and chemical
versatility, as well as permanent porosity and high
surface area [2]. As structure determines property,
2D COFs exhibit a range of electron transport
behaviors, many of which are present in other 2D
materials. One of the most intriguing behaviors
is the appearance of topological flat bands and
graphene-reminiscent Dirac points at the band edges
in π-conjugated hexagonal 2D COFs resulting from
a combined honeycomb-Kagome sub-lattice [3].
It has been demonstrated that these unique band
structures can produce topological superconductors,
quantum Hall effects, and ferromagnetism [4].

In 2024, the Hoberg and Oliveira groups at the
University of Wyoming published a novel synthesis
route that used the three-fold Pictet-Spengler reac-
tion to produce a highly π-conjugated COF from
pyranoazacoronene (PAC) nodes [5]. This publica-
tion demonstrated the diversity and tunability of
PAC COFs with two separate linker molecules (di-
hydroxyterephthaldehyde and dihydroxynaphthalde-
hyde) and three functional groups (methoxy, hy-
droxy, and phenyl rings). The honeycomb-Kagome
lattice of these COFs manifests in the band structure
(see Figure 1 for an example of a hydrogen func-
tionalized benzene-linked PAC COF), as has been
seen in previous works [3].

This study uses extended density functional tight

binding to explore the electron transport properties
of PAC COFs with 26 functional groups with differ-
ent electron donating and withdrawing capabilities,
combined with six distinct highly-conjugated link-
ers, two of which are from the original study. The
PAC node, molecular precursors for the linkers, and
a list of the functional groups are shown in Figure 2.
These linkers vary in both conjugation length and
conjugation linearity to the node, producing “bent”
and “linear” conjugation pathways between pairs of
nodes which noticeably impact the band gap. Across
the 174 structures, the band gap ranges from 0.4
to 1.9 eV, highlighting the tunability of this series
of COFs (the band gap trends across all linkers
and functional groups are plotted in Figure 3). The
honeycomb-Kagome nature of these band structures
is further characterized through spin-orbit coupling
calculations and molecular orbital analysis of the
molecular precursors.
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Fig. 1. The hydrogen-functionalized band structure of the
benzene-linked PAC COF. The valence and conduction band
edges display prominent combined honeycomb-Kagome fea-
tures, which are present in all of the PACs COFs.

Fig. 2. Molecular precursors showing the generation of PACs
COFs, including the PAC node (left column) the selection
of six possible conjugated linkers (center column), and 29
functional groups (right column). The functional groups are
labeled following the pyCOFBuilder software terminology.

Fig. 3. Band gap trends across all structures with the functional
groups labeled in the x-axis following the pyCOFBuilder soft-
ware terminology. Each linker is labeled by a different color,
as indicated in the legend.
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INTRODUCTION 
Magnetic metal organic frameworks (MOFs) are 

excellent candidates for electronic and spintronic 
applications due to their tunable structures, high 
porosity, and, in some cases, strong electron 
correlation. MOFs provide structural flexibility 
through precise tuning of their electronic and 
magnetic properties by selecting specific ligands 
and metal nodes [1]. These materials exhibit diverse 
charge transport mechanisms such as band-like 
conduction facilitated by π-conjugated linkers and 
hopping transport mediated by metal centers [2, 3]. 
MOFs have an inherently low thermal conductivity 
due to their high porosity and weak bonding [4]. 
Suppressing heat conductivity while maintaining 
reasonable charge transport is advantageous for 
achieving a higher thermoelectric figure of merit 
(ZT). Understanding both electron and phonon 
transport in magnetic MOFs is essential for 
evaluating their performance in electronic and 
thermoelectric devices. This study aims to provide 
a benchmark study of electron and phonon transport 
behavior in transition metal-based 2D MOFs.  

METHODOLOGY 
We investigate the electronic and phononic 
transport properties of magnetic MOFs using self-
consistent charge density functional tight binding 
(SCC-DFTB) and density functional theory (DFT). 
For electronic transport, we examine essential 
electronic properties such as band structure, density 
of states (DOS), electrical conductivity, and 
Seebeck coefficient in MOFs with transition metal 
nodes like Fe, Co, and Ni. Phonon transport 
calculations, including lattice thermal conductivity, 
are also obtained, allowing us to provide estimates 
for the thermoelectric figure of merit (ZT) of such 
MOFs. In addition, we begin exploring strategies 
such as doping to enhance charge mobility since 

MOFs exhibit low intrinsic electrical conductivity. 
Electron mobility	is estimated via the Boltzmann 
transport equation within the constant relaxation 
time approximation.  

CONCLUSION 
By benchmarking SCC-DFTB against DFT, we 

aim to quantitatively evaluate the trade-off between 
computational efficiency and predictive accuracy in 
modeling both electron and phonon transport in 
magnetic 2D MOFs. 
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INTRODUCTION

Cytochrome b562 (Cyt b562) (Fig. 1) is a small
redox-active heme protein that has served as a key
model system for understanding biological elec-
tron transfer processes. Electron transport in such
proteins plays a crucial role in various biochemi-
cal functions, including respiration and enzymatic
catalysis. Investigating its transport properties in
protein-metal junctions provides valuable insights
into charge transfer mechanisms relevant to bio-
electronic interfaces. Recent experimental studies
have demonstrated the conductive properties of Cyt
b562 on gold surfaces [1], but a deeper theoretical
understanding of its charge transport mechanism
is necessary. This study presents a comprehensive
theoretical analysis of electron transport in Cyt b562
based junctions using a multiscale computational
approach, examining both coherent and incoherent
transport processes.

METHODOLOGY

To model electron transport, molecular dynamics
(MD) simulations were employed to generate junc-
tion geometries under both vacuum-dried (Fig. 2)
and solvated conditions (Fig. 3), where the protein
was covalently bound to gold contacts in various
configurations [2]. Charge transport was analyzed
through two mechanisms: coherent tunneling, stud-
ied using the Landauer-Büttiker formalism within
the Density Functional Theory (DFT) framework
[3], and incoherent hopping, modeled using the
semi-classical Marcus theory. [3], [4]

RESULTS

The study identified tunneling as the dominant
charge transport mechanism, explaining experimen-

tal observations of Cyt b562 junctions. The tunnel-
ing exhibited an exponential but shallow distance
dependence, highlighting the significance of struc-
tural orientations and protein-electrode contacts in
determining conductance. While solvation effects
had only a minor influence on electronic properties,
primarily through adsorption arrangements, temper-
ature dependence was crucial. The hopping mech-
anism showed a strong temperature dependence,
whereas the tunneling currents remained nearly un-
affected, reinforcing the role of coherent transport
in these systems. [5]

FUNDING

The research is supported by Czech Science
Foundation (GACR) Grant No. 20-02067Y.

REFERENCES

[1] M. Elliott, D.D. Jones Approaches to Single-molecule Stud-
ies of Metalloprotein Electron Transfer Using Scanning
Tunneling Probe-based Techniques. Biochem. Soc. Trans.
46, 9 (2018).

[2] Z. Futera et al. Coherent Electron Transport across a 3 nm
Bioelectronic Junction Made of Multi-heme Proteins. J.
Phys. Chem. Lett. 11, 9766 (2020).

[3] Z. Futera, X. Wu, and J. Blumberger Tunneling to Hopping
Transition in Multiheme Cytochrome Bioelectronic Junc-
tions. J. Phys. Chem. Lett. 14, 445 (2023).

[4] O.V. Kontkanen, D. Biriukov, Z. Futera Reorganization
Free Energy of Copper Protein in Solution, in Vacuum and
on Metal Surfaces. J. Chem. Phys. 156, 175101 (2022).

[5] G.N. Jonnalagadda, X. Wu, L. Hronek, and Z. Futera
Structural, Solvent, and Temperature Effects on Protein
Junction Conductance J. Phys. Chem. Lett. 15, 11608
(2024).



Fig. 1. Crystal structure of cytochrome b562 (PDB id 2BC5)

Fig. 2. Vacuum lying junction structure of Cyt b562

Fig. 3. Solvent lying junction structure of Cyt b562

Fig. 4. Dominant conduction channel on the solvated lying
structure of Cyt b562
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Abstract— Usually the computation of the bal-
listic phonon transport is approximated through
Boltzmann type equations (BTE). Especially for hot
electro-effects a more precise depiction of the phonon
dispersion is needed to correctly apply processes like
Umklapp scattering. This can be achieved through a
Wigner transport equation (WTE) for phonons.

INTRODUCTION

Mostly the Boltzmann equation is used to develop
models for the phonon transport [1], even a Wigner
equation has been proposed [2]. Those methods are
using a linear approximation of the phonon disper-
sion resulting in an inaccurate representation of it. A
precise depiction of the dispersion can be achieved
through an inclusion of higher order phonon Hamil-
tonians into the Wigner equation. The phonon dis-
persion of acoustic phonons in homostructures and
heterostructures is examined through BTE and WTE
and those methods are compared. Of course optical
phonons can be adressed with the proposed method.

MODEL

For demonstration purposes a Hamiltonian is
introduced considering inversion symmetry, with
which the von Neumann equation can be set up
with coordinates r1, r2. Through the multiplication
of the Hamiltonian with a locally varying function
s(r1) and s(r2) respectivly, heterostructures can be
described. We arrive at

∂

∂t
ρ̂ =

N∑
n=0

cn(s(r1)∇2n
r1 − s(r2)∇2n

r2 )ρ̂ (1)

Utilizing a transformation onto center of mass coor-
dinates r, r′, the Wigner-Weyl transformation results
into the formulation of a Wigner function f(r, k)
in the phase space. The Boltzman equation can be
established through the consideration of only the

first order derivative in eq. (1). A central differenc-
ing scheme is used in r-direction. The boundary
condition in the real space are set through Perfectly
Matched Layers (PML) [3] and a transient calcula-
tion is achieved using matrix exponantials, which
can be approximated by applying Model Order
Reduction methods like Krylow-subspace methods.

RESULTS

A simple Si material for homostructures and a
Si/SiGe-junction are being used to compare the
mentioned BTE and WTE. The latter material sys-
tem can be found in Hetero-Bipolar-Transistors
(HBT) for instance. The Wigner function of the
phonons is shown in Fig. 1 using the Boltzmann
equation and in Fig. 2 using phonon Hamiltonians
up to the third order as for example. Especially
near the edges of the first Brillouin zone differences
between these approaches can be seen. While Fig.
2 displays a precise depiction of the phonon disper-
sion, the Boltzmann equation only shows a linear
dependence on k. A similar behaviour can be seen
from Fig. 3 and Fig. 4 for heterojunctions.

CONCLUSION

The use of a Wigner transport equation is needed
to precisely reproduce the phonon dispersion espe-
cially near the edges of the first Brillouin zone as
needed in investigations linked with processes when
the nonballistic phonon transport is considered.
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Fig. 1. A Gaussian distribution is set for all k in a Si material.
The propagation of f(r, k) using the BTE is shown. The yellow
surface indicates the maximum of the distribution while the
blue surface indicates a minimum. A linear dependence on k
is visible.

Fig. 2. A Gaussian distribution is set for all k in a Si
material. The propagation of f(r, k) using the WTE including
Hamiltonians up to the third order is shown. The yellow surface
indicates the maximum of the distribution while the blue surface
indicates a minimum. The phonon dispersion towards the edges
of the k-grid is visible.

Fig. 3. A Gaussian distribution is set for all k in a
Si/Si0.9Ge0.1 junction. The junction is set in the middle of
the r-grid at 43nm. The propagation of f(r, k) using the BTE
is shown. The yellow surface indicates the maximum of the
distribution while the dark blue surface indicates a minimum.
Similar to the distribution in Fig. 1 a linear dependence on k is
visible. However, through the junction an increasing maximum
is shown and a part of the distribution is reflected, seen at the
edges of the k-grid in light blue. The propagation velocity also
decreases in the SiGe material.

Fig. 4. A Gaussian distribution is set for all k in a
Si/Si0.9Ge0.1 junction. The junction is set in the middle of the
r-grid at 43nm. The propagation of the waves using the WTE
is shown. The orange/yellow surface indicates the maximum
of the distribution while the dark blue surface indicates a
minimum. Similar to the distribution in Fig. 2 and in contrast
to Fig. 3, the phonon dispersion is visible. However, through
the junction a small increase of the maximum is shown and
a part of the distribution is reflected, seen at the edges of the
k-grid in light blue. The propagation velocity also decreases in
the SiGe material as in Fig. 3 for the BTE.
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ABSTRACT 

Using the Monte Carlo method to solve the 
Peierls-Boltzmann Transport Equation with 
boundaries, we simulate thermal transport in 
graphene micro ribbons. Our phonon dispersion 
and scattering rates were obtained from first 
principles with which we explore the interplay 
between normal, umklapp, and boundary 
scattering in the hydrodynamic transport regime.  

INTRODUCTION 

When normal scattering events (momentum 
conserving) dominate umklapp (momentum 
reversing) and impurity scattering, the thermal 
transport becomes hydrodynamic, resembling 
that of a fluid through a viscous damping term 
[1]. Graphene has been predicted to have a 
relatively wide window of temperatures over 
which hydrodynamic thermal transport can be 
observed (50-300K) [2]. Although hydrodynamic 
transport was first demonstrated in the 1960’s [4], 
our capacity to harness this phenomena is only 
just beginning to be explored. Recently, limited 
thermal rectification attributed to normal 
scattering was experimentally demonstrated in a 
graphite Tesla valve structure [5].  

This hydrodynamic transport regime (being 
non-Fourier) can be accurately modeled through 
solving the Peierls-Boltzmann Transport 
Equation (PBTE). Including boundaries when 
solving the PBTE becomes computationally 
expensive when using deterministic or iterative 
techniques [1]. To model the thermal transport in 
a computationally efficient way, we use the 
Monte Carlo (MC) simulation method in which 
phonons are generated from sampling the 
probability distributions of their energy, 
momenta and branch polarization and tracked 
through space [6].  We track phonons in free 
space and with boundaries (with solely normal 
and solely umklapp scattering) to examine the 
influence of boundaries on thermal transport in 
the hydrodynamic regime. 

MODEL 

    From the interatomic force constants generated 
by first-principles in VASP [7], we generate a 
phonon dispersion (see Fig. 1), as well as normal 
and umklapp phonon scattering rates (see Fig. 2) 
with the finite displacement supercell approach in 
Phono3py [8]. With the energy and branch of the 
phonon assigned through the MC method, the 
scattering rates are computed by interpolating the 
lifetime values from Phono3py and dividing 
those lifetimes by a random number between 0 
and 1, to add randomness to the scattering events. 

The probability that a phonon is emitted in the 
scattering process is computed from Fermi’s 
Golden Rule, 

𝑃(𝑞, 𝑞ᇱ) = 
ଶగ

௛
|𝑉|ଶ𝑛ఒ ቀ𝑛ఒ

ᇱ +
ଵ

ଶ
𝑚

ଵ

ଶ
ቁ (𝑛ఒ

ᇱᇱ + 1)𝛿±௤ା௤ᇲ,௤ᇲᇲାீ𝛿(𝜔ఒ ± 𝜔ఒ
ᇱ − 𝜔ఒ

ᇱᇱ).   (1) 

In our work, we approximate the delta function in 
(1) with a lorentzian distribution whose height is 
inversely proportional to the remaining energy 
and whose width is determined from the 
scattering rates of the phonons, 𝛤ᇱ+𝛤ᇱᇱ, δ =

[ℏ(௰ᇲ+௰ᇲᇲ)]మ

ℏమ(ఠഊ±ఠഊ
ᇲ ିఠഊ

ᇲᇲ)మା[ℏ(௰ᇲ+௰ᇲᇲ)]మ. Boundary scattering 

is treated as either diffusive or specular, using MC 
sampling of specular probability to determine 
which scattering event occurs, using the equation, 
𝑝௦௣௘௖(௤) =  𝑒ିସ(௱௤ே)మ

. The diffusion coefficient 
is computed at the end of the MC simulation by 
integrating the velocity autocorrelation, 𝐷 =

∫ 〈𝑉௧𝑉଴〉 𝑑𝑡
ஶ

଴
.  

    The phonon positions after a few nanoseconds 
of flight time in Fig. 3, and a histogram of their 
one dimensional travel distances in Fig. 4, show 
LA and TA phonons with low umklapp scattering 
rates. Examining the diffusion coefficient in Fig. 
5 demonstrates that these modes are responsible 
for a long transition time between ballistic and 
diffusive thermal transport. By adding 
boundaries, the phonon mean free paths are 
interrupted resulting in a much faster onset of the 
diffusive transport regime, as shown in Fig. 6. 
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Fig. 1  Phonon dispersion of graphene as generated by Phono3py 

using a 71x71x1 grid of q points from the force constants of a 5x5x1 

supercell of graphene. 

 
Fig. 2 (a) normal scattering rates and (b) umklapp scattering rates of 

graphene at 300K interpolated over a dense momentum space using 

a dataset provided by Phono3py. 

 

 
Fig. 3 Phonon positions after random initialization in 1um area and 

2 ns of simulation. Implementing (a) normal scattering and (b) 

umklapp scattering of graphene at 300K. 

 

 
Fig. 4 Histograms of the phonon travel distance along the x direction 

after random initialization in 1 um area and 2 ns of simulation 

without boundaries. Implementing (a) normal scattering and (b) 

umklapp scattering of graphene at 300K. 

 

 
Fig. 5 The diffusion coefficient and its corresponding velocity 

autocorrelation in the x and y directions over 20 ns with (a) normal 

and (b) umklapp scattering. No boundaries are enforced in either 

simulation. 

 

 
Fig. 6 Using the full scattering rates, (a) the phonon positions in a 1 

um by 40 um ribbon after 2 ns of flight time and (b) the diffusion 

coefficient and velocity autocorrelation in the x and y directions 

throughout 2 ns of flight time in the ribbon. 
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ABSTRACT

Nuclear power offers a reliable and scalable
solution to meet the growing global demand for
sustainable electricity. Numerous daughter products
are generated during the fission process in nu-
clear fuels. Thermal transport in nuclear fuels is
complex and not entirely understood, in large part
because of the impact of these fission products
(FPs) on fuel structure. Precise modeling is cru-
cial for advancing nuclear systems; however, while
first-principles atomistic models provide detailed
insights into molecular-level transformations, they
are typically restricted to simplified frameworks. On
the other hand, empirical models tend to introduce
significant uncertainties, especially when employed
for predictions. One challenging aspect of modeling
thermal transport is the limited understanding of
thermal boundary resistance (TIR). TIR is difficult
to accurately quantify via experiment, and few
concrete theories exist to evaluate the true effect
it has on thermal transport [1]. By combining first
principles and semiempirical atomistic modeling
approaches, we investigate thermal transport at the
boundary between nuclear fuels (or fuel surrogates)
and FPs. In the end, the primary goal of these
initial calculations is to guide the formulation of a
physics-based finite element method with full spec-
tral resolution to model thermal boundary transport.
This approach aims to accurately model thermal
transport across interfaces, aligning with atomistic
model outcomes, and moving beyond the diffuse
and acoustic mismatch models.

In this study, we investigate uranium dioxide
(UO2), the UO2 surrogate cerium(IV) oxide (CeO2),

and palladium (Pd), a metallic fission product. In
summary, we (1) conduct benchmark calculations
to compare semiempirical tight binding with density
functional theory for Pd and CeO2, (2) carry out Pd-
CeO2 semiempirical equilibrium molecular dynam-
ics to model the interface between palladium and
CeO2, and (3) perform some preliminary mesoscale
modeling of palladium inclusions within a CeO2

matrix with the finite element transport code Grif-
fin [2], written using the MOOSE (Multiphysics Ob-
ject Oriented Simulation Environment) [3] frame-
work, developed and maintained at Idaho National
Laboratory.
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To differentiate the effect of phonon-phonon 

scattering and phonon-interface scattering on the 

thermal conductivity in silicon nanowires (SiNW), 

long wavelength phonon dynamics has been 

considered, as phonon-phonon interactions are 

infrequent for long wavelength (low-energy) 

phonons. Experimental measurements on SiNWs 

have shown that, their thermal conductivity below 

the Casimir limit can be explained with phonon-

surface scattering [1]. Using the elastic-medium 

finite-difference time-domain (FDTD) technique, 

we can accurately model the dynamics of long 

wavelength lattice waves and their interaction with 

interfaces. Previously we presented the application 

of this model to calculate thermal conductivity in 

III-V superlattice (e.g. InGaAs/InAlAs) and in 

rough SiNW. The calculated cross plane thermal 

conductivity showed good agreement with 

experimental data at low temperature. For this 

work we propose to apply our model to extract 

long wavelength phonon lifetime for a rough 

superlattice nanowire, which will provide valuable 

insight on the effect of surface and interlayer 

roughness in the thermal transport of such 

superlattice nanowires. 

To model the phonon dynamics in the rough 

interfaces, we start from our previously developed 

FDTD code [2]. Here, the elastic-wave equation is 

solved with the velocity-stress formulation using 

FDTD technique. To generate the rough 

superlattice interfaces and boundaries with a 

particular RMS roughness and correlation length, 

two types of autocorrelation functions (ACF) will 

be considered, namely gaussian and exponential. 

For the superlattice structure, AlGaAs/GaAs 

superlattice will be constructed with rough 

interfaces, but the general formulation and code 

can be used to simulate any structure with 

appropriate parameters. 

To simulate the transport in the nanowires, we 

will use a Gaussian wave-packet as the excitation, 

which will be launched from the central region of 

the superlattice and will propagate through the 

rough interfaces toward the boundaries. Depending 

on the roughness properties used (i.e., rms 

roughness and correlation length), the Fourier 

transform of this wave, which peaks around the 

launch frequency and its harmonics, will 

experience significant broadening. Then, we will 

use Lorentzian fitting for each prominent peak to 

obtain the full-width half max (FWHM) of the 

peaks which contains the information about the 

phonon scattering lifetime. We can run the 

simulation for various launch frequencies to 

determine the lifetime versus frequency 

characteristics as indicated in Fig. 1(b) for the case 

of rough silicon nanowire. 

In conclusion, we  use our FDTD code to solve 

the elastic-wave equation to investigate the long 

wavelength phonon dynamics in rough superlattice 

nanowires and extract phonon lifetime versus 

frequency power law dependance. 
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Fig. 1.  (a) 2D cross section of the rough superlattice nanowire to be simulated. The RMS roughness and correlation length 

parameters are 5 and 10 nm respectively. (b) Representative plot of phonon lifetime versus frequency for a rough silicon 

nanowire. The green open dots represent RMS roughness of 1 nm and the red open circles represent RMS roughness of 5 nm. For 

both the cases, correlation length was 20 nm. 
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Wigner functions (WFs) are a useful tool in quantum mechanics to represent states and
operators in phase space. Additionally, for states, the negativity of the WF can be a resource
for quantum computing [1]. However, unlike the uniquely defined continuous WF (CWF), for
discrete systems, there are many definitions of a discrete WF (DWF), each defined over some
subset of dimensions (even, odd, or prime and prime power) [1–3], and sizes of phase space.

In this work, we construct a general framework for deriving DWFs based on a d × d sized
phase space (a lattice with d2 number of points) from a DWF defined over a doubled (a lattice
of size 2d × 2d and so 4d2 number of points) phase space. We construct the doubled DWF by
focusing on a 2d×2d sized unit cell for the CWF of a Gottesman-Kitaev-Preskill (GKP) [4, 5]
encoded state, where such a DWF(i.e., a doubled one) contains redundant information. This
doubled DWF is the same as what Leonhardt [6], Feng et al [5], and Hannay et al [7] have
defined.

To remove this redundancy and construct a distinct d × d DWF, we use cross-correlations
between the doubled DWF and a choice of stencil M ∈ M (M is a special class of maps) where
these Ms average the information present in the doubled phase space in some manner and
before the phase space is halved. we call these M -DWFs. By identifying a subset of maps,
we show that our general framework reproduces the DWFs defined by Wootters’ [2], Gross [8],
Leonhardt [6], and Cohendet [3]. Additionally, and interestingly, we prove that one of our maps
called the Coarse grain map (CGM) produces a working DWF for all even dimensions and is
based on a d×d sized lattice, i.e., with no need to double the phase space size.

Additionally, We further find that these different DWFs can be straightforwardly related to
one another through the use of a super operator framework in such a way that the properties
from one DWF definition can be related to analogous properties in a different definition.

By providing a straightforward procedure from the CWF to a DWF through the GKP code
and creating a general framework, we begin to establish common ground amongst the plethora
of DWFs in the literature as well as further generalise the definition of a DWF.

Left: CWF of a d = 2 logical-0 GKP state with a unit cell indicated. White spaces are zero-
valued, while red and blue are equivalent positive and negative values. Middle: The associated
2d×2d DWF. Right: Coarse grain mapped DWF and reduction mapped DWF.
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ABSTRACT

This work enhances the Discontinuous Galerkin
(DG) method for solving Quantum-Liouville type
equations by applying slope limiters with an ap-
proximate Riemann solver. Particularly, the moment
limiter outperforms other conventional approaches
in accuracy and runtime. Slope limiters applied
onto the numerical results in combination with the
self-consistent combination of Poisson’s equation
reduces the runtime by up to 31 %, improving the
overall computational efficiency.

I. INTRODUCTION

DG methods for the approximation are more
efficient than standard methods (e.g., finite volume
techniques) for solving quantum transport equations
but can suffer from instabilities at cell interfaces
[1]. This challenge is addressed by approximate
Riemann solvers (RS), providing a unique solution
[2]. This work focuses on improving an approxi-
mate RS coupled with a slope limiter (SL). Section
II introduces the Liouville-von Neumann equation
(LVNE), the DG method, and the SL briefly. Section
III analyzes the impact of the promising candidate
for SLs and summarizes the results.

II. FUNDAMENTALS

This work utilizes the Liouville-von Neumann
equation (LVNE) in center-of-mass coordinates χ
and ξ, expressed as ∂tρ(χ, ξ, t) = {ıh̄/m · ∂χ∂ξ +
q/(ıh̄)[V (χ+ ξ/2)−V (χ− ξ/2)]}ρ(χ, ξ, t), where
ρ is the statistical density, q is the electron charge,
and V represents the device potential and external
bias [3]. The DG method along with a Fourier
Transformation of the ξ coordinate arriving at a
phase space representation, discussed in detail in
[3], is then applied using an upwinding numerical

flux. However, gradients at cell junctions remain and
require smoothing. To address this, the problem-
independent (PI), the total variation diminishing
(TVD), and moment limiters will be applied and
evaluated, providing varying levels of smoothing
from mild to distinctive [4]. To solve the Poisson’s
equation, the Gummel algorithm is used ensuring
self-consistency.

III. NUMERICAL EXPERIMENTS AND

DISCUSSION

The foundation is a double-barrier GaAs/AlGaAs
resonant tunneling diode (RTD) with a flatband
potential (Fig. 1). Results from the DG algorithm
were compared to the reference solution obtained
via the QTBM, with the relative error calculated
as the Lp ∈ p = 1, 2,∞ norm. All simulations
utilizing the DG method were carried out with a
Nχ x Nξ = 76 x 80 sized grid. Fig. 2 through 4
illustrate the effects of the PI, moment, and TVD
slope limiters, respectively. Tab. I summarizes the
errors and runtimes for each limiter. The moment
limiter achieves both the smallest error and the
fastest runtime, ensuring an efficient DG scheme.
Finally, Fig. 5 presents the total runtime of the self-
consistent Poisson loop. As external bias increases,
fewer iterations are needed to meet the error thresh-
old, resulting in runtime savings of up to 31 %.
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Fig. 1. Flatband potential profile of the resonant tunneling
diode (RTD), as well as the statistical density derived with
the QTBM (green) and DG (red). An overall good agreement
between the proposed scheme and the QTBM as the reference
method can be observed.

Fig. 2. Unprocessed (red) and processed (purple) results of
the problem-independent limiter. The maximum at ξ = 0 nm
is well preserved and around ξ = 10 nm a significant limiting
of oscillations can be observed.

Fig. 3. Unprocessed (red) and processed (green) results of the
moment limiter. The maximum at ξ = 0 nm is well preserved
and around ξ = 10 nm a significant limiting of oscillations can
be observed. Here, the smoothing is more distinctive than the
problem-independent limiter in Fig. 2.

Fig. 4. Unprocessed (red) and processed (black) results of
the TVD limiter. The maximum at ξ = 0 nm is not preserved
and around ξ = 10 nm the least limiting of oscillations can be
observed compared to the previous results.

TABLE I
Lp-ERROR AND RUNTIME FOR THE SLOPE LIMITERS

APPLIED TO THE ξ-DOMAIN. WITH 0.06 S, THE MOMENT

LIMITER IS THE MOST EFFICIENT WHILE ALSO PROVIDING

THE SMALLEST ERROR.

No Limiter PI Moment TVD

L1-Error 11.62 % 8.58 % 7.89 % 8.04 %

L2-Error 7.83 % 7.38 % 7.25 % 7.46 %

L∞-Error 8.07 % 8.07 % 8.07 % 9.36 %

Runtime 0.13 s 0.06 s 0.07 s

Fig. 5. Runtime comparison of the self-consistent while loop
to solve Poisson’s equation. Utilizing the moment slope limiter
decreases the number of iterations needed to reach the desired
convergence resulting in a reduction of the runtime.
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INTRODUCTION 

Topological superconductors (TSCs) are of 
great interest for hosting Majorana modes, which 
are non-Abelian quasiparticles promising for fault-
tolerant quantum computing. While intrinsic TSCs 
are rare, extrinsic TSCs can be obtained in 
heterostructures by combining conventional 
superconductors with materials exhibiting spin-
momentum locking, such as Rashba spin-orbit 
coupling (SOC) semiconductors [1, 2]. Although 
several candidate materials have been proposed, 
experimental realization remains challenging due 
to difficulties in synthesizing materials with 
suitable thickness and orientation, fabricating 
high-quality interfaces, and the typically small 
nontrivial superconducting gap, which hinders the 
detection of Majorana modes. 

OBJECTIVE 

This work [3] aims to identify new material 
candidates that overcome the challenges above. 
We find that two-dimensional (2D) hybrid 
organic-inorganic perovskites (HOIPs) offer 
promising features, such as structural diversity, 
strong SOC, and weak van der Waals interactions, 
for realizing TSC. Motivated by these advantages, 
we explore the potential of TSC in 2D HOIPs, 
focusing on utilizing the previously unexplored 
anisotropic SOC present in ferroelectric 2D HOIPs. 

RESULTS 

Figure 1 compares isotropic Rashba SOC and 
anisotropic SOC, along with their realized 

topological superconducting (TSC) and nodal-
point superconducting (NSC) phases after 
including s-wave superconducting pairing and 
Zeeman splitting. Isotropic SOC leads to a fully 
gapped TSC with Majorana modes on all sample 
edges, while anisotropic SOC results in NSC with 
topologically protected nodal points and Majorana 
modes on specific edges. Using first-principles 
calculations (Fig. 2) and tight-binding modelling 
(Fig. 3) on a specific material with room-
temperature ferroelectricity, BA2PbCl4 (BA = 
benzylammonium), we demonstrate the emergence 
of NSC and Majorana edge modes in 2D HOIPs. 
Furthermore, the intrinsic ferroelectricity of such 
2D HOIPs offers additional tunability, enabling 
control of NSC phases and Majorana modes at 
ferroelectric domain walls as well as edges (Fig. 4).  

CONCLUSION 

We proposed and demonstrated 2D 
ferroelectric HOIPs as promising candidates to 
realize NSC and gapless Majorana modes, waiting 
for experimental realization. Also, NSC is 
protected by spatial symmetries of 2D HOIPs, 
therefore more exotic topological superconducting 
states could be found in this class of materials. 
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Fig. 1. Schematics of topological superconductivity (TSC) vs 
topological nodal-point superconductivity (NSC) based on 
non-centrosymmetric semiconductors with isotropic vs 
anisotropic SOC. Isotropic SOC: (a) The SOC-related split 
electronic band structure. (b) BdG quasiparticle band 
structure. (c) The Majorana edge mode. Anisotropic SOC: (d)-
(f) Same as in (a)-(c) but for the two-dimensional hybrid 
organic-inorganic perovskite with anisotropic SOC. 
 
 
 
 
 

 
Fig. 2. Atomic and electronic structure of the ferroelectric 
BA2PbCl4 monolayer. (a) Top and side views of atomic 
structure. The blue arrow (+P) indicates the direction of 
ferroelectric polarization. (b) Electronic band structure along 
high-symmetric k paths of the Brillouin zone. (c) Conduction 
band energy contours (E = 1.58 eV) of the BA2PbCl4 
monolayer with opposite polarization direction (+P and −P). 
The Sz component of spin is mapped by the color bar, while 
the Sx and Sy components are constrained to zero by crystal 
symmetry. 

 
Fig. 3. NSC in BA2PbCl4 monolayer. (a) BdG quasiparticle 
band structure along high-symmetric k paths. Inset plots two 
nodal points in the Brillouin zone, whose chirality is shown 
by different colors (purple/blue for +/−). (b) and (c) BdG band 
structure of a nanoribbon terminated along y-direction and 
real-space distributions of emerged gapless Majorana modes. 
(d) BdG band structure of a nanoribbon terminated along x-
direction. (e) NSC phase diagram in the parameter space of 
chemical potential μ and Zeeman field B with a fixed Δ = 0.05 
eV. For (a)-(d), μ = 1.23 and B = 0.1 eV. The widths of the 
two nanoribbons are both 50 unit-cells. 
 
 

 
Fig. 4. Domain-wall Majorana modes in the BA2PbCl4 
monolayer. (a) Illustration of ferroelectric two-domain 
structure, which is terminated along y-direction and periodic 
along x-direction. The widths of the left and right domains are 
both 50 unit-cells. (b) BdG band structure of the two-domain 
structure proximate to an s-wave SC (Δ = 0.05 eV) and a FM 
with y-direction magnetization (B = 0.1 eV), showing the 
emergence of four gapless Majorana modes. (c) Real-space 
distributions of the four Majorana modes, peaking at the outer 
edges as well as the inner domain wall. 
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Eigenvalue problems in which the coefficient ma-
trices depend nonlinearly on the eigenvalues arise
in a large variety of applications. Eigenvalues λ
associated with eigenvectors x are then solutions
of the following general form:

T(λ)x = 0. (1)

This formulation includes the common linear eigen-
value problem as a special case, letting
T(z) = zB−A,
as well as the polynomial case letting
T(z) =

∑M
m=0 z

mAm.
Most often, however, numerical modeling of phys-
ical systems gives rise to the following non-linear
eigenvalue form:

T(z) = zS− (H+Σ(z)), (2)

where H represents the Hamiltonian, S is the mass
matrix (i.e. S = I using orthogonal basis functions),
and Σ is a non-linear matrix with z. We note that
T(z)−1 is the Green’s function G(z) of the system.
Depending on the applications, Σ has different
meaning, for example:

• In quantum transport modeling (NEGF),
Σ represents the self-energy functions that
guarantee transparent/open/absorbing bound-
ary conditions with the contact reservoirs.

• In electronic structure GW modeling, Σ repre-
sents the exact exchange and correlations terms
that must be including to accurately predict
bandgaps of materials in many-body perturba-
tion theory (we note that only the correlation
part is non-linear).

• In domain decomposition approach, Σ may
represent a Schur complement arising while
attempting to express a linear eigenvalue prob-
lems into a reduced system size (including the
notable example of the Slater APW approach).

A common strategy for addressing these prob-
lems is linearization, which approximates the term
Σ(z). However, this approach can introduce errors
that compromise accuracy. Moreover, linearization
often leads to larger systems and may necessitate
the use of less robust numerical methods, such as
the graphical or spectral method for GW. Our goal
is to enable the direct solution of the non-linear
problem (2) in a way that is: (i) robust, requiring
no approximations; (ii) broadly applicable, with a
general approach independent of the specific form
of the non-linearity; and (iii) efficient, ensuring
numerical scalability and high performance. This is
made possible by enhancing the FEAST eigenvalue
algorithm to naturally incorporate non-linear effects.
FEAST reformulates the eigenvalue problem into
a series of independent linear system solves at
specific contour points. Using contour integration
along Γ, it iteratively refines the solution space
via inversion residual subspace iterations. The non-
linear FEAST algorithm involves performing the
following contour integrations along Γ for k = 0
and k = 1:

Qk =
1

2πı

∮
Γ
zk
(
X−T−1(z)R

)
(zI−Λ)−1 dz.

(3)
Using Qk, one can construct a reduced eigenvalue
problem using Rayleigh–Ritz method [1], [2], [3].

We apply this new nonlinear eigenvalue algorithm
to address the three problems described above. Our
findings outlines, in particular, the importance of
considering nonlinear eigenvalue problems in GW
approximations to accurately obtain both HOMO
and LUMO states.
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Fig. 1: Nonlinear FEAST G0W0 results using Kohn-
Sham PBE as the starting point, compared to con-
ventional methods (spectral functions and graphical
solutions), HOMO and LUMO energies in eV (Ex-
tracted from [3])

Fig. 2: All scattering resonances from a quantum
transport problem. The nonlinear FEAST scheme is
using a search subspace size of m0 = 30 to capture
all of the 22 eigenvalues inside of the integration
contour, plus the eight (8) eigenvalues that are closest
to the integration contour while still being outside of
it. (Extracted from [1])

Fig. 3: FEAST algorithm for solving generalized non-linear eigenvalue systems T(λ)x = 0 of size n. We
note that at the first iteration where R is not known, Yj can directly be obtained by solving the linear
system T(zj)Yj = X.

Input:
Contour Γ containing m wanted eigenvalues
Set of quadrature nodes and weights {zj , ωj}
Subspace (random) Xn×m0

= {x1, . . . ,xm0
} with m0 ≥ m

While {ri} not converged for all λi inside Γ
Solve T(zj)Xj = R for all contour nodes j
Compute Yj = (X−Xj)(zjI−Λ)−1

Compute Q0 =
∑

j ωjYj and Q1 =
∑

j ωjzjYj

Perform the QR decomposition Q0 = qn×m0
rm0×m0

Compute Cm0×m0
= qHQ1r

−1

Solve reduced eigenvalue problem CW = WΛ
Update X=qW, noting that Λ = diag(λ1, . . . , λm0

)
Form R = {r1, r2, . . . , rm0

} with ri = T(λi)xi

Output: all m eigenpairs {λi,xi} inside Γ
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ABSTRACT 

This talk will describe our group’s recent work on 

two-dimensional (2D) materials and devices, with 

focus on electron and phonon transport. I will also 

describe some of their ‘mainstream’ as well as un-

conventional applications, which take advantage of 

the unique properties of 2D materials, including 

their anisotropy, band gap, and ultrathin nature. 

ELECTRONIC TRANSPORT & APPLICATIONS 

From the point of view of electronic properties, 2D 

semiconductors have good mobility in ultrathin, 

sub-1 nm (i.e. monolayer) films. This indicates they 

could be used in applications where their ultrathin 

nature provides distinct advantages, such as flexible 

electronics [1], light-weight solar cells [2], or na-

noscale transistors [3]. They may not be useful 

where conventional materials work well, or where 

their integration cost cannot be justified.  

In the first part of this talk, I will focus on 2D 

materials for three-dimensional (3D) heterogeneous 

integration of electronics, which has major ad-

vantages for energy-efficient computing [4]. Here, 

2D semiconductors (e.g. MoS2, WSe2) could be 

used as monolayer transistors with low leakage, 

used to access high-density memory [5], leveraging 

advances in topological interconnects [6], them-

selves based on ultrathin semimetallic NbP.  

Recent efforts from our group [7-10] and others 

[11] have demonstrated well-behaved monolayer 

transistors which can rival conventional semicon-

ductors, and we found the 2D performance can be 

further enhanced by strain [10,12]. Because experi-

mental devices have defects and imperfections, we 

have also used simulations to understand quantum 

capacitance [8] and high-field transport in 2D sem-

iconductors including strain and self-heating [13]. 

THERMAL TRANSPORT & APPLICATIONS 

The thermal properties of 2D materials are of inter-

est due to their anisotropic and tunable thermal con-

ductivity. We have studied this behavior as part of 

transistors [14,15] and memory [5,16], where self-

heating directly affects device operation and relia-

bility. For instance, the electron saturation velocity 

in MoS2 transistors is approximately doubled when 

self-heating is removed [13,17].  

For monolayer 2D materials, molecular dynam-

ics (MD) simulations suggest that their thermal con-

ductivity on a substrate is always lower than in sus-

pended films [18,19]. For multilayer 2D materials, 

we uncovered very long cross-plane phonon mean 

free paths, ~200 nm at room temperature in MoS2 

[20]. We have also layered heterogeneous 2D mon-

olayers, achieving an effective cross-plane thermal 

conductivity ~3x lower than air [21]. A similar con-

cept can be used with layered superlattices in phase 

change memory, enabling ultralow power operation 

[5]. Finally, I will also describe some applications 

of 2D materials as thermal switches [22] and heat 

spreaders in integrated circuits [23]. 

Combined, these studies reveal fundamental 

limits and some applications of 2D materials, which 

take advantage of their unique properties. 
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ABSTRACT  

We developed an in-house ab initio 2D Non-
Equilibrium Green’s Function (NEGF) code to 
study phonon transport in 2D materials. Based on 

this code, coherent phonon transport in isotopic 
(12C/13C) graphene superlattices is investigated.  

INTRODUCTION 

Nanoscale phononic crystals based on 2D materials 

provide a new opportunity to tune thermal 
properties using the wave nature of phonons. 
Constructive (resp. destructive) interferences could 
indeed induce high (resp. low) thermal 
conductivities [1]. 
In that context, atomistic Non-Equilibrium Green’s 
Function (NEGF) approach is well suited, since it 
intrinsically describes the wave nature of thermal 

phonons by solving the atomic dynamical equation.  

MODEL AND DISCUSSIONS 

We extended our in-house NEGF code [2] to study 
2D materials-based superlattices. The code solves 
the dynamical equation using the Retarded Green’s 
function of phonons: 

 

GR(ω,qz) = [ω2I – ϕ̃(qz)− ΣR(ω,qz)]−1   ,  (1) 
 

where ω denotes the phonon frequencies, I is the 

identity matrix, and qz the wave vector along the z-
axis, perpendicular to the transport direction. ΣR 
represents the self-energies of the contacts while ϕ̃ 
corresponds to the harmonic matrix, computed from 
the open-source packages Quantum ESPRESSO 
(QE) and PHONOPY (Figure 1). 

Based on this method, we investigate the 

thermal properties of 12C/13C isotopic-superlattices 
of graphene (see Fig. 2). Since our initial NEGF 
code requires an orthogonal cell, we consider an 

orthorhombic unit cell whose resulting ab initio 

bandstructure is shown in Figure 3. Those results 
have been validated against phonon bandstructure 
considering a hexagonal unit cell (not shown). 
Fig. 4, shows the thermal conductivity ratio γ 
(=Kisotope/Kpure) as a function of the central region 
length N for two superlattice (SL) period lengths M, 
where Kisotope and Kpure are the thermal conductivity 

of SL and of pure 12C graphene, respectively. We 
see that for a given N, i) the thermal conductivity of 
the SL is lower than the one of a pure 12C graphene 
structure. The smaller the period, the more the 
thermal conductivity decreases. This expected trend 
is due to the interface scattering [2].  

On the other hand, Figure 5 shows the ratio γ as 
a function of the SL period length M for three 

different central regions lengths N. It decreases with 
the SL period length until a critical value M=8. This 
is a signature of the wave-nature of phonon which 
overcomes the interface scattering when the SL 
period length is smaller than the dominant phonon 
wavelength. Similar phenomenon has also been 
found in carbon nanoribbons. 

Finally, Figure 6 shows the spectral heat flows 
of pure graphene structure and SL at the critical 
length (M=8), where the interface scattering is 
maximum. We see that the heat flow decrease in SL 
is significant at 20 THz, which corresponds to a 
high-density mode in the bandstructure of Fig. 2. 

Additional coherent effects will be discussed 
considering graded [2] and Golomb ruler SL.  
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Fig. 1.  Flowchart illustrating the structure of the 2D NEGF transport code. 

  

 
Fig. 2. Schematic of the considered graphene superlattice. The black and brown atoms represent the carbon 12 and 13 respectively, 

L is the length of the device, D is the period and a is the unit cell’s lattice parameter. 

  

Fig. 3.  DFT results of phonon bandstructure of graphene with 

an orthorhombic unit cell (shown in the top right corner). 

Fig. 4.  Thermal conductivity ratio γ as a function of the 

device’s length N for two superlattice period lengths M. 

 

 
 

Fig. 5.  Thermal conductivity ratio γ as a function of the 

superlattice period length M for three device lengths N.                                

Fig. 6.  Spectral heat flow comparison between pure graphene 

and the isotope superlattice with N=24 and M=8. 
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Understanding the impact of surface termina-
tions on the electronic properties of materials is
crucial for designing tailored electronic and opto-
electronic applications. In this study, we employ a
recently developed real-space bandstructure calcula-
tion method—”A Method of Calculating Bandstruc-
ture in Real-Space with Application to All-Electron
and Full Potential” [1]—to investigate the absolute
band energies of graphene with three different pas-
sivations: hydrogen (H), fluorine (F), and hydroxyl
(OH). Unlike conventional k-space methods, which
rely on infinitely periodic boundary conditions and
are unable to determine absolute band energies, this
novel approach enables direct computation of band
energies relative to the vacuum level by considering
the potential of an extended finite system. The
method leverages the combined contributions of
nuclear and electron-electron interaction potentials,
effectively eliminating the divergence of long-range
effects and allowing for the extraction of a con-
verged net potential within the unit cell. After ob-
taining the net potential from an extended finite sys-
tem through self-consistent calculations, the band
structure can be determined non-self-consistently
using Bloch-periodic boundary conditions within
the unit cell, enabling the identification of core,
valence, and conduction bands.

The starting point is the Density Functional The-
ory (DFT) and Kohn-Sham one-electron equation
described by v-representability to project in real
space the one-electron wavefunction as follows:

−1

2
∇2ϕ(r)+Vnuclei(r)ϕ(r)+Vhxc(r)ϕ(r) = εϕ(r),

(1)
where Vhxc is the Hartree, Exchange and Cor-

relation terms. In the case of infinitely repeated
unit cells model, the nuclear potential Vnuclei(r) is
composed of an infinitely large number of potentials
Vnuclei(Rj − r) associated with atom j at position
Rj . Therefore, in this model, because of the effect
of long-range Coulomb potentials, Vnuclei(r) term
becomes infinitely large. However, in real situations,
electrons are never really experiencing this infinitely
large potential, and the potential energy felt by
one electron can be better expressed by combining
Vnuclei and Vhxc in equation (1) based on each unit-
cell, as follows:

−1

2
∇2ϕ(r)+

adjacent∑
m

{∑
n

[
V n
nuclei(Rm,n − r)

+ V n
hxc(Rm,n − r)

]}
ϕ(r) = εϕ(r),

(2)

Using the aforementioned method, the band
structure of any 1D, 2D, or 3D material can be
computed, with examples illustrated in Fig. (1). We
further investigated three distinct edge terminations
of graphene, revealing that these terminations in-
duce shifts in its absolute band energies shown in
Fig. (2), with variations of up to approximately 0.7
eV among the studied cases. This work represents
the first computational comparison and analysis of
passivation effects on graphene’s absolute band en-
ergies, highlighting the effectiveness of this method
in accurately capturing such effects.
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(a) (b) (c)

Fig. 1: Bandstructure calculations for 1D PPP (a), 2D Graphene (b) and 3D carbon Diamond (c). Our
results for valence and conduction bands are compared with references obtained by k-space pseudopotential
calculations. Core bands are also presented. The figures on top represent the finite systems that are used to
extract the net potentials in their corresponding unit-cells. (Extracted from [1])

(a)
(b)

Fig. 2: (a) Bandstructures of Graphene with -H, -OH and -F edge terminations at the LDA-1/2 density
funcitonal physical model (energy level is given in eV), (b) Absolute Dirac Point extrapolation
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In the past decade, transition metal dichalco-
genides (TMDs) have emerged as promising mate-
rials for next-generation electronic devices [1], [2].
TMDs, with the chemical formula MX2 (where M
is a transition metal and X is a chalcogen, such
as S, Se, or Te), consist of X-M-X layers stacked
together. A single X-M-X layer (monolayer MX2)
has an M-atom layer sandwiched between two X-
atom layers. The M-X bonds are strongly covalent,
while the X-M-X layers are coupled by weak van
der Waals forces.

The band structure of TMDs depends signifi-
cantly on the number of X-M-X layers, as demon-
strated by both theoretical and experimental studies
on various MX2 compounds (M = Mo, W; X =
S, Se, Te) [3], [4], [5]. Through our work, we
also find that in bilayer configurations, the inter-
layer distance determines whether the bandgap is
direct or indirect. For field-effect transistor (FET)
applications, TMDs are typically supported by an
insulating substrate and may be gated. One critical
factor is the interaction of electrons with hybrid
plasmon/optical-phonon interface excitations (IPPs)
[6], which can significantly affect the transport
properties of TMDs, in addition to scattering with
bulk phonons [6], [7], [8].

In this work, we examine TMD bilayers in a
double-gate geometry, assuming a SiO2 substrate
and using HfO2 or hBN as examples of high-
and low-κ insulators, respectively. First-principles
methods are used to compute the band structure
(Quantum ESPRESSO) [9], phonon dispersion, and
electron-phonon scattering rates (EPW) [10]. We
employ the dielectric-continuum approximation to
address dielectric screening and electron interac-
tions with IPPs [6]. The carrier mobility was
obtained using a full-band Monte Carlo method

to solve the Boltzmann transport equation (BTE)
[11], [12], [13]. Finally, for device calculations the
Poisson Equation is solved and coupled with the
BTE. In our device simulations we use 2,000–4,000
particles over a few ps to reach steady state and
obtain statistically reliable estimators (e.g., density,
velocity, current).

Our results show that WS2 and WSe2 bilayers
achieve mobilities in the range of 1,000 to 2,000
cm2V−1s−1. The subthreshold slope for bilayer
TMDs is estimated ≈ 84 mV/dec and ION 1150
A/m at VDS = 0.5 V, meeting the ITRS require-
ments. In addition, longer drain-extension regions
introduce a high series resistance, which can sig-
nificantly affect overall device performance. These
findings highlight the importance of choosing the
right channel and insulator materials and device
architecture.
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Fig. 1. Calculated 300 K hole mobility (in cm2V−1s−1) in
freestanding TMD and double-gate stack, assuming SiO2 as
bottom insulator and different gate insulators. Both insulators
are assumed to have an equivalent oxide thickness (EOT) of 0.7
nm. The results have been obtained assuming a TMD electron
sheet-density of 5×1012 cm−2

Fig. 2. Calculated 300 K electron mobility (in cm2V−1s−1)
in freestanding TMD and double-gate stack, assuming SiO2 as
bottom insulator and different gate insulators. Both insulators
are assumed to have an equivalent oxide thickness (EOT) of 0.7
nm. The results have been obtained assuming a TMD electron
sheet-density of 5×1012 cm−2

Fig. 3. Cross section of the double-gate TMD MOSFET used
in the simulations

Fig. 4. The transfer characteristics (IDS vs. VGS) for the
double-gate device, plotted on linear and log scale

Fig. 5. The transconductances (gm vs. VGS) for the double-
gate device, plotted on linear and log scale
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Introduction: Two-dimensional (2D) semiconducting 

materials are a potential replacement for silicon-based 
channels in future transistor designs. Transition-metal 
dichalcogenides (TMDs) such as MoS2, WS2, and WSe2 are 
some of the most promising candidates due to their relatively 
high band gaps and decent mobilities [1]. However, a key 
challenge of using 2D materials is the high contact resistance 
between the metal/TMD interface which is often characterized 
by so-called Schottky barriers. In the past, Schottky barriers 
were described by the Schottky-Mott rule in which the barrier 
height (BH) depends on the contact metal work function 
(WF). However, in many cases, the barrier is rather insensitive 
to the metal WF as the Fermi level (FL) is “pinned” to a 
certain energy level [2]. The pinning often occurs due to 
MIGS, due to which the FL is pinned to the charge neutrality 
level ECNL resulting in increased contact resistance. 

In this paper, we model the MIGS in metal contacts with 
different geometries, the edge, top and hybrid contact (EC, TC 
and HC). From the model, we extract MIGS densities 
corresponding to different pinning parameters and compare to 
DFT and experiments. We calculate the contact resistance for 
back-gated contacts and determine current paths of different 
contact geometries. 

Methods: Figure 1 shows a schematic of the EC, TC, and 
HC (top to bottom) and defines the 2D material thickness t2D = 
0.65 nm, the contact length LC = 6 nm, the van-der-Waals 
(vdW) gap thickness as tvdW = 0.3 nm and the back-gate 
distance as LBG = 100 nm. 

Figure 2 shows a schematic of the FL pinning mechanism 
due to MIGS described by Eq. (4, 5).  

Figure 6 shows a schematic of the HC geometry where we 
indicate the location of the top and edge MIGS in the Poisson 
model. 

Figure 3 shows a flowchart of the methodology of the BH 
model and transport calculation. We numerically solve the 
Poisson equation (Eq. (1)), self-consistently with the electron 
concentration in a 2D material (Eq. (2)) using finite element 
code [3]. We determine the IFBL by using an analytical 
expression (Eq. (3)) [4] which is added to the solution of the 
Poisson equation. To determine the FL pinning, we measure 
the BH in the center of the TMD and fit the S-parameter (Eq. 
(5)). We calculate the contact resistance by setting up an 
effective mass Hamiltonian (Eq. (6)) which is discretized with 
the finite-differences method. We use the quantum boundary 
transmission method (Eq. (7, 8)) [5, 6] to extract the 
transmission which is used in Eq. (9) to arrive at the contact 
resistance.  

Results: Figure 4(a) shows the potential energy U of the 
EC, TC, and HC from top to bottom. The top dielectric is air, 
while the bottom dielectric is SiO2. Figure 4(b) shows the 
solution of the Poisson equation (Eq. (1)) for the different 
geometries. Figure 4(c) shows the IFLB where we assume a 
homogeneous dielectric of SiO2. 

Figures 5(a) and (b) show the Schottky barrier height as a 
function of the difference between the metal WF and the MoS2 
electron affinity for contacts with different geometries and 

substrates. In the case of the EC (Fig. 5(a)), very high MIGS 
densities are needed to pin significantly. At a very high 
density of DIT = 1e15 cm-2 eV-1, we realize S = 0.67. Compare 
that to the pinning in the TC case (Fig. 7(b)), we see that full 
pinning is achieved at DIT > 1015 cm-2 eV-1 as S = 0.02 while 
very low pinning is achieved at DIT < 1×1011 cm-2 eV-1 (S = 
0.97). Previously, the BH was determined experimentally for 
Ti, Ni, and Pt in both EC and TC on SiO2 substrates in ref. [7]. 
Pinning-free ECs were fabricated, and the extracted barrier 
heights are indicated in Fig. 5a. The corresponding S-
parameter is S > 0.88 which translates to DIT < 1e14 cm-2 eV-1. 
Pinning-free ECs can be fabricated if the interfaces are defect-
free as the MIGS do not contribute much to pinning. In the 
case of the TC (Fig. 5(b)), the barriers from ref. [4] correspond 
to a DIT = 1.3×1014 cm-2 eV-1. Following Eq (3), we determine 
MIGS = 2.6×1013 cm-2.  

Figures 7(a) and (b) show the contact resistance as a 
function of carrier concentration for the different contact 
geometries in the case of a (a) Ni and (b) an Sb contact. The 
corresponding spatial current densities at the highest carrier 
densities are shown in Fig. (c) and (d), respectively. For the Sb 
contact, the contact resistance is close to the quantum limit 
(QL), since the barrier is low and MIGS are assumed to be low 
due to Sb being a semi-metal. The HC yields the lowest 
resistance since more current paths are available. The top 
contact has higher resistance because the current must tunnel 
through the vdW gap. For the Ni contact, the barrier is high. 
Therefore, the resistance is the lowest in the TC since the EC 
yields higher barriers in the x-direction. Most of the current 
goes through the metal corner of the hybrid and TCs. 
However, the HC has high resistance since the vicinity of the 
edge metal boundary increases the barrier. 

Figure 8(a) shows the DFT structure of a top-contacted 
MoS2 monolayer with a metal (Au). Figure 8 (b) shows the 
density of states (DOS) of the MoS2 monolayer. The MIGS = 
1.2×1013 cm−2 are extracted from DOS inside the bandgap of 
the monolayer induced by the metal. Figure 8(c) shows the 
DFT structure of an edge geometry. Figure 8(d) shows the 
MIGS as a function of x-coordinate along the length of the 
monolayer. At the edges, we find MIGS = 2.3×1013 cm−2. The 
MIGS obtained from DFT is of the same order as the MIGS 
from the model fitted to the experimental data. Table 1 shows 
the values of the MIGS and ECNL in the case of the EC and TC 
using the Poisson equation and the DFT.  

Conclusion: We modeled the MIGS in EC, TC, and HC. 
MIGS pin the FL at much lower concentrations in TCs 
compared to ECs, allowing for easier pinning free edge 
contacts. However, EC do not yield the best performance. In 
low barrier scenarios, the HC gets closest to the QL, while the 
the TC yields the lowest contact resistance in high barrier 
scenarios.  
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Fig. 5. Schottky barrier height vs. difference metal WF and MoS2 EA for different MIGS. MoS2 
doping is 10×1012 cm-2 and ECNL= 0.2 eV. The contact geometries are (a) edge contact and (d) 
top contact. We indicate the experimental barrier height of previously investigated devices [4] 
using yellow shapes. 

 
Fig. 6. Location of MIGS in a hybrid contact. 
Similar locations are used for edge and top 
contact. 

Fig. 4. (a) Energy landscape of the edge, top and hybrid contact (top to bottom). (b) Solution of Poisson equation for edge, top and hybrid 
contact (without MIGS). (c) Image-force barrier-lowering potential energy for edge, top and hybrid contact.  

Metal contact  
(Ti, Ni, Pt)  

Edge Top 

DIT (cm-2 eV-1) ~ 1.2×1014 ~ 1.3×1014 
ECNL(eV) 0.2 0.2 
MIGS (cm-2) ~ 2.4×1013 ~ 2.6×1013 
DFT MIGS (cm-2) ~ 2.3×1013 ~ 1.2×1013 
Table I. Contains the MIGS data of the 
different contact geometries 

 

 
Fig. 3. Flow chart of the 
methodology of obtaining the 
barrier height for S-parameter 
extraction or obtaining contact 
resistance. 

 
Fig. 2. Schematic Fermi level pinning of 
MoS2 bands in the presence of MIGS.  
 

 

Fig. 1. Contact geometries considered in 
simulations. 

 

 
Fig. 7. Contact resistance vs. carrier concentration in an (a) Ni contact high barrier and pinning 
and (b) Sb contact for low barrier and pinning for different contact geometries. (c) and (d) show 
the corresponding current densities at the maximal carrier concentration according to (a) and (b). 

 
Fig. 8. (a) Structure of top contact in QuantumATK. (b) 
Density of states of the MoS2 monolayer as function of 
energy. (c) Structure of edge contact in QuantumATK. (d) 
MIGS density as a function of x-coordinate. 

Potentials: 

 (1) 

  (2) 

 (3) 
MIGS: 

   (4) 
    (5)

Transport: 

   (6)  

     (7) 

    (8) 

   (9)  



Thursday 11:00-12:30 Emerging Devices

Time Type Presenter Title

11:00-11:30 Invited Wenhao Song Diffusive and drift memristors for neuromorphic and 
analog computing

11:30-11:45 Contributed Sylvester Wambua Makumi Impact of Electrostatic Pressure on the TBC of  2D-
Substrate Interfaces

11:45-12:00 Contributed A. Alleysson Quantum transport of excitons in lateral TMDs 
heterostructures

12:00-12:15 Contributed Mauro Dossena Influence of disordered oxides on the mobility of 
monolayer WS2: an ab initio study

12:15-12:30 Contributed Chieh-Yang Chen and Yiming Li Effect of Random Nanosized Titanium Nitride Grains on 
Monolayer MoS2 Field-Effect Transistors



Advancing Analog Precision: Memristor Technology for Scientific Computing 
 

Wenhao Song, J. Joshua Yang 

University of Southern California, Los Angeles, CA 90089, USA 

Email: jjoshuay@usc.edu 
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I. INTRODUCTION

While 2D materials offer exciting potential for appli-
cation in electronic devices, their adoption is hindered
by heating issues arising from increased component
density in integrated circuits. Low thermal boundary
conductance (G) of the 2D-substrate interfaces is a
key bottleneck to the realization of efficient thermal
management. Previous study has shown that G can
be improved by applying hydrostatic pressure [1].
Likewise, electrostatic field (F ) due to gate voltage
(Vg) can produce pressure (Pelec) that can modulate
phononic heat flow across interfaces [2]. However, the
impact of Pelec on G at 2D/substrate interfaces is not
well understood, particularly regarding the roles of the
mechanical properties of 2D materials and substrate
roughness.

To address this issue, we have employed a numerical
modelling together with first-principles DFPT simula-
tions to study the impact of Pelec on G. Our model
involves generating rough surface with randomized
roughness features that resemble the actual roughness
of a material using an algorithm that is based on the
inverse fast Fourier transform (IFFT) [3]. We then
place a single layer of 2D material on the rough
substrate (Fig. 1) and minimize the total energy to get
the equilibrium 2D-substrate distances, h. Using h we
determine vdW spring coupling constants (Ks) and then
G.

II. RESULTS AND DISCUSSION

Our study shows that Pelec can improve G by more
than 300 % when an electric field of 3e+9 V/m is
applied. We find that G is enhanced more when the
substrate has a roughness with large RMS roughness
height (∆rms), small correlation length (Lcor), and the
2D material has a large bending stiffness (Dbend).

By applying Vg, we induce a net charge concentration
on the 2D material that causes an attractive force
(Felec) hence Pelec that increases with increasing F .
Unlike setups where hydrostatic pressure is used, here
Felec can cause the 2D sheet to bend and conform to
the substrate roughness without destroying roughness
peaks. However, the 2D sheet resists bending causing
greater pressure at the roughness peaks. Consequently,
Ks, and hence G, at roughness peaks is enhanced
more as shown in Fig. 2. As illustrated in Fig. 3, the
average TBC is enhanced more when surface slope,
∆rms/Lcor, is large. G of interfaces with large surface

slope increases by more than 300 % making it about
15 % larger than that of a flat interface. A large
surface slope causes large delamination that result in
weak adhesion energy, Γ0, hence weak interfacial bond
stiffness which is easier to compress and significantly
reduce h values increasing Ks which leads to the
enhancement in G.

As shown in Fig. 4, we observe that G increases
more when Dbend is large. This is because if Dbend is
small the 2D materials can easily bend and conform
to the topography of the rough-substrate surface which
leads to more uniform Ks values. However, if the 2D
material has a large Dbend, it will resist bending. As a
result high pressure concentrate at the roughness peaks
so that h becomes very small hence, we get very large
Ks values at these regions which leads to the high
conductance. Finally, we show that induced electrons
contributes through their interaction with phonons in
the 2D material. As electrons get excited, they can
effectively transfer heat energy to the lattice vibrations
via electron-phonon coupling. We show that this addi-
tional pathway for heat transfer can contribute about
7% of the overall G.

III. CONCLUSIONS

In this study, we have demonstrated that electrostatic
pressure (Pelec) due to a gate voltage is a viable
approach to improve TBC. Our study reveals that TBC
is enhanced more when the substrate has a large RMS
roughness height, short correlation length, and the 2D
material has a large stiffness. We show that Pelec can
enhance the TBC of a very rough interface so that
it is 15% greater than that of a flat interface. Thus,
this study provides information on how Pelec, substrate
roughness, and mechanical properties of 2D materials
can be leveraged to enhance thermal performance in
electronic devices made of 2D materials.
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Fig. 1. A schematic showing a single layer of 2D material on a
rough substrate and a gate. Electrostatic field due to a gate voltage
produces a force that pull the 2D sheet towards the substrate and
tries to make it conform to the topography of the rough substrate.
However, the 2D sheet resists bending and cannot bend enough to
conform fully to the rough substrate. As a result, we have regions
that are in contact and others that are delaminated. This leads to
variation in the 2D-substrate distance across the interface.

Fig. 2. Analysis of graphene/a-SiO2 interface at 300 K. (a)
Electrostatic pressure, Pelec, and the induced charge density, (n−p),
as a function of field (F ). (b) The 2D-substrate distance, h, (c)
vdW spring coupling constant, Ks, and (d) thermal boundary
conductance, G, as a function of position for a substrate with ∆rms

of 2.5 nm and Lcor of 8.8 nm. Larger pressure at the roughness
peaks significantly increases Ks hence phonon coupling at these
regions. As a reult we find that G at contact regions is enhanced
more upon application of Pelec.

Fig. 3. Analysis of Ks and G of graphene/a-SiO2 interface at 300
K. (a) The difference between Ks at an electric field of 3e+9 V/m
and at 0 V/m, ∆Ks, and (b) the difference between G at an electric
field of 3e+9 V/m and G0 at 0 V/m, ∆G, as a function of the square
of charge concentration density, (n − p)2, and Pelec for interface
with different ∆rms values and Lcor of 10.8 nm. We observe a
maximum increase in G of 333 % for interface with ∆rms of 1.6
nm when an electric field of 3 × 109 V/m is applied. (c) G as a
function of surface slope, ∆rms/Lcor , before and after applying
electric field. G of very rough interfaces become 15 % larger than
that of a flat interface. (d) The ratio of G and G0 as a function
of surface slope showing that electrostatic pressure enhances G of
interfaces with large surface slope more.

Fig. 4. The ratio of G (at an electric field of 3 × 109 V/m) and
G0 (no electric field) as a function of adhession, Γ0, for bending
stifness, Dbend, of 1.5 eV (broken lines) and 13.24 eV (full lines)
showing that G is enhanced more when Γ0 is weak and surface
slope is large. (b) The ratio of G and G0 as a function of Dbend for
different values of surface slope and Γ0 of 0.1 J/m2. We observe
that G is enhanced more when Dbend and surface slope are large.
(c) The Ks values when an electric field of 3×109 V/m is applied
(full lines) and when there is no electric field (dotted lines) showing
that in a stiffer 2D sheet, application of electric field leads to many-
large Ks values than when the 2D sheet is flexible. (d) The ratio
of the TBC when there is el-ph coupling, Gel−ph, and the TBC
without el-ph as a function of the square of charge concentration.
We observe that the el-ph coupling contributes about 7 % of the
total G.
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ABSTRACT  

We theoretically investigate exciton transport in 

lateral TMD’s heterostructures within the Non-

Equilibrium Green’s Function (NEGF) formalism. 

An original self-energy is developed to describe the 

crucial exciton-phonon interactions.  

INTRODUCTION 

Excitonic devices, which are based on carriers 

made of bound electron-hole pairs, are very 

promising for energy-efficient operation. In that 

context, 2D materials transition metal 

dichalcogenides (TMDs), in which binding energy 

of excitons is much larger than in common 

semiconductors (few hundreds of meV), represent a 

great opportunity to develop that kind of devices 

operating at room temperature. However, most of 

the theoretical transport studies reported so far rely 

on classical physics: they are mainly based on fluid 

mechanics or empirical models [1].  

MODEL AND DISCUSSIONS 

We develop a NEGF quantum transport 

approach for the bosonic nature of excitons to 

investigate the dynamics of excitons in the TMDs 

lateral heterostructure shown in Fig. 1. Excitons are 

generated by a laser in the left reservoir, and we 

calculate the number of excitons collected in the 

right reservoir in which they recombined. The left 

reservoir boson statistics is estimated from the laser 

power. 

Based on the tight-binding triangular lattice 

exciton model proposed in Ref. [2], we calculate the 

electronic band structure which reproduces the 

main features of typical transition metal 

dichalcogenides for the valence (v) and conduction 

(c) band (see Fig. 2 in the case of WSe2). 

The exciton bands are then obtained including the 

Coulomb interaction between the electron and the 

hole (Fig. 3a)). Typical binding energies of the first 

four optical excitons are between 100 and 500 meV. 

The corresponding square modulus of their wave-

function is shown on Fig. 4 for the first four states.  

We also observe that simple effective mass scheme 

remains very accurate to determine the energy band 

of the first exciton state. The extracted effective 

masses of the first excitonic state at Γ point for the 

two TMDs are given in Fig. 3b). 

Using those effective masses, we computed the 

transport properties of the first excitonic state of the 

TMD heterostructure shown in Fig. 1. Two incident 

laser powers have been considered. At low laser 

power (i.e. 3 mW), the resulting chemical potential 

𝜇 is located at 0.11 eV below the excitonic band, 

leading a Boltzman character of the exciton 

distribution. As shown in Fig. 5, the exciton density 

is very close to the one obtained with a Fermi-Dirac 

distribution for electrons. However, at higher laser 

power (i.e. 10 mW), 𝜇 rises up to 0.017 eV below 

the bottom of the band. The Bose-Einstein character 

becomes now crucial to describe the exciton 

transport (see Fig. 6).   

Exciton-phonon coupling is negligible in a given 

exciton state. It becomes however predominant 

when considering multiple bands (see Fig. 3). 

Based on the work of Antonius and Louie [3], we 

have developed a real-space exciton-phonon self-

energy with a similar expression as the one of the 

electron-phonon coupling. Impact on TMDs 

heterostructures will be discussed. 
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  a)  b)  c)  d) 

 

Figure 1.  Lateral heterostructure of WSe2-MoSe2. Excitons 

are generated by an incident laser in the left reservoir.                                                            

 

Figure 4.  Probability of presence of the fourth exciton states 

at Γ : a) 𝐸1 = −0.4935 eV, b) 𝐸2 = −0.1050 eV, c) 𝐸3 =
−0.1050  eV, and d) 𝐸4 = −0.0847 eV. For the first and 

fourth states (spin up), the central location between hole and 

electron emphasizes tightly bound exciton states.  

 

  
Figure 2.  WSe2 band structure without Coulomb interaction. 

The two spin channels are degenerate for the conduction 

band, while for the valence band, there is a splitting of the up 

and down spins due to spin-orbit coupling. 

Figure 5.  Exciton densities along the TMD heterostructure 

of Figure 1 for two incident laser powers applied in the left 

contact: Plow= 3 mW, Phigh= 10 mW, and two assumed 

distributions (Fermi-Dirac and Bose-Einstein). 

 

a) 

 
b) 
 

 WSe2 MoSe2 

Effective mass (𝑚∗) 1.18𝑚0 1.63𝑚0  
 

Figure 3.  a) WSe2 exciton band structure with Coulomb 

interaction for the different spin states. b) Effective mass 

estimated from the exciton band structure obtained using the 

triangular model of Ref. [2]. 

 

Figure 6.  Exciton current spectra of the TMD heterostructure 

under a high incident laser power (10 mW) assuming Bosonic 

(red line) and Fermionic (blue line) transport.  
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Introduction Transition metal dichalcogenides
(TMDc) such as WS2 or MoS2, especially in their
monolayer form, are widely considered as promis-
ing 2D materials to extend Moore’s scaling law and
equip future nano-sheet field-effect transistors [1].
Their carrier mobilities, while greater than those
of silicon at ultra-scaled thicknesses, are extremely
sensitive to the dielectric environment around them.
For example, the electron mobility of monolayer
WS2, which was theoretically predicted to be up
to 300 cm2/(Vs) [2], does not exceed a few tens of
cm2/(Vs) when surrounded by amorphous dielectric
materials [3]. Here, we investigate the influence of
different models of amorphous Al2O3 and HfO2 on
the electron mobility of monolayer WS2 from first-
principles, identify limiting factors, and examine
two optimization scenarios.

Methods: Oxide-WS2-oxide cells are first gen-
erated and relaxed with density functional theory
(DFT) [4]. Their Hamiltonian and overlap matrices
are then computed with the CP2K package [5]
and upscaled to form large-scale devices of differ-
ent lengths. By combining non-equilibrium Green’s
function (NEGF) calculations, as implemented in
the OMEN code, [6] and the dR/dL method [7], the
electron mobility of the targeted samples can be ac-
curately determined. Phase coherence is eliminated
by a phenomenological electron-phonon scattering
model, whose parameters are adjusted to reproduce
the mobility of pristine WS2. Our developed simu-
lation framework is presented in Fig. 1.

Results: All created structures (see Fig. 2 (a)-(d)),
are characterized by a clear bandgap of around 2 eV
(Fig. 2(e)). To assess the impact of the different ox-
ides on the transport properties of WS2, the electro-
static potential modulations they induce in the semi-
conductor channel are considered. The latter come
from the inhomogeneity of the semiconductor-oxide

interface and from defects located close to this
surface. As an example, the electrostatic potential
modulation for the WS2-Al2O3 stack is shown in
Fig. 2(f). Localized potential barriers and wells can
be observed. Depending on their height or depth,
they significantly affect the propagation of electrons
and holes. In Fig. 3(a) the conduction band of pris-
tine WS2 is compared to that of the same material
embedded between two amorphous Al2O3 layers.
The potential modulation leads to a flatter band
dispersion and thus poorer transport. To quantify
this phenomenon, we compute the electron mobility
of all stacks in Fig. 2(a) with the dR/dL method.
The applicability of this approach is demonstrated
in Fig. 3(b), i.e., the resistance linearly increases
with the sample length. From the values reported
in Fig. 3(c), it can first be concluded that Al2O3

and HfO2 oxides massively reduce the mobility of
WS2. Secondly, the inclusion of one or two hBN
layers between WS2 and Al2O3 boosts this quantity
by a factor between 2.5 and 4×. Finally, optimizing
the HfO2 oxide surface by redistributing the H
passivation atoms leads to a three times increase of
the mobility, compared to the original HfO2 oxide.

Conclusions: Through DFT and NEGF calcula-
tions, we highlighted the impact of different oxide
configurations on the electron mobility of WS2 and
proposed two solutions to increase this parameter
(hBN interfacial layers and optimized passivation).

Acknowledgment: This research was supported by the
NCCR MARVEL (SNSF Grant No. 205602) and by CSCS
under projects s1119 and s1212.
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Unit cell
NEGFDFT

Device

HD, SDHU, SU

Fig. 1. Overview of the developed ab initio mobility modeling framework. A unit cell composed of monolayer WS2 encapsulated
between amorphous oxides is first simulated with CP2K (geometry relaxation and electronic properties), producing its Hamiltonian
HU and overlap SU matrices. A full device structure is constructed by repeating the same unit cell and upscaling the Hamiltonian
and Overlap matrices. The obtained device Hamiltonian HD and Overlap SD matrices serve as inputs to an NEGF solver, OMEN,
from which the electrical current, corresponding resistance, and finally mobility can be extracted.
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Fig. 2. Schematic view of the oxide-WS2-oxide structures investigated in this work: (a) Al2O3; (b) HfO2; (c) Al2O3 with 1
hBN layer between the semiconductor and the oxide; (d) Same as (c), but with two 2 hBN layers in between WS2 and Al2O3.
(e) Density-of-states for the WS2 - Al2O3 structure in (a) projected onto the different atomic species that make up this stack. (f)
Electrostatic potential modulation extracted in the W plane of monolayer WS2, as induced by the surrounding amorphous Al2O3

oxides.
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Fig. 3. (a) Conduction band structure of monolayer WS2 without oxide around it (top) and when it is surrounded by amorphous
Al2O3 layers (bottom). The band dispersion flattens when Al2O3 is inserted. (b) Resistance (R) of oxide-WS2-oxide samples as a
function of their length (expressed in terms of the number of repeated cells) for all stacks considered in this work. A clear linear
increase of the resistance with respect to the device length is observed in all cases, indicating diffusive transport. (c) Extracted
electron mobility (µ) and corresponding charge concentration (n) for all structures in (b).
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ABSTRACT  
This work first studies effects of work function 

fluctuation (WKF) of nanosized titanium nitride 
(TiN) grains via device simulation on monolayer 
(ML) molybdenum disulfide (MoS2) back-gate (BG) 
and nanosheet (NS) field-effect transistors (FETs). 
Density functional theory (DFT) calculated data are 
calibrated with experimental results in order to 
provide proper accuracy of device simulation. The 
results indicate that the off-state current and the 
threshold voltage exhibit the most significant 
variations. NS FETs are 5% and 2.06% lower 
variability of these parameters than that of BG FETs. 

 

INTRODUCTION 
During the fabrication process of semiconductor 

devices, work function fluctuation [1-2] is a critical 
factor associated with process variation effect and 
intrinsic parameter fluctuation. As researches are 
focus on two-dimensional (2D) materials for device 
applications [3-7], challenges of WKF remain 
difficult to mitigate. Although WKF has been 
studied in advanced silicon-based devices, study of 
the effect of WKF on ML MoS2 devices has not 
been reported yet.  

In this study, to examine the effect of WKF on 
2D material-based devices, we first advance the 
DFT-simulated material parameters for statistical 
device simulation of ML MoS2 FETs with 
nanosized TiN grain of gate.  

 

MODEL AND METHODOLOGY 
The 3D device simulation is mainly based on 

parameters obtained from DFT and calibrated using 
experimental data. First, DFT calculations are 
performed to extract key material properties of 
MoS2, such as the band gap (Eg), effective mass 
(mₑ*), and electron affinity (χₑ), which are list in 
Table 1. The nominal gate metal is TiN with WK = 
4.52 eV. To account for fluctuation, the high and 
low WK values are set to 4.6 and 4.4 eV, 
respectively, with corresponding probabilities of 
0.6 and 0.4, where the grain size is set close to (4 
nm)2, as shown in Fig. 1. For each of above devices, 
300 samples are simulated statistically [8] for key 
DC characteristics, the on-/off-state current (ION and 
IOFF), the threshold voltage in linear (Vth_lin) and 

saturation (Vth_sat) regions, subthreshold swing (SS), 
and the drain-induced barrier lowering (DIBL). 

 

RESULTS AND DISCUSSION 
First, a BG FET simulation is constructed for 

calibration with the experimental ID-VG curve [7], 
as shown in Fig. 2. Then, the nominal case of MoS2 
BG FET for the WKF study as well as NS FET are 
designed, as shown in Figs. 2 and 3. The geometric 
parameters and DC characteristics are listed in 
Table 2. Figure 4 shows the fluctuation in results for 
MoS2 BG FET and NS FET at VD = 0.7 V. In the 
nominal case, Vth_sat for both devices is fixed at 140 
mV. The standard deviation of the Vth_sat for BG 
FETs is 9.40 mV, which is higher than that of NS 
FETs (5.84 mV). Furthermore, we estimate the 
relative standard deviation (RSD), defined as the 
ratio of the standard deviation to the mean value, for 
the most significant DC characteristics, as shown in 
Fig. 5. Figure 6 presents the relationship between 
the electric potential and the distribution pattern of 
high/low work function (WKF) metals. In extreme 
cases where effective WK = 4.52 eV, the BG FET 
is primarily affected by high WK metal near the 
source side. In contrast, the NS FET mitigates this 
effect due to its multi-gate structure. 

 

CONCLUSION 
In summary, the analysis of WKF in ML MoS2 

FETs has been studied by using random assigned 
TiN grains in 3D device simulation. For the given 
TiN grain size of (4 nm)2, the NS FET shows 
enhanced robustness against external variations, as 
evidenced by its reduced standard variability in DC 
characteristics compared to the BG FET. 
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Innovating Tomorrow's Semiconductor Technology: Computational Strategies for 

Material Optimization 

Blanka Magyari-Köpe  

Technical Manager in R&D, TCAD Division at TSMC, San Jose, CA  

Email: blankamk@tsmc.com 

 
Recent advancements in computational material optimization strategies are unveiling innovative 
solutions to address the stringent demands of advanced technology nodes, constrained by 
fundamental physical, chemical, and electrical limitations. By leveraging advanced material 
property simulations, computational material exploration, and AI-driven or -enhanced process 
modeling, significant strides have been made in alleviating bottlenecks that impact critical process 
yield and device performance metrics. Focus areas include next-generation interconnect materials, 
optimization of low-k dielectrics, and enhancements in process reliability - all recognized as 
pivotal in overcoming scaling limitations and enabling the progression of next-generation 
semiconductor technologies. 
 
Copper-based back-end-of-line (BEOL) interconnects, historically foundational to semiconductor 
architecture, are increasingly limited at nanoscale dimensions due to resistivity escalation. This 
phenomenon degrades signal integrity and significantly reduces the scaling benefits of RC delay 
and power reduction. Reliability concerns, such as electromigration and dielectric breakdown, 
further underscore the inadequacy of conventional interconnect materials. To address these 
constraints, high-throughput screening using quantum mechanical computations has enabled the 
identification and evaluation of novel interconnect solutions, such as intercalated graphene, which 
exhibits superior electrical and thermal properties. In parallel, advancements in optimizing 
amorphous low-k dielectric materials to reduce parasitic capacitance, unlock further 
transformative opportunities for improved device performance and scalability. 
 
Amorphous materials, in general, are emerging as critical enablers of semiconductor technologies 
due to their distinctive electronic, optical, and mechanical properties. The low-k dielectric 
materials mentioned above, essential for reducing parasitic capacitance, continue to face persistent 
challenges related to growth kinetics, thermodynamic stability, and reliability. Systematic 
exploration of the density-stability-property optimization landscape using novel methods has led 
to the discovery of new bonding configurations and defect mechanisms, exemplified by 
advancements in the synthesis of amorphous boron nitride. 
 
The integration of machine learning (ML)-driven methodologies into predictive technology 
computer-aided design (TCAD) workflows is fundamentally transforming semiconductor 
optimization paradigms. Hierarchical AI frameworks, which synergistically combine neural 
networks with quantum mechanical simulations, are enhancing the capability and precision of 
material property predictions and process optimizations. These frameworks are also used in 
modeling complex reaction mechanisms that improve thin-film deposition processes. By bridging 
atomistic insights with feature-scale simulations, generalized solutions applicable across diverse 
semiconductor manufacturing workflows are being developed, pushing towards the ultimate 
virtual fab paradigm. 



 
In summary, material optimization strategies and AI-driven methodologies both represent 
paradigm shifts in addressing longstanding challenges associated with semiconductor scaling. 
Advances highlighted here—in interconnect technologies, low-k dielectric optimization, and 
deposition process reliability, combined with predictive modeling capabilities—are expected to 
enable the semiconductor industry to achieve unprecedented levels of performance, efficiency, and 
scalability in the development of next-generation technologies. 
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INTRODUCTION
Nanosheet FETs utilizing ultrathin, quantum-

confined semiconductor channels, offer a promising
solution for sub-10 nm scaling for high-speed digital
logic [1] and may also provide a path to high-speed
RF power electronics using wide bandgap materials
such as GaN. Simulating nanosheet FETs in TCAD
is essential for understanding their physics and guid-
ing device design. While previous approaches using
NEGF and Monte Carlo methods are accurate, their
high computational cost limits their practicality for
device design exploration. This paper introduces a
computationally efficient 3D TCAD framework for
simulating nanosheet FETs, taking into account the
quantum confinement in the channel. The presented
framework integrates the Schrödinger equation to
account for quantum subbands in the channel and
couples the real-space transport of 2D electrons in
these subbands with 3D charge transport in the
surrounding bulk materials.

TCAD FRAMEWORK
Figure 1 presents the schematic of a test GaN

nanosheet HEMT structure, featuring a 12 nm GaN
channel and a 5 nm Al0.3Ga0.7N barrier, with n+

GaN bulk regions beneath the source/drain contacts.
The 3D transport in the bulk is modeled by solving
the moments of the Boltzmann Transport Equation
(BTE) using the Fermi Kinetics Transport (FKT)
solver, a TCAD framework developed at the Air
Force Research Laboratory [2]. Unlike conventional
BTE solvers, FKT employs an alternative formula-
tion of electronic heat flow based on heat capacity of
ideal Fermi gas, offering superior numerical stability
and convergence properties. In the quantum-confined
channel, the Schrödinger is solved along confinement
direction self-consistently with Poisson’s equation to
compute the subbands (see Figure 2 for wavefunc-
tions). The 2D transport along the channel length is
treated classically by adapting the FKT framework to
two dimensions using the 2D moments of the BTE.
The 3D bulk transport and the 2D channel transport
are coupled through ballistic thermionic emission,
linking the bulk conduction band with the channel
subbands, as shown in Figure 3. Furthermore, FKT
can incorporate the full bandstructure with transport
simulations taking into account the various scattering
mechanisms [3]. The 3D transport model utilizes
bulk GaN band structure derived from empirical

pseudopotential method (EPM), while the integration
of 2D band structure with the 2D transport will be
addressed in future work (the methodology to do so
is indicated in Figure 4).

RESULTS
To demonstrate the superior electrostatics of the

nanosheet device particularly for scaled gate lengths,
we compare the subthreshold characteristics of
nanosheet HEMTs with bulk HEMTs for gate lengths
ranging from 100 nm to 10 nm. As illustrated in Fig-
ures 5-7, nanosheet HEMT consistently demonstrates
reduced leakage currents and improved subthreshold
swing as gate length decreases, outperforming the
bulk HEMT. The on-current of the nanosheet de-
vice can be improved in structures where multiple
sheets are integrated in parallel, providing additional
conduction channels [4]. The nanosheet HEMT was
simulated using the effective mass approximation
with constant mobility, which is reasonable for esti-
mating the subthreshold characteristics; nevertheless,
the inclusion of the full bandstructure in 2D FKT is
currently ongoing and will be presented in the future.

CONCLUSION

This work introduced a 3D TCAD framework to
simulate nanoscale devices with quantum-confined
channels. By incorporating Schrödinger’s equation
and coupling it with real-space Boltzmann trans-
port, the framework accurately captures the essential
quantum and classical transport phenomena. This
versatile approach is well-suited for designing next-
generation nanosheet-based devices. As a case study,
the simulator was used to highlight the superior
electrostatics of a GaN nanosheet HEMT over its
bulk counterpart at reduced gate lengths.
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ABSTRACT  
This study computationally analyzes the electrical 

performance of vertically stacked Gate-All-Around (GAA) Si 
nanosheet (NS) complementary FETs (CFETs) with (w/) and 
without (w/o) metal sidewall (MSW) structures in the 
source/drain (S/D) regions. MSW integration significantly 
reduces contact resistance and enhances drive current (Ion), 
though it slightly increases intrinsic capacitance. Without 
MSW, device and circuit performance are limited to a 
maximum of four channels due to weakened electrostatic 
potential from the top contact to the bottom S/D regions. In 
contrast, MSW structures, leveraging tungsten's low resistivity 
(5.6 × 10⁻⁶ Ω·cm), support higher Ion and improved 
scalability, enabling performance gains beyond four channels. 
For instance, a 10-channel CFET with MSW achieves a 
56.9% higher ring oscillator (RO) frequency compared to w/o 
MSW devices. These results highlight the critical role of 
MSW in optimizing advanced designs of emerging GAA Si 
NS CFETs. 

INTRODUCTION 
Due to the severe short-channel effects (SCEs) and 

weakened gate controllability, scaling of devices has caused a 
sizeable leakage current. To overcome this bottleneck, GAA 
devices, such as NS, have been of special interest because 
they can reduce supply voltages, sustain gate drivability, and 
achieve high performance for advanced technology nodes. 
The stacking of N- and P-FETs vertically is one of the 
primary benefits of using CFETs, which allows for a 
considerable reduction in active area [1]-[7]. However, to 
minimize the DC performance loss by NS resistance, there 
were many efforts to reduce the contact resistivity at the 
semiconductor/silicide interface.  

In this study, we numerically investigate the impact of 
MSW integration on electrical characteristics of both N/P-
FETs in CFET and three-stage CFET ring oscillators. 

3-D COMPUTATIONAL DEVICES 
Fig. 1(a) presents a 3-D schematic, and Fig. 1(b) is a 2-D 

schematic of the GAA Si NS CFET, consisting of a bottom P-
FET and a top N-FET [8], [9]. The device simulation employs 
the quantum-mechanically corrected transport models, along 
with four mobility models: the high-field saturation, the 
Philips unified model, the Lombardi model, and the ballistic 
mobility. In addition, Hurkx band-to-band tunneling and 
Shockley-Read-Hall recombination are included to account 
for generation and recombination effects. 

RESULTS AND DISCUSSION 
Figure 2 shows the SCEs in CFETs w/ and w/o MSW, 

considering varying number of channels in N- and P-FETs. 
Fig. 2(a) highlights the off-state current (Ioff) trends, revealing 
a 35.8% reduction for N-FETs and a 22.4% reduction for P-
FETs in devices w/ MSW compared to those w/o MSW. This 
reduction in Ioff with increasing number of channels in w/ 
MSW devices is primarily attributed to enhanced electrostatic 
control, reduced parasitic resistance, and improved charge 
confinement, which collectively suppress SCEs and minimize 
leakage currents. Enhanced gate-to-channel coupling in GAA 
structures w/ MSW ensures more effective control over the 
channel potential, mitigating drain induced barrier lowing 
(DIBL) and subthreshold leakage. Fig. 2(b) demonstrates a 

68.7% increase in Ion for 10-channel N-FETs w/ MSW 
compared to w/o MSW devices. This improvement stems 
from the reduced series resistance at the S/D contacts due to 
the integration of low-resistivity tungsten in the sidewalls, 
which enhances carrier injection efficiency and minimizes 
voltage drop at the S/D junctions. Additionally, improved 
electrostatic control ensures a more uniform potential profile 
across vertically stacked channels, optimizing carrier transport 
and drive strength. Furthermore, Fig. 2(c) analyzes DIBL, 
demonstrating that variations number of channels have 
minimal impact on DIBL in both w/ MSW and w/o MSW 
devices, indicating stable threshold voltage (Vth) control 
across multiple channels. Fig. 3(a) further confirms that the 
Vth remains constant as the number of channels increases, a 
characteristic attributed to the strong electrostatic confinement 
provided by the GAA architecture.  

Gate capacitance (CG) is a critical AC parameter, directly 
extracted from the AC response curves of N- and P-FETs. As 
shown in Fig. 3(b), CG increases with the number of channels 
due to the larger cumulative channel surface area, allowing 
greater charge accumulation and facilitating linear capacitance 
scaling. This increase is further supported by parallel 
capacitance addition and improved electrostatic coupling 
between the gate and channel, which collectively enhance 
carrier confinement and mitigate SCEs. Fig. 4 presents a 2-D 
current density profile at the middle of the channel in the on-
state for N- and P-FETs w/ and w/o MSW. The significantly 
higher current density in w/ MSW devices is attributed to 
enhanced electrostatic control and reduced series resistance 
(Fig. 5), resulting in improved carrier velocity and overall 
current conduction efficiency. Fig. 6 compares the RO 
frequency vs. number of channels. Beyond four channels, the 
frequency decreases for devices w/o MSW due to increased 
parasitic resistance and capacitance, which degrade signal 
propagation speed. In contrast, w/ MSW devices exhibit a 
56.9% increase in frequency, driven by improved electrostatic 
control, lower resistance. The performance boost highlights 
the effectiveness of MSW in mitigating channel-induced 
degradation, making it essential for high-speed applications.  

CONCLUSION 
In summary, GAA Si NS CFETs w/ MSW outperform 

w/o MSW configurations due to reduced S/D resistance from 
the low-resistivity tungsten sidewalls. While both Ion and 
parasitic capacitance increase number of channels, Ion growth 
slows and saturates for w/o MSW devices when the number of 
channels exceeds four, due to diminished electrostatic 
potential from top to bottom channels. 
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Fig. 1. (a) 3-D schematic of the GAA Si NS CFET w/ MSW. (b) 
2-D cross-sectional view (cut-C1) of the device. The channel 
count is further increased to ten.  
 

Fig. 2. The impact of number of channels on SCE parameters in 

GAA Si NS CFETs. (a) Ioff and (b) Ion vs. the number of channels. 

For devices w/ MSW, the Ion is enhanced by 68.7% for N-FETs 

and 32.2% for P-FETs compared to devices w/o MSW. This 

improvement highlights the effectiveness of MSW in boosting 

carrier transport and overall device performance. (c) DIBL vs. the 

number of channels. 

 

 
Fig. 3. (a) The Vth versus the number of channels for both N- and P-
FETs in CFET devices, demonstrating that Vth remains largely 
unaffected by number of channels, indicating stable electrostatic 
control. (b) CG increases with number of channels due to expanded 
channel surface area, allowing for greater charge accumulation and 
enhanced electrostatic coupling between the gate and channel. 

 
Fig. 4. The 2-D current density distribution profile at the middle 

of the channel in the on-state condition (|VG| = |VD| = 0.7 V), 

illustrating carrier transport characteristics and highlighting the 

impact of electrostatic control on current flow in the device. 

 
Fig. 5. The current density vs. the number of channels at the 

middle of the channel under on-state conditions. Devices w/ 

MSW exhibit a significant increase in current density, attributed 

to reduced S/D resistance and enhanced electrostatic control.  

 
Fig. 6. The RO frequency vs. the number of channels for the 

devices w/ and w/o MSW. In the w/o MSW, frequency declines 

as number of channels increases, primarily due to higher 

resistance in the top S/D regions.  
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CHARGE-CARRIER THERMALIZATION 

We present here extensions of our ab initio study 
of the energy-loss processes and thermalization of 
radiation-generated hot charge-carriers, originally 
performed for GaN, to other semiconductors (β-
Ga2O3, C (in the diamond structure), SiC, AlN, and 
Si) and to how these hot carriers affect devices. As 
discussed in the past [1,2], we focus on the 10-100 eV 
range of kinetic energy since this range is poorly 
understood. Indeed, the nuclear/particle physics 
community has a long-standing track record of 
understanding the thermalization in the higher-
energy range (above about 100 eV) [3], whereas the 
electronic-device community has studied extensively 
carrier transport in the lower-energy range (below 
~10 eV) [4]. However, the 10-100 eV gap has been 
studied only using the free-electron approximation 
and semi-empirical models for the energy-loss 
processes [5-7].  

We have employed the density functional theory 
(DFT) package Quantum ESPRESSO to obtain the 
band structure and the dielectric function of the 
materials, obtaining information about the electron 
dispersion and energy-loss function for energies up to 
about 100 eV. We have used DFT perturbation theory 
and Fermi’s Golden Rule/first Born approximation to 
calculate the charge-carrier scattering rates for the 
major charge-carrier interactions (phonon scattering, 
impact ionization, and plasmon emission). A full-
band Monte Carlo solution of the Boltzmann 
transport equation is then used to study the 
thermalization of electrons with kinetic energies as 
high as 100 eV. Considering for example C and β-
Ga2O3, the results show that the full thermalization of 
electrons is complete within ~ 0.4 and 1.0 ps, 
respectively (Fig. 1). Hot electrons dissipate about 
90% of their initial kinetic energy to the electron-hole 
gas during the first ~ 0.1 fs, due to rapid plasmon 
emission and impact ionization at high energies. The 
remaining energy is lost at a much slower rate via 
phonon emission at lower energies (below ~ 10 eV). 
During the thermalization, hot electrons generate 
pairs with an average energy of ~ 12.9 and 11.2 
eV/pair for C and β-Ga2O3, respectively. 
Additionally, during the thermalization, the 
maximum electron displacement from its original 

position is found to be on the order of 100 nm [1,2] 
(Fig. 2). 

DEVICE SIMULATION 

Using the spatial and energetic distributions of the 
radiation-induced pairs, we have also performed full-
band Monte Carlo simulations of electronic transport 
in devices. Considering a GaN/Al0.25Ga0.75N high 
electron mobility transistor (HEMT) as an example, 
we simulate a “streak” of charge carriers generated 
by an energetic ion traversing the device (Fig. 3). We 
collect information regarding the time-scale of the 
diffusion, thermalization and current transient. This 
constitutes an advancement of the state of the art, 
which currently involves the use of TCAD software 
to simulate the streak, assuming a thermal 
distribution of carriers. We compare our results to an 
identical calculation with such a thermal distribution. 

Additionally, we have calculated the damage 
induced by these hot electrons at the GaN/AlGaN 
interface. As the primary mechanism for damage 
generation, we consider the activation of defects, 
formed during fabrication, via dehydrogenation. To 
determine the defect activation rate, we use 
parameters (cross sections and density of defect 
precursors) either determined experimentally [8] or 
calculated using an H-release methodology [9] that is 
an extension of a recently developed theory of non-
radiative carrier-capture by defects [10]. We find that 
the damage is primarily confined to the region near 
the upper tip of the streak. In particular, if the proton 
strikes on the source-side of the device, this leads to 
a more rapid threshold voltage shift. 
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Fig. 2 Real-space positions of simulated electrons after ~1 ps in GaN, C (diamond), and β-Ga2O3. 

Fig. 1. Average electron (left) and hole (right) kinetic energies as a function of time for GaN, C (diamond), and β-Ga2O3. Electrons 

begin at 100 eV and thermalize by plasmon emission, impact ionization, and eventually phonon emission. 

 

Fig. 3 Left: Diagram of the 

GaN/Al0.25Ga0.75N HEMT with a 

radiation-induced streak of charge 

carriers simulated in this work. 

Right: Diagram of the device after 1 

ps. Significant thermalization and 

carrier displacement are observed. 
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ABSTRACT
As a wide bandgap semiconductor, diamond holds both

excellent electrical and thermal properties, making it highly
promising in the electrical industry. However, its hole mo-
bility is relatively low and decreases with increasing temper-
ature, which severely limits further applications. Herein, we
proposed that the hole mobility can be efficiently enhanced
via slight compressive shear strain along the [100] direction.
The shear strain breaks the symmetry of the crystalline
structure and lifts the band degeneracy near the valence
band edge, resulting in a significant suppression of interband
electron-phonon scattering. Moreover, the hole mobility
becomes less temperature-dependent due to the decrease of
electron scatterings from high-frequency acoustic phonons.

INTRODUCTION
Enhancing carrier mobility is essential for improving the

performance and reducing the power consumption of next-
generation electronic devices, particularly in high-frequency
and high-power applications.[1] Diamond is a rising star
semiconductor owing to its ultra-wide bandgap, ultra-high
thermal conductivity, and high saturation carrier velocity.[2]
However, the hole mobility of diamond is relatively lower
compared to its electron mobility and dramatically decreases
with increasing temperature.[3] These drawbacks in hole
mobility significantly constrain the potential of diamonds
in CMOS, high-power LEDs, and detectors.[4]

Strained silicon technology[5] is effective in promoting
the hole mobility of silicon, which has been extensively
utilized in industry and drives the ongoing progress of
Moore’s law. Although the strain engineering on the hole
mobility of Si, Ge, and Ge-Sn alloy has been extensively
studied, research on the diamond, which possesses a similar
face-centered cubic (fcc) structure, remains relatively scarce.
This may be attributed to the extreme hardness and strength
of diamond which are widely considered to render strain
implementation nearly impossible. Recently, Dang et al.[6]
realized uniform elastic strain along the [100], [101], and
[111] crystal directions by fabricating micron-nanometer
scale bridge structures, thereby making it possible for the
widespread application of “strained diamond” in electronic
devices. It remains unclear whether strain engineering ef-
fectively promotes the hole mobility of diamond and shares
a similar mechanism with other group IVA fcc semiconduc-
tors.

RESULTS AND DISCUSSIONS
The crystalline geometry of the relaxed diamond is fcc

(space group Fd3m, no. 227) and its first Brillouin zone
(BZ) is a truncated octahedron. The SOC removes the triple

degeneracy at the VBM, resulting in the double degeneracy
of the heavy-hole (hh) and light-hole (lh) bands, while the
split-off hole (sh) band lies 13.4 meV lower in energy, as
shown in the insets of Fig. 1(a). In contrast, the crystal
symmetry is broken with the slight shear strain applied to
the fcc diamond. The space group is changed to I41/amd
(no. 141). As a result, the double degeneracy of the hh and
lh bands is lifted under a 2% shear strain along the [100]
directions, arousing a large energy splitting of ∼ 0.3 eV
(highlighted by light green ribbons in Fig. 1(b).)

Fig. 1(c) shows the phonon-limiting hole drift mobility
and Hall mobility of the relaxed diamond. The room-
temperature hole mobility of the relaxed diamond is 2820
cm2/(Vs). There is a dramatic enhancement in hole mo-
bility when shear strain is applied, as shown in Fig. 1(d).
Specifically, the in-plane mobility is increased to 14148
cm2/(Vs) under 2% compressive (-2%) shear strain along
the [100] direction. Correspondingly, the out-of-plane mo-
bility reaches 8252 cm2/(Vs) for the -2% shear strain case.
As the shear strain increases to 8%, the enhancement in
hole mobility gradually approaches saturation. The in-plane
hole mobility reaches 24190 cm2/(Vs), which is one order
of magnitude larger than that of relaxed diamond and is the
highest recorded value in bulk semiconductors. The hole
mobility typically decreases exponentially with temperature
(µ ∼ T−n) since phonons are significantly activated, which
degrades the performance of electronic devices. For the
relaxed case, the value of exponent n in the temperature
dependence is -2.01. We show that hole mobility becomes
less temperature-dependent for diamonds with shear strains.
The exponent n values of in-plane hole mobility are located
in the range of -1.52 to -1.61.

To understand the increase in the hole mobility induced
by shear strains, we further project the interband electron-
phonon scattering rates onto the band structure for diamonds
without/with strain, as shown in Figs. 1(e) and 1(f). There
is a significant reduction in the interband electron-phonon
scattering rates for the shear-strained diamond, attributed
to the substantial energy splitting in the valence bands.
This energy splitting prohibits energy conservation and di-
minishes the available electron-phonon scattering channels.
Moreover, intraband electron-phonon scattering processes
are primarily mediated by low-frequency acoustic phonons,
while the interband scattering processes are mainly assisted
by high-frequency acoustic phonons. The relative increase
in the number of low-frequency acoustic phonons with
temperature is not as significant as that of high-frequency
acoustic phonons. Therefore, the hole mobility for strained
diamonds becomes less temperature-dependent.
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Fig. 1. Valence bands of (a) relaxed structure, (b) the structure with -2% shear strain along the [100] direction. (c) Drift mobility and Hall mobility as a
function of temperature for relaxed diamond. The scatters are experimental data reported by Dean et al.[7] (triangle) and Isberg et al.[8] (diamond). (d)
In-plane (a-axis) and out-of-plane (c-axis) Hall mobilities for shear strains along the [100] directions. Projection of interband electron-phonon scattering
rates onto the band structure for (e) relaxed and (f) -2% shear-strained diamond.
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INTRODUCTION

Understanding reliability issues and degradation
mechanisms is key to improving device quality. Hot
carrier degradation (HCD) occurs when electrons
of high kinetic energy cause material damage. An
important requirement for modeling HCD is good
knowledge of the local carrier distribution function.
An accurate calculation of the high-energy tail
should take into account electron-electron scattering
(EES) [1] and a realistic band structure model.

Recently, a Monte Carlo (MC) algorithm for
solving a two-particle kinetic equation has been de-
veloped, which treats both single-particle scattering
and two-particle scattering in a consistent way [2].
In this work, we present a statistical enhancement
method for the two-particle MC algorithm and the
treatment of EES in a non-parabolic band.

MODEL

The basic idea is to simulate the time evolution
of two electron states simultaneously. Each electron
can individually undergo phonon scattering or both
electrons can simultaneously experience EES [2].

In an EES event, both energy and momentum are
conserved. For a parabolic band, the allowed mo-
mentum transfer vectors q⃗ are located on a sphere,
and the EES rate can be obtained by analytical
integration. In the case of a non-parabolic band that
surface becomes an ellipsoid of rotation (Fig. 1),
and analytical integration of the transition rate is no
longer feasible. To simplify the integrand, we use an
upper bound that allows for an analytic evaluation.
The upper bound of the EES rate obtained in this
way is used in a rejection technique. A specific
transition is accepted with the given acceptance
probability; otherwise, self-scattering is selected [3].

The distribution function varies by many orders
of magnitude. To resolve the high-energy tail of

the distribution in a MC simulation, statistical en-
hancement is required. Methods successful in the
one-particle picture, such as particle splitting and
gathering, cannot be used in the two-particle picture.
Instead, we exploit the fact that any result of a
stationary MC simulation represents a time average:

⟨A⟩ = 1

T

∫ T

0
A(k⃗(t), r⃗(t)) dt . (1)

We split the simulation period T into time frames.
If a rare event of interest occurs in a certain time
frame, simulation of that frame is repeated, and its
statistical weight is reduced accordingly.

RESULTS AND CONCLUSION

Figure 2 shows the energy distribution function
(EDF) on the surface of a planar MOSFET. In the
transition region between channel and drain, elec-
trons reach energies higher than those that ballistic
trajectories passing the potential maximum would
allow. This effect is described in [1]. Figure 3 illus-
trates the influence of carrier concentration and the
dispersion relation on the EDF at the channel/drain
junction. The slope of the high-energy tail increases
with the carrier density. The parabolic transport
model predicts a larger enhancement of the tail than
the nonparabolic model does.

Figure 4 shows the distribution of the sampling
points in the energy domain. The repeated time
frame approach has been applied in a cascade of
three steps. Figure 5 demonstrates that the statistical
enhancement algorithm allows us to calculate three
more orders of magnitude of the EDF. At lower
energies, the EDFs calculated with standard and
statistically enhanced MC are virtually identical.
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k1 = k50meV ex k2 = k100meV (cos /3ex + sin /3ey)

Fig. 1. For a non-parabolic dispersion the final states are
located on an ellipsoid. The colour maps the transition rate
T (q⃗) as a function of the momentum transfer vector q⃗ = k⃗′

1 −
k⃗1 = k⃗2− k⃗′

2. The transition rate is not symmetric with respect
to the principal axes of the ellipsoid, complicating analytical
integration.
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Fig. 2. EDF along a MOSFET channel, assuming a Kane
dispersion and n = 1×1019 cm−3: The population of electron
states with high kinetic energy at the channel/drain junction
increases due to EES. Adopting the Kane dispersion accelerates
energy relaxation toward the drain.
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Fig. 3. EDF at the channel/drain junction: Higher carrier
densities n lead to an increased population of high-energy
states, which can contribute to device degradation.
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Fig. 4. Statistical enhancement increases the sampling of high-
energy states and enables the study of the distribution at even
higher energy levels.
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I. INTRODUCTION

Simulating semiconductor fabrication is particularly
challenging when three-dimensional (3D) structures with
high aspect ratios (HAR) are involved, such as in 3D
NAND flash memory [1]. Accurate modeling of plasma
processes requires determining the flux of reactive and
charged species reaching the structures on the wafer
surface, which serves as input for physical process mod-
els. For HAR structures, conventional analytical models
or semi-empirical models are often limited to specific
geometries and fail to capture the full range of particle-
surface interactions and reflections occurring within deep
trenches [2]. Monte Carlo (MC) ray tracing provides
a powerful alternative by simulating the trajectories of
pseudo-particles—each representing hundreds of atomic
particles—from a plasma source to the substrate.

Furthermore, process simulation is rarely a one-time
computation. Optimizing a fabrication process requires
running numerous simulations under varying input con-
ditions to explore process windows, improve yield, and
ensure robustness against manufacturing variations. Since
each optimization cycle may involve evaluating hundreds
or even thousands of different scenarios, computational
efficiency is crucial [3]. Traditional CPU-based MC ray
tracing, while accurate, can be prohibitively slow when
modeling particle fluxes for complex 3D structures with
extensive particle interactions. To address this challenge,
we present a GPU-based framework for highly efficient
flux calculations in complex 3D geometries. This method
allows for highly accelerated modeling, compared to tra-
ditional CPU approaches, without losing accuracy.

We utilize NVIDIA OptiX™ [4], a multi-purpose GPU
ray tracing engine, to simulate particle fluxes within a
plasma processing chamber. The implementation is em-
bedded within ViennaPS [5], an open-source process sim-
ulation framework from the Institute for Microelectronics.
The GPU acceleration dramatically reduces computation
time, making previously time-consuming simulations fea-
sible. By significantly accelerating flux calculations, the
bottleneck of physical simulations, our approach enables
rapid exploration of process parameters, facilitating itera-
tive design and optimization without requiring expensive
computational clusters or excessive runtime on a regular
workstation. Additionally, we investigate different surface
representations for ray tracing, assessing their impact on
both performance and accuracy within our framework.

II. TOP-DOWN MONTE CARLO FLUX CALCULATION

For top-down MC flux calculations, a large number
of pseudo-particle trajectories are traced from a source
plane to the surface of a structure, with the possibility of
adsorption or reflection (cf. Fig. 1). Since the simulation

domain is confined to a region near the sample surface,
where ballistic transport can be assumed, the trajecto-
ries are independent of each other. This independence
makes the method well-suited for parallelization of surface
intersection calculations, offering the potential for high
computational efficiency.

Tracing trajectories through a given domain is a well-
established problem, particularly in computer graphics,
where highly efficient ray tracing algorithms have been
developed for this purpose [6]. Due to its straightforward
parallelization, it is also ideally suited for GPU acceler-
ation. To leverage this advantage, we integrate OptiX™
into our framework for particle flux calculation.

The program structure of our flux calculation frame-
work is shown in Fig. 2. First, an explicit surface is
extracted from the native Level-Set representation from
ViennaPS, and used to build the geometry acceleration
structure (GAS). The shader binding table (SBT) is con-
figured to link user-defined programs to the ray tracing
pipeline. The OptiX™ ray tracing engine then handles
fast geometry traversal and intersection calculations, while
user-provided programs manage flux accumulation and
particle reflection in the closest-hit shader. If no inter-
section occurs, the miss shader discards the particle and
generates a new one on the source plane until the desired
ray count is achieved.

III. SURFACE REPRESENTATION

Initially, the surface is stored in a Level-Set, which
is used for topography simulation and surface evolution.
The Level-Set employs an implicit representation, storing
only the signed distance to the surface on a regular grid.
Since ray tracing is more efficient with explicit surface
representations, we test two different approaches: disk
meshes and triangle meshes (cf. Fig. 3 a,b). The disk
mesh represents the surface as a point cloud with normals
defining disk orientations [7], while the triangle mesh is
generated via Marching Cubes. Disk extraction is fast and
well-suited for Level-Set methods, while triangle mesh
extraction is typically slower. Fluxes on disk meshes can
be directly used for Level-Set advection, whereas fluxes
on triangle meshes require conversion back to points on
a rectilinear grid. However, for GPU ray tracing, disk
meshes require a custom intersection kernel, whereas
triangle meshes benefit from built-in GPU support, making
them significantly faster for this task.

Additionally, disk meshes are typically designed with
a diameter that extends beyond a single grid spacing to
ensure a continuous and hole-free surface representation.
However, this can introduce an issue at the edges of trench
or hole openings, where disks may extend beyond the
intended boundary, leading to unintended shadowing of
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incoming particles. This effect is illustrated in Fig. 3(c)
and Fig. 4 which shows the flux distribution on the side-
wall and bottom of a cylindrical hole. Coarser geometry
representations amplify this issue, causing increased shad-
owing and reduced flux inside the cylinder when using
disks. However, as the geometry resolution increases, the
flux values for disk and triangle meshes converge, aligning
with the analytical radiosity calculation [8].

IV. PERFORMANCE

We evaluated the performance using both CPU and
GPU implementations, utilizing the faster disk mesh ex-
traction for the CPU and triangular meshes for the GPU.
Benchmarking was performed using a cylindrical hole
geometry, resolved with approximately 110,000 triangles,
or 50,000 disks. A total of 50 million initial rays were
emitted from the source plane, with a sticking coef-
ficient of 0.1, resulting in approximately 200 million
total traces, including reflections. The GPU shows a 45×
overall speedup compared to the CPU, which aligns with
expectations, as GPUs are significantly more efficient for
ray tracing workloads than CPUs. The resulting flux in a
cylinder is shown in Fig. 4, while benchmark results are
presented in Table I and Fig. 5.

We then simulate the etching of a three-dimensional
cylinder with the above dimensions in a few minutes
on the GPU, making a 100-step optimization feasible.
In contrast, when using a CPU-based ray tracer each
simulation takes about one hour, significantly limiting the
number of possible optimization runs.

Fig. 1. Schematic depiction of rays being traced from a point on the
source plane x⃗P to the surface using reflective or periodic boundary
conditions.

Fig. 2. Overview of the program structure for ray tracing with Op-
tiX™, illustrating the interaction between CPU and GPU components,
including geometry extraction, ray generation, traversal, and shader
execution.

Fig. 3. Mesh representations used for comparison. (a) Triangle mesh
representation. (b) Disk mesh representation. (c) The 2D view of the
disk mesh in the hole geometry illustrates the overextension of disks
at the hole opening.

Fig. 4. Flux distribution in a cylindrical hole. (a–c) show the flux on
the sidewall of the hole for different geometry resolutions, while (d–f)
depict the flux on the bottom, where 0 marks the center of the hole.
The results compare flux computed using triangle and disk surface
representations to the analytical radiosity solution.

Fig. 5. Benchmark comparison of CPU and GPU execution times. The
bar chart shows the time distribution for surface generation, ray tracing,
and post-processing on CPU (blue) and GPU (green). Percentages
indicate the relative contribution of each stage to the total runtime.
All results were obtained by taking the median of ten simulation runs.

TABLE I
TIMING RESULTS FOR CPU AND GPU RAY TRACING.

Device Total Time [s] MRays / s
CPU (i7-12700K, 16 Threads) 15.57 12.30

GPU (RTX 4070 Ti Super) 0.21 1052.85
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The continuous scaling of FinFETs is a chal-
lenge to reproduce in high-volume manufacturing.
Because of that, the industry projects to change the
transistor architecture shortly. Ref. [1], [2] suggest
the tri-gate SOI nanowire FET (SOI NWFET) is
a promising architecture. Ref. [2] showed that, at
high temperatures, the Gate-Induced Drain Leakage
(GIDL) in SOI NWFET is smaller than in SOI
nanosheet FET. This work studies the effect of a
charged oxide trap on the current of n-SOI NWFET.
Ref. [3] has accessed the current variability of
this transistor caused by random dopants. Charged
oxide traps are another relevant source of intrinsic
variability and contributes to BTI and RTN.

This work uses the 3D quantum-corrected Monte
Carlo device simulator presented in Ref. [4], which
employs the effective potential approach to account
for size-quantum effects. Phonon scatterings are
treated in k-space, surface roughness scattering
is modeled in r-space, using Fuchs’ model, and
Coulomb interactions accounted for by solving the
Poisson equation and using a very fine mesh. The
width and height of the NW are 10 nm and the
equivalent oxide thickness is 1.3 nm. The channel
is undoped, and its length is 40 nm. Fig. 1 shows the
experimental and simulated IDS × VGS curves ob-
tained by our group at VDS = 0.7 V. The excellent
agreement demonstrates that our model is accurate.
This study models oxide traps as charged particles.
The simulations were carried out at VGS = 0.5 V
and VDS = 0.7 V. The current and its standard
error (SE) of the device without a oxide trap is
4.387 ± 0.027 µA (with 95% confidence interval).
An ensemble of 100 SOI NWFET was investigated.
In each NWFET, a charged trap was placed in
the oxide at (x, y, z). The schematic of the n-SOI

NWFET is presented on the left-hand side of Fig.
2, and the dashed planes cut the x-position of the
trap. The right-hand side of Fig. 2 shows the cross-
section of the n-SOI NWFET, the red and blue
arrows define, respectively, the regions in the top
and side oxide where traps were placed. The traps
can assume five different positions along these re-
gions. The tail and the head represent, respectively,
the 0-y/0-z-positions and 4-y/4-z-positions. Fig. 3
shows five curves, one for each trap z-position, of
the current deviation as a function of the trap x-
position, and the y-position of all the traps is 0.26
nm from the top Si/SiO2 interface, while Fig. 4
shows the curves for the traps whose y-position is
0.52 nm from this interface. Fig. 5 shows the curves
of the current deviation as a function of the trap x-
position, and the z-position of these traps is 0.26 nm
from the side Si/SiO2 interface, while Fig. 6 shows
the curves for the traps whose z-position is 0.52 nm
from this interface. The presence of a charged oxide
trap affects the electron transport and its density in
the channel. The results show the impact of the trap
depends on its position. When the trap is far from
the source and drain its effect is significant. A trap
in the top oxide causes the highest variability when
the trap is closer to this interface and in the center
of the NW width. A trap in the side oxide causes
the highest degradation when the trap is closer to
this interface and around the BOX.
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INTRODUCTION

Refrigeration ever-smaller integrated circuits is
major scientific and industrial issue, because self-
heating effects result, indeed, in significant re-
ductions of both transistor efficiency and lifetime.
An interesting mechanism for refrigeration is the
thermionic effect. If we consider two metals sep-
arated by a vacuum region, electrons with high
thermal energy (greater than the work function of
the metal) can escape from the metal, transferring
their kinetic energies to the anode to give rise to
refrigeration in the cathode. In the 1990s, room-
temperature thermionic refrigerators emerged using
semiconductor heterostructures, where quasiballis-
tic electron transport replaces the vacuum region.
Cooling of 1–5 K was observed. This paper studies
the AlGaAs/GaAs resonant heterostructure shown
in Fig. 1, proposed in [1] and analyzed via non-
equilibrium Green’s functions in [2], [3]. The struc-
ture features a quantum well (QW) between two
potential barriers: a thin, tall emitter barrier (b1)
enabling resonant tunneling of cold electrons into
the QW, and a thick, low collector barrier (b2) that
prevents electron escape. When subband energy in
the QW matches polar optical phonon energy, elec-
trons absorb phonons, overcome b2 via thermionic
emission, and cool the QW while minimizing heat
backflow. This paper adopts the Wigner-Boltzmann
transport equation (WBTE) for numerical simula-
tion of this structure.

ELECTRO-THERMAL TRANSPORT

Quantum transport phenomena are described by
the Wigner-Boltzmann transport equation (WBTE),
solved in conjunction with the Poisson equation.

The WBTE is addressed using the Signed Particle
Monte Carlo (SPMC) method [4], [5], where the
Wigner potential is treated as an additional scatter-
ing source, alongside phonon scattering.

Thermal, self-consistent device characteristics are
determined by solving the heat diffusion equa-
tion based on the power distribution derived
from the electronic SPMC simulation. This itera-
tive approach, called Electro-Thermal Monte Carlo
method, alternates between Monte Carlo simula-
tions and a steady-state heat equation solver to
compute phonon temperatures, until convergence is
reached.

In this study, we focus on acoustic and polar
optical phonons and employ the parabolic band
approximation.

RESULTS

In the Figure 2 we show the acoustic phonon
temperatures along the device, for some values
of the applied bias voltage Vb. The temperature
decreases in the left region and increase on the
right side of the device, for small values of Vb.
The lowest temperatures are observed in the QW,
with the minimum value of 299.4 K occurring at
Vb = 0.2 V. This modest value is primarily due to
the high lattice thermal conductivity of AlGaAs and
GaAs, which efficiently equalize the temperature
throughout the device. Since the QW is cooled,
but the collector region heats, there is therefore a
risk of heat backflow towards the QW which could
be overcame considering a material in the collector
barrier with a very weak electron-phonon coupling
and a low thermal conductivity.



Fig. 1. Band diagram profile of the device. The GaAs regions
b0 and b1 are 150 nm wide, with a doping concentration of
1018 cm−3. The AlxGaAs1−x barriers b1 and b2 are 2.4 nm
and 150 nm wide, respectively. The Al mole fractions are x =
0.3 (b1) and x = 0.12 (b2). The QW (made with GaAs) thickness
bw is 4.8 nm
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Abstract—This paper introduces a self-consistent Advection-
Diffusion Monte Carlo (ADMC) method for transient modeling
of Single-Photon Avalanche Diodes (SPADs), coupling carrier
transport with electrostatics via the Poisson equation to simulate
avalanche and quenching dynamics. The approach employs a Finite
Element Method (FEM) framework for 3D field calculations and
explores key phenomena such as the build-up field effect, quenching
mechanisms, and quenching time distributions.

I. INTRODUCTION

Single-Photon Avalanche Diodes (SPADs) are highly sensitive
photodetectors capable of detecting individual photons by lever-
aging avalanche multiplication in a reverse-biased p-n junction.
Their ability to provide precise timing resolution and single-
photon sensitivity makes them indispensable in applications
such as quantum computing, LiDAR, and biomedical imag-
ing. Efficient simulation of SPAD transient behavior, including
avalanche dynamics and quenching processes, is crucial for
optimizing device performance, as these phenomena directly
influence timing accuracy, detection efficiency, and noise char-
acteristics [1]. Accurate modeling tools are therefore essential
to advance SPAD technology and enable their integration into
next-generation systems. Standard SPAD simulation tools, such
as TCAD software, typically rely on drift-diffusion models to
simulate carrier transport and avalanche dynamics. While these
models are computationally efficient, they lack the features
needed to capture the stochastic nature of the avalanche and thus
quenching dynamics. To address this limitation, self-consistent
Monte Carlo, based on solving the Boltzmann equation with the
Monte Carlo method (MC), has been proposed to model SPAD
dynamics [2]. Those approaches are computationally intensive
and require significant computational resources, which limits
their practicality for simulating large-scale SPAD and limits the
amount of statistics that can be gathered, which is crucial for the
study of quenching. In [3] an efficient MC method was proposed
to simulate the transport and impact ionization of carriers in
SPADs, based on the Fokker-Planck equation. The method was
shown to accurately capture the avalanche multiplication process.
In this work, we couple the MC method with a Finite Element
Method (FEM) framework to solve the Poisson equation self-
consistently, enabling the simulation of avalanche and quenching
dynamics in SPADs. The proposed methodology is summarized
hereafter.

II. MODELING AND SIMULATION

The transport of carriers is modeled using an advection-
diffusion MC method, where carriers are driven according to
the drift velocity and diffused according to the Einstein’s law.
It results in a Fokker-Planck-like equation for the probability
density function of the carriers that is solved using a particle
MC approach with the following dynamics [3]:{

X0 = x0

Xn+1 = Xn + [−v(Xn, tn) + div(D(Xn, tn))] dt+ σ(Xn, tn)Wn

where X is the position of the carrier, v is the drift velocity,
D is the diffusion tensor, σ is the square root of the diffusion
tensor, and W is a vector of independent standard normal

random variables. The impact ionization and particle generation
are simulated concurrently with the carrier transport, using the
method proposed in [3].

The Poisson equation:

div(ε∇Φ) = −q(p− n+ND −NA)

where ε is the permittivity, Φ is the electrostatic potential, q is the
elementary charge, p and n are the hole and electron densities,
and ND and NA are the donor and acceptor densities is solved
using a FEM framework. The carrier densities are calculated
from the particle positions using a point-in-cell method, and
smoothed when setting the element quantities over the nodes. We
use a simple external R-C quenching circuit (see Fig. 5), which
enables us to compute the voltage across the SPAD directly from
the SPAD current, calculated using the Ramo-Shockley theorem.

III. RESULTS AND DISCUSSION

To illustrate the appearence of a build up field effect during
the avalanche, we show in Fig. 2 an avalanche in a SPAD at
three different times: when the particle is injected, after 20 ps
and after 100 ps. We observe that the depletion region is flooded
with carriers, which creates an important change in the density
and thus on the electrostatics. This impact is shown in Fig. 3
where the carrriers densities, the electrostatic potential and the
electric field are plotted before and during the avalanche along
the x direction. We observe an important drop in the electric field
in the avalanche region, which we call the avalanche build-up
field effect (ABUE). This effect strength is highly dependent on
the device geometry, as illustrated in Fig. 4.

Quenching is a crucial process in SPADs, as it determines
the timing resolution and the afterpulsing probability. Fig. 6
shows the quenching process in a SPAD quenched by a R-C
circuit. The figure shows that in some cases, the quenching fails,
leading to multiple avalanches. Fig. 7 shows the impact of the
ABUE on the quenching process, it lowers the peak current and
the voltage sweep, hence the time during which the voltage
is below the diode breakdown voltage. This results in poor
quenching efficiency. The ABUE is desactivated in the simulation
by assigning a zero ’Poisson-weight’ to carriers generated by
impact ionization.

Finally, the quenching statitistics are investigated. Fig. 8 shows
1000 quenching events. We observe that some simulations take
up to 5 ns to quench, in contrast with the 200 ps standard
quenching time. The detection of such events was made possible
by the statistically signficant amount of data provided by the
MC method, itself enabled by the efficient implementation of
the method.
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Fig. 1. Flowchart of the self-consistent Monte Carlo method for SPAD simulation.

Fig. 2. Avalanche in a SPAD at three different times: when the particle is injected,
after 20 ps and after 100 ps. Electrons and holes are shown in blue and red,
respectively.
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Group IV alloys present a versatile material sys-
tem attracting significant interest due to the possi-
bility of electronic structure manipulation in com-
pounds that are isoelectronic with Si. Although Si is
extensively used for the development of electronics,
its use in photonics is limited due to its indirect
bandgap. Ge1-xSnx offers the potential to develop
a tunable Group-IV semiconductor alloy, with a
fundamentally direct bandgap, and compatibility
with existing Si infrastructure [1]. Furthermore, the
study of Group-IV alloys reveals the possibility of
short-range ordering (SRO) which can be used to
manipulate electronic bandstructure [2]. Given the
wide possibility of its applications, it is important to
investigate electrostatics and electrical transport in
structures fabricated in the Group-IV alloy system.

This work presents a hierarchical framework that
allows the study of hole transport in heterostructures
fabricated in the Group-IV alloy system (see Fig. 1).
Simulation results are validated with experimentally
measured data (conducted at Sandia National Lab)
for Ge1-xSnx heterostructures with different doping
profiles as shown in Fig. 2.

Within this framework, the first step is to calcu-
late the electronic bandstructure and phonon disper-
sions. The effective masses for holes are determined
using first-principles DFT calculations that utilize
the Vienna ab initio simulation package (VASP),
based on the projector augmented wave method.
This work uses the special quasi-random structure
(SQS) to represent Ge1-xSnx random solid solution,
with a simulation cell containing 128 atoms. The
folded electronic bandstructure for 8% Ge1-xSnx

random alloy is shown in Fig. 3.

The next step in the simulation framework is
the self–consistent solution of the Schrödinger –
Poisson problem for heterostructures with an arbi-
trary number of layers. Furthermore, the solver uses
arbitrary doping profiles, temperature-dependent
material parameters, partial ionization of dopants
and Fermi–Dirac statistics. The solution of the
Schrödinger equation is formulated for a general-
ized non–diagonal effective mass tensor.

The results of the Schrödinger – Poisson solver
are fed into the 2D Monte Carlo transport kernel
to investigate hole transport in this heterostructure.
The theoretical model includes acoustic, non-polar
optical phonon, alloy disorder, and interface rough-
ness scattering mechanisms. Coulomb scattering,
relevant at very low temperatures and highly doped
samples has not been implemented yet.

Simulation results for the sheet hole density
(Fig. 4), and the effective hole mobility (Fig. 5) as a
function of temperature agree well with the exper-
imentally measured values. These results demon-
strate the modeling capabilities of the solver to
simulate electrical properties for a wide range of
temperatures. The solver is further improved to fa-
cilitate simulations at cryogenic temperatures (2K).
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Design Principles for Discrete Models of
Nanoelectronic Systems

William R. Frensley
University of Texas at Dallas, Richardson, TX

ABSTRACT

This is a summary of insights that the author has accu-
mulated over five decades of work in computationally-
oriented semiconductor physics. The principle conclu-
sion is that, for stable devices and systems described by
partial-differential (PDE) and integro-differential equa-
tions (IDE), there will always exist a robust discrete
model that does not exhibit spurious solutions or growing
errors, and whose convergence in iterative processes is
generally reliable. There are several requirements by
which such models may be constructed, but they are
largely at odds with widspread practices in this field.

The first requirement is to discretize differential oper-
ators in the lowest order. A notorious example is the
centered-difference (CD) expression for the gradient,
which is guaranteed to create computational problems.
The gradient occurs in k·p Hamiltonians used to define
envelope-function models of heterostructures. Use of the
CD leads to spurious states showing shorter wavelengths
than the true states. If we examine the dispersion relation
of the CD expression in comparison to nearest-neighbor
differences the reason is apparent. Let K̂=−i∂x, and K̂C ,
K̂L and K̂R be, respectively the centered, left- and right-
hand differences in the discrete space. The dispersion
relations are compared in Fig. 1.
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Because the K̂L,R terms appear off the diagonal in
the Hamiltonian, the first-order differences appear in
adjoint pairs, and enter into the eigenvalue expression as
K̂LK̂R = K̂RK̂L = L̂, L̂ being the normal three-point
discrete Laplacian. Thus it is the magnitude of K̂L,R that
determines E(k). This removes the retgrograde regions
of E(k), as seen in Fig. 2.

Similarly, the use of K̂L,R in the Dirac Hamiltonian
for graphene, Ĥ = h̄vF (K̂xσ̂x + K̂yσ̂y), removes the
spurious Dirac points that occur when CD is used.

In classical transport formulaations the gradient ap-
pears in the drift term, and here stability is achieved by
replacing the centered difference with an upwind differ-
ence. The Scharfetter-Gummel approach to calculating
inter-node currents works because it naturally leads to a
bias toward the upstream difference.

A second requirement for the construction of robust
models is that the discrete formulation must exactly
satisfy the physical conservation laws (or vector iden-
tities). This cannot be done if one tries to attach both
scalar and vector quantities to the mesh points. The Yee
discretization for the Maxwell fields (Fig. 3) provides the
prototype for conservative discretizations. We place the
mesh points at the center of a cubic lattice, and associate
scalar functions s with those points, axial vectors v with



Fig. 3. The Yee discretization.

the centers of the faces, and pseudovectors p with the
edges of the cube.

The conservation laws are the conditions that confine
the eigenvalues of the discrete difference operator to
those regions of the complex plane that assure the
stability of the solution. Small violations of them are
what permit the odd eigenvalue to creep across the
stability boundary and create components which grow
with each iteration. Unfortunately, it appears that not
all of these constraints can be guaranteed with irregular
triangle meshes [1].

Schemes such as the transfer-matrix method for trans-
mission probabilities, which reduce the size of the prob-
lem by applying partial analytic soltuitions, are prone to
a different mode of failure, observable as an excessive
sensitivity to arithmetic roundoff errors. This particu-
larly occurs when highly damped evanescent modes are
present, resulting in very ill-conditioned matrices. Such
a situation arises in multi-band tight-binding descriptions
of heterostructures, where, at any energy, the total num-
ber of propagating and evanescent bands must equal the
number of basis states.

The solution is to explicitly represent the Hamiltonian
as a block-tridiagonal matrix with a number of blocks
equal to the number of unit cells in the structure. Then,
direct soltution of the resulting inhomogeneous system
is entirely stable and accurate. (The recursive Greeen
function algorithm is also used, but it is simply a
repeated inversion by partitioning of the block matrix.)

In C-family programming languages one can easily
represent block-sparse matrices as four-indexed objects,
with empty blocks represented by null values in the two-
index object. It is then straightforward to code the Crout
LU-decomposition algorithm for this data structure, and
the LU decomposition preserves the tridiagonal sparsity
structure. In particular, the Crout algorithm is carried out
exactly as it would be for a full matrix, but knowing that
the algorithm will create no “fill” elements outside the
tridiagonal blocks allows the code to ignore those ele-
ments. Thus, one obtains a useful sparse representation
of the dense full Green function.

Possession of a block matrix solver permits one to
satisfy the final requirement for robust models: the use
of direct rather than iterative matrix soltuion procedures,
in a wide variety of physical problems. This is par-
ticularly important for implementing electrostatic self-
consistency using multi-dimensional Newton iterations.
In self-consistent drift-diffusion simulations the fully-
coupled Jacobian can be constructed and solved for one-
dimensional models and in two spatial dimensions we
can easily deal with partially-coupled Jacobians.

At the stage where one has a converged self-consistent
solution to an active device using this scheme, it is easy
to evaluate the set of “terminal influence functions” for
the device, defined by uj(r) = ∂φ(r)/∂Vj. Then one
can use a generalization of the Shockley-Ramo theorem
to evaluate the terminal currents by integrating over the
volume of the device:

Ij =
∫

Jc · ∇uj d3r,

where Jc(r) is the total conduction current at r. This
provides a robust way to evaluate the terminal currents.
We will show this by comparing two simulations of
a simple bipolar transistor, one using a mesh spacing
that resolves the depletion layers, and one with an
absurdly coarse mesh. The resulting characteristic curves
are indistinguishable.

The use of direct solution is also the key to achieving
stability in time-propagation calculations, where some
form of implicit time stepping is necessary to guarantee
stability. One should use the fully implicit algorithm
for dissipative systems and the semi-implicit Crank-
Nicholson or Cayley algorithms for Hamiltonian sys-
tems.
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INTRODUCTION

Density matrix based simulation methods can
offer great insights into the time-resolved quantum
charge carrier transport in nanoscale devices with
open boundaries such as tunneling diodes, multigate
FETs or 2D material based transistors. The most
widely applied methods are based on the Wigner
Transport Equation (WTE) and have been in use for
the analysis of transient carrier transport phenomena
for almost 40 years now. Results are consistent
with those obtained by using non-equilibrium
Greens function (NEGF) methods, though the latter
continues being plagued by extreme computational
demands in the transient case. More recently,
however, our research has shown that studying the
density matrix directly in real space can provide
several advantages. As such, a comparison of the
strengths and limitations of the phase space and real
space methods is given here.

PHASE SPACE BASED METHODS

The preference for the WTE and similar methods
such as quantum Liouville-type equations (QLTE)
naturally follows from the ease of distinguishing
between in- and outgoing waves when setting up the
necessary inflow boundary conditions. The wealth
of research conducted over the years encompasses
the use of a variety of discretization methods,
including the finite volume method visualized in
Fig. 1, efficient finite element methods and Monte
Carlo sampling [1]. Results can be obtained for
a variety of devices such as resonant tunneling
diodes (Fig. 2) and gate-all-around FETs (Fig.
3). Nevertheless, the conventional discretization
methods approach their limits when applying such
continuum models onto devices just few atoms in
dimension [2] (see Fig. 4).

REAL SPACE BASED METHODS

While the already mentioned discretization
methods can also be applied onto the von Neumann
equation, the real space formulation naturally lends
itself to the use of atomistic models such as
tight-binding Hamiltonians [3]. If inserted into an
equation of motion along with the density operator
defined in terms of field operators, a density matrix
formalism in second quantization can be obtained
that retains the atomistic description appropriate for
nanoscale devices (Fig 1). Instead of the arbitrarily
chosen computational grid used with the WTE, the
density matrix elements are defined on the same
lattice points as those of the Hamiltonian that is
used. The resulting equation of motion can not
only reproduce results obtained by the WTE (Fig.
2 and Fig. 3), but also account for otherwise hard
to include effects, such as varying lattice spacings
[3], nonparabolic band structures or rapid change in
device geometry (Fig. 4).

DISCUSSION

The WTE provides an easy to implement and
efficient model that is applicable to numerous
devices. However, while numerical challenges must
still be addressed, the real-space method seems to
be the more capable method for bridging the gap
between established atomistic methods (NEGF) and
time-resolved models (WTE).
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Fig. 1. The schematic representation of the Wigner function
discretized by a finite volume scheme is shown in (a) with
the blue circles representing the locations at which the Wigner
function is defined. By nature of the discretization scheme,
the blue shaded area connects the vectors to its left and
right and needs to be integrated over, possibly introducing a
numerical error in the case of discontinuities. With the real
space formulation shown in (b), the density matrix elements
are defined on the same lattice sites as the Hamiltonian and
discontinuities can easily be taken into account. The resulting
grid does not have to be uniform within the device, thus
allowing for spatially varying lattice distances as the Fourier
transform is only needed at the contacts as is indicated in (b).
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Fig. 2. The current densities from the NEGF method, the
WTE solved in phase space and the tight-binding density
matrix solved in real space [3] all agree well with each
other for the flatband simulation of a GaAs/AlGaAs resonant
tunneling diode with spatially constant (upper graphs) and
spatially varying (lower graphs) effective masses. Additionally,
the higher sparsity of the real space system matrix leads to
faster computation times and lower memory requirements.
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INTRODUCTION

Dissipative quantum transport simulations of 3D
nanoscale semiconductor devices are computationally
expensive, necessitating various approximations [1].
The Quantum Transmitting Boundary Method (QTBM)
in conjunction with the Pauli master equation allows
efficiently incorporate scattering [2], unlike usually
employed Non-Equilibrium Green’s Functions (NEGF)
formalism. This work presents and benchmarks a pre-
liminary 1D QTBM implementation. This code allows
for an efficient and accurate calculation of resonant
tunnelling diodes (RTDs) characteristics, and tunnelling
in general. The code can be used in combination with
other transport methods such as Monte Carlo or drift-
diffusion method to accurately model tunnelling.

QUANTUM TRANSMITTING BOUNDARY METHOD

The QTBM solves a weak variational form of
the time-independent Schrödinger equation with open
boundary conditions on a mesh representing the device.
Simple leads enable setting Cauchy boundary condi-
tions on the lead-device interface. The finite element
method [3] is then used to derive a system of linear
equations, which can be solved to determine the wave
functions within the device:

(T+V + Ĉ)u = P̂ (1)

where T, V, and Ĉ are n × n matrices and n is the
amount of nodes in the mesh. The vector u contains
the wave function. The elements of the matrix T:

Tj,k =
ℏ2

2m⋆

∫ L

0
∂xϕj(x)∂xϕk(x)dx (2)

represent the kinetic term of the system. Value of the
wave function at or between mesh points is represented
by a shape function ϕ(x).

The effective mass m⋆ is assumed not to vary across
the device. V accounts for the total energy at or
between points of the mesh as:

Vj,k =

∫ L

0
[V (x)− E]ϕj(x)ϕk(x)dx (3)

Ĉ is a non-hermitian matrix with diagonal elements.
Eq. (4) in Table I represents contact nodes. For non-
contact nodes, Cj,j = Pj = 0. The boundary value of
the wave number kj is defined by the injection energy

Einj and the potential Vj at the node. The P̂ vector,
whose elements define the amplitude al by Eq. (5) in
Table I, represents the injection from the contacts.

RESULTS

To verify accuracy, a numerical square barrier trans-
mission profile is compared to its analytical solution
in Fig 1[4]. Its height and width is U0 = 0.4 eV and
L0 = 6nm respectively. From the transmission profile,
the magnitude squared of the first totally transmitted
mode a is compared to a damped mode b in Fig. 2. The
transmission profile of a double barrier RTD (barrier
height U1 = 0.3 eV and widths L1 = 2nm) is
evaluated and shown in Fig. 4. Its resonant modes I, II
and III are highlighted and plotted as squares of the
magnitude in Fig. 5 alongside the RTD barrier potential.
All numerical simulations were set with effective mass
of m⋆ = 0.067m0.

The numerical convergence for the double barrier
RTD is shown in Fig. 3. Mesh node resolution Mres

is defined as nodes per unit nanometre. Wave num-
bers higher than the mesh’s Nyquist frequency (half
the mesh node resolution) are distorted from under-
sampling. If the injected wave number kinj exceeds
πMres, it becomes imaginary in the mesh, resulting
in exponential wave functions. This because the wave
number is defined by a first order dispersion relation Eq.
(6) in Table I. By using an energy dispersion relation
beyond the first order, this error can be avoided.

In future work, we will extend the code to treat 3D
structures, with the prospect of more efficient device
simulations.
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Cj,j = − ℏ2

2m⋆
ikj (4)

Pj = − ℏ2

2m⋆
i2ajkj (5)

where kj =

√
2m⋆(Einj − Vj)

ℏ2
(6)

TABLE I
DEFINITION OF BOUNDARY MATRIX AND VECTOR Ĉ AND P̂.
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Fig. 1. Transmission coefficient vs energy for a square barrier with
width L0 = 6 nm and height U0 = 0.4 eV . A resonant mode and
the first damped mode are highlighted as a and b, respectively.
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ABSTRACT  
 
We apply a novel scaling algorithm that projects  

the full 3D NEGF steady state formalism to a scaled 
1D formulation (S-NEGF) that permits the study of 
the current through realistic 3D structures with 
appropriate symmetry. Our results for oxide 
barriers are compared with the well-known Fowler-
Nordheim expression and a more general 
expression using WKB. The impact of trapped 
holes and the effect of temperature are being 
considered. The method is also applied to a resonant 
tunneling diode, where the results agree with 
previous 3D calculations of R. Lake and S. Datta 
(L&D) using a more accurate formulation. Using a 
simple 1D Einstein phonon model we are able to 
accurately predict the peak-valley current of L&D. 
The S-NEGF results reproduces 3D NEGF ballistic 
results for space invariant systems. Scattering is 
introduced phenomenologically, but it is current 
conserving.  

MODEL AND SIMULATIONS 

Wide band gap materials such as SiC used in 
vertical power MOSFETs operate at high voltages 
(high fields) that cause stresses in the gate oxide, 
shortening its lifetime. The estimation of the 
lifetime is done by projecting high temperature 
measurements to room temperature. This projection 
depends on the model and field considered. High 
fields are beneficial as the channel resistance is 
reduced and therefore the power dissipation, 
however this implies shorter lifetimes. The 
estimation of this trade-off requires accurate 
identification of tunnelling current and dielectric 
breakdown mechanisms.  Fowler-Nordheim 
(FN)[1] tunnelling is widely used to describe 
tunneling in dielectrics at high fields. A more 
general model is the Sommerfeld-Bethe (SB) model 
that considers temperature. We compare S-NEGF  

[2] with the above models. Fig. 1 and fig. 2 show 
the current at 300K and 450K respectively, 
assuming 0.4me (me is the electron mass) in the 
oxide [3]. The formation of hole traps in the oxide 
are one of the mechanisms contributing to the 
dielectric breakdown [4]. These traps can form 
resonant paths to induce breakdown [4]. Fig. 3 
shows the current at 450K and me=0.65me 
including two different types of trapped hole (wider 
and thinner). In addition, at low temperatures and 
small Fermi energies the FN is not accurate. We 
have developed an expression (denoted FNG as 
Fowler-Nordheim Generalized), which agrees with 
SB and S-NEGF but is analytical. Fig. 4 shows the 
current, comparing FN, SB and FNG at different 
Fermi energies, showing the agreement between SB 
and FNG. Finally, we have used our methodology 
to reproduce NEGF simulation of a 3D double 
barrier resonant tunnelling diode presented in [5]. 
In the ballistic regime the two simulations agree. 
When considering scattering our results reproduce 
the peak/valley current quantitatively, by using 
similar Einstein phonons as in [5]. 

CONCLUSION 
The S-NEGF methodology presented in [2] has 
been successfully validated by reproducing 3D 
NEGF results [5] including complex resonances. 
We conclude that for triangular barriers FN is a 
good approximation at relative low temperature, 
however at small Fermi energies it is not accurate. 
The S-NEGF method is applicable to very general 
barrier profiles likely to occur in highly stressed 
dielectrics. Trapped holes can lead to sufficient 
enhancement of the current to cause dielectric 
breakdown. Prohibitive “3D NEGF” large 
computations for realistic structures can now be 
circumvented using the S-NEGF formalism that 
uses recursive algorithms. 
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Fig. 1.  Current vs field through an oxide dielectric using 
different models at 300K; the mass of the carrier in the oxide is 
0.40 times the electron mass.  

 
Fig. 2.  Current through a triangular barrier at 450K; the mass 
of the carrier in the oxide is 0.40 times the electron mass. 
 
 

 
Fig. 3.  Current vs Electric field for different models, FN, SB 
and NEGF with oxide mass of 0.65me and 450K. S-NEGF 
calculations with a wide Trap width, W and thinner Trap width, 
T, inside the oxide are also depicted. Note the resonant 
characteristic for the wide trap current.  
 

 
Fig. 4.  Currents from FN, FNG and SB for different Fermi 
energies: 0.3eV, 0.2eV, 0.1eV. The SB and FNG agree as 
expected. The FN is not accurate for low Fermi energy values. 
 

 
Fig. 5. Current vs voltage for the resonant tunnelling diode of 
ref. 4 (Lake & Datta). S-NEGF and S-NEGF Ein (Einstein 
phonons) denoted the calculations of this work. 
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INTRODUCTION 

Ferroelectricity was suggested as a mechanism 

that contributes to the excellent optoelectronic 

properties of halide perovskites such as high light 

absorption rates, long charge carrier diffusion 

lengths, and strong photoluminescence [1-3]. 

However, research on the ferroelectricity of halide 

perovskites has been scarce, and an atomistic 

understanding remains elusive. In this study, 

carrying out multi-space constrained-search density 

functional theory (MS-DFT) calculations [4] for the 

junction models based on two-dimensional (2D) 

MAPbBr3, we study effects of the internal dipole 

alignment on finite-bias quantum transport 

properties.  

COMPUTATIONAL DETAILS 

All calculations were performed within SIESTA 

package, in which MS-DFT is implemented, to 

describe equilibrium and finite bias non-

equilibrium conditions. We used the generalized 

gradient approximation PBEsol, double ζ-plus-

polarization-level numerical atomic orbital basis 

sets, and the Troullier-Martins type norm-

conserving pseudopotentials. The k-point mesh was 

3 𝗑 3 𝗑 1 Monkhorst-Pack grid. 

 

RESULT 

Here, we consider two different dipole 

alignments of MA, parallel (P) configurations (4 

MA dipoles in the unit cell are aligned in the same 

direction) and antiparallel (AP) configurations (4 

MA dipoles adopt alternating orientations) as 

shown in Fig. 1. To investigate the influence of 

dipole moment configurations on transport, we 

performed MS-DFT calculation. We present 

current-voltage (I-V) characteristics of each case 

and analyze their electronic structures. In Fig. 2, the 

P model exhibits asymmetric transport behavior, 

whereas the AP model shows no measurable current. 

To explain this disparity, we obtained projected 

local density of states and energy-resolved current 

in Fig. 3. Due to the higher energy level of valence 

band maximum (VBM) states in the P case, these 

states (marked by left triangles) in the P case are 

positioned closer to the bias window than those in 

the AP case under both bias conditions. Therefore, 

the VBM states of the P case come into the bias 

window at +0.8 V compared to those in the AP 

configuration. This early entry of HOMO states 

facilitates the flow of charge carriers and 

contributes to the observed increase in current. 

Since MA dipoles have the same (opposite) 

orientation in the P (AP) case, MA alignments 

enhance (offset) their internal electric field. In Fig. 

4, dipole effects can be seen by potential and 

density of states (DOS). The red box in the left 

panel indicates that the gradient of Hartree potential 

within the MA layer, indicating that the MA 

alignments induce an internal electric field. It 

results in an upward shift of 0.11 eV in the VBM 

states for the P-up configuration compared to the 

AP case, as shown in the right panel of Fig. 4. This 

shift plays a crucial role in the asymmetric transport 

behavior, and it can be evidence of ferroelectricity. 
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Fig 1. Structures of 2D MAPbBr3 with two different dipole 

alignment 

 

Fig 2. I-V characteristics depending on the dipole moment 

directions. 

 

Fig 3. Non-equilibrium projected local density of states and 

energy-resolved current of P-up and AP-1 

  

Fig 4. Equilibrium Hartree potential, DOS of (a) P-up and (b) 

AP-1. 
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Phase noise model for qubit control
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INTRODUCTION

The evolution of superconducting qubits is con-
trolled by means of properly shaped microwave
pulses. Such pulses are unavoidably affected by
phase noise, which is the consequence of insta-
bilities of the reference oscillators, resulting from
various sources of nonidealities. We present an
improved approach to the generation of phase noise
sequences, that can be used for the numerical simu-
lation of the time evolution of the state of a qubit, in
order to analyze and understand the effect of phase
noise on the achievable fidelity of quantum gates.

NUMERICAL METHOD

We have developed the numerical procedure il-
lustrated in Fig. 1 to generate sequences of base-
band phase noise values with arbitrarily shaped
power spectral density (PSD). We start with the
generation of a sequence of pseudorandom noise
values with a gaussian amplitude distribution and
a white spectrum. We synthesize the finite impulse
response of a FIR filter, characterized by the desired
frequency behavior (by means of an inverse Fourier
transform). Then, the white gaussian noise sequence
is convolved with the impulse response to obtain the
desired phase noise. To speed up the evaluation of
the convolution, we transform it into a multiplica-
tion in the frequency domain, exploiting the FFT
(Fast Fourier Transform) for the conversion from
the time to the frequency domain and vice versa. A
proper zero-padding is performed to obtain vector
lengths that are a power of 2.

RESULTS AND DISCUSSION

In Fig. 2 we report the PSDs for flicker-like phase
noise with different corner frequencies, while in
Fig. 3 and Fig. 4 we show the phase noise behavior
in the time domain (we see that within the duration

of a typical experiment the lowest frequency compo-
nents give a limited contribution, while they are rel-
evant over the longer time interval). To understand
the contribution of single frequency components we
use gaussian narrow-band filters. In Figs. 5 and 6,
we report the impulse response and the frequency
response (respectively) for such filters. The effect of
control-signal nonidealities on qubit coherence and
on error rates has been discussed in the literature by
various authors, in particular Ball and Biercuk [1]
have performed a Hamiltonian analysis based on the
expressions derived by Green et al. [2]. While in
Ref. [1] they conclude that higher frequency com-
ponents of phase noise give the largest contribution,
we find, with Qiskit-Dynamics simulation in which
we exploit our phase noise sequences, that a well
defined spectral interval contributes, depending on
the duration of the experiment and coupling with
the qubit.
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INTRODUCTION 
Superlattice (SL) photodiodes are now widely 

used to detect radiation, especially in the infrared 
region. However, in many cases their theoretical 
description merely adopt ‘homogeneous’ models 
[1]. In particular, the band-to-band (btb) tunneling 
is usually described with the Kane formula which 
was derived for a homojunction device [2]. This is 
because the vertical transport under high electric 
fields is almost unexplored for SL devices. In this 
paper the nonequilibrium Greens function (NEGF) 
method is used to study btb tunneling in SL 
absorber, with the aim of verifying the justification 
for the approaches that use 'homogeneous' models. 

MODEL & METHOD 

As the aim of the work is of qualitative rather 
than quantitative nature, the device is modelled 
with the two-band Hamiltonian  
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where z is the growth direction, k is the in-plane 
momentum norm, and Ei(z, k) = Ei(z) ± ℏ2k2/2m||i, i 
= c, υ, are k-dependent band edges. Calculations 
are made for a toy p-i-n diode made of 9 SL 
periods terminated with bulk n-InAs and p-GaSb 
leads. The leads, and adjacent to them parts of the 
SL region are doped to n = p = 1×1018 cm-3. The 
band diagram of the device is shown in Fig. 1.  

In the NEGF formalism the scatterings due to 
optical and acoustic phonons, and rough interfaces 
were included. The equations of the formalism, 
completed by the Poisson equation, were solved 
self-consistently (Born approximation).  

RESULTS & CONCLUSIONS 
Results of the simulations are shown in Figs. 1-

4. Fig.1 illustrates, that at sufficiently high electric 

field F, the minibands break into the ladder of 
localized Wannier-Stark (WS) states [3]. They act 
as resonant centers for the btb tunneling process; 
each time the WS state in the conduction band 
(CB) aligns energetically with the WS state in the 
valence band (VB), the btb current is enhanced. 
The resulting, oscillatory structure of current-field 
characteristic is shown in Fig. 2. Similar effects 
were observed in real devices made of high-quality 
materials, in which defect-assisted tunneling did 
not hide the direct btb tunneling current, e.g. in ref. 
[4]. This means that the formulas derived for btb 
tunneling in a bulk material can hardly be used for 
SL materials. Further analyses performed on the 
simulation data, and illustrated in Fig. 3 and Fig. 4 
allow to propose a new analytic formula for btb 
tunneling current in SL materials [5]. Namely, 

 ||,
2 ( , )

h
BTB

tun F F

em E
J N

t m E
δ

π
=

∆
, (2) 

where N is the number of btb transitions (≅ SL 
periods), δE is the energetic width of tunneling 
current, ttun is the (field-dependent) tunneling time 
of the dominant btb transition which spans mF SL 
periods, and ∆EF is the mismatch of WS energies.  
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Fig. 1. Band diagram of the p-i-n SL device with 6 nm InAs/6 
nm GaSb period. Doped regions are shadowed. The undoped 
central part resembles the absorber in a real photodiode. The 
color map shows local density of states for the vanishing in-
plane momentum, k = 0, calculated with the NEGF method. 

 
Fig. 2. Current-filed (I-V) characteristic (calculated). Arrows 
indicate the positions of the resonances, determined by the 
equation: eF(m + 1/2)d = ∆ESL (d is the SL period, ∆ESL is the 
C1-H1 bandgap and m + 1/2 is the number of SL periods 
spanned by the tunneling process) for m = 2 and m = 3. Series 
correspond to: circles - total current, squares/crosses - 
individual btb transitions between Wannier-Stark states.  

 

 
Fig. 3. (a) Band diagram and DOS for vanishing in-plane momentum k = 0 in the central part of the absorber under high electric 
field. Minibands are broken into WS states. ∆EF is the (field dependent) mismatch between WS states involved in the interband 
tunneling transition (b) DOS as function of in plane momentum k; lines show hole and electron subbands formed by the WS states 
in C1 and H1 minibands. (c) Position resolved energetic spectrum of the current density; δE is energy width of the current strip (d) 
Momentum-energy resolved current density at z = 63 nm; current flows at k’s for which electron and hole WS subbands cross.  
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Fig. 4. Diagrams illustrating fundamental differences in btb tunneling current in bulk and SL devices in real and energy-
momentum space: (i) the continuous vs discrete grid of energy-momentum pairs available for btb tunneling transitions (ii) ballistic 
vs inelastic extraction of created e-h pairs, which in SL is the LO-phonon dominated WS hopping within minibands [3]. 
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Sensors are indispensable components in our 
lives nowadays. Among all existing types, Field 
Effect Transistor (FET)-based sensors offer 
significant advantages for detecting: label-free, 
real-time, small in size and weight, and integration 
on a chip. FET-based sensors have been widely 
reported for various applications, including the 
SARS-CoV-2 virus, nucleic acids such as DNA or 
RNA, prostate-specific antigen (PSA), etc. In 
addition, novel materials, structures or nano-scale 
devices can unlock new opportunities in sensing 
applications by exploiting novel quantum-
mechanical effects.  

 
In particular, recent advances in Atomic 

Precision Advanced Manufacturing (APAM) have 
enabled the creation of novel quasi-2D highly-
doped regions (a.k.a. δ-layers) in a semiconductor 
with single-atom precision and high conductivity 
(Fig.1a). Previous experimental and computational 
work has demonstrated that these structures 
possess exotic quantum-mechanical properties. 
Among all them, it has been observed that the 
conduction band of δ-layers is strongly quantized, 
resulting in quasi-discrete states in the low-energy 
conduction band. These quantized conduction 
subbands vanishes as the thickness of the δ layers 
increases.  

 
In this talk, we will present a predictive open-

system quantum transport framework to 
investigate the use of APAM devices as FET-
based sensor (Fig. 1b) by exploiting the quantized 
conduction band in δ layers.  

 
Our quantum transport framework[1,2,3] relies 

on a self-consistent solution of Poisson-open 
system Schrödinger equation in the effective mass 
approximation and the Non-Equilibrium Green’s 
Function (NEGF) formalism. To reduce the 
computational cost of these intensive calculations, 
we utilize the Contact Block Reduction (CBR) 
method, which is an efficient method to calculate 

the electronic transmission function of an 
arbitrarily shaped, multi-terminal open device and 
scales linearly with the size of the system.  

 
Fig. 2 shows the study of the sensitivity of the 
device when a positive/negative charge is present 
near the tunnel junction. The sensitivity S, defined 
as the ratio of the change in current caused by the 
presence of the single charge to the nominal 
current. Fig. 3 shows the study of how far these 
devices might sense a single charge at 4 and 300K. 
Fig. 4 shows the sensitivity of the device as a 
function of the thickness of the δ-layer. 

By employing predictive simulations, we have 
demonstrated the extreme sensitivity of APAM 
FET devices for charge sensing in the low-
concentration limit, i.e., for detecting single 
charges. Our results show that APAM FET-based 
sensors achieve superior sensitivity, with a 
maximum sensitivity is around 6.9 at 4K and 0.86 
at 300K for a single negative charge –significantly 
higher than the theoretical upper bound of 
sensitivity for TFET-based sensors, which is 
typically S=6e-3 for low charge concentrations[4]. 
Additionally, we have shown that simulations can 
create opportunities to explore advanced nanoscale 
sensors by leveraging exotic quantum-mechanical 
effects.  
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Fig. 1.  (a) Schematic of the δ-layer tunnel junction, consisting of two very thin, highly n-type-doped layers separated by an intrinsic 
semiconductor gap and embedded in silicon. (b) Example of an APAM FET-based sensor for biological application. 
 

 
Fig. 2.  Sensitivity of the device due to the presence of a single negative charge located at different positions (x,z) in the middle 
plane of the device (y=W/2), see Fig. 1a, at 4K in (a) and at 300K in (b), as well as for a single positive charge at 4K in (c) and at 
300K in (d). A voltage of 1mV is applied between the source and drain. The device dimensions are: L=40nm, W=15nm, H=8nm, 
and t=1nm. 
 

 
Fig. 3. Sensitivity of the device to the presence of a single negative 
charge located at different distances d from the δ-layers, along the 
line (x, y, z)=(L/2, W/2, d), at both temperatures 4 and 300K. The 
green sphere represents an electrical charge. A voltage of 1mV is 
applied between the source and drain. 

 
Fig. 4. Sensitivity vs. δ-layer thickness study when a single 
negative charge is placed between the δ-layers. 



Exploring quantum technologies through THz
polaritonic semiconductor devices
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INTRODUCTION

The understanding of the interaction between
electrons and electromagnetic fields has been a con-
stant topic of research in electronics. The electrons
(”matter”) and the electromagnetic field (”light”)
are usually treated as independent yet interacting
physical quantities. This independence is well suited
in the modeling of most electronic devices (within
the so-called weak light-matter interaction regimes).
However, when light and matter reach the strong
couple regime, they can no longer be treated as
independent entities, but as an hybridized light-
matter state named polariton [1].
Polaritons appear in a wide variety of platforms.
For example they occur when electrons are confined
within a ”matter” cavity (or a quantum well) and
THz radiation is confined within an ”optical” cavity
(or a resonant THz cavity)[2]. In this work, we focus
on the so-called intersubband polaritons [3].
Although the quantum optics community has devel-
oped a robust understanding of such phenomenology
and some experimental prototypes of polaritons op-
erating at room temperature have been documented
[4], the electronics community has largely over-
looked the device possibilities of these phenomena.

MODEL

In this work, we explore how several electrons
(each insde a double barrier seen in Fig 1 represent-
ing a two-level system with states ψ1(x1), ψ2(x2))
strongly interacting with a single-mode electromag-
netic field φ(q) can be used to develop novel quan-
tum applications when equipped with electrodes
to provide a flexible configurability (Fig. 1). For
instance, each quantum well can be seen as a qubit,
and their entanglement can enable the realization
and manipulation of an N-qubit entangled system.
On the other hand, since the entanglement originates
from the interaction with the electromagnetic field,
it could be harnessed over large distances, enabling

some type of quantum communications. In Fig. 2,
we draw the mentioned polaritonic system coupled
to a measuring apparatus represented by a degree
of freedom y to measure both electron’s energies.
We study such measurement process within the
Bohmian framework, which has shown that quantum
phenomena can be consistently explained in terms
of well-defined (ontologically determined) proper-
ties of physical systems [5], and enable multiscale
modeling (Fig. 2) when the electromagentic field
generated inside the quantum well needs to be cou-
pled to the optical cavity for realistic self-consistent
simulations.

CONCLUSIONS

We argue that this emerging phenomenon holds
the potential to revolutionize electronics by naturally
bridging electronics and photonics. Furthermore,
it offers a new platform compatible with tradi-
tional electronics fabrication techniques for advanc-
ing quantum technologies.

ACKNOWLEDGMENTS

We acknowledge support from the Spain’s Minis-
terio de Ciencia, Innovacion y Universidades under
Grants PID2021-127840NB-I00 (MICINN/AEI/FEDER,
UE) and PDC2023-145807-I00 (MICINN/AEI/FEDER,
UE.

REFERENCES

[1] C. Ciuti, G. Bastard, and I. Carusotto, Phys. Rev. B, vol.
72, no. 11, p. 115303, Sep. 2005

[2] C. F. Destefani, M. Villani, X. Cartoixà, M. Feiginov, and
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Fig. 1. Different realizations of the polaritonic semiconductor device. (a) and (b) show polaritonic devices with just one electron,
whereas (c) and (d) show a two electron system. The quantum wells of system (c) are close enough so electrons can interact
directly between them. The device in (d) has the central barrier width enough to prevent electron’s direct coupling. In this case, the
entanglement among them is due to their interaction with the electromagnetic field.
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Fig. 2. Scheme of the polaritonic device model depicted in Fig 1(d) including a measuring apparatus. Two quantum wells, each
containing a single electron with two discrete energy levels, are embedded within a larger ”light” cavity that supports a single-
mode electromagnetic field strongly coupled to the electrons. Additionally, a measuring device is coupled to the system, enabling
the measurement of the electrons’ energies. The measuring apparatus channalizes the system as shown in the bottom image. The
evolution of the 2D wavefunction Ψ(x, y) (contour plot) is represented together with Bohmian trajectories (solid lines) from two
different experimental outcomes: the blue trajectory corresponds to a measurement in the ground state, while the red trajectory
corresponds to a measurement in the excited state.
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