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Research Summary
If current trends continue, information and communication technology (ICT) could ac-

count for 20% of global greenhouse gas emissions by 2040. This increase is driven by the
rapid growth in data science, cloud computing, and artificial intelligence. For example,
training the GPT-3 language model consumed about one gigawatt-hour of energy, resulting
in over 500 tons of carbon dioxide emissions. To align with climate goals, a significant
reduction in ICT power consumption is necessary.

Transistors are fundamental to ICT. Over recent decades, their integration density has
increased dramatically, leading to the development of chips with trillions of transistors. For
instance, Micron’s V-NAND chip contains five trillion MOSFETs. To achieve such density
while avoiding performance issues, transistors use the FinFET architecture, where the chan-
nel is an ultra-thin fin surrounded by the gate electrode. Upcoming technologies, such as
Intel’s RibbonFET and TSMC’s GAAFET, aim to further reduce channel thickness. How-
ever, below 3 nm, the mobility of silicon channels—which quantifies the velocity at which
electrons travel in the channel under an applied voltage, and is essential for high-speed
operation—decreases sharply due to interface scattering and quantum effects, impacting
performance and thermal management.

Two-dimensional (2D) materials, which are only a few atoms thick, offer a potential
solution for further transistor miniaturization. Their atomically sharp surfaces and scal-
ability make them especially attractive. However, most 2D materials have relatively low
carrier mobility (10-100 cm2/Vs at room temperature), which is insufficient to outperform
current silicon technologies. To be viable, 2D materials need to achieve a tenfold increase
in mobility, around 1000 cm2/Vs.

Within this project we conducted quantum simulations to predict the electric transport
properties of many candidate 2D materials. Quantum simulations allow us to design and
test materials atom-by-atom, predicting their properties with high precision before physi-
cal fabrication. We used the ab initio Boltzmann transport equation (aiBTE), a quantum
adaptation of the classical Boltzmann equation, to compute carrier mobility. This method
requires high-performance computing resources, such as those provided by the Texas Ad-
vanced Computing Center (TACC), and is implemented in the EPW code, a leading software
for calculating carrier mobilities from first principles which is developed by us and our col-
laborators (https://epw-code.org). Recent improvements to EPW enabled us to perform
the most sophisticated and accurate mobility calculations ever reported.



We screened the 2D Materials Cloud database, which includes over 5,000 layered com-
pounds to identify promising candidates. Through a rigorous hierarchical downselection
process (Figure 1), we found several materials worthy of further analysis with the aiBTE.
This screening required a total of 18 million hours on the Frontera supercomputer at TACC,
the world’s largest academic supercomputer.

Our computational screening identified several promising high-mobility 2D materials.
Among them, monolayer tungsten disulfide (WS2)—a semiconductor consisting of one atomic
layer of molybdenum sandwiched between two atomic layers of sulfur—emerged as particu-
larly exceptional. In our initial screening, WS2 was the only material with a predicted hole
mobility exceeding 1,300 cm2/Vs at room temperature (Figure 1). Despite this, experimen-
tal measurements show a mobility of less than 100 cm2/Vs, raising the question on why our
calculations—which are very close to experiments for most materials—were so far from the
measured values.

To answer this question, we conducted an in-depth analysis of carrier scattering in WS2.
Our findings indicated that the high theoretical mobility is due to strong spin-orbit coupling
and weak ionic polarization. Spin-orbit coupling splits the doubly-degenerate bands at the K
valleys, preventing intravalley interband scattering and lowering the Γ valley to restrict K-Γ
scattering. Additionally, spin-orbit coupling leads to valley polarization, which blocks K-K’
intervalley scattering. This behavior is unique among 2D materials; a similar effect occurs
in the related compound WSe2 but is less pronounced due to weaker spin-orbit coupling.
Moreover, WS2 exhibits the weakest ionic dielectric screening among polar compounds, re-
sulting in minimal Fröhlich scattering and exceptionally long hole relaxation times.

These insights explained WS2’s high theoretical mobility, but did not resolve the discrep-
ancy with experimental values. To further investigate, we included additional mechanisms
not typically accounted for in the aiBTE due to their computational complexity. We in-
corporated quantum many-body quasiparticle corrections, examined carrier concentration
effects, and accounted for quadrupole-type electron-phonon scattering and point-defect and
grain-boundary scattering. These effects decreased the estimated mobility to approximately
200 cm2/Vs, aligning more closely with experimental results. Therefore, we concluded that
WS2 is intrinsically a ultra-high mobility semiconductor, but the presence of defects and
interfaces prevent it from reaching its fullest potential.

Our work suggests that, in the quest for high-performance 2D materials for ICT, instead
of searching for exotic new materials, we should rather focus on improving fabrication pro-
cesses and interface engineering of a well-known compound. We are currently collaborating
with an experimental group to verify our predictions and realize high-mobility 2D transis-
tors baded on WS2.

A manuscript resulting from this project is in press at npj Computational Materials.
Calculations were performed by Dr. Viet-Anh Ha, a research associate in my team who
specializes in ab initio calculations of carrier transport. In addition to the Moncrief Grand
Challenge Award which supported me during this period, this work was sponsored by the
Seminconductor Research Corporation via the JUMP 2.0 Center SUPREME.



Beyond the above research on the design of high-performance 2D materials for next-
generation ICT, this Moncrief Grand Challenge award allowed me to fully engage with
several ongoing projects in my group. This activity has led to a number of publications,
most notably in high-profile journals such as Physical Review Letters, Proceedings of the
National Academy of Sciences, and Nature.

Figure 1: Left: High-throughput screening of carrier mobilities of 2D materials from the 2D Materials
Cloud Database. Right: Computed hole mobility of monolayer WS2, including various scattering

mechanisms, and ball-stick model of WS2.
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