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2D materials for logic device scaling

M Check for updates

Peng Wu, Tianyi Zhang, Jiadi Zhu, Tomas Palacios and Jing Kong discuss the reproducibility issues
inthe synthesis and device fabrication of two-dimensional transition metal dichalcogenides that
need to be addressed to enable the lab-to-fab transition.

wo-dimensional (2D) semicon-

ductors, such as transition metal
dichalcogenides (TMDs), have

been considered promising can-

didates for extending the scaling

roadmap for logic devices by leading semicon-
ductor manufacturers'”. However, the inte-
gration of billions of transistors in a modern
integrated circuit chip requires a very high
standard of uniformity and defect control
from material synthesis to device fabrication.
Wafer-scale synthesis of electronic-grade
TMDs is required for integration with pro-
duction lines in semiconductor foundries
(Fig. 1a). The most successful efforts so far
are based on chemical vapour deposition
(CVD), including metal-organic chemical
vapour deposition (MOCVD) that has been
commercially used by industry for the growth
of numerous compound semiconductors.
CVD synthesis involves several general pro-
cesses: vaporization and mass transport of
precursors; decomposition and reaction
of precursors either in the vapour phase or
on the substrate surface; and deposition of
2D materials on the substrate. Multiple key
parameters, such as temperature, pressure,
precursors, seeding promoters, carrier gas,
reactor design and substrate, collectively
determine the resulting product by influenc-
ingthe thermodynamics and kinetics of these
processes*. Point defects, including vacancies
and atomicimpurities (such as substitutional
carbon dopants®), are prominent types of
non-idealities in CVD-grown TMDs affecting
their electrical performance and reliability,
and efforts have been made to mitigate their
impactvia controllable synthesis approaches.
For example, the feeding of a reactive chal-
cogen monomer has enabled the growth
of high-quality TMDs with low chalcogen
vacancy densities®. An oxygen-incorporated
CVD approach has been devised to passivate
the sulfur-vacancy-induced in-gap states in
monolayer MoS, (ref. 7). To achieve TMD syn-
thesis with wafer-scale uniformity, optimizing
the uniformity of precursor feeding becomes

highly important, which can be achieved by
engineering the CVD set-up (such as by using
ashowerhead design for precursor feeding)
and/or the type of precursors (such as by
employing the MOCVD approach that uses
gas-phase precursors with tunable feeding
rates). Moreover, the temporal uniformity
(that is, batch-to-batch reproducibility) is an
often overlooked factor that can be affected
by the build-up of deposited materials and
contaminants on the reactor wall over time,
which warrants attention and optimization
infuture studies.

Apart from the intrinsic disorders induced
during the material synthesis, the subsequent
2D material transfer and device fabrication
processes (Fig. 1b) may introduce additional
extrinsic defects, which become another
source of non-uniformity. For instance,
strain, contaminations and macroscopic
damage (such as cracks, wrinkles, voids and
particles) may be introduced when TMDs are
transferred from the growth substrate to the
target substrate. For thisreason, transfer-free
directgrowth of 2D materials at temperatures
compatible with the existing materials and fea-
turesinthetargetsubstrate®is moredesirable.
Yet, this usually leads to polycrystalline films,
whereas wafer-scale single-crystalline TMD
films are preferable to avoid grain boundary
scattering but usually require specially treated
substrates’ and elevated temperatures, for
which transfer is still necessary. Extrinsic
disorders can also be introduced when the
synthesized 2D materials are integrated into
devices. Forexample, interface traps, border
traps and fixed charges at the oxide-semi-
conductor interface affect the off-state per-
formance and stability of the transistor and
cause device-to-device variations in thresh-
old voltage (V,;,), subthreshold swing (SS)
and mobility (u)'°. Metal contact formation
could also damage the 2D material and cause
metal-induced gap states and Fermi-level pin-
ning, which lead to undesired large Schottky
barrier heights and contact resistances'.
Process variations and contamination in the

device fabrication steps could also contribute
to additional non-uniformity of device per-
formance, although theseissues are arguably
more common in research labs than in com-
mercial facilities.

To determine and monitor the material
quality of TMDs and their structural changes
during processing, it is important to char-
acterize the defects formed in the synthesis
process as well as during the transfer and
devicefabrication steps (Fig. 1c). Macroscopic
defects, such as wrinkles, cracks, voids and
particles, arerelatively easy to find. However,
microscopicdisorders, suchas vacancies, sub-
stitutional impurities, grainboundaries, strain
and absorbates, are more difficult to identify.
Although atomic defects canbe imaged using
modern microscopy techniques, such asscan-
ning tunnelling microscopy, atomic force
microscopy and scanning transmission elec-
tron microscopy, thelow throughput of these
techniques limits their applications in rapid,
wafer-scale mapping of material quality. To
complement atomic-resolution microscopy
characterization, it is important to develop
quicker, non-invasive optical characteriza-
tion methods, such as Raman spectroscopy
and photoluminescence spectroscopy, to
probe the crystal quality and predict device
performance of TMDs in a rapid and reliable
manner (Fig. 1d)">. The implementation of
machine learning models' should further
help in unravelling the correlations among
different characterization outcomes and the
mechanisms behind them.

The electrical characteristics of the fabri-
cated devices are the ultimate gauge of per-
formance (Fig. 1e). Future commercial 2D
transistors require a combination of excel-
lent on-state performance (high on-state
current /oy and transconductance g,,, which
requires high mobility u, low contact resist-
ance R. and low access resistance R,....) and
excellent off-state performance (low off-state
current /o, which relies on small subthresh-
old swing (SS) and drain-induced barrier
lowering). Apart from contact engineering
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Fig. 1| Reproducibility issues in 2D TMD synthesis and device fabrication.

a, Schematic of 2D TMD synthesis with various key parameters highlighted and
illustration of spatial uniformity and temporal uniformity. b, Illustration of
device fabrication and process-induced defects. ¢, Disorders and defectsin 2D
TMDs. d, Schematics of material characterization methods and machine learning
models for correlating characterization results with external perturbations.

e, Electrical performance characterization of 2D TMD transistors. R, contact

resistance; Vy, threshold voltage; SS, subthreshold swing; iz, mobility; I, drain
current; Vs, gate voltage; Vi, drain voltage; R, channel resistance; R,...s,, access
resistance; /oy, On-state current; /o, off-state current; g;,,, transconductance;
Voo, supply voltage; AFM, atomic force microscopy; STM, scanning tunnelling
microscopy; STEM, scanning transmission electron microscopy; DIBL,
drain-induced barrier lowering. Panel d adapted from ref. 12, under a Creative
Commons license CC BY 4.0.
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Fig.2| Benchmark of the current state-of-the-art demonstrations of wafer-scale 2D material growth and
device fabrication. D,, interface trap density. Datafromrefs.1,2,8,14.

and dielectric scaling®, reducing intrinsic
and extrinsic disorders from the synthesis
and device fabrication steps is key in achiev-
ing the highest performance and minimizing
device-to-device variations. To make progress
towards wafer-scaleintegration, it is essential
toreporttheyield and reproducibility, includ-
ing within-wafer uniformity and cross-wafer
variations, instead of focusing only on the
best-performing (‘champion’) device, which
has been a common practice in the field of
emerging devicesreportedin the literature.
To illustrate the gap between the cur-
rent state-of-the-art and the target, Fig. 2

benchmarks afew representative demonstra-
tions**'* of wafer-scale 2D material growth
anddevice fabrication. These demonstrations
focus on MoS, growth and n-type 2D transis-
tors, and there is an even larger gap for WSe,
growth and p-type 2D transistors. Although it
is challenging to satisfy all the requirements
needed for a production-ready technology,
some individual requirements have already
been met or exceeded and good progress is
being made in others. To facilitate the pro-
gress towards the ultimate goal of device
scaling, however, more attention should be
paid to the reproducibility and variability of

the reported 2D material growth and device
fabrication technologies.
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