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During this three-year grant, we have published five manuscripts, given nine conference talks and invited
seminars, and been awarded six awards in recognition of my group’s research. Our main work has focused
on studying doping and strain in 2D materials and the impact that these structures have on the electronic
properties and design of 2D nanoelectronic devices. Most recently, we published a manuscript on “Deep
Learning Enabled Measurements of Single-Atom Defects in 2D Transition Metal Dichalcogenides with
Sub-Picometer Precision” (C.-H. Lee et al., Nano Letters 2020). By applying machine learning to analyze
atomic defects from scanning transmission electron microscopy images, we demonstrated that convolution
neural networks can be trained to identify single atom dopants in a 2D transition metal dichalcogenides
such as Mo xWxTe> and WS,..Sex. These data allow us to probe large numbers of defects in order to extract
information about local strains, deformation, and atomic-scale interactions between defects. For example,
by locating, classifying, and aligning, and summing images from hundreds of identical defects, we produce
very high signal-to noise images of atomic defects without damage to the structure. Using the resulting
data, we can measure local strains around defects with sub-picometer precision: for example, we observed
alocal 0.4% (1 pm) lattice contraction at W dopants in Mo.«WxTe. To our knowledge, these measurements
are the highest precision structural measurements of defects in 2D materials, and they are comparable to
the highest precision structural measurements ever acquired using atomic resolution electron microscopy.

Using this new characterization technique, we discovered the presence of point defect-induced,
radially oscillating strain fields (Figure 1). This phenomenon was predicted for metals in 1950s but has
never been previously observed. These oscillations cannot be explained by either classical discrete or
continuum mechanics theories but are present in density functional theory simulations. We proposed that
these oscillations in 2D semiconductors results from quantum mechanical charge oscillations, a topic we
are continuing to explore. These results are significant because they point to methods to detect localized
electronic rearrangements through high-precision electron microscopy, and because they demonstrate the
coupling between strain and electronic charge at defects in 2D systems.

Figure 1: Displacement and strain
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We have also contributed to four projects more broadly in nanoelectronic materials and devices.
First, we, completed a collaborative project on graphene etch stops (J Son et al., Nature Communications
2018) demonstrated a new method to fabricate complex integrated 3D device structures with high electrical
mobilities—the highest ever reported for graphene at the time of our publication. This method uses
graphene, which is chemically inert and impermeable to gasses, to select with atomic precision the etch
depth of patterning using otherwise conventional semiconductor patterning methods. This work addresses
a major challenge in creating electronic devices from 2D materials—how to pattern and electrically address
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individual atomic layers while also protecting them from exposure to air and residues from nanopatterning
procedures in order to achieve high performance devices. Second, our collaborative project on strained 2D
materials (Y. Zhang et al., Nano Letters 2018) demonstrates spatially periodic strain tuning of in the 2D
materials graphene and MoS; using arrays of silica nanospheres as a patterned substrate. Using this
approach, strains were achieved up to an average of 0.3 percent and local strains up to 2 percent, enough to
induce changes in the conductance these materials at low temperatures. Third, we contributed to a
collaborative work on understanding the microstructural evolution of Cu-Nb oxide nanocomposite alloys
(Q. Li et al., Journal of Materials Research 2019). The goal of this work was to develop bulk
nanocomposites with high strength and radiation resistance. Our work in this area was to use electron energy
loss spectroscopy and STEM imaging to understand the oxidation states of the Cu-Nb oxide nanoinclusions,
and how they can be manipulated through ball milling. Finally, in a collaborative project on ferrimagnetic
materials (J Finley et al., Advanced Materials 2018) demonstrates highly efficient spin-torque switching in
the Heusler alloy Mn,Ru;- « Ga, indicating their potential for high density, low power magnetic memories.

Figure 2: STEM image of a h-BN encapsulated graphene
device fabricated using an atomically thin graphene etch
stop. This novel fabrication method enables complex
devices with 3D geometries to be fabricated in 2D
materials, including the fabrication of graphene
transistors with exceptionally high electron mobilities
(40,000 cm?/Vs at room temperature). From J. Son et al.,
Nature Communications (2018).
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