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EXECUTIVE SUMMARY 

This document satisfies the closeout requirements for NRL base program 991L68: Characterization and 
Control of Dopants and Defects at the Single-Atom-Scale. It provides an overview of the technical 
objectives of the program, technical progress, and dissemination of research findings through 
publications, presentations, transitions, and awards. 
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CLOSE OUT MEMORANDUM FOR NRL BASE PROGRAM 991L68: 
CHARACTERIZATION AND CONTROL OF DOPANTS AND DEFECTS AT THE 

SINGLE-ATOM-SCALE 

PROGRAM DESCRIPTION 

The objective of this program is to develop methods for direct imaging and spectroscopic 
characterization of atomic-scale defects, and, where possible, electron-beam driven control of defect atom 
positions to add a new level of understanding and flexibility to the design and production of semiconducting 
and two-dimensional materials. This work focused on developing precise knowledge of, and control over, 
the placement of individual dopant atoms that will ultimately permit the tuning of optical and electrical 
properties of materials for quantum information and photonic applications. The NRL UltraSTEM is ideally 
suited for characterization of nanomaterials at scales down to the individual atom. This class of electron 
microscope is the only tool capable of directly imaging sub-surface impurity atoms and vacancy defects 
with simultaneous spectroscopic characterization. Progress has been made in three systems of active interest 
to NRL, ONR and DoD in general: 1. Particulate nanodiamonds, 2. Wide-band gap semiconductors, and 3. 
Two-dimensional transition metal dichalcogenides (TMDs). 

Direct Characterization and Positioning of Point Defects in Particulate Nanodiamonds 

 Through this program, significant advances were made in the ability to characterize and control dopant 
incorporation into nanodiamonds through aberration-corrected scanning transmission electron microscopy 
(STEM). The objective of this task was to directly image, characterize, and position single color-centers, 
particularly the nitrogen-vacancy (NV) center, in diamond – a single-atom defect that is a known quantum 
emitter. The defect incorporation was understood by using simultaneously acquired electron energy loss 
spectroscopy (EELS) and energy dispersive x-ray spectroscopy (EDS). By coupling these spectroscopic 
signals, we were able to experimentally verify that an EELS peak at 282.4 eV originates from the NV center 
and thereby image the location of a single NV center in a nanodiamond. Naturally-occurring nanodiamonds 
containing NV centers, sourced from the Murchison meteorite, provided a platform on which we optimized 
spectroscopic conditions necessary to unambiguously identify this single point-defect. Working with 
synthetic nanodiamonds obtained from the commercial vendor FND Biotech, NV centers were identified 
in samples that are more readily applicable to scalable quantum technologies than the meteoritic 
nanodiamond used to establish proof-of-concept, single-defect spectroscopy. An in-situ heating stage was 
also used to observe the temperature stability of N and noble gas dopants in diamond from room temperature 
to 1200°C. The N impurities were observed to change atomic configuration at temperatures between 400 
and 600°C, well below typical temperatures in bulk diamond. We further established electron beam 
parameters that allowed us to reposition N atoms and/or NV centers in situ using the electron beam, 
demonstrating that the STEM beam can be used to reposition N atoms and/or NV centers in diamonds. 
Because the STEM beam is atomically-sharp and can be precisely positioned, this work indicates that 
controllable positioning of a single NV center should be possible. This is important progress toward 
individually positioning NV centers to create atomically precise single photon emitter arrays. 

Atomic-Scale N Defects in Wide-Band Gap Semiconductors 

 Another objective of this work was to identify defect structures in transition metal nitride electronic 
materials and cubic boron nitride (c-BN) thin films, with applications in high power and superconducting 
electronics. Incorporation of NbNx and Ta2N together has the ability to produce defect-free SNS Josephson 
junctions that have been suggested as a programmable voltage standard. Our electron microscopy analysis 
provided a definitive determination that the structure of tantalum nitride films was the desired non-polar 
P63mmc phase, rather than related polar P63mc Ta2N or P-31m TaN phases. This information gives 
promise for growing related wide band gap materials like AlN and GaN on Ta2N, which may provide a new 
defect-free way to bridge lattice mismatch between SiC and conventional III-nitride semiconductors.  

______________
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 High-Sc fraction ScxAly-1N films with x > 0.4 offer a 5x increase in piezoresponse compared to pure 
AlN and are the first experimentally demonstrated nitride ferroelectric material, expanding the range of 
possible nitride-based devices. Controlling the phase of epitaxially grown ScxAly-1N is very challenging, 
and while theory predicts the wurtzite phase to be most stable, it is difficult to avoid cubic inclusions during 
growth. Using STEM, this program determined the presence and location of the fine-scale cubic inclusions, 
which are typically smaller than 5 nm. STEM imaging revealed that the initial film growth proceeds with 
narrow columnar domains that coarsen into larger domains with several inclined threading dislocations, 
consistent with strain relief. Cubic inclusions are found among the initial columnar growth features, and 
few-nm cubic grains are also found throughout the coarser grained regions of film near threading 
dislocations. EELS studies revealed a subtle difference between the cubic and hexagonal phases.  
 Additionally, STEM revealed the critical role of Mg dopants in the growth of c-BN on diamond 
substrates, illuminating a deeper understanding of c-BN growth necessary to produce these UWBG films. 
 
Micron-Scale Modification of Two-Dimensional Transition Metal Dichalcogenides 

 Another objective of this project was modification of 2D materials for the precise, nanoscale tuning of 
material properties. In collaboration with Code 6390, we studied Bi2Se3 bilayers on monolayer WS2 for 
spin-polarized and oxygen transport. In this work, we demonstrated a method to manipulate the valley 
polarization and degree of circular polarization (DoCP) across a large range using a low-power laser (0.762 
μW) in ambient conditions and at room temperature. The changes are locally confined, enabling features 
as small as 814 nm, and are long-term stable (>334 days). Applying a laser in a vacuum controllably 
reverses changes to the photoluminescence (PL) and DoCP. The PL and DoCP can be reliably manipulated 
within a range, allowing the material to be erased and reused. Investigation of the laser-irradiated Bi2Se3-
WS2 material in an oxygen environment revealed a change from Bi2Se3 to a BixOySez nanothin film that 
strongly resembles a rare 𝑅𝑅3𝑚𝑚 Bi2O3 phase, a rare crystal form of Bi2O3 predicted to have superior oxygen-
transport properties to the other experimentally-stabilized crystal structures. To the best of our knowledge, 
we have synthesized some of the most chemically pure 𝑅𝑅3𝑚𝑚 rhombohedral Bi2O3 reported. We were also 
the first to report synthesis of rhombohedral Bi2O3 in nano-thin morphology. The micron-scale, size-
confined laser spots selectively transform Bi2Se3 to 𝑅𝑅3𝑚𝑚 BixOySez and allows for rapid oxygen transport 
near room temperature under laser exposure. This nano-thin BixOySez material is a promising, unexplored 
low temperature solid oxide fuel cells and improved syngas production. The fabrication mechanism of 2D 
material modification via laser irradiation can be applied to other 2D materials as a generalized method to 
manipulate their properties with high precision and sub-micrometer spatial resolution. 
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