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We show how individual atomic defects 
and linear mirror twin boundaries in 2-D 
MoSe2, alter the electronic structure 
leading along mirror twin boundaries to 
charge density waves and solitons. 

2-D MoSe2 is a quantum confined transition 
metal dichalcogenide (TMD) with 
fascinating optical and electronic 
properties due to the confinement in z. 
Defects in these materials have the 
potential induce functionality well beyond 
traditional defect engineering. Using 
Scanning Tunnelling Microscopy and non 
contact atomic force microscopy we set 
out to visualize and correlate in 2-D MoSe2 

the morphology and electronic properties 
of defects with atomic resolution. We show 
how individual Se vacancies form 
atomically confined Type 1 hetero junctions 
– possibly responsible for single photon 
emission (Fig 1). Another prominent defect 
are mirror twin boundaries, one-atom wide 
1-D defects, forming truly 1-D metal 
channels embedded in the surrounding 
semiconductor. At low temperatures a 
band gap opens at the Fermi level in these 
metallic states, leading to the formation of 
isolated 1-D charge density waves (Fig 2). 

References 
 
[1] S. Barja, A.Weber-Bargioni, et al., 

Nature Physics, 12 (2016) 751 
Figures 

UC-National Lab Collaborative Research and Training Awards – Research Narrative (2017 LFRP-CRT)    Page 3 of 14 

Proposal Title: Mesoscopic two-dimensional materials: from many-body interactions to device applications 
Host Campus: UC Los Angeles 
Name of Applicant Principal Investigator (PI): Wong, Chee Wei 

 

heterostructures with atomically-sharp interfaces, matched with our full suite of Raman, AFM, XPS, EDS, EELS et 
al. characterization capabilities.  

Individual atomic-scale defects in 2D 
TMDs can modify charge transport or 
introduce ferromagnetism, and one-
dimensional defects such as grain 
boundaries and edges may alter 
electronic and optical properties, and 
introduce magnetic or catalytic 
functionality [5]. Complementary to the 
lateral atomic crystal growth and IPFOM 
capabilities, our team (Weber-Bargioni 
and Balandin) have recently observed the 
presence of charge-density waves in 
TMD crystal interfaces [5, 16]. Figure 3 
shows the spectroscopic STM 
measurements of the mirror twin 
boundaries in monolayer MoSe2-bilayer 
vdw heterostructures at 4.5K. In this task 
we will examine the grain boundaries 
and interfaces of the lateral 
heterostructures, through our atomic-
scale ultrahigh-quality molecular 
epitaxial or metal-organic chemical 
vapor deposition approach with atomically-sharp interfaces. With these grain boundaries, our interdisciplinary UC-
Lab team has the expertise and capability for atomic-scale spatially-resolved conductance maps to determine the 
localization of the occupied and unoccupied electronic states (Figure 3), to understand the electronic and 
optoelectronic materials from first principles.  

Matching the above steady-state measurements, time-resolved angle-resolved photoemission spectroscopy (tr-
ARPES) at Los Alamos will determine the temporal recombination dynamics at these grain boundaries and 
heterostructure interfaces. With the tr-ARPES, we will examine the simultaneous mapping of the photo-electron 
band structure and the electron scattering 
dynamics of the photoexcited carrier, 
specifically towards understand the interlayer 
binding energies of ground, excited and charged 
(trion) states, with sub-picosecond and sub-10-
nm resolution. Furthermore, our team (Yoo et 
al.; Los Alamos) recently observed the 
unexpected size-dependent epitaxial growth 
[17], resulting from site-dependent 
adsorption/desorption of precursor molecules. 
The combined UC-Lab team will address the 
size-dependent growth in these 2D crystals, 
where edge effects will sizably affect growth 
kinetics from a seeded crystal to a 2D 
continuum, an ideal platform to understand the 
mesoscopic phenomena of monolayer growth.   
Task I.B. Defect control in the 2D continuum 
atomic crystal – from ensemble to single 
atomic point defects [Javey, Htoon, Weber-
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Figure 3 | Atomic-scale granularity  measurement of the unoccupied and 
occupied electronic states in two-dimensional atomic crystals. Ultrahigh-quality 
molecular beam epitaxially-growth of monolayer MoSe

2
 atomic crystal on bilayer 

graphene [5]. a, Scanning tunneling microscopy and spectroscopy of the mirror twin 
boundaries in monolayer MoSe

2
 - bilayer graphene vdw heterostructure at 4.5K. The 

pair of bright lines arise from the stronger signal of locally modified electronic 
structure along each boundary in the STM. b, STM dI/dV spectra on the pristine 
MoSe2/bilayer graphene vdw heterostructure, at the mirror twin boundary (blue dot of 
panel a). c, Atomic-scale spatially-resolved conductance maps of the -50 meV (ψ

-
) and 

+25 meV (ψ
+
) electronic levels (split around the Fermi level), measured at the mirror 

twin boundary (blue dot of panel a). d, Non-contact AFM microscopy reveals the 
precise atomic structure of the mirror twin boundary. Electronic contributions at the 
twin boundary reduces the atomic imaging contrast, and hence non-contact AFM with 
CO-functionalized tips are used. The Se atoms (bright areas, yellow) form the 
uninterrupted hexagonal lattice, while the Mo atoms (dark areas, blue) switch their 
positions between both sides of the mirror twin boundary [5].  

Figure 4 | Effective defect mediation in 2D materials and single vacancy 
defect wavefunction imaging. a, Near-unity photoluminescence quantum 
yield achieved with surface chemical treatment of 2D MoS

2
 and WS

2
 atomic 

surfaces [4, 18]. Inset: measured quantum yield versus pump fluence, 
illustrating the 190× improvement to near-perfect radiative recombination. 
b, High-resolution AFM studies of individual Se vacancies in MoSe

2
, with 

the first vacancy facing the tip appearing as a dark depression and the 
vacancy buried underneath appears as a bright protrusion. c, Correlated STM 
reveals the spatially-confined corresponding electronic wavefunctions of the 
defect states [13]. 
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Figure 1: top and bottom Se vacancy in 2-D 
MoSe2 captured via nc-AFM and STM 
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Figure 2: Metallic Mirror Twin Boundaries in 2-D 
MoSe2 exhibit a small band gap with two sharp 
edge states. These edge states form a 
commensurate Charge Density waves with 
three times the lattice constant. 
 


