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I. Introduction 1. 연구개요

2D black phosphorus
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Anisotropy of black phosphorus



I. Introduction 1. 연구개요

Intercalation in 2D materials
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Ⅱ. Results 1. Method

Figure 1. (a) Schematic diagram of the method for Cu intercalation in BP. (b,c) High-angle annular dark-field

scanning transmission electron microscopy (HAADF-STEM) images in plan-view (b) and cross-sectional

view (c) of BP after Cu intercalation. Scale bars are 50 nm.



Ⅱ. Results 2. Atomic structure

Figure 2. (a) Three-dimensional image constructed from atomic resolution HAADF-STEM images of Cu

intercalated BP at five different zone axes of BP. (b-e) HAADF-STEM images (left) with the corresponding

atomic models (right) calculated from density functional theory (DFT) at the four zone axes of BP ((c) [101],

(d) [001], (e) [ത101], (f) [100]). Scale bars are 1 nm. (f) Perspective atomic model of Cu intercalated BP. (g)

Atomic model of Cu intercalated BP at [010] zone axis of BP. (h,i) Atomic resolution energy dispersive X-ray

spectroscopy (EDS) mappings at [100] (h) and [001] (i) zone axes of BP. Scale bars are 1 nm.



Ⅱ. Results 2. Atomic structure

Figure 3. (a,b) HAADF-STEM images of Cu intercalated samples with periodicities where 11th (a) and 7th (b)

copper atoms are missing. Scale bars are 2 nm. (c) Calculated Cu binding energies for different periodicities of

missing Cu atoms.



Ⅱ. Results 3. Structural effects

Figure 4. (a) Atomic resolution HAADF-STEM image of strain-induced kink formation in a Cu intercalated

structure ([100] zone axis). Scale bar is 2 nm. (b) Low magnification (top) and atomic resolution (bottom)

HAADF-STEM images of densely Cu intercalated BP in cross-sectional view ([100] zone axis). Scale bars are

200 nm (top) and 1 nm (bottom).
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Ⅱ. Results 3. Structural effects

Four different atomic configurations in single crystalline BP

Figure 5. (a) Atomic resolution HAADF-STEM image of two different atomic configurations of the Cu

intercalated structure at the [100] zone axis. Scale bar is 1 nm. (b) Atomic resolution HAADF-STEM image

showing the three different atomic configurations of the Cu intercalated structure at the [101] zone axis. Scale bar

is 5 nm. (c) Atomic models of the four possible atomic configurations of Cu intercalated BP in single crystal of

BP. (d) Illustration showing that the four atomic configurations are superimposable through rotation.



Ⅱ. Results 4. Intercalation mechanism

Figure 6. (a-c) HAADF-STEM images of interrupted Cu intercalated structures in cross-sectional view (a,b) and 

plan-view (c). Scale bars are 3 nm (upper figures of a, b), 1 nm (lower figures of a,b), and 100 nm (c). (d-f) 

Illustrations (d,e) and corresponding energy barriers (f) of top-down Cu intercalation of strained BP determined 

from DFT calculations. (g) HAADF-STEM images of Cu intercalation taken during in situ heating at 180 ºC. 

Scale bar is 50 nm. (h) Diffusion rate (log-scale) as a function of inverse of temperature obtained from in situ

heating experiments.

Top-down intercalation: rate-limiting process



Ⅱ. Results 5. Electronic property

Figure 7. (a) Atomic model used for computational calculation of the density of states (DOS) and the electronic 

band structure. (b,c) calculated DOS (b) and electronic band structure (c) with the atomic model. (d) Topography 

and current maps of Cu intercalated BP. Scale bar is 1 μm. (e) a magnified current map (left). Scale bar is 100 nm. 

I-V curves at the location of Cu intercalated region (blue) and BP region (green). 

Angstrom wide conductive channels
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