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Abstract

Black phosphorus (BP) is a highly anisotropic allotrope of phosphorus with great promise for fast 

functional electronics and optoelectronics. We demonstrate the controlled structural modification 

of few-layer BP along arbitrary crystal directions with sub-nanometer precision for the formation 

of few-nanometer-wide armchair and zigzag BP nanoribbons. Nanoribbons are fabricated, along 

with nanopores and nanogaps, using a combination of mechanical–liquid exfoliation and in situ 
transmission electron microscopy (TEM) and scanning TEM nanosculpting. We predict that the 

few-nanometer-wide BP nanoribbons realized experimentally possess clear one-dimensional 

quantum confinement, even when the systems are made up of a few layers. The demonstration of 
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this procedure is key for the development of BP-based electronics, optoelectronics, 

thermoelectrics, and other applications in reduced dimensions.
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Few-layer black phosphorus (BP) is an attractive two-dimensional (2D) nanomaterial due to 

the compromise it offers between high carrier mobility and semiconducting properties found 

in other layered materials such as graphene and transition metal dichalcogenides (TMDs) 

like MoS2.1–3 BP is a monoelemental realization of phosphorus with a structure 

characterized by stacked phosphorene monolayers held together by weak forces. The 

anisotropy in BP results from the existence of two major asymmetric directions with 

armchair and zigzag arrangements. The armchair (or “light”) direction features a high 

mobility of around 1000 cm2 V−1 s−1, while the zigzag (or “heavy”) direction has a much 

lower mobility of 600 cm2 V−1 s−1.2 In the current state-of-the-art methods, bulk BP can be 

exfoliated down to few-layer BP or even monolayer phosphorene via mechanical- or liquid-

based methods.4,5 In comparison to other few-atom-thick materials, few-layer BP devices 

exhibit in-plane anisotropic transport and a thickness-dependent direct band gap (0.3–1.5 

eV).1,6–10 These properties would make few-layer BP a candidate for high-performance 

optoelectronic applications, once in-air stability issues are resolved, for example, using 

encapsulation techniques to protect the active phosphorene layer.11,12

Confining 2D materials into nanoribbons would constitute a basis for developing 1D 

nanoelectronics.13,14 Recent density functional theory (DFT) studies indicate that the 

transport properties of few-layer BP nanoribbons (BPNRs), such as band gap magnitude and 

charge carrier effective mass, are sensitive to both ribbon width and crystallographic 

orientation due to BP’s strongly anisotropic in-plane and interplanar properties.15,16 Starting 

from 2D parent structures, top-down approaches have been developed to fabricate 1D 

nanostructures with either electron-beam nanosculpting17,18 or optical- or electron-based 

lithography.19 However, lithographic techniques for 2D materials usually do not allow the 

single- or few-atom control available in nanosculpting. For example, few-nanometer-wide 

nanoribbons and nanopores are readily formed in 2D membranes such as graphene20 and 

TMDs such as MoS2
21 through the focused electron beam of a transmission electron 

microscope (TEM).
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So far, no study has been reported for the fabrication of few-nanometer-wide BPNRs in the 

few-layer regime. Bottom-up, organic chemistry approaches have been pursued for graphene 

nanoribbons (GNRs). However, an atom-by-atom approach is unlikely to be developed soon 

for phosphorene due to its more complex chemistry, which makes it vulnerable to 

environmental degradation. To date, the narrowest BPNRs were reported by Lee et al., who 

demonstrated anisotropic thermal conductivities for ribbons down to thicknesses of 50 nm 

and widths in the mesoscopic range of 500 nm.22 Understanding the large number of 

phenomena resulting from 1D confinement in phosphorene requires the ability to fabricate 

nanostructures with atomic control at size scales small enough to delve into the regime of 

quantum confinement.15,23

Here, we report a top-down method that enables the fabrication of nanopores, nanoribbons, 

nanogaps, and nanoconstrictions in suspended few-layer BP flakes produced by a combined 

mechanical–liquid exfoliation procedure. Using a TEM, we first drill nanopores in 

suspended few-layer BP flakes and show orientation-dependent anisotropic pore expansion 

under uniform electron irradiation. Starting from nanopores, we fabricate few-nanometer-

wide armchair and zigzag BPNRs with sub-nanometer-precise scanning TEM (STEM) 

nanosculpting. We also complement our results with DFT-based transition state modeling of 

phosphorene edges and predictions of the electronic properties of 1D BPNRs governed by 

strong confinement effects.

RESULTS AND DISCUSSION

BP flakes were mechanically exfoliated from bulk BP crystals onto a SiO2 substrate using 

blue Nitto tape. The flakes were further exfoliated by sonicating this SiO2 substrate in 

dimethylformamide (DMF) for 60 min.5,24 The BP–DMF dispersions contain few-layer 

(<20 nm) flakes and are suitable for deposition onto TEM-compatible membranes, which 

cannot withstand harsh mechanical exfoliation techniques. After sonication, BP–DMF 

dispersions were drop-cast onto holey carbon grids or holey silicon nitride (SiNx) 

membranes, dried in N2, and annealed at 250 °C in Ar/H2. Because of the detrimental effects 

on few-layer BP hole mobility, on/off ratio, and surface roughness from water and light-

induced oxidation,25 all samples were stored in the dark in vacuum (~10 mTorr).

Figure 1a–d shows the deposition of few-layer BP flakes and their structural 

characterization. Suspended few-layer BP flakes were identified using optical microscopy 

(Figure 1a). Atomic force microscopy (AFM) scans of suspended flakes on holey SiNx 

membranes indicated sample thicknesses from 11 to 20 nm, including the 13 nm sample in 

Figure 1b. Using high-angle annular dark-field (HAADF) STEM imaging, which produces 

mass-contrast images, flakes suspended on holey carbon TEM grids were found to have 

thicknesses in agreement with AFM results (Figure S1) and consistent with previous studies.
26,27 In addition to AFM and optical evidence, we confirmed flake suspension with TEM 

(Figure 1b inset).

In few-layer BP, layers are stacked in an AB fashion (similar to bulk), in which adjacent 

layers are shifted by a half-lattice constant in the zigzag direction.4,28 Figure 1c includes a 

STEM simulation (top) and a schematic illustration (bottom) of this arrangement in bilayer 
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BP (see also section S2). Note that, as reported before, the STEM measurements report an 

image corresponding to projected positions of atoms a few layers deep.5 Due to BP’s AB-

stacked configuration, we observe a structure with half-lattice constants a1′ (1.67 Å) and a2′ 
(2.24 Å) compared to the BP basal plane lattice parameters a1 (3.34 Å) and a2 (4.47 Å) 

along the zigzag and armchair directions, respectively (Figures 1d and S3).9,28

High-resolution TEM (HRTEM) images are formed by irradiating a region of interest with 

an electron beam and monitoring transmitted electrons. The electron beam can also be 

focused into a small probe and used to drill nanopores, as reported in other materials, such 

as graphene,20 MoS2,21 and SiNx.29 Here, we show that nanopores can be drilled in 

suspended few-layer BP flakes such as the sample shown in Figure 1e. The selected area 

electron diffraction (SAED) pattern shown in the inset indicates the orthogonal orientation 

of the zigzag (200) and armchair (020) axes. Nanopores such as the 10 nm diameter one in 

Figure 1f were drilled by focusing a TEM beam (probe size ~1.0 nm, probe current = 8.0 

nA) for ~1–2 s. Using the orientation of the SAED pattern, which agrees with orientations 

seen in high-resolution lattice images, L200 and L020 correspond to nanopore dimensions 

along the zigzag and armchair directions, respectively. After initial drilling, the ratio of 

L200/L020 was 1.0 as expected for an approximately circular pore. Under an additional 15 

min of uniform electron-beam irradiation (current density = 6.1 × 10−2 pA/nm2) in HRTEM 

imaging mode, L200/L020 is found to increase to a value of 1.4, showing preferential 

expansion in the zigzag direction (Figure 1f–i), leading to the evolution of the initially 

circular structure into an elliptical pore (see also Figure S4.1). This is similar to the results 

of Fortin-Deschênes et al., who reported sublimation-induced, eye-shaped crack propagation 

along the (100) direction at temperatures between 400 and 500 °C.30,31 Moving beyond pore 

formation, the creation of nanoconstrictions and nanogaps in TEM was also observed by 

first drilling two adjacent pores and then simultaneously exposing them to broad electron-

beam irradiation in order to narrow the region between them. The time evolution for an 

individual nanoconstriction is provided in Figure S4.2.

To explain the anisotropic opening of nanopores under uniform electron-beam irradiation, 

we calculated the energy barriers for removing single atoms from several known 

phosphorene edges. We employed first-principles calculations within DFT and energy 

barrier evaluation using the nudged elastic band (NEB) method (see Methods). Single unit 

cells of the five edges used and the corresponding edge energies of the supercells used are 

given in Figure 2a. Initial and final geometries for removing single atoms from various 

edges are given in Figure S5, and animations for four specific cases are included in the 

Supporting Information. We considered three zigzag edges (ZZ-1, ZZRC-i, and ZZRC-o) 

and one armchair edge. The ZZRC-i and ZZRC-o edges are stable reconstructions of the 

ZZ-2 edge. The resulting energy landscapes shown in Figure 2b indicate that the overall 

energy barrier is the absolute value of the energy change itself. For armchair, ZZ-1, ZZRC-i, 

and ZZRC-o, the corresponding energy barriers are 5.13, 5.57, 5.65, and 6.23 eV. Therefore, 

among these structures, the ZZRC-o edge is the most resistant to the removal of a single 

atom. Note that for the ZZRC-i case the energy initially decreases because geometries 

resembling the more stable ZZRC-o edge are intermediate states. For the armchair case, the 

energy initially increases and then decreases below the zero reference level, which suggests 

a reconstruction of the edge that is more stable than the standard armchair morphology. Even 
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when factoring this additional decrease in energy into account, the energy barrier for the 

ZZRC-o edge is greater than that for the armchair reconstruction. Since the energy barrier 

for removing an atom from the most stable zigzag edge (ZZRC-o) is greater than that for the 

armchair edge, we expect the armchair edge to recede faster under symmetric electron-beam 

irradiation, leaving the zigzag edge relatively longer (L200/L020 > 1). This accounts for the 

development of the pores into elliptical shapes, as observed experimentally and illustrated 

schematically in Figure 2c. Despite the significant decrease in edge energy by passivating 

the phosphorene edges with hydrogen,32 we do not consider this here because sample 

irradiation starts in the middle of the sample and is continuous, thus preventing attachment 

of hydrogen atoms to the edges. While the DFT calculations presented here using the 

simplified monolayer phosphorene models qualitatively explain the anisotropic pore 

expansion observed in experiments, large-scale molecular dynamics simulations involving 

few layers of BP are required to obtain better connections between theory and the fabrication 

mechanism.33

TEM beams do not offer the sub-nanometer control necessary for the fabrication of BPNRs 

with a well-defined crystal orientation. Furthermore, current fabrication methods for 

oriented bulk BPNRs based on electron-beam lithography and reactive ion etching are 

unsuitable in the sub-50 nm thickness and sub-500 nm width regime.22 Here, we develop a 

fabrication procedure for BPNRs in the few-layer thickness, sub-10 nm width regime based 

on STEM nanosculpting. A focused STEM beam can be rastered over a region of interest to 

form HAADF images or controllably maneuvered with sub-nanometer precision to make 

clean cuts through a thin material. STEM-based cutting was already shown to induce fewer 

defects in graphene34 and to offer precise nanosculpting of GNRs.17,35

We adopted the following strategy to fabricate few-nanometer-wide BPNRs: first, two 

adjacent nanopores were nanosculpted in a 17 nm thick BP flake (Figure S1) with a focused 

STEM beam (probe size = 0.15 nm, probe current = 300 pA), and second, the material was 

sculpted along either the zigzag or armchair direction until the material between them 

constituted a nanoribbon. Between periods of nanosculpting, the BPNRs were imaged by 

rastering the electron beam. While the BPNRs experienced thinning during STEM imaging, 

they remained crystalline, unlike nanostructures exposed to orders of magnitude higher 

doses in TEM mode (Figure S4.2).34 In addition to crystalline regions of width wc, 

amorphous edges with a roughly constant width wr − wc were also seen (Figure 3a,i), where 

wr is the total width (see Figure S6.1 for a definition of these quantities). This suggests 

localized few-layer BP lattice damage and/or small contamination during room-temperature 

nanosculpting, consistent with results for graphene.18 Future molecular dynamics 

simulations could be used to address the issue of layer–layer interactions at ribbon edges and 

the possible production of phosphorene polymorphs via beam-induced heating.36,37 

Nanosculpting works well for cutting through the entire stack (17 nm) of phosphorene 

layers, indicating that a large amount of material is removed. However, lattice resolution is 

still achievable, showing the high quality of the nanoribbons.

Figure 3a–h shows the STEM nanosculpting of an 8.0 nm long zigzag few-layer BPNR. 

From initial widths wr (wc) = 7.2 (5.6) nm in Figure 3a, the ribbon was sculpted down to wr 

(wc) = 2.2 (1.0) nm (Figure 3f). The inset in Figure 3b is a fast Fourier transform (FFT) of 
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the crystalline region outlined in black in Figure 3a and indicates a lattice spacing of 1.65 Å 

along the nanoribbon axis, which agrees well with the zigzag (200) half-lattice constant a1′ 
(1.67 Å). The width of the ribbon’s amorphous edges (wr − wc) remained between 0.9 and 

1.6 nm (Figure 3a–f). In Figure 3f (wr (wc) = 2.2 (1.0) nm), the structure was no longer 

nanosculpted but rather continuously imaged in STEM mode. After 160 s, the zigzag BPNR 

was narrowed to a 1.7 nm wide amorphous (wc = 0 nm) structure and, after an additional 40 

s, snapped to form a 3.5 nm wide nanogap (Figure 3g,h).

Figure 3i–p shows the formation of a 6.5 nm long armchair few-layer BPNR using a 

procedure similar to the one developed for the zigzag system outlined above. From initial 

widths wr (wc) = 6.3 (4.9) nm in Figure 3i, the ribbon was sculpted down to wr (wc) = 2.5 

(0.5) nm (Figure 3n). Similar to the zigzag case, the width of the ribbon’s amorphous edges 

(wr − wc) remained fairly constant (between 1.2 and 2.0 nm). As indicated in the inset FFT 

of Figure 3j, the nanoribbon’s axially oriented lattice spacing of 2.28 Å is consistent with the 

armchair (020) lattice parameter a2′ (2.24 Å). The wr = 2.1 nm amorphous (wc = 0 nm) 

ribbon in Figure 3o was fabricated by allowing the wr (wc) = 2.5 (0.5) nm armchair BPNR in 

Figure 3n to sit in STEM imaging mode for 80 s, similarly suggesting the possibility of 

narrowing sculpted BPNRs with sub-nanometer precision. A 2.8 nm wide nanogap was 

formed after an additional 120 s of exposure (Figure 3p).

To determine how narrowing induces quantum confinement in the range of widths achieved 

here, we calculated DFT-based band structures for single- and multilayer armchair and 

zigzag-edged structures. For the zigzag case, the ZZ-1 and ZZ-2 edge morphologies were 

used because the crystalline parts of the ribbons are surrounded by amorphous material, 

which in a first approximation would constrain the edges to those formed by directly cutting 

the sheet or bulk. Details of the calculations can be found in Methods, and band structures 

for phosphorene along the same high symmetry directions are reproduced in Figure S8. Only 

the four smallest nonzero crystalline widths obtained in the experiment for each edge are 

shown because the overall structure of the bands changes negligibly for larger widths 

(Figures 4 and S7). We show that in both 2D (i.e., single-layer) and bulk material, the 

electronic band structure displays the 1D confinement effects, as indicated by the presence 

of edge bands, which we determined by calculating and plotting the partial charge density of 

bands near the Fermi level (Figure S9). This finding results from the weak coupling between 

the individual phosphorene layers. The edge energies (2D) and surface energies (bulk) are 

correlated with the widths in Figure S10. Further modeling of the nanosculpting effect 

would require a systematic study of electron-beam-induced disorder in BP38 in addition to 

thermally induced defects.39

In addition to nanosculpting as a method of narrowing BPNRs into the quantum 

confinement regime, ribbons were also found to be thinned during STEM imaging, as 

evidenced by the evolution of the STEM intensity cross sections (Figure 3a,i). Average fits 

were obtained for each BPNR width in Figure 3, and peak values were correlated to BPNR 

thicknesses using a linear monoelemental HAADF intensity-thickness relation I ∝ t, where I 
is the intensity cross-section peak value and t is the corresponding ribbon thickness,40 as 

shown in Figure S11 for both types of BPNRs. From an initial t = 17 nm, the zigzag 

(armchair) BPNR was reduced to a minimum of t = 4.4 nm (8.1 nm) before breaking into a 
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nanogap. This observation opens up a great opportunity for manipulating BP’s thickness by 

calibrating the dose of the electron exposure for a given BP stack thickness and width.

CONCLUSION

We have demonstrated the fabrication of 1D nanostructures in suspended few-layer BPNRs. 

Using TEM, we nanosculpted nanometer-scale pores and showed their elliptical expansion 

under electron irradiation due to edge-dependent energy barriers for atomic removal. We 

have also demonstrated sub-10 nm wide zigzag and armchair BPNRs in the few-layer 

regime. Finally, using STEM-based nanosculpting and imaging, we showed that BPNRs can 

be narrowed and thinned with sub-nanometer precision. One drawback of nanosculpting is 

its low-throughput, limiting high-volume production. However, it provides atomic resolution 

and sub-nanometer-precise fabrication possibilities and is suitable for making nanostructures 

for fundamental studies and in situ characterization. We speculate that the BPNR length can 

be, in principle, extended similar to larger-scale TEM cutting of metals and graphene,41 and 

future work could address the stability of long aspect ratio nanoribbons. In the future, 

tailoring BPNR shapes would allow the creation of local junctions with controlled width and 

thickness to achieve modulated band gap regions. STEM-based nanosculpting may also be 

useful for fabrication of multi-terminal devices with nanometer-scale features.

METHODS

Few-Layer BP Exfoliation

Square arrays of 300–400 nm diameter holes spaced 10 μm apart were patterned in silicon 

nitride (SiNx) membranes with a focused ion beam.34 Few-layer BP dispersions were 

produced by mechanically exfoliating BP onto a SiO2 substrate followed by sonication 

(Branson 2510, 40 kHz, 80 W) in DMF for 1 h at room temperature. The BP–DMF 

dispersions were drop-cast onto holey carbon TEM grids or SiNx membranes and then dried 

in 100% Ar for 12 h at room temperature. To eliminate liquid traces and minimize 

hydrocarbon contamination, samples were then annealed at 250 °C in 10% H2/90% Ar for 1 

h. Holey SiNx samples were used for AFM measurements, while carbon grid samples were 

used in (S)TEM. Atmospheric exposure was limited to 5–10 min before AFM and (S)TEM 

measurements.

Atomic Force Microscopy

Suspended few-layer BP flakes were identified on holey SiNx membranes using optical 

microscopy. AFM measurements were carried out in tapping mode using a Bruker 

Dimension Icon AFM.

Transmission Electron Microscopy

High-resolution TEM images were taken with a JEOL 2010F TEM operating at 200 kV. 

Nanopores were drilled by fully focusing (i.e., condensing) an electron beam, with probe 

current and size of 8.0 nA and 1 nm, respectively, for ~1–2 s. Nanoconstrictions and 

nanogaps were formed by exposing the as-formed nanopores to a broad TEM beam (electron 

irradiation), corresponding to a current density of around 6.1 × 10−2 pA/nm2. The 
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instrument’s phosphor screen was used to measure the current density. A resolution limit of 

0.11 nm is attributed to the microscope (Figure S6.2).

Scanning Transmission Electron Microscopy

High-angle annular dark-field STEM images were taken with a CEOS aberration-corrected 

JEOL ARM 200CF TEM. Unless otherwise noted, all HAADF STEM images were taken at 

200 kV. Thickness measurements of few-layer BP flakes suspended on holey carbon films 

using the electron cross-section formula can be found in section S1. Nanopores were first 

drilled in the spot mode for ~1–2 min with a probe current and size of ~300 pA and 0.15 nm, 

respectively. Pores were controllably sculpted into BPNRs and subsequently nanogaps by 

directing the beam along the nanopore edges in spot mode using a 0.1 nm probe with a 14 

pA current. This probe was also used during STEM imaging (rastering). Intensity cross 

sections of HAADF STEM BPNR images were fitted with moving average profiles and a 

0.10 sampling proportion. BPNR thicknesses determined with these cross sections include 

an error of ±0.2 nm. Samples were tilted to the [001] zone axis prior to sculpting and 

imaging. A resolution limit of 0.08 nm is attributed to the microscope (Figure S6.2).

Selected Area Electron Diffraction

SAED images were taken in a JEOL 2010F operating at 200 kV. A selected area aperture 

with an effective diameter of 1 μm was used. SAED patterns were used to tilt samples to the 

[001] zone axis prior to sculpting and imaging.

Theoretical Methods

The Vienna Ab Initio Simulation Package (VASP) was used for plane-wave DFT 

calculations.42 The optB86b functional was used to include local effects and nonlocal 

effects, including the van der Waals interaction.43–45 We used the projector-augmented wave 

(PAW) pseudopotentials and an energy cutoff of 500 eV.46 For bulk BP, the atoms and cell 

were relaxed to critical forces of 0.001 eV/Å using a Monkhorst–Pack k-point sampling47 of 

9 × 12 × 4, which resulted in the optimized lattice constants of a = 4.35 Å (armchair), b = 

3.33 Å (zigzag), and c = 10.51 Å. To form monolayer phosphorene, four atoms were 

removed from the bulk unit cell and a vacuum layer of 20 Å was used to prevent interaction 

between periodic images. The atoms were relaxed to cutoff forces of 0.001 eV/Å using a k-

point sampling of 9 × 12 × 1.

Nanoribbons were formed by using the lattice vectors and atomic coordinates from the 

phosphorene sheet. For armchair and both zigzag terminations, the unit cell contained one 

primitive unit cell parallel to the edge, and for both 2 × 1 supercell reconstructions of the 

ZZ-2 edge, the unit cell contained two primitive unit cells parallel to the edge. For all cases, 

the unit cell contained eight primitive unit cells perpendicular to the edge. An in-plane 

vacuum of about 20 Å was formed to minimize interaction between periodic images of the 

nanoribbons. These nanoribbon coordinates were relaxed to a force cutoff of 0.01 eV/Å 

using k-point samplings of 1 × 9 × 1 for armchair, 1 × 12 × 1 for both zigzag terminations, 

and 1 × 6 × 1 for both ZZ-2 reconstructions.
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We computed the energy barriers for removing single atoms from the phosphorene edges by 

using the NEB method48 in the VTST version of VASP with an improved tangent estimate.
49 Sixteen intermediate steps (images) were formed using linear interpolation, with smaller 

shifts in the low separation region, where any potential energy barriers were expected to 

form. The already existing ribbons were extended perpendicular to the atom removal 

direction by three unit cells for armchair and both terminations of zigzag and by one unit 

cell for the ZZRC edges. This ensures negligible interaction between periodic images of the 

atom being removed. The removed atom is one which is closest to the edge (Figures 2a and 

S5) and is shifted up to about 10 Å from the edge to ensure converged energies. The end 

point geometries were converged to a force cutoff of 0.01 eV/Å with k-point samplings of 1 

× 3 × 1 for all cases. Atoms on the edge opposite where the atom was removed were held 

fixed to speed up convergence, and the NEB algorithm was converged to a force cutoff of 

0.05 eV/Å.

To form the nanoribbons used in calculating band structures, the geometries were converged 

to force cutoffs of 0.01 eV/Å, and the number of k-points was chosen such that the product 

of the lattice vector and number of k-points was at least as large as the same value for the 

bulk. An in-plane vacuum of about 10 Å was used to prevent interaction between periodic 

images. At least five bands were used per atom to ensure well-converged bands, and 200 k-

points were used along the high symmetry directions, found using the AFLOW tool.50 To 

calculate the charge densities for the edge, band structures were recomputed with 25 k-

points along the high symmetry directions. Since the Kohn–Sham energy eigenvalues are 

output in ascending order for each k-point, the band numbering changes if bands cross. To 

circumvent this, regions in the band structures were identified where only the suspected edge 

bands crossed over each other and the corresponding k-points in these regions were included 

in the partial charge density calculations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Characterization of few-layer BP flakes and the elliptical expansion of nanopores. (a) 

Optical micrograph of a holey SiNx membrane used to perform AFM measurements after 

few-layer BP deposition. (b) AFM image of a suspended few-layer sample indicated by the 

white square in (a) and an AFM line scan across the SiNx/BP interface indicating a 13 nm 

thick flake. The inset is a HRTEM image of the flake. Inset scale bar is 1 μm. The white 

region in (b) corresponds to a thick, folded region of the BP flake and appears more opaque 

in the TEM, as expected. (c) STEM simulation (top) and illustration (bottom) of AB-stacked 

bilayer BP with zigzag and armchair lattice constants a1 and a2, respectively, in addition to 

half-lattice constants a1′ and a2′. A and B layers are highlighted in different colors. (d) 

HAADF STEM image of the few-layer BP lattice indicating spacings that are consistent 

with a1′ (200) and a2′ (020) (the inset is the corresponding fast Fourier transform). (e) 

HRTEM image and corresponding selected area electron diffraction pattern (inset) of a few-

layer BP flake suspended on a holey carbon grid. (f) HRTEM image of the region indicated 

by the white square in (e), containing a 10 nm diameter nanopore with dimensions of L200 

and L020 in the zigzag and armchair directions, respectively. Over a period of 15 min of 

electron irradiation (current density = 6.1 × 10−2 pA/nm2), the pore expanded elliptically 

with eccentricity evolving from (f) L200/L020 = 1.0 to (g) 1.2, (h) 1.3, and (i) 1.4. All scale 

bars in (f–i) are 5 nm.

Das et al. Page 13

ACS Nano. Author manuscript; available in PMC 2018 April 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Structure and energetics of the phosphorene edges as computed using density functional 

theory. (a) Overhead views of the armchair (AC), zigzag single termination (ZZ-1), zigzag 

double termination (ZZ-2), inner-shifted reconstruction of the ZZ-2 edge (ZZRC-i),51 and 

outer-shifted reconstruction of the ZZ-2 edge (ZZRC-o)32 phosphorene edges. The 

corresponding edge energies for the supercells used are given in eV/Å to quantify the 

thermodynamic stability. (b) Energy landscapes for removing a single atom from 

phosphorene edges via the NEB method. (c) Schematic illustrating the observation of an 

elliptical nanopore in phosphorene. The armchair edges (black) recede faster than the most 

stable zigzag edge (ZZRC-o) due to the greater energy barrier for removing atoms from the 

latter edge, which results in relatively longer nanopore dimensions in the zigzag (200) 

direction (Figure 1f–i).
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Figure 3. 
STEM nanosculpting of zigzag and armchair few-layer BPNRs. HAADF STEM images of 

an (a–h) 8.0 nm long zigzag and (i–p) 6.5 nm long armchair nanoribbon. (a,i) wr and wc are 

the total and crystalline BPNR widths, respectively (see also Figure S6.1). Thinning of the 

ribbons from (a) to (h) and from (i) to (p) was observed by using the HAADF intensity-

thickness correlation for each panel along the red line X (indicated in (a) and (i); see also 

Figure S11). The fast Fourier transforms in the insets of (b) and (j) indicate lattice spacings 

of 1.65 and 2.28 Å, consistent with a1′ and a2′, respectively. For the zigzag case, wr is 

initially (a) 7.2 nm and subsequently narrowed to (b) 6.0, (c) 5.7, (d) 4.6, (e) 2.8, (f) 2.2, and 

(g) 1.7 nm. The corresponding wc values are (a) 5.6, (b) 4.6, (c) 4.3, (d) 3.1, (e) 1.9, (f) 1.0, 

and (g) 0 nm. For the armchair case, the values for wr are (i) 6.3, (j) 5.8, (k) 4.2, (l) 3.1, (m) 

2.8, (n) 2.5, and (o) 2.1 nm. The corresponding wc values are (i) 4.9, (j) 4.2, (k) 3.0, (l) 1.4, 

(m) 0.9, (n) 0.5, and (o) 0 nm. After the BPNRs break, (h) 3.5 and (p) 2.8 nm wide nanogaps 

remain. All scale bars in (a–p) are 5 nm.
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Figure 4. 
DFT-calculated electronic band structures of BPNRs based on the experimentally realized 

crystalline widths. The edge bands are indicated by EB with the number of such bands in 

parentheses. The Fermi level has been set to 0 eV. The schematic diagrams on the left 

indicate the corresponding BPNR structure: (a) single-layer armchair; (b) bulk armchair; (c) 

single-layer ZZ-1; (d) bulk ZZ-1.

Das et al. Page 16

ACS Nano. Author manuscript; available in PMC 2018 April 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Graphical abstract
	RESULTS AND DISCUSSION
	CONCLUSION
	METHODS
	Few-Layer BP Exfoliation
	Atomic Force Microscopy
	Transmission Electron Microscopy
	Scanning Transmission Electron Microscopy
	Selected Area Electron Diffraction
	Theoretical Methods

	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4

