
Phosphorene under exotic conditions - in search for 
pathways to novel materials and physics

Gamini Sumanasekera
Department of Physics, University of Louisville



Acknowledgements

• Dr. Jacek Jasinski 
• Prof. Ming Yu 
• Manthila Rajapakse
• Rajib Khan Musa
• Congyan Zhang
• George Anderson
• Meysam Akhtar

Synthesis and Processing Science Program & EPSCoR Program

Materials Sciences and Engineering (MSE) Division



2D Materials

https://sites.google.com/site/sarahnaharchowdhury/research/2d-materials



2D Materials - Graphene



Applications of Graphene

https://ecms.adelaide.edu.au/graphene-research-hub/about-graphene/applications/



Why 2D Materials?

Cao et al., IEEE Transactions on Electron Devices, 62, 3459-3469 (2015)

Quantum Size Effects

Ease of Band Structure Tunning

Sharp Interfaces & Interesting Physics

Sun et al. " Applied Physics Reviews 4, no.1, 011301, 2017.



J. Jasinski , ChE seminar , Nov 8 2013; Louisville, KY.





Liu et al., Nature Reviews Materials  1, 16042 (2016)

2D Materials as Building Blocks 



From 3D to 2D Layered Materials
3D layered compounds can be exfoliated. Ultimately, it should be possible 
to slough an atomic layer from such materials.

The most common 2D structural prototypes 

Source: Macmillan Publishers Ltd



Exfoliation of Layered Materials

Park et al., Nano Lett. 14, 4306, (2014).



Intercalation of Layered Materials

Schematic structures of typical layered 
inorganic solids and zeolite. Color coding: 
blue = Si, red = O, pale blue = Al, orange = Mg, purple = K, 
green = Na, pink = H, yellow = Ti, dark green = Nb. a) TON‐type 
zeolite showing open micropores. b) A smectite clay, 
montmorillonite. Pillared layered clays having open micropores 
can be designed, for example, by replacing original inorganic 
cations with bulky organic molecules. c) A layered silicate, 
octosilicate (Na2Si8O17·nH2O). The surface silanol group (SiOH) 
is visible. d) A layered titanate, K2Ti4O9. e) A lepidocrocite‐type 
layered titanate, K0.8Ti1.73Li0.27O4. Li, which replaces a part of 
Ti, is invisible. f) A layered niobate, K4Nb6O17.

Overview of guest species intercalation 
into the interlayer space of layered 
materials via physical or chemical 
attachments.

Sangian etal, Small 14, 1800551, 2018



Phosphoerene
Black Phosphorene





Lee et al., Nanomaterials, 6, 193 (2016)

Bandgaps of 2D Materials





Akhtar et al., npj 2D Materials and Applications 1, 5 (2017).























Phosphoerene
Blue Phosphorene



Zhen Zhu and David Tománek, PRL, 112, 176802 (2014)

Layered black phosphorus Layered blue phosphorus

➢ Structural properties

✓ Space group of R-3m 

✓ Layers of six-membered rings 
linked in trans-decalin (zigzag 
puckering)

✓  AB hexagonal stacking with 
interlayer distance of ~ 5.63 Å 

✓ Nearly as stable as black 
phosphorene (~ 1 meV/atom 
difference)    

Theoretical Prediction of Layered Blue Phosphorus



➢ Vibration spectrum properties

Vibrational band structure of a monolayer of 
blue phosphorus 

Zhen Zhu and David Tománek, PRL, 112, 176802 (2014)

✓ Nearly isotropic in-plane elastic 
response

✓ High in-plane rigidity of free-standing 
monolayer (D=0.84 eV)

✓ High speed of sound (vs= 7.7 km/s) 
and in-plane stiffness 

✓ High vibration frequencies of optical 
modes at Γ point (420 cm-1 and 520 
cm-1)

Theoretical Prediction of Layered Blue Phosphorus (cont.)



➢ Unique electronic properties
✓ Wide indirect wide band gap

✓  Layered-dependent tunable bandgap:  ~2 eV at 
monolayer and ~ 1.4 eV (AB stacking) at bulk.

✓ Semiconducting-semimetal transition under 
in-layer strain

✓ Possible high carrier mobility

✓ A promising candidate as a BCS-superconductor 
after proper intercalation with some alkali 
metals such as Li, Na, and K 

✓  Exhibit the charge-density-wave (CDW) phase 
due to periodic distortion of the atomic lattice 
in this layered 2D material under proper 
intercalation and high pressure.

Zhen Zhu and David Tománek, PRL, 112, 176802 (2014)

Theoretical Prediction of Layered Blue Phosphorus (cont.)



Epitaxial Single Layer Blue Phosphorene

Zhunag et al., ACS Nano, 2018, 12 (5), pp 5059–5065

Zhang et al., Nano Lett., 2016, 16 (8), pp 4903–4908



➢ Preliminary study by Congyan Zhang and Ming Yu, Dept. of Phys. and Astronomy, UofL (2018)

(a) layered black phosphorene; (b) Li intercalation in the layered black phosphorene; (c) Li induced 
structural phase transition during the relaxation; and (d) layered blue phosphorene after Li removal, 
respectively. The arrows show the direction of the flow of the transition induced by the Li 
intercalation.

A New Pathway for Synthesis of Layered Blue Phosphorus 
from Black Phosphorus by Li Intercalation



High Pressure Experiments

Yang, S. and Zhaohui, D. (2011) Novel pressure-induced structural transformations of inorganic nanowires, in 
“Nanowires – Fundamental Research”, ed. Abbass Hashim, InTech, Rijeka, Croatia.



Diamond Anvil Cell (DAC)

Yang, S. and Zhaohui, D. (2011), 
Nanowires – Fundamental 
Research, ed. Abbass Hashim, 
InTech, Rijeka, Croatia, 2011.

T.S.Duffy, Nature, 479, 480-481 (2011).

p = F/A

https://en.wikipedia.org/wiki/Diamond_anvil_cell



High Pressure Experiments in DAC

H.-K.Mao, W.L. Mao, Treatise on Geophysics 2, 231-267 (2007)



DAC Studies of 2D Materials

Tuning the carrier mobility and conductivity of heterostructured monolayer grapheme and 2H-MoS2

http://hpstar.ac.cn/contents/27/5300.html

Charge accumulation (green) and depletion (orange) 
at the various in-plane and out-of-plane strains.

Nayak et al, Nature Comm. 5, 3731 (2014)



DAC - Experimental Setup

M.-S. Jeong et al., Current Applied Physics 13, 
1774 (2013) 





Theory Meets Experiment



Summary



Thank You


