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Black phosphorus 

Layered structure with orthorhombic symmetry 

J. R. Brent et al., Chem. Commun. 50 (2014) 13338. 

Cell parameters 
a=3.13Å 
b=10.47Å 
c=4.37Å 



The renaissance of black 

phosphorus 
 In 1914 first successful synthesis 

(Bridgman) and in 2007 synthesis at 

room pressure (Lange, Nilges) 

 p-type semiconductor: 0.3eV direct 

band gap and high hole mobility 

(64,000 cm2/Vs   @ 20 K ) 

 1983 (Narita): n-type doping by Te 

 2014: First publications on bP 

layered thin films 

 Highly reactive in air 

 Band-gap tunable with layer number 

 In-plane anisotropy of optical and 

transport properties 

A. Morita, Appl. Phys. A 39 (1986) 227, S. Das et al., Nano Lett. 14 (2014) 5733, 
F. Xia et al., Nat. Comm. 5 (2014) 4458,  
A. Castellanos-Gomez et al., 2D Mater. 1 (2014) 025001 

 
 



bP exfoliation 

• Liquid exfoliation of bP in 

dimethylsulfoxide (DMSO) 

 

• Direct exfoliation in a polymer matrix 

 
 

• Mechanical exfoliation 

Adv. Mater. Interfaces 2016, 3, 1500441 
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bP flake surface science  

SiC 

Graphene 

bP flakes 



STM imaging of bP flakes 

exfoliated on graphene 

Abhishek Kumar et al., J. Phys. Chem. C, submitted. 
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Gr 

h ~ 25 nm a = 3.45 Å 
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bP annealing 

Abhishek Kumar et al., J. Phys. Chem. C, submitted. 
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Crater alignment 

Abhishek Kumar et al., J. Phys. Chem. C, submitted. 
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Crater alignment 

Abhishek Kumar et al., J. Phys. Chem. C, submitted. 
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bP devices 



bP Field Effect Transistor 

Rxx: 1-2 
Rxy: 1-3 

Flake thickness:  
65 ± 2 nm 

PMMA 
MMA 
Ti/Au contacts 
bP flake 
HMDS 
SiO2 thermal oxide 
Si 

N. Hemsworth et al., Phys. Rev. B 94, 245404 (2016). 



Transport Characterization 

• p ~ Vg for Vg < -30 V 
 

• p = 1013 cm-2 for Vg = -30 V 
 

• Field-effect mobility µ: 
      300 cm2/Vs at Vg = -70 V 

 
• Negligible T-dependence in µ 

for 0.26 K < T < 20 K 

N. Hemsworth et al., Phys. Rev. B 94, 245404 (2016). 



Longitudinal magnetotransport 

measurements 

N. Hemsworth et al., Phys. Rev. B 94, 245404 (2016). 

T = 300 mK 



Picture from Bergmann, Weak 
localization in thin films,  
Physics Reports 107, 1984  

Weak Localization 
Weak localization is a quantum effect related to coherent scattering 
at low temperatures. 

Amplitude A1
 Amplitude A2

 

Normal Diffusion Model: 

P = |A1|2 + |A2|2 = 2 |A|2 

Coherent Addition: 

P = |A1 + A2|2 = |2 A|2 = 4 |A|2 

Since weak localization is a coherent scattering effect: 
 

• It’s suppressed by magnetic field 
 

• It’s smeared by temperature 
 



Weak Localization 

S. Hikami, A. I. Larkin, and Y. Nagaoka, 

Prog. Of Theor. Phys. 63 (1980) 707. 



Weak Localization 

T = 0.26 K 

N. Hemsworth et al., Phys. Rev. B 94, 245404 (2016). 



Scattering Lengths 

BL2 = h
4e  

𝐿𝜑,𝑚𝑎𝑥 = 55 𝑛𝑚 

N. Hemsworth et al., Phys. Rev. B 94, 245404 (2016). 



Scattering Lengths 

• Ballistic transport: 𝜏𝜑 ∝ 𝑇−2 

• Diffusive transport (𝜏0 < 𝜏𝜑): 

Dephasing length vs. inelastic scattering time: 

𝐿𝜑 = 𝐷𝜏𝜑 with D diffusion coefficient 

                                𝜏𝜑 ∝ 𝑇−1  or 𝐿𝜑 ∝ 𝑇−1
2  

Lin and Bird, Jour. Phys. Cond. Mat. 14, R501, (2002)    



Scattering Lengths 

Saturation 
most likely 
due to 
dynamical 
impurities. 

N. Hemsworth et al., Phys. Rev. B 94, 245404 (2016). 



Scattering Lengths 

Saturation 
most likely 
due to 
dynamical 
impurities. 

𝐿𝜑 does not 

follow a 𝑇−1
2  

behaviour. 

N. Hemsworth et al., Phys. Rev. B 94, 245404 (2016). 



Quasi-1D systems 



Comparison with quasi-1D wires 

𝜏𝜑 ∝ 𝑇−2 3  

𝐿𝜑 ∝ 𝑇−1 3  

D. Natelson et al. 
PRL 86 (2009): 
 
quasi-1D: 

𝐿𝜑, 𝐿𝑇 > 𝑤, 𝑡 

 
width w 
thickness t 

 
𝐿𝜑 = 55 𝑛𝑚 

 
thermal length: 

𝐿𝑇 = ℏ𝐷
𝑘𝐵𝑇
  

        = 10 – 60 nm 
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This work

(Vg=-80V)

N. Hemsworth et al., Phys. Rev. B 94, 245404 (2016). 



Strong anisotropic in-plane magneto-

transport in a few-layer bP FET 

F. Telesio et al., unpublished. 



bP / PMMA hybrid material 



bP embedded in PMMA 

F. Telesio et al., Nanotechnology, submitted. 

prepared by in situ polymerization 



Optical microscopy and 

Raman spectroscopy 

F. Telesio et al., Nanotechnology, submitted. 

10µm 



Transport properties 

F. Telesio et al., Nanotechnology, submitted. 

RT 

T = 4.2 K 

R ~ 108 kW 



SEM + EDX 

F. Telesio et al., Nanotechnology, submitted. 



AFM 

F. Telesio et al., Nanotechnology, submitted. 
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