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Introduction 
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Black Phosphorus 

Only the second elemental allotrope that can be mechanically  

exfoliated down to the single atomic layer limit. 



Black Phosphorus (bP) 

1914: Bridgman produces first bP 

1953: Keyes studies bP as a semiconductor 

1968: Berman & Brandt; Witting & Mattias 

observe superconductivity at high pressure 

1970’s - 1980’s: burst of activity in Japan on 

electronic properties, Raman, cyclotron 

resonance 

2014: ultra-thin bP FETs reported by Peide Ye 

(Purdue), Yuanbo Zhang (Fudan) and Jeanie 

Lau (UC Riverside) 

Puckered honeycomb 

layers 

Bulk band gap = 0.3 eV 

Monolayer band gap ~ 1.2 

eV A. Morita, “Semiconducting Black Phosphorus”, Appl. Phys. A39, 227 (1986).    



Black Phosphorus (bP) 

A. Morita, “Semiconducting Black Phosphorus”, Appl. Phys. A39, 227 (1986).    



Black Phosphorus (bP) McGill University  CFI JELF #35813   

Assessment Criteria  

of the geometric phase that is a signature of 

Schrödinger or Dirac character, or an 

intermediate value between Schrödinger and 

Dirac. Importantly, strain engineering will 

reduce the electric field required to induce a 

Schrödinger to Dirac transition. We are 

applying our latest advances in bP FET 

development with our expertise in 

experiments at extreme conditions to 

characterize bP FETs under pressures of up to 

26 kbar - the first experiments to combine 

strain, electric field and quantum confinement 

in bP. Magnetotransport with full vector control will enable us to perform a complete mapping of 

the bandstructure of bP using SdH oscillation frequency, phase and amplitude along each 

direction. Thus far, the physical limits of a transistor operating on the basis of bandstructure 

tuning remains a completely open problem. The speed of voltage tuned Diracness will be directly 

probed by 50 GHz bandwidth measurements. 

 
THEME B: VAN DER WAALS HETEROSTRUCTURES 

The assembly of different 2D materials into layered heterostructures offers an additional 

degree of freedom to tune 2D transistor properties. These heterostructures, called van der Waals 

heterostructures because of the comparatively weak van der Waals bonding between atomic 

layers, can be used to tune the local dielectric and screening environment that is important for in-

plane charge carrier motion. In concert with tuning local dielectric properties, interfacial trap 

state density must be minimized. The low interfacial trap density of hBN has been key to 

enabling the observation of the fractional quantum Hall effect in graphene [17]. Low interfacial 

trap density and strong screening in graphene / hBN / bP heterostructures has enabled an increase 

in charge carrier mobility in bP  (>6000 cm
2
/Vs at low temperature) and the first observation of 

the quantum Hall effect in bP [10]. The wide gap insulator hBN has a low dielectric constant, 

high temperature stability, high thermal conductivity and is chemically inert. Passivation 

techniques may also play an important role. For example, passivation by superacid treatment has 

been shown to increase the quantum yield of photoluminescence in monolayer MoS2 by several 

orders to near unity, and improves sub-threshold swing [18].  

As with compound semiconductor heterostructures, van der Waals heterostructures can 

also be designed for out-of-plane charge carrier motion. Our fundamental understanding of 

canonical semiconductor devices, such as the pn junction diode and the pnp bipolar junction 

transistor must be revisited in the context of atomically sharp junctions, including the role of 

Coulomb interactions and exciton formation. Equally important, reliable impurity doping that is 

the foundation to existing semiconductor device technology must also be developed for 2D 

materials. There is a significant body of work on doping the bulk layered crystal allotropes of 2D 

materials [19], however, our present understanding is insufficient for controlled doping of van 

der Waals heterostructures. 

 

B.1: Engineered Substrates for Van der Waals Heterostructures 

In this project we will develop substrates for van der Waals heterostructures that 

maximize mobility for majority carrier devices (field effect transistors), and maximize minority 

E 

p 

E 

p 

E 

p 

Schrödinger Dirac 
strain, electr ic field  

Fig. 2. Energy versus momentum of bP tuned from a 

massive Schrödinger dispersion to a massless Dirac 

dispersion under applied strain and/or electric field. 
Xiang et al., Phys. Rev. Lett. 115, 186402 (2015) 



bP Photo-oxidation: 20s of Ambient Air and 

Light 

Rapid bP photo-oxidation with combination of O2, H2O and 

light.  
A. Favron … R. Martel, “Photo-oxidation and quantum confinement effects in 

exfoliated black phosphorus”, Nature Materials (2015).    

Before After 



  

Device Fabrication and Measurements 



bP FET Fabrication : Top Approach 

Prof. Yuanbo Zhang, Fudan  



bP FET Fabrication : a  Poor Man’s Approach 

bulk bP source:  

99.98% purity (Smart Elements) 

 

exfoliation & processing in glove 

box 

O2, H2O < 1ppm 

 

e-beam lithography & Ti/Au 

contacts 

 

encapsulation with MMA/PMMA 

 

avoid simultaneous O2, H2O, and 

light 

10μm 10μm 

Our best  mobility: ~1000 cm2/V.s 



Shubnikov – de Haas Oscillations 
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90±2 

layers 

82±4 

layers V. Tayari, ………G. Gervais, R. Martel, T. Szkopek  Nature Communications (2015).    



Temperature Dependence of SdH 
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(e)
Lifshitz-

Kosevich: 

Damping: 

V. Tayari, ………G. Gervais, R. Martel, T. Szkopek  Nature Communications (2015).    

m*=0.36  +/-  0.03 m0 



  

Independent Findings 



Independent work regarding SdH 

Jeanie Lau @ UC Riverside: 

N. Gillgren et al., Gate tuneable quantum oscillations in air-stable and 

high-mobility few-layer phosphorene heterostructures, 2D Materials 

2015. 

 

Yuanbo Zhang @ Fudan: 

L. Li et al., Quantum oscillations in black phosphorus two-dimensional 

electron gas, Nature Nanotechnology  2015. 

 

Ning Wang @ HKUST: 

X. Chen et al., High quality sandwiched black phosphorus 

heterostructure and its quantum oscillations, Nature Communications 

2015. 

 

Gervais/Szkopek @ McGill + Martel @ UdeM team: 

V. Tayari et al., Two dimensional magnetotransport in a naked black 

phosphorus quantum well, Nature Communications 2015. 

 

. 

 



  

New Developments in Bp: Device Engineering 



Dual Gated Velocity Modulator (Engineering) 

V. Tayari, ………G. Gervais, T. Szkopek  Phys. Rev. Applied 5, 064004  (2015).    



See Talk by Prof. Szkopek  @ ICPS 

Monday 14h: 2D Materials beyond graphene (Mo-E3) 



  

 New Developments in Bp:  Dephasing 



Recent Work on Weak Localization in bP 

(Purdue) 



Weak Localization in bP (McGill/Pisa)  



Weak Localization in bP (McGill-Pisa)  



Hikami-Larkin-Nagaoka (HLN) Theory 

WL correction to conductivity in 2D:  

with field parameters given by:  

where B0 describes the elastic and Bf the inelastic (dephasing) scattering.  



HLN Lengthscale and Timescales  

Scattering length Li associated with a field Bi :  

and correspondingly the dephasing time  tn is:  

where D is the elastic coefficient diffusion. 



HLN Fits (at 0.26K) 



HLN Fits (at 10K) 



Temperature Dependence of Dephasing Length 

Lf 



Dephasing in 2D 

Electron-electron scattering in the presence of elastic scattering in 2D :  

1 10 100
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L
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Temperature Dependence of Dephasing Length 

Lf 



  

So, to conclude 



Some Thoughts 

 A “Puckered” Graphene experiment. 

 

  

 Dephasing length/time more “robust” 

than 

 what is expected in 2D. 

  

 

 Anisotropy? “1D-like chain”?  

  

 

  

  



  

どうもありがとうございます 

Doumo arigatou gozaimasu 



Temperature Dependence of Dephasing Length 



Temperature Dependence of Dephasing Length 



Temperature Dependence of Dephasing Length 



Zero-field Transport  

24±2 layers 

90±2 layers 

12.5±1 nm 

47±1 nm 
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Landau Level Fan Diagram Analysis 

holes = Schrödinger 

fermions 

Berry phase: 

b

V. Tayari, ………G. Gervais, R. Martel, T. Szkopek  Nature Communications (2015).    

FB=0 



bP FET Fabrication : a Much Better Approach  

Prof. Yuanbo Zhang best mobility: ~6000 cm2/V.s 

Prof. Yuanbo Zhang  



More Temperature Dependence of SdH 

Prof. Yuanbo Zhang  

Nature Nanotechnology (2015)    

m*=0.34 m0 
FB=0 



Atomic Force Microscopy 

AFM performed after electrical transport measurements  

(a) (b) (c)4μm 8μm 8μm 

6±1 nm 12.5±1 nm 47±1 nm 

24±2 layers 11±2 layers 90±2 layers 



2D Character from Angle-Resolved Data 

Nature Nanotechnology (2015)    

Prof. Yuanbo Zhang  



Fermi Surface and Carrier Density 

2D (Fermi disc) model: 3D (Fermi sphere) 

model: 



Schrödinger-Poisson Simulation 

Self-consistent Schrödinger-Poisson simulation: 

   2D hole accumulation layer 

   rms width 2.7nm ≈ 5 - 6 layers 

   E1 - E2 = 28 meV sub-band confinement energy 

V. Tayari, ………G. Gervais, R. Martel, T. Szkopek  Nature Communications (2015).    


