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Due Credit for Black Phosphorus FETs
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Black Phosphorus

Only the second elemental allotrope that can be mechanically
exfoliated down to the single atomic layer limit.
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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
A. Morita, “Semisgnducting Black Phosphorus”, Appl. Phys. A39, 227 (1986).
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Black Phosphorus (bP)
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A. Morita, “Semiconducting Black Phosphorus”, Appl. Phys. A39, 227 (1986).
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Black Phosphorus (bP)

Schrodinger Dirac
strain, electric field

Xiang et al., Phys. Rev. Lett. 115, 186402 (2015)
= McGill Gervais Lab
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Light

‘ Before

Rapid bP photo-oxidation with combination of O,, H,O and
light.

A. Favron ... R. Martel, “Photo-oxidation and quantum confinement effects in
exfoliated black phosphorus”, Nature Materials (2015).
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Device Fabrication and Measurements
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bP FET Fabrication : Top Approach

Prof. Yuanbo Zhang, Fudan

M -
iCy MCGlll Gervais Lab



bP FET Fabrication : a Poor Man’s Approach

bulk bP source:
99.98% purity (Smart Elements)

exfoliation & processing in glove
box

O,, H,O <1ppm

e-beam lithography & Ti/Au
contacts

encapsulation with MMA/PMMA

avoid simultaneous O,, H,O, and

Our best mobility: 19¥00 cm2/v.s
= McGill Gervais Lab



Shubnikov — de Haas Oscillations
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Temperature Dependence of SdH

Lifshitz-
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V. Tayari, ......... G. Gervais, R. Martel, T. Szkopek Nature Communications (201¢
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Independent Findings
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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.
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New Developments in Bp: Device Engineerint
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Dual Gated Velocity Modulator (Enqgineering)
\ | m
N

- '\: Sy

V. Tayari, ......... G. Gervais, T. Szkopek Phys. Rev. Applied 5, 064004 (2015
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See Talk by Prof. Szkopek @ ICPS

Dual Gate Black Phosphorus Velocity Modulated Transistor
Nicholas Hemsworthi, Vahid Tayarii, 0. Cyr—ChoiniéreI, W. Dickerson®
Guillaume Gervais?, Thomas Szkopeki,

*McGill University, Montréal, Canada,

The layered semiconductor black phosphorus (bP) has attracted attention as a 2D atomic
crystal (Fig. la) that can be prepared in ultra-thin layers for operation as field effect
transistors (FETs). We report here an experimental investigation[1] of the fgansport
characteristics of bP FETs with an asymmetric dual gate geometry consistin top and

bottom gate electrodes (Fig. 1b,c,d) that enables operation of the dual gate as a
velocity modulated transistor (VMT), first proposed by Sakaki[2] to overc ier (ansit
time limitations to transistor speed. The exfoliated bP quantum well wa; atomic
force microscopy to be 32nm thick, and self-consistent Schrodi j calculations

indicate that the top gate potential V7¢ is effective at modi

/0 Vg was measured
n of top gate and back
back gate has a mobility
ikely due to asymmetry in bP
surface quality. The top gate potential is foun the back-gate transconductance by
four-fold (Fig. 1f). The 2-point conductanggfan onductance G,, were compared, and
it was found th top-gate modulate® iR SchoWky barrier contact resistance by two-fold
and the field obility ug /0(CRps) by two fold (Fig. 1g). A peak room
temperaty biljt >600c served at hole density psg = 7%10"/em® We

gate transconductance revealed that the hole gas igdu
substantially greater than the hole gas induced byghe
1a)

=

speculat the top gate gflod; s screening from a hole accumulation layer. The
engj f charge cagl triguflon, and screening, by externally applied potentials
witQin thi ayers is a n o tune bP quantum well device properties.

Monday 14h: 2D Materials beyond graphene (Mo-E3)
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New Developments in Bp: Dephasing
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Weak Localization in bP (McGill-Pisa)
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Hikami-Larkin-Nagaoka (HLN) Theory

WL correction to conductivity in 2D:

62 1 Bl
Ao = — (422w
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where B, describes the elastic and B¢ the inelastic (dephasing) scattering.

T McGill
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HLN Lengthscale and Timescales

Scattering length L; associated with a field B; :

B;L? = h/4e

and correspondingly the dephasing time T, Is:

L2 — DT¢

where D is the elastic coefficient diffusion.

T McGill
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HLN Fits (at 10K)
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lemperature Dependence ot Dephasing Length
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Dephasing in 2D

Electron-electron scattering in the presence of elastic scattering in

m Graphene-A .
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So, to conclude
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Some Thoughts

A “Puckered” Graphene experiment.

Dephasing length/time more “robust”
than
what is expected in 2D.

Anisotropy? “1D-like chain™?
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Temperature Dependence of Dephasing Length
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Temperature Dependence of Dephasing Length

T McGill
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Temperature Dependence of Dephasing Length
(@) (b)
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Figure 2. Magneto-conductivity measurements of weak localization (a) At constant back gate bias of —30 V for various temperatures
from the base temperature of 350 mK up to 40 K. (b) At base temperature of 350 mK for back gate voltages of 0 V, —10 V, —20 V, and
—30 V. The solid lines are fitting curves from HLN model within —500 mT and 500 mT.
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Zero-field Transport

12.5+1 nm

2412 layers

47+1 nm

90+2 layers
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Landau Level Fan Diagram Analysis
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bP FET Fabrication : a Much Better Approach

Prof. Yuanbo Zhang .
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More Temperature Dependence of SdH

Prof. Yuanbo Zhang g b
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Atomic Force Microscopy

6+1 nm 12.5+1 nm 47+1 nm

11+2 layers 2412 layers 90+2 layers

AFM performed after electrical transport measurements
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2D Character from Angle-Resolved Data

Prof. Yuanbo Zhang
’ .~ O Experiment

—— 2D model
160 — 3D model

120

1/cos (a)

Nature Nanotechnology (2015)
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Fermi Surface and Carrier Density
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Schrodinger-Poisson Simulation

— i
Sio, Black-P (47 nm)

Self-consistent Schrodinger-Poisson simulation:

e 2D hole accumulation layer
e rms width 2.7nm = 5 - 6 layers
* E, - E, = 28 meV sub-band confinement energy

V. Tayari, ......... G. Gervais, R. Martel, T. Szkopek Nature Communications (201¢
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