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The Nobel Prize in Physics 2010 was awarded jointly to Andre Geim and
Konstantin Novoselov "for groundbreaking experiments regarding the

two-dimensional material graphene”
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High speed Transistor Conductive ink
RFIC, Sensor EMI screen ink

—— —

Graphene

Flexible Display

Touch Panel Chemical sensors

['IHealthcare
M Aerospace & defence

Solar cell, Battery
Supercapacitor

LED lighting M Electronics, optoelectronics

and semi-conductors
B Energy Storage
M Automotive
I Plastics, composites

Automobile lsensprs . :
Alir plane components M coating, packaging and paints

M telecommunications

A. Ferrari et al, Nanoscale, 2015, 4597-5062
https://ecms.adelaide.edu.au/graphene-research-hub/about-graphene/applications/
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Quantum Size Effects

' - ‘ Sharp Interfaces & Interesting Physics

(a) Bulk Material . .

Thickness Dangling 60 - (C) D A
variation bonds 1L Mos,, ]
W 9OF Llu etal. (6] 1
8te ‘ . ¢ 3 40 4
h"w \ ' : J 5 30k ]
Bulk Semi ctor ou-nlumvnn Quamumoot (b) 2D Material g 5
Uniform & fixed Dangling- 2 20F .
thickness bond free = O MoS,, Liu etal. [3]
- Vi 10 ~<]-Mos,, Lietal [4]
° QA D000 CO0 0 _D SI Schmldt e' a' [5]
Ease of Band Structure Tunning [JLWWWWOH ol
L 7 ) 06 12 15 24 30 36
; Thickness (nm)

‘Top Dlelectnc

“Bottom Dielectric

bulk 4-layer 2-layer 1-layer

A\ NA

\/ = \/ % undoped region #%2¢ doped region
\’\/ ™\ "\ - Cao et al., IEEE Transactions on Electron Devices, 62, 3459-3469 (2015)

r MK rvTr MK rT MK rr Mx r

Sun et al. " Applied Physics Reviews 4, no.1, 011301, 2017.
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2D materials have been the focus of
extensive research since the discovery of
graphene in 2004 : _

www.graphenea.com

CrO,, CrS,, etc. Graphene, etc.

% VO,, VS,, etc.

& RORX
X ;
& %’g*

J 9 9 J

W NbSe,, etc.

N
N )

Superconductorj%@‘

Kang et al., Proc. SPIE, 908305 (2014).
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a
NIR: communications, MIR: thermal infrared, FIR: astronomy, Aircraft communication
night vision goggles military medicine AM radio
Document security, ; Display, ' Microwave oven, satellite communications,
DVD players | solid-state lighting / radar, cell phone, Bluetooth, etc
1 /
Frequency : £ i
10" 10" 10" 10" 10" 10" 10" 10" 10° 10° 107 10° 10°
(PHz) (THz) (GHz) (MHz)
Ultraviolet rays Visible light Infrared rays Microwaves Radiowaves
hBN MoS, Black phosphorus Graphene
(insulator) (semiconductor) (semimetal)
b c : e
hBN: ~6 eV TMDC; ~1.0-25 eV Graphene: zero-gap
fZ S 2 TS S =
4 3 4 ; kz 4 - 4 B w 4 ".
i 24 i 2 ot A e oo Jeocosads T e % 2
§ [ . PR g‘o > ko === » - ¢>5’0 .........
5 3 52 ' R e ~7 I
-4 - -4 ' _i ol —4
-6<; Monolayer hBN -6 Monglayer MoS, ¢ Mariblpyer BP -6 Aonolgyer graps
r K M r r K M r ) 5 - r K M r

Xia et al., Nature Photonics 8, 859-907 (2014)
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a
Metallic Semiconducting
Graphene Black phosphorus Dichalcogenides Boron nitride
b 2D-0D : c 2D-1D
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A 2 1334
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Nature Reviews | Materials

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

& N\
Cdl, AZSCP,S, |oeyge g g
P-3m1 P312 IIKII
\ J
3 @ » )
59 PbCIF NdTe, |
S U, \.'\\
/ P4/nmm -‘.\\ ¢ V%

FeOCl
Pmmn

B|I3 . )}) . .L.":, £ ,( AN £
W P-31m P-6m2 jw**é*
. J

7 > E C : N\

)‘ I ‘.4 I-v" ’. : FePS Bi Te S L - A.
LQ‘*XI JP-31n31 pam PSS S &
3 J

Source: Macmillan Publishers Ltd
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Park et al., Nano Lett. 14, 4306, (2014).
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Overview of guest species intercalation
into the interlayer space of layered
materials via physical or chemical
attachments.

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 (Naz2SisO17-nH20). The surface silanol group (SiOH)
is visible. d) A layered titanate, K2Ti4O9. e) A lepidocrocite-type
layered titanate, Ko.8Ti1.73Li0.2704. Li, which replaces a part of
Ti, is invisible. f) A layered niobate, K4NbsO17.

Sangian etal, Small 14, 1800551, 2018
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Phosphoerene
Black Phosphorene
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Graphene Molybdenum disulfide Hexagonal boron nitride Black phosphorus
. <, / -
g » "u "c\\ ’ [
el 0 il ‘ ‘ % “ - CE T o » .
RO IEEEES A R = i
. .o o. . a . - e A& o" -‘ —L «N
oie el e i s QOO0 S PR -
- .. .. 4 . ] * - -~ // ‘ ‘ \ & & " v J J F 0B
P ol o Bl -'/')'/ P o o g PP 2-g-2-g-
? ? : ¢ P2 - . 4 4 4 4
...’.::::‘,: ///l A & A .”””',
4‘ [y - P -‘ . . Mo
¢ o0 . . : -....‘-:,‘Ilge‘\‘\‘ L T S

Du et al., J. Mater. Chem. C, 2015, 3, 8760--8775

* Like graphene, phosphorene is a monolayer

of a single element (black phosphorous)
* Other elemental 2D materials (silicene,

3
8
3

germanene, stanine) need substrate Ve S o pa
+ However, not flat but has a puckered layer Y 'f’.),f"'-’ NN
structure g"/vi«ﬁ“l”:""‘; =W .
* It shows a strong in-plane anisotropy S DHC » > >
* key properties yu-*"“? “Nwwww
* tunable bandgap b | L:"" NS
* in-plane anisotropy L.: ™ e

® h lgh carrier mo b ! l Ity Ling et al., PNAS 112, 4523-4530(2015).
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vt Bandgaps of 2D Materials
(a) Utravioletrays  Visiblelight  Infrared rays . Microwaves  Radiowaves

hBN MoS; Black phosphorus Graphene
(insulator) (semiconductor) (semiconductor) (semimetal)

h-BN TMDC Black phosphorous Graphene

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

The key characteristic of

phosphorene is its highly tunable
bandgap, between 0.3 eV and 2 eV 3;\\3 WIS
for different number of layers

*  Unlike MoS, phosporene has direct £
bandgap even for multilayers

s, [ .
| T B aAn
A B &% A‘ o
L P

25 ™
b : 1L 2L 3L|C O Theoretical work
2 I8 Experimental work
3
> L5}
9, S e
5 = : 2
& © 7 B
g c 1ir 22, PL 1
W 3 —8 2 s1s
05 ® 15 PEE 12IR [ ]
L] P (]
\ ®
8 N e L0 . : R
X :87% F X 9% I X :8Y T 1 2 3 4 5 " buk
Number of layers
Ling et al., PNAS 112, 4523-4530(2015).
A Visible Near-IR
Frequencies (Hz) 10'* 1012
(PHz) (THz)

TMDC: ~1.5-2.5eV  BP: ~0.3-2.0eV  Graphene: zero-gap
Ling et al., PNAS 112, 4523-4530(2015).
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Castellanos-Gomez, J. Phys. Chem. Lett. 2015, 6, 4280-4291
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Akhtar et al., npj 2D Materials and Applications 1, 5 (2017).
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In-Plane Anisotropy

Armchair

Kou et al., ) Phys Chem. Lett. 2015

Strong Intrinsic anisotropy is shown in many

properties of phosphorene (electronic structure,

optical, electrical, mechanical, transport,

thermoelectric, etc.).

Electronic .
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Kou et al,, J. Phys. Chem. Lett. 2015, 6, 2794-2805
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Du et al., J. Mater. Chem. C, 2015, 3, 8760--8775
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* Recent DFT work proposed strain-engineered pH=8.0 — CBM — VBM
phosphorene as a photocatalyst for water splitting = 0.4 e J—
and hydrogen production SR ] By SRR (SSRS S H/H’
* Phosphorene lattice is unstable under compression Z ol
strains and could be crashed however shows good 2 154eV] [179ev]  182ev|
stability under tensile strains. Tunable band gap from % =
1.54 eV at ambient condition to 1.82 eV under tensile § o I = T 7 ==
strains 181
 Appropriate band gaps and band edge alignments onditon 2107 bb=1.05
demonstrate the potential of phosphorene as efficient
photocatalyst for visible light water splitting Eitting = EoHphosphorene + Bt = E1,0/ phosphorene
* Negative splitting energy of absorbed H,0O indicates
the water splitting on phosphorene is energy favorable (a) (b) .
both without and with strains e @
Soerie 2 2% 8@’3

Table 3. Calculated Driving Force of the Splitting of Water
Molecule on Phosphorene

(d)

E?‘f‘,mg (eV) strain free afay = 1.07 b/b, = 1.05

kX

Optical absorption

Esgining ~4.183 ~4.204 ~4278 % % $
T 2R % RN
f:'.(.hmnb -2.225 —2.470 3334 S I - S ) %
EQu ~2.458 ~2612 -2.575 200 300 400 500 600 700 800 900 100(

splitting

Wavelength (nm)

Saetal, ). Phys. Chem. C 2014, 118, 26560-26568
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U Fabrication methods for phosphorene

v" Mechanically Exfoliation
o high quality material for research
o not scalable for industrial applications
v Liquid-Phase Exfoliation
o cheap and scalable method
o material quality might not be high enough for certain electronic or optical applications

v Pulsed Laser Deposition
o can be scaled up
o samples show lack of crystallinity and poor electrical properties

U A large-area synthesis method for crystalline phosphorene is needed

phosphorene graphene TMDC

fabrication successful reference fabrication successful reference fabrication successful reference

top-down

cleavage with tape \/ 9,10 \/ 14 \/ 14, 16

liquid-phase exfoliation vV 64, 65 i 56, 62 v 62, 63

lithiation X v 66 vV 66, 67

plasma-assisted fabrication \/ 60 \// 58 \/ 59
bottom-up

CVD growth X vV 69, 72 v 70, 71

hydrothermal synthesis X \// 75 \/ 76

Kou et al., J. Phys, Chem, Lett, 2015, 6, 2794-2805
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Degradation of phophorene and protective
encapsulation of BP FET with AlO, overlayer

(b)

(a)

1 SN——

£ . -AIOJ/BP
3101 .. Bare BP
)
Gt
0 50100150
AlO,/BP Time (hrs)

Kou et al,, J, Phys, Chem, Lett, 2015, 6, 2794-2805

Sandwiching between h-BN fakes to
fabricate high quality encapsulated
devices

“\ POMS

Castellanos-Gomez, J. Phys. Chem. Lett, 2015, 6, 4280-4251
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o Morphology and crystallinity
a Liquid exfoliation |

‘ E,=2.09 eV Number of layers
2
g ! 6000 = Al
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) gl A a | A o 63 00
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2 o
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.
04 . Botiom centrifuge
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g Phosphorene
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Dralis Phosphorene
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Phosphoerene

Blue Phosphorene




LOUISVILLE.

CONN CENTER FOR RENEWABLE
ENERGY RESEARCH

Theoretical Prediction of Layered Blue Phosphorus

Zhen Zhu and David Tomdnek, PRL, 112, 176802 (2014) > Structural prope rties

v/ Space group of R-3m

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

v/ AB hexagonal stacking with
interlayer distance of ~ 5.63 A

v" Nearly as stable as black

Layered black phosphorus Layered blue phosphorus phosphorene (~ 1 meV/atom
difference)
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Theoretical Prediction of Layered Blue Phosphorus (cont.)

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

"5 Vibration spectrum properties

v/ Nearly isotropic in-plane elastic

: response

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

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

Wave number (ecm')
z

v/ High vibration frequencies of optical
modes at I point (420 cm™ and 520
K cmt)

Vibrational band structure of a monolayer of
blue phosphorus
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Theoretical Prediction of Layered Blue Phosphorus (cont.)

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

> Unique electronic properties

@) '] v/ Wide indirect wide band gap
3
< T v/ lLayered-dependent tunable bandgap: ~2 eV at
% T monolayer and ~ 1.4 eV (AB stacking) at bulk.
0
w o v/ Semiconducting-semimetal transition under
21 in-layer strain
3
4 2 v/ Possible high carrier mobility
(d) P r——t (e) 25 —
AB stacking —— . v/ A promising candidate as a BCS-superconductor
" 1
o e 2f - after proper intercalation with some alkali
2 O R - metals such as Li, Na, and K
mam— w” : |
121 ! E 1 v/ Exhibit the charge-density-wave (CDW) phase
% L I T due to periodic distortion of the atomic lattice

1/(NMumber of layers N)

Strain O

in this layered 2D material under proper
intercalation and high pressure.
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Zhang et al., Nano Lett., 2016, 16 (8), pp 4903-4908
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LouisvILLE. A New Pathway for Synthesis of Layered Blue Phosphorus
e N from Black Phosphorus by Li Intercalation

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

(a) Layered phosphorene (b) Li intercalation in layered phosphorene
1808 °
i o o
(=] [¢]

Top view Side view Side view

. [+] [¢]
op view Side view Side view
A v yr
(d) Layered blue phosphorene (<) Li induced phase transition
Top view Side vi Side view Top view i i . oS
ide view Side view side view

(a) layered black phosphorene; (b) Li intercalation in the layered black phosphorene; (¢) 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.
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High Pressure Experiments

1cm S

Pressure
Media -

Sample — %7 ~—Gasket

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

Yang, S. and Zhaohui, D. (2011 ),\\

Nanowires — Fundamental
Research, ed. Abbass Hashim,
InTech, Rijeka, Croatia, 2011.
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DAC Studies of 2D Materials
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High

Pressure Optical Study
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Theory Meets Experiment
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Summary

Black phosphorus Blue phosphorus
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