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Molecular doping is strategically used to 
induce gap opening and shift of the Fermi 

level for electronic devices application

F. Mehmood et al.; J. Phys. Chem. C 2013, 117, 10366S.M. Hornett et al.; Phys. Rev. B 2014, 90, 081401(R)

OXYGEN molecular doping
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Same effects

for p-type

or n-type doping

Different effects for p-type

or n-type doping

A. Das et al; Nature Nanot. 2008, 3, 210

1200 1400 1600 2400 2600 2800 3000

 

 

2D

G

R
am

an
 s

ca
tte

rin
g 

(a
rb

.u
ni

ts
)

Wavenumber (cm-1)

Monolayer Graphene



18 September 2020 � https://fisicaechimica.unipa.it/agnello/ 9

Strain and doping in monolayer graphene 

Doping line

Strain line

2D vs G 
RAMAN MAP

T.G.A. Verhagen et al.; Phys. Rev. B 2015, 92, 125437
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- STRESS IS INDUCED BY NOT OXYGEN ATMOSPHERE

- OXYGEN INDUCES DOPING
A. Piazza et al J.Phys.Chem.C 119 (2015) 22718

A. Piazza et al Carbon 107 (2016) 696

A. Armano et al Carbon 127 (2018) 270
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AIMS

> EVALUATE THE SUBSTRATE EFFECT

> DETERMINE MICROSCOPIC FEATURES

> CONSIDER THERMAL EFFECTS ON OTHER 2D 
MATERIALS: MoS2
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Copper Copper

Graphene on topH2, CH4 gas flux

Δ ramp

PMMA coating and chemical etching of copper in wet solution

PMMA

Spin coating and 

Thermal bake

Spin, T

copper dissolution

FeCl3

copper dissolution

FeCl3

Gr/ Xi / Si   substrate 
PMMA Wet elimination
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Gr/ Xi / Si   substrate 

X1 = 300 nm SiO2 (therm.)

X2 = 50 nm Hf2O (ALD)

X3 = 40 nm Al2O3 (ALD)

hydrophilic

hydrophobic
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Thermal processing in controlled atmosphere

5 x10-8 bar< Vacuum < 7 x10-4 bar

Tamb

Dry gas 2 bar

[H2O]   < 3 ppm

Tamb

40°C <T< 400°C

~0.1 h <time< 20 h

Static pressure

Dry gas
CONTROLLED

ATMOSPHERE
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Substrate dependent strain

A. Armano et al Carbon 149 (2019) 546
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Thermal treatments: O2 , time 2h

Effectiveness of doping

A. Armano et al Carbon 149 (2019) 546
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Thermal treatments: O2 , time 2h
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Substrate affects the threshold temperature

A. Armano et al Carbon 149 (2019) 546
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Doping level and stability depend on substrate features
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Diffusion limited
process

A. Armano et al Carbon 149 (2019) 546
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Doping effectiveness depends on substrate wettability
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hydrophilic

hydrophobic

Hexamethyldisilazane (HMDS)

Contact angle (83 ±1)°

Contact angle (59 ±1)°

‘’hydro-’’‘’hydro+’’
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Hydrophilic character --> Higher doping

‘’hydro-’’

‘’hydro+’’

Oxygen 
treatment

TT O2 @ 300°c
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‘’hydro-’’

‘’hydro+’’
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‘’hydro+’’

‘’hydro-’’
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Doping process

MODEL: reduction process
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Doping process ‘’sensitive’’ to substrate --> interlayer region

‘’hydro-’’

‘’hydro+’’
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• Exposure to O2 at opportune T induces p-doping of graphene 

transferred on dielectric substrates

• The substrate affects both doping level and diffusion dynamics

• The doping process can be tuned by modifying the surface features 

of the substrate

SUMMARY
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Q. H. Wang et al.; Nat. Nanotech. 2012, 7, 699

2D MoS2 shows specific electronic features

Indirect band gap direct band gap

Mo

S

Introduction
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Raman spectra  identifies number of layers

Q. H. Wang et al.; Nat. Nanotech. 2012, 7, 699

Introduction
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H. Zhou et al.; Nano Research 2013, 6, 703

Triangular pitchs formed by thermal treatments (2h) in air

325°C 345°C

355°C 365°C

Introduction
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M. Yamamoto et al.; J. Phys. Chem. C 2013, 117, 25643

MoO3

bands

Oxidation is thermally induced

Introduction
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MoS2

Mechanical exfoliation of 
Molybdenite crystal

Thermal release tape and 
thermocompression on

SiO2/Si

>10µm lateral size flakes

Material
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A. Piazza et al Bel.Jour. Nano 8 (2017) 418

TT O2 up to 430°C

Flakes erosion edge size thinning
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Oxidative effect of edge layers

MoO3

bands



http://www.unipa.it/lamp/

CONCLUSIONS

• Exposure to O2 at opportune T induces oxidation and structural 

changes of 2D MoS2

• The thermal treatments in controlled atmosphere are useful to 

modify physical properties of 2D materials

• Interaction with the substrate has to be deepened

18 September 2020 39
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