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Abstract. Two-dimensionally confined nanomaterials, popularly known as layered materials, are an emerging class of
novel nano-sized materials with exotic chemical and physical properties. 2D materials like graphene, MoS2 and WS2 have
offered fabrication of smart nano-electronic devices in recent years. However, based on their particular application, their
properties have to be tuned for specific purposes. Presently, photoelectronic applications of these materials demand finetuning of their work function for the design of efficient contact materials, field-emission-based devices and high catalytic
response in energy evolution reaction. The work function of layered materials can be effectively modulated through defect
engineering. Defects generated in these nanomaterials create strain in the crystal structure which in turn change the work
function of the materials. In this work, the defect-induced strain-assisted surface electronic response of layered materials
has been reviewed.
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Introduction

Layered materials or in other words, 2D materials are a
class of emerging materials having their atoms confined
in two dimensions with nanometre-scale thickness and
exhibit quantum confinement effects which are absent in
their bulk form. These effects lead to the emergence of
novel physical and chemical properties in these materials.
This class of exotic nanomaterials includes graphene and
graphene-like transition metal dichalcogenides (TMDs),
such as MoS2, WS2, MoSe2, WSe2, etc. and offer
manipulation of their unusual optical and electronic
properties for varied applications in transistors, sensors,
catalysts, energy storage and flexible electronics [1–4].
Graphene is a single-layered and gapless assembly of sp2hybridized carbon atoms with a hexagonal crystal structure. High conductivity, strength, transparency, flexibility
and catalytic response are some of its unparalleled features which have attracted huge attention in recent years
[5–7]. Similarly, TMDs family members like MoS2, WS2,
MoSe2 and WSe2 are offering excellent alternatives for
graphene, wherever a finite band gap is needed. These
materials too have remarkable physical and chemical
properties compared to conventional electronic materials.
TMDs are three-layered structure wherein transition metal
atoms are sandwiched between chalcogen atoms. It has a
hexagonal crystal structure with a band gap of 2 eV in
monolayer form [8,9]. MoS2 has a special crossover from

indirect to direct band gap when its bulk counterpart is
reduced to monolayer.
The surface electronic properties of layered materials
need to be tuned for a particular application. Modern
electronics require a desirable value of work function for
contact materials to minimize the resistance at the junction.
Similarly, their work function has to be tailored for high
catalytic response in photocatalytic purposes. The most
preferred route for this purpose is to modify their properties
by defect engineering [10,11]. The existing literature on the
topic has established that swift heavy ions (SHI) irradiation
offers an excellent method to introduce controlled defects in
the materials [12–15]. The SHI beam interacts strongly with
the electronic system of the target for a very short period
(*10-14 to 10-12 s) which leads to the formation of a
multitude of defects like vacancies, sputtering and extended
defects. Latent tracks are another outcome of SHI irradiation, if more than a threshold amount of energy is transferred to the target. These defects change the crystal
structure of the materials which in turn generates strain
either compressing or stretching their planes. The compressed or stretched lattice of materials causes their atoms
to come closer or move apart in them creating higher or
lower coulombic repulsion. This leads to a modified electronic structure with changed vacuum potential and Fermi
energy causing the work function to modulate accordingly.
Now, the control over the nature and distribution of defects
decides the magnitude and type of strain which provides
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Figure 1. (a) Se and Sn of graphene and (b) vacancy profile of graphene for 70 MeV Ni?6 ions.
(c) Se and Sn of MoS2 and (d) vacancy profile for MoS2 for 100 MeV Ag?9 ions. Here, graphene and
MoS2 are considered as multilayers by SRIM/TRIM simulations for obtaining these graphs.

excellent means to tune the value of the work function of
any material. This work reports a review of the popular
strategies for modulating the surface electronic properties of
layered materials by defect-induced strain.

2.

Synthesis and characterization

Graphite and TMD are covalently-bonded structures along
the basal plane, while the interlayers are bonded through
weak van der Waal forces along the perpendicular plane
[16]. Therefore, any suitable solvent or intercalants having a
matching surface energy of these layered materials can
overcome the van der Waal forces easily and their layers
thus, can be peeled off. Both graphene and TMDs are
commonly obtained through mechanical and chemical
exfoliation and also by chemical vapour deposition (CVD).
Mechanical exfoliation involves scotch tape for separating
different layers of graphite. Liquid chemical exfoliation
needs a micro-sized powder precursor and suitable organic
solvent and ultrasonication thereafter. In chemical vapour
deposition, the constituent atoms are vapourized from their
bulk part in the furnace in the inert atmosphere and are then
cooled off slowly to get graphene or TMDs. For defect
creation, the prepared nanomaterials are placed inside the
ultra-vacuum chamber in a Pelletron accelerator for

Figure 2. The stress dependence of the average CPD values of a
graphene flake. The histograms in (a) present the distribution of
the CPD values for the supported graphene, and suspended and
strained parts of the graphene flake. The black colour represents
(1) just after the vacuum establishment, (2) 17 and (3) 48 h after
initiating the vacuum. The red, blue and green solid lines are
double-peak fits using Gaussian distributions corresponding to 1, 2
and 3, respectively. (b) The work function variation of suspended
monolayer graphene as a function of strain obtained for three
different graphene-sealed micro-volumes GM1–GM3 corresponding to 1, 2 and 3 in figure 2a. The dashed line is a linear fit to the
data points. (This figure is reprinted with permission from Volodin
et al 2017 Appl. Phys. Lett. 110 193101).

irradiation purposes. SHI beams with the desired charge are
bombarded on the layered material samples with different
fluence at a chosen angle of incidence.

Bull. Mater. Sci. (2021)44:256

Page 3 of 8

256

spectroscopy (FTIR), UV–visible spectroscopy (UV–Vis),
Rutherford backscattering (RBS) and X-ray photoelectron
spectroscopy (XPS) are also employed many times to study
their optoelectronic modifications. Strain can be quantitatively obtained from the XRD pattern of multilayered
materials and Raman spectra of single- as well as multilayered materials. Change in the work function of the layered materials can be characterized by Kelvin probe
microscopy. The energy loss and vacancy profiles of SHIirradiated graphene and MoS2 can be estimated by Monte
Carlo simulation using stopping and range of ions in matter
(SRIM) and transport of ions in matter (TRIM) packages.

Figure 3. The change in work function as a function of strain
calculated using density functional theory-based calculations.
Inset: linear fit of the work function change for small strains.
(This figure is reprinted with permission from Volodin et al 2017
Appl. Phys. Lett. 110 193101).

Figure 4. (a) Calculated Fermi velocity variation under the
I (isotropic) strain in a unit of the Fermi velocity (v0) without
strain. (b) Calculated work functions (U) under the I strain. Here,
we set the work function without strain to zero. (c) Calculated
work functions (U) of graphene with the A (uniaxial strain along
armchair chain direction) and Z (uniaxial strain along zigzag chain
direction) stains. (This figure is reprinted with permission from
Choi et al 2010 Phys. Rev. B 81 081407R).

The non-irradiated and irradiated layered materials can
be characterized by field emission scanning electron
microscopy (FESEM) for morphological changes. Scanning
tunnelling microscopy (STM) and atomic force microscopy
(AFM) are used to investigate their structural modifications.
Transmission electron microscopy (TEM) and X-ray
diffractometer (XRD) are used to study the changes in the
crystal structure in the 2D materials. Raman spectroscopy is
another useful tool to study their vibrational properties
which provides deep insight into their electron–phonon
interactions. Similarly, Fourier transform infrared

3.

Defect production

Defects can be introduced in the nanomaterials before or
after synthesis either by chemical treatment or physical
damage. The popular and effective strategy is irradiation of
the layered materials with SHI which belongs to the latter
method. It gives us superb control over the nature and
distribution of defects to be introduced in the system. SHI
transfers its energy to the material via two interactions––
most of the energy is transferred through inelastic interaction with the electrons (Se) and a minimal amount of energy
is lost via elastic collision with the nucleus (Sn) of the target
[17,18]. Defects are created along the ion trajectories and
the surrounding regions. Depending upon the ion mass,
energy, charge state and properties of the target material,
various types and number of defects are created. Coulomb
explosion and thermal spike model are the widely used
models to describe the ion–solid interaction and defect
production mechanism in the target material [19,20]. The
loss of electronic (Se) and nuclear (Sn) energies of 70 MeV
Ni?6 ions in graphene (figure 1a) and 100 MeV Ag?9 ion in
MoS2 (figure 1c) are estimated by our group. Their
respective vacancy profiles are also provided in figure 1b
and d, respectively. Both these results were obtained from
Monte Carlo simulation using SRIM/TRIM code [21].
SRIM/TRIM simulations treat materials as bulk, while
calculating the energy loss and vacancy generation by ion
collisions with the materials.
In both cases, the incident energy being in the MeV
range, the Se value is *10 times more than that of Sn.
Therefore, Se plays a major role in the production of defects.
Vacancy profile in both graphene and MoS2 gives depth
profile of vacancy production.

4.

Strain engineering of work function

The work function of layered materials can be modulated by
introducing the lattice strain in the materials. Strain develops out of lattice mismatch at the grain boundaries or
change in the lattice parameters due to the creation of
defects. The lattice of any materials can be strained by
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Figure 5. (a) Raman spectra of pristine graphene and a-beam-irradiated graphene samples.
(b) Peak positions of the CPD histograms. The inset shows a schematic of the energy diagram for
the tip–graphene system. Evac is the energy level in a vacuum. (This figure is reprinted with
permission from Kim et al 2013 Appl. Phys. Lett. 103 171604).

Figure 6. Work function variation of both S1 (graphene grown
on 1st Cu foil) and S2 (graphene grown on 2nd Cu foil) as a
function of uniaxial strain. (This figure is reprinted with permission from He et al 2015 Appl. Phys. Lett. 106 043106).

generating defects in the system. Defects change the lattice
parameters of the material which brings their atoms closer
or move farther changing their band structure and causing
the electronic structure to modify. This phenomenon
changes the electronic potential energy and hence, the
vacuum potential and Fermi energy of the system which
subsequently modulate the work function. Lattice strain can
be easily calculated from the XRD pattern and Raman
spectra for multilayered nanomaterials. However, the strain
value of monolayered material having a single atomic
plane, like graphene, can be calculated from Raman spectra
and not from the XRD pattern as a single atomic plane does
not produce any XRD.
The theoretical calculation and experimental results
reported by Volodin et al [22] have shown that the work
function of bulged region in suspended graphene increases
when strain is increased. They have reported that work
function variation reaches 18 ± 3 MeV under the strain of
0.3%. In this work, the strain was introduced by

mechanical/physical methods by exfoliating graphene over
a predefined array of wells in silicon oxide. Figure 2a shows
the histograms of contact potential difference (CPD) values
for supported, and suspended and strained parts of graphene, for different periods of vacuum. Figure 2b shows the
work function variation of three different graphene monolayer-sealed micro-volumes as a function of strain based on
the histograms presented in figure 2a.
The density function theory-based calculation of change
in the work function under strain is given in figure 3.
Similarly, the first principle calculation by Choi et al [23]
regard the homogeneous strain in graphene as the effective
electronic vector and scalar potential. Their work shows that
under uniaxial and isotropic strains, the work function of
graphene increases substantially. They have also established
that variation in the work function can also characterize the
direction of the strain in graphene. Their calculation shows
that the work function of graphene can be increased by 0.6
eV with 10% of isotropic (I) strain. The strain deforms the
lattice and changes the Fermi velocity which is presented in
figure 4a. Figure 4b shows the calculated work function
under the isotropic (I) strain. The variation in the work
function of graphene along armchair and zigzag direction
under uniaxial strain is shown in figure 4c. An increase in
0.3 eV in the work function of graphene under 12% of both
A (along armchair chain direction) and Z (along zigzag
chain direction) strain is observed. Further, the value of
work function increases for A strain, while it saturates for
Z strain. Thus, variation in the work function can be used to
identify the strain direction in graphene.
The use of defects-induced strain for work function
modulation has been reported by Kim et al [11]. They have
employed a high-energy a-beam to irradiate graphene to
introduce desired defects in it. They have observed that
irradiation at atmospheric conditions promotes the formation of C/O bonding in the graphene which changes its work
function. The D (1345 cm-1) peak in Raman spectra in
figure 5a is related to the presence of defects which can be
seen increasing with higher ion fluence. They found that
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Figure 7. Calculated relative work functions (u - u0) and relative energies (E - E0) as functions
of strain for six metal dichalcogenides monolayers. (This figure is reprinted with permission from
Lanzillo et al 2015 J. Phys.: Condens. Matter 27 175501).

Figure 8. (a) Schematic of the armchair and zigzag direction.
(b) The work function of monolayer MoS2, calculated for biaxial,
uniaxial zigzag and uniaxial armchair strains. (This figure is
reprinted with permission from Lanzillo et al 2015 J. Phys.:
Condens. Matter 27 175501)

work function also increases with the irradiation dose. Their
finding has been presented in figure 5b.
Similarly, He et al [24] fabricated a strain device to load
the uniaxial strain in graphene. Their measurement has
revealed that uniaxial strain modifies the electronic density
of states which brings a change in the work function of
graphene. The work function can be varied up to 161 MeV
under the 7% strain value. They have also observed that the
work function of graphene gets affected by its topography.
For example, the presence of ripples in graphene can
modify its work function. The variation in the work function
of these two samples with uniaxial strain is shown in
figure 6. They have used two graphene samples grown on
two different Cu foils named S1 and S2 to get reliable
results. The difference in the overall change in the work

function of S1 and S2 under strain is due to the different
topographies.
On the similar line of strain engineered work function,
the surface properties of TMDs material (MoS2, WS2, SnS2,
VS2, MoSe2 and MoTe2) can be tailored with the introduction of mechanical and chemical defects. The first report
on this subject is a theoretical one by Lanzillo et al [25].
Their first-principles density functional theory computation
for TMDs monolayer predicts that compressive strain of
10% value can decrease the work function by almost 1 eV.
While the tensile strain of the same magnitude decreases the
work function. However, a slight deviation in the variation
of the work function for the case of tensile strain was
observed. The theoretical explanation for the variation of
the work function of TMDs with strain is attributed to the
dynamic balance between vacuum potential and Fermi
energy. Their calculation of relative energy and relative
work function are presented in figure 7.
Figure 8a shows the schematic of the armchair and zigzag
strains and figure 8b shows the calculated work function
variation for MoS2 under the biaxial, uniaxial armchair and
uniaxial zigzag strains.
The first experimental result on the ongoing topic was
reported by our group (Shakya et al) [26]. We have
employed SHI (100 MeV Ag) irradiation method to create
defects in the few-layer MoS2 nanosheets. The work function measurement of the MoS2 nanosheet by scanning
Kelvin probe is shown in figure 9.
Raman spectra of non-irradiated and irradiated multilayered MoS2 nanosheets are given in figure 10a. Defect
density inferred from the presence of defect-induced LA
peak (figure 10b), was observed to increase with an increase
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Figure 9. SKPM analysis. Work function mapping of (a) pristine and irradiated-MoS2 nanosheets
by 100 MeV Ag ion beam at different fluences, (b) 5 9 1011, (c) 5 9 1012 and (d) 5 9 1013 ions
cm-2. (This figure is reprinted with permission from Shakya et al 2017 Sci. Rep. 7 9576).

Figure 10. Raman modes of pristine and irradiated multilayered MoS2 samples. Raman spectra of
MoS2 nanosheets in (a) high frequency and (b) low frequency (showing defect-induced LA peak)
regions. (c) Variation of strain with fluence. (d) Linear dependence of the work function on the
in-plane strain. (This figure is reprinted with permission from Shakya et al 2017 Sci. Rep. 7 9576).
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Figure 11. (a) Schematic energy band diagram of WS2 and strained WS2 showing their work
function values. (b) Evolution of the work functions U with the variation in strain. (This figure is
reprinted with permission from Meng et al 2016 Appl. Phys. Lett. 108 263104).

in ion dose. The in-plane tensile strain was seen to increase
with the growing number of defects as the fluence of the
SHI ions increased. The tensile strain calculated from the
Raman spectra is presented in figure 10c against the fluence.
The value of the work function is found to increase linearly
with the increasing tensile strain along the basal plane. The
linear variation of work function with strain is shown in
figure 10d.
Similarly, the electronic properties of WS2 thin films can
be drastically modulated by thermal strain engineering. The
work reported by Meng et al [27] used this strategy to
change the work function of WS2 and to create lateral
heterojunction among their flakes. Figure 11a represents the
schematics of the energy band diagram of WS2 and strained
WS2. The variation in the layer-dependent work function of
WS2 with strain is given in figure 11b.
These are the popular strategies followed by different
research groups to tune the work function of layered
materials by defect-induced strain engineering. However,
the work function of these materials can be modulated by
different methods, such as chemical and physical doping,
physical and chemical adsorption of oxygen, plasma treatment, etc. [28–30]. But SHI irradiation offers a distinct
advantage over those methods because of its efficacy in the
creation of controlled defects for manipulation of lattice
strain in modification of surface electronic properties of
layered materials.

5.

Conclusion

In summary, the engineering of surface electronic properties
is the crucial step towards fabricating graphene-only or
TMDs-only flexible electronic devices. This purpose can be
achieved with defect-induced strain-engineering strategies.
Defects bring an overall change in the lattice of the materials through modification of their electronic structure
which in turn changes the work function of the material.
SHI offers the most suitable method for the creation of

controlled defects in the graphene and TMDs nanomaterials. Strain can be generated controllably by the ability to
decide the nature and density of defects by SHI irradiation.
Thus, work function can be properly tuned for the desired
purpose with unprecedented accuracy for their immense
role in the design of contact materials, catalyst and field
emission devices.
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[3] Flöry N, Jain A, Bharadwaj P, Parzefall M, Taniguchi T,
Watanabe K et al 2015 Appl. Phys. Lett. 107 123106
[4] Suriani Muqoyyanah A B, Mohamed A, Alfarisa S, Mamat
M H, Ahmad M K, Birowosuto M D et al 2020 Bull. Mater.
Sci. 43 310
[5] Viji P, Bharkavi S, Vijayan P, Sivadhayanidhy M and Suresh
C 2020 Bull. Mater. Sci. 43 145
[6] Ho W, Yu J C, Lin J, Yu J and Li P 2004 Langmuir 20 5865
[7] Ghosh S, Calizo I, Teweldebrhan D, Pokatilov E P, Nika D
L, Balandin A A et al 2008 Appl. Phys. Lett. 92 151911
[8] Dias A C, Qu F, Azevedo D L and Fu J 2018 Phys. Rev. B 98
075202
[9] Ellis J K, Lucero M J and Scuseria G E 2011 Appl. Phys.
Lett. 99 261908
[10] Hu Z, Wu Z, Han C, He J, Ni Z and Chen W 2018 Chem.
Soc. Rev. 47 3100
[11] Kim J H, Hwang J H, Suh J, Tongay S, Kwon S, Hwang C C
et al 2013 Appl. Phys. Lett. 103 171604

256

Page 8 of 8

[12] Ravalia A, Vagadia M, Solanki P S, Asokan S and Kuberkar
D G 2014 J. Exp. Nanosci. 10 1057
[13] Krasheninnikov A V and Nordlund K 2010 J. Appl. Phys.
107 071301
[14] Sathish N, Pathaka A P, Dhamodaran S, Sundaravel B, Nair
K G M, Khan S A et al 2011 Radiat. Eff. Defects Solids 166
843
[15] Mishra M, Meinerzhagen F, Schleberger M, Kanjilal D and
Mohanty T 2015 J. Phys. Chem. C 119 21270
[16] Nicolosi V, Chhowalla M, Kanatzidis M G, Strano M S and
Coleman J N 2011 Science 334 72
[17] Weber W J, Duffy D M, Thome L and Zhang Y 2015 Curr.
Opin. Solid State Mater. Sci. 19 1
[18] Zhang Y, Varga T, Ishimaru M, Edmondson P D, Xue
H, Liu P et al 2014 Nucl. Instrum. Meth. Phys. Res. B
327 33
[19] Bolse W 1993 Nucl. Instrum. Meth. Phys. Res. B 80 137
[20] Ryazanov A I, Pavlov S A, Metelkin E V and Zhemerev A V
2005 J. Exp. Theor. Phys. 101 120

Bull. Mater. Sci. (2021)44:256
[21] Ziegler J F 2013 SRIM-2013 (http://www.srim.org/)
[22] Volodin A, Van Haesendonck C, Leenaerts O, Partoens B
and Peeters F M 2017 Appl. Phys. Lett. 110 193101
[23] Choi S-M, Jhi S-H and Son Y-W 2010 Phys. Rev. B 81
081407
[24] He X, Tang N, Sun X, Gan L, Ke F, Wang T et al 2015 Appl.
Phys. Lett. 106 043106
[25] Lanzillo N A, Simbeck A J and Nayak S K 2015 J. Phys.:
Condens. Matter 27 175501
[26] Shakya J, Kumar S, Kanjilal D and Mohanty T 2017 Sci.
Rep. 7 9576
[27] Meng L, Zhang Y, Hu S, Wang X, Liu C, Guo Y et al 2016
Appl. Phys. Lett. 108 263104
[28] Shi Y, Kim K K, Reina A, Hofmann M, Li L-J and Kong J
2010 ACS Nano 4 2689
[29] Shakya J, Kumar S and Mohanty T 2018 J. Appl. Phys. 123
165103
[30] Esfandiari M, Kamaei S, Rajabali M and Mohajerzadeh S
2021 2D Mater. 8 025013

