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1. Fundamentals of strain and doping

1.1.

Susceptibility of 2D materials for strain and doping
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Localised strain and doping of 2D materials
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There is a growing interest in 2D materials-based devices as the replacement for established materials,
such as silicon and metal oxides in microelectronics and sensing, respectively. However, the atomically
thin nature of 2D materials makes them susceptible to slight variations caused by their immediate
environment, inducing doping and strain, which can vary between, and even microscopically within,
devices. One of the misapprehensions for using 2D materials is the consideration of unanimous intrinsic
properties over different support surfaces. The interfacial interaction, intrinsic structural disorder and
external strain modulate the properties of 2D materials and govern the device performance. The under-
standing, measurement and control of these factors are thus one of the significant challenges for the
adoption of 2D materials in industrial electronics, sensing, and polymer composites. This topical review
provides a comprehensive overview of the effect of strain-induced lattice deformation and its relationship
with physical and electronic properties. Using the example of graphene and MoS; (as the prototypical 2D
semiconductor), we rationalise the importance of scanning probe techniques and Raman spectroscopy
to elucidate strain and doping in 2D materials. These effects can be directly and accurately characterised
through Raman shifts in a non-destructive manner. A generalised model has been presented that decon-
volutes the intertwined relationship between strain and doping in graphene and MoS, that could apply to
other members of the 2D materials family. The emerging field of straintronics is presented, where the
controlled application of strain over 2D materials induces tuneable physical and electronic properties.
These perspectives highlight practical considerations for strain engineering and related microelectrome-
chanical applications.

borne impurities, chemical analytes and substrates, and are
thus susceptible to mechanical strain, doping and/or strain-
induced doping.'* Therefore, these structural distortions and

The isolation of graphene in 2004 unleashed the veracity of
thermodynamic stability in two-dimensional (2D) materials.
One of the plausible explanations for their existence in the real
world as 2D crystals is due to the rearrangements of atoms
through structural distortions such as gentle crumbling or
stretching.>® However, these distortions influence the elec-
tronic properties and often alter the energy band gap.**> For
example, the physical deposition of 2D materials over a sub-
strate of certain roughness and dielectric constant can lead to
super-lubricious contact,® regulated out-of-plane defor-
mation,*® pseudo-magnetic field®* or confinement effects,*’
depending on the type of the interfacial interactions (van der
Waals, ionic or covalent).*! The surface atoms of 2D materials
are also directly exposed to the local environment such as air-

“University of Sussex, Brighton, BN1 9RH, UK. E-mail: frank.lee@sussex.ac.uk,
m.tripathi@sussex.ac.uk, a.b.dalton@sussex.ac.uk

bUniversity of Surrey, Guildford, GU2 7XH, UK

+Authors contributed equally.

This journal is © The Royal Society of Chemistry 2023

the influence of the surroundings play a crucial role to govern
their localised physical and electronic characteristics.
Graphene is considered an ideal prototypical example of an
atomic 2D system due to the combination of extreme elastic
deformability (up to 25%),** high room-temperature charge
mobility (¢ = 15000 cm® V™" s7%), and linear energy-momen-
tum dispersion relation at Dirac point.”® Graphene is sensitive
towards its host surface that serves as a support; even a
cleaned silica substrate with minimal roughness (in pic-
ometers) and trapped charges in the oxide layer exhibits high
electron-hole charge puddles to graphene under a strain vari-
ation comparable to the length scale that causes localised
charge fluctuations leading to variation in the energy of the
Dirac point.** These unique features make graphene an excel-
lent candidate to study pivotal aspects of strain such as
deformed lattice-induced band-gap engineering, supercon-
ducting phenomena, topotronics and straintronics.™**
Moreover, the endeavour of graphene research encourages the
exploration of other 2D families such as group-VI transition
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metal dichalcogenides (TMDs), MXenes, 2D perovskite,*’
2D-Xenes (X = Si, Ge, Sn) and so on.*®

This review highlights the intertwined relationship between
strain and doping in 2D materials that need to be deconvo-
luted for their individual contribution. Here we focus on
different structural modulation and interfacial interactions of
graphene and other 2D materials (MoS,, etc.) that lead to their
strain and doping. The emphasis will be dedicated to the
physics of charge transport associated with structural modifi-
cation. The distribution of strain and doping will be covered
through scanning probe techniques and Raman spectroscopy.
Finally, we will discuss the integration of strain and doping
into mainstream technologies for future applications in solid-
state devices and sensing applications.

1.2. Influence of strain on graphene

The effect of strain on the electronic properties can be envi-
sioned through distortion in the lattice structure. In graphene,
carbon atoms are hexagonally arranged with two carbon atoms
per unit cell (Fig. 1a).>° The lattice basis is defined by vectors
“a; and ‘@, where [a;'| = || = ao(3/2 + V/3/2) and q, is
the carbon-carbon separation of 0.14 nm. The straining of gra-
phene affects its lattice vector and its associated electronic
band structure. The three-dimensional point group of a gra-
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phene crystal is Dgp.** It has been observed that under hydro-
static strain for deformation up to 15%, no such significant
change in Dg, (6/mm) symmetry appears in the hexagonal
lattice apart from pseudo gaps at G and M points, but Dirac
point (DP) is clamped to the K point (Fig. 1b). Nevertheless,
non-hydrostatic strain such as uniaxial strain lowers the sym-
metry of the graphene lattice associated to sixfold and three-
fold rotational symmetries. There is a transition from hexag-
onal D (6/mm) to rthombic D,y (mmm); also, the triangular
shape Brillouin Zone (BZ) is converted into a polygon, as
shown in Fig. 1c and d. The pseudo gap between K and K’
increases under the effect of strain for both armchair and zig-
zag configuration. Accordingly, the DP is also shifted from
high-symmetry points within the BZ. Under the effect of shear
strain, graphene lattice symmetry is transformed to monocli-
nic, a further lower symmetry class associated to symmetry
group 2/m. It has been observed that shear strain causes band
gap opening in the graphene far enough from the failure
strain."* Thus, modulation in the electronic band is possible
without compromising the mechanical stability of graphene
through shear straining (Fig. 1e).>° These effects are investi-
gated through phonon dispersion of graphene through acous-
tic phonon modes (A) and optical phonon modes (O) of gra-
phene unit cell. The combination of these phonon modes is

Uniaxial
strained

Unstrained

Shear
strained

Fig. 1 (a) Hexagonal arrangement of carbon atoms in graphene, with vector basis a; and a; . The shaded area represents the unit cell. The inequal
crystallographic direction armchair along x-axis and zigzag along y-axis. (b) The high-symmetry (K) points of the hexagonal Brillouin zone (G, M, K)
with a representation of characteristic linear bands intersecting at the Dirac point (DP) overlapped with Fermi energy level (Ef) for unstrained and
doped graphene. The shift of Er either to n or p leads to n-type and p-type doping respectively. Reprinted with permission from ref. 12 Copyright
(2022) from IOP Publishing. (c—e) Illustration of BZ of graphene under strain. Reprinted with permission from ref. 20 Copyright (2022) from

American Physical Society.
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useful to evaluate the out-of-plane and in-plane vibration of
the carbon atoms through Raman scattering.*’

1.3. Influence of strain in MoS,

The physical distortion in MoS, and other TMDs induces
extrinsic disorder mostly after deposition over the substrate
due to its intrinsic roughness and interfacial interaction such
as ionic, covalent, electrovalent, van der Waals (vdW), etc.>®
The roughness of the substrate is an inherent factor that inevi-
tably leads to localised bending of the flexible 2D materials.
Unlike the atomic layer of graphene, 1L MoS, has three atomic
layers (S-Mo-S) and exhibits a significant alternation in elec-
tronic structure that causes charge fluctuations during loca-
lised bending;>* see schematic in Fig. 2a and b. The electronic
band structure dispersion over a supported substrate exhibits
a deviation from its strain-free suspended membrane, where
in the former, large broadening of electronic band structures
along the energy axis has been observed.”® The local corruga-
tion of MoS, over silica substrate (i.e., vdW interaction) is
reported to cause band gap (E,) widening up to 2.65 eV
without any aid of external straining. During the bent state,
the spatial distribution of the S-atoms is altered. The atomic
distances between the S-atoms increases in the inner (or outer)
and decreases (or inner) in the sulphur layer; see Fig. 2c and d.
The effect of these morphological corrugations is monitored
through scanning tunnelling microscopy (STM) and correlated
with localised variation with the E, in Fig. 2d. It has been
observed that there is a direct correlation with the confor-
mation of MoS, and its difference in the conduction band
minimum (CBM) and valence band maximum (VBM) shows
strain induced E, modulation.” The relation between the
radius of curvature of the bent MoS,, induced strain and its

Strain
Charged impurities
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variations in the E, is illustrated in Fig. 2e, where a power law
relationship is identified between band gap and radius of cur-
vature, which is also related to the transformation of the direct
to indirect band gap with increasing strain. This intrinsic cor-
rugation-induced bending has converted 80% area of 1L MoS,
into the indirect band (around strain 1.5%) which is also
reflected in the reduction of photoluminescence (PL) intensity.
It has been observed that the strain values lying between
0.47-0.62% are responsible for the direct band gap, while
1.0-1.2% strain is responsible for indirect transition (Fig. 2f).
The localised spatial distribution of indirect (dark blue colour)
and direct (red colour) band gap along with local bending
strain contour plot for MoS,-silica system is presented in
Fig. 2¢."* The modulation of band gap due to physical strain is
also regulated to texture designed surfaces. It has been
observed that a strain up to 2.4% can alter the optical band
gap around 108 meV.*® Over a textured surface such as nano-
cones, the externally induced strain can be reached up to 3%
that leads to the band gap reduction up to 0.46 eV.*’

1.4. Gate doping and chemical doping

In the modern-day electronics, it is imperative to understand
the modulation in electronic properties of the material
through external stimulating environment. The injection of
the charge carriers, either electrons, holes or ions to 2D
materials can be performed through an electric field, electro-
chemical doping or chemical treatment without altering the
physical properties.’® Generally, the electric field doping is
carried out through field effect transistors (FET) with changing
conducting channels between the mounted 2D material and
applied gate voltage (V,). A positive V, injects electrons, while
negative V, induces higher density of holes in the 2D material,
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Fig. 2 Substrate induced strain in MoS;: (a) schematic illustration of 1L MoS, with compressive and tensile strain. (b) Localised bending curvature
from substrate roughness. (c) The conformation-induced bending curvature influences the separation distance between the inner and outer layers
of sulphur atoms in atomic MoS,. (d) STM line profile of MoS, topography and its associated band gap variations. (e) The relation between strain
induced from morphology and radius of curvature of a bent MoS, with band gap. (f) Transformation of direct to indirect transition band gap at
different strain values. Reprinted with permission from ref. 13 Copyright (2022) from John Wiley and Sons. (g) Spatial distribution of localised region
showing indirect and direct transition of the band gap. Reprinted with permission from ref. 23 Copyright (2022) from Springer Nature.
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consequently altering the electric current. The relation
between the surface charge density n and applied voltage V, is
illustrated in eqn (1):

v,
n= eosTge (1)

where, ¢, and ¢ are the permittivity of free space and the sup-
ported substrate respectively, ¢ is the thickness of the sup-
ported substrate oxide layer (e.g., silica), and e is the electron
charge. The coefficient of the surface charge density induced
by field effect, n/V,, is estimated as 7.2 x 10" em™2 v~ The
change in carrier concentration shifts the Fermi energy (Eg) of
the 2D material accordingly. For monocrystalline graphene, Er
of holes and electrons has been observed to be directly pro-
portional to their concentrations (Er o n), which is qualitat-
ively different to its 3D bulk structure (Er « n*?).°° Under pris-
tine conditions, graphene conductivity (o) also increases line-
arly with V, for both injections of electrons and hole carriers.
The carrier mobility (4 = o/ne) has been measured up to
15000 cm” V™' 57" for both carriers independent of tempera-
ture range between 10-100 K.*°

The electronic doping of graphene can also be carried out
through adsorbate deposition of different electron affinities.
Surface dopant with higher work function than the host
material, such as metal oxides and oxidising gases (e.g., M0Os3,
NO,), causes p-type doping, while the surface dopant of lower
work function, named as alkali metals and gases rich in elec-
tron pair (e.g., NH3), are responsible for the donation of elec-
trons and causes n-doping. This phenomenon at the molecular
scale can be explained through direct surface charge exchange
across the electrochemical potential gradient at the interface
between the 2D materials and surface dopant, which corres-
ponds to the relative position of graphene Er and the mole-

a p-type
dopant
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Fermi level
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cular orbital level of surface dopants. If graphene Ey is higher
than the energy level of lowest unoccupied molecular orbital
(LUMO) of an adsorbate, the electron will flow from graphene
to the adsorbate, making graphene p-type doped. If the Er of
graphene is lower than the level of highest unoccupied mole-
cular orbital (HOMO), graphene gains the electron and
becomes n-type doped (Fig. 3a).®> In semiconductors (e.g.,
metal dichalcogenides) with finite E,, the energy level of
valence band, conduction band and Ep relative to LUMO/
HOMO of the adsorbate molecule determine the type of
doping to reach thermal equilibrium. If VBM of the semi-
conductor lies above the lowest level of LUMO, the electron
will be transferred from the valence band to the adsorbate
during contact. This charge migration changes the electron
density at the interfaces which lead to band bending in
upward direction and hole accumulation at the semi-
conductor, causing p-type doping. Nevertheless, if the CBM of
the semiconductor lies slightly lower than the highest occu-
pied HOMO level before contact, the electron will transfer
from HOMO of the adsorbate to the conduction band of the
semiconductor. It causes downward band bending and higher
accumulation of the electrons in the semiconductor (n-type
doping) until the stage of thermal equilibrium is reached
(Fig. 3Db).

1.5. Influence of doping on conductivity

The electrical doping, either by electric field or surface adsor-
bate leads to alteration in current. Quantitively, the electrical
conductivity ¢ and carrier concentration n can be related by o
« n?, where a < 1 for charge impurities and a > 1 for structural
distortion such as ripples. Fig. 4a-c shows an example of gra-
phene-based FET device demonstrating the change in conduc-
tivity from its pristine state to adsorbed impurities (K-atoms
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=

Fig. 3 Charge transfer mechanism between 2D materials and surface dopant: (a) schematic diagram of the energy bands of graphene with different
electron affinities of the dopant. Reprinted with permission from ref. 3 Copyright (2022) from Beilstein Journal of Nanotechnology. (b) Schematic
band diagram of the semiconductor based 2D materials towards surface dopants. Reprinted with permission from ref. 17 Copyright (2022) from

John Wiley and Sons.
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Fig. 4 Ambipolar transfer characteristics at different gate voltage (V) for (a) pristine graphene,? (b) potassium adsorbed graphene at different con-

centration added at different time interval'® and (c) NO, doped graphene

at different concentration.?” Reprinted with permission from ref. 2, 16 and

27 Copyright (2022) from Springer Nature. (d) Schematic set-up of MoS, FET with top gate (dielectric). (e) Conductivity of MoS, as function of thick-
ness from unipolar to ambipolar. (f) Conductivity of MoS, at different substrates (SiO, and PMMA). Reprinted with permission from ref. 33 Copyright

(2022) from AIP Publishing.

and NO, gases) for different concentrations. It has been
observed that the minimum conductivity with increasing the
concentration of impurities (such as potassium atoms) satu-
rates to a constant value around 4e’*/h (for h as Planck con-
stant) for graphene.” Also, it leads to shifts in minimum V,
and is responsible for the asymmetry in the conductive curves
for different polarities due to the change in the dopant con-
centration. The slope of the conductivity curve o(V,) unravels
the measure of impurity scattering (so called field-effect mobi-
lity; u = Ao/Ane). Thus, the deviation in the slope values indi-
cates that the doping from the impurities influences the scat-
tering rate as observed in Fig. 4b for K-atoms and in Fig. 4c for
NO, adsorption.

Unlike graphene as zero-gap semi-metal, single layer of
TMD, such as molybdenum disulphide (MoS,), have a wide
band gap (E, > 1.8 e€V) which is useful for monitoring elec-
tronic doping with reasonable high mobilities ~217 em” V™
s! (and >500 em® V™' s7* for bulk).”* The mobility of MoS,
varies with its thickness, which is related to the long-range
dielectric effect and the dominance of long-range disorder that
minimises the scattering of charges (Fig. 4d and e). The mobi-
lity of the charges in MoS, can also be modulated through the
addition of the superstrate (sometimes top gate) with highly
dielectric materials (HfO,, ZrO, PMMA) (Fig. 4f).>* The vari-
ation in the E, of MoS, with the thickness (Fig. 4e) makes it
interesting for nanoelectronics applications to replace silicon
in complementary metal-oxide-semiconductor (CMOS) logic
devices. It is ideal for a semiconductor with E, > 0.4 eV to have
a current on/off ratio (Ion/Io¢) in the range between 10! and
10”. While this value is limited in pristine graphene,*® the

This journal is © The Royal Society of Chemistry 2023

single crystal of MoS, has demonstrated I,n/Ioz > 10° at an
applied voltage of +4 V comparable to silicon films.>® As
shown in Fig. 4e and f, the conductivity of MoS, varies with
thickness and the nature of substrate; thinner layer (bi-layer)
shows the n-type unipolar behaviour mostly over the SiO, sub-
strates. Nevertheless, MoS, displays ambipolar behaviour
around 6 layers with lower mobility of holes than electrons. At
bulk state (>50 nm), major carrier of holes has been reported,
indicating the p-type operation, which is suitable for FET and
sensing applications.’>® At similar thickness, dielectric poly-
meric support leads to the ambipolar trend in the conductivity,
compared to unipolar trend over the SiO, substrates with lower
mobility. It has been argued that the presence of short-range
disorder, chemical interaction with silica, or interface rough-
ness scattering play important roles to bring down the
conductivity.**

1.6. Measuring doping through Raman spectroscopy

Raman spectroscopy is a non-destructive optical characteris-
ation technique sensitive to changes in the lattice structure,
the electronic states, and the energy band of several 2D
materials. The Raman active modes of the 2D materials are
strongly related to the coupling between electrons and
phonons (Fig. 5a and b)."” A shift in peak position (wg) in the
Raman active peak from its charge neutral state indicates the
altering conditions of carrier concentration. In graphene, the
extra charge carriers residing in honeycomb lattice structure
lead to dynamical perturbation of G mode (~1580 cm ™) lattice
vibration. During the Raman scattering process, there is a cre-
ation and annihilation of long-wavelength virtual electron—

Nanoscale, 2023,15, 7227-7248 | 7231
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Fig. 5 (a) Raman spectrum of MoS, at a different number of layers . (b) The schematic illustration of S and Mo atoms vibrations for Elzg and Ayq
phonon modes. Reprinted with permission from ref. 1 Copyright (2022) from American Physical Society. (c) The shift in the Raman modes of MoS; at
different thicknesses. Reprinted with permission from ref. 15 Copyright (2022) from American Chemical Society. (d) The shift in the Raman modes
and its broadening of 1L MoS; at different top-gate voltages (V). The Raman peaks are fitted with Lorentzian line fit to monitor the peak shift and its
broadening. (e) The shift in peak positions (Dw) and peak width (FWHM) of E129 and A4 at the gate voltage range 0—2 V. Reprinted with permission

from ref. 28 Copyright (2022) from American Physical Society.

hole pair across the Dirac point.** The energy range of the
virtual electron-hole pairs are regulated through Pauli prin-
ciple, which is decided by Er level. In undoped graphene, the
onset energy (hwg) is considered zero. Under doped con-
ditions, the increase/decrease in the carrier concentration
improves the onset energy for vertical transition of an electron
from a = valence band to a n* conduction band state to create
virtual electron-hole pairs to 2Eg (under the limitation of Pauli
principle). Thus, the rise/fall of onset energy conditions leads
to upshift/downshift of the G mode of graphene."” At variable
Vg, it has been observed G-peak position shift is minimum at
the DP, indicating blue shift (stiffening) in G-peak position for
both polarities. It is anticipated that the stiffening of the G
mode is due to non-adiabatic removal of Kohn anomaly, which
is usually responsible for phonon softening in graphitic

7232 | Nanoscale, 2023,15, 7227-7248

materials under the condition of strong electron-phonon
interaction.”

Also, the width of G phonon (Gg) modes responds compli-
mentarily to the stiffening of G mode. Yan and co-workers™
observed the V, dependence for both wg and Gg that exhibit sym-
metrical changes at V, = 18 V (Fig. 5¢). A similar trend has also
been demonstrated by Das et al.'® at V, = 0.6 V which is directly
related to the band structure of graphene as shown in Fig. 5d.
The reduction in the Gg (15 cm™ to 6.5 ecm™") with increasing |V,
— Vpp| indicates longer phonon lifetime relating to electron and
hole concentration. This trend has been understood as Landau
damping of phonons at higher carrier concentration in which the
mode decays into particle-hole pair.>* At the 2D Raman modes
(~2700 cm™") of graphene, the photoexcited electron emits an A,
phonon and the valley changes from K to K’ due to conservation

This journal is © The Royal Society of Chemistry 2023
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bonds in 2D Raman mode. Reprinted with permission from ref. 21 Copyright (2022) from American Physical Society. (e) Schematic of a Raman
process in Dirac cones of graphene G Raman mode and (f) 2D Raman mode. Reprinted with permission from ref. 17 Copyright (2022) from John

Wiley and Sons.

of momentum. The effect of electronic doping of 2D Raman
mode is different from G mode that electronic doping over 2D
has minimal effect until a certain carrier concentration (~3 x 10"
em™?) is achieved through the polymeric ionic layer at ~3 V. At
higher V, there is a redshift (softening), while for the hole doping
there is a blue shift (Fig. 5e and f)."”

Raman spectroscopy of semiconducting TMDs is also influ-
enced by carrier doping determined by phonon characteristics. In
MoS,, the evolution of the zone centre of El2g and A, is due to
lateral displacement of Mo-S atoms in the basal plane and
atomic sulphur vibration along the c-axis respectively (Fig. 6a and
b). The layer dependent Raman studies of MoS, have shown the
decrease in E',, frequency and increase in A;, phonons with
increasing thickness (Fig. 6¢). This opposite trend of E',, reflects
the stacking induced structural change in the MoS,, and its
anomalous phenomenon is attributed to enhanced dielectric
screening of long-range Coulomb interaction between the
effective charges at higher thickness." In 1L MoS,, increasing con-
centration of electrons occupies the bottom of the conduction
band at K point, which has the characteristics of d,. of Mo.>® This
occupancy of the antibonding state in the conduction band
enhances the total electronic energy of the system, resulting in
weaker Mo-S bonds and phonon softening of A;, (red shift up to
4 cm™") Raman mode as illustrated in Fig. 6d and e. The out-of-
plane A;; Raman mode preserves the symmetry of the system and
has strong electron phonon coupling than E',,, which explains
the minor alteration (0.6 cm™) of E',, under biasing conditions.
Similarly, G4 increases up to 6 cm™* while Gg12¢ TEMAins insen-
sitive. The phonon softening of A;, MoS, at higher electron con-
centration has a distinctive trend than phonon hardening in gra-
phene, as the latter blocks the generation of phonon induced
electron-hole pair. Nevertheless, having a finite E,, MoS, shows

This journal is © The Royal Society of Chemistry 2023

different responses at various laser energy, especially at resonance

excitation of laser energy used in the investigation.>®>*

2. Deconvolution of strain and
doping of 2D materials

2.1. Construction of strain and doping correlation

Unlike textured surfaces that induce static straining, soft sur-
faces such as polymeric materials allow dynamic strain and
doping in 2D materials. Since Mohiuddin et al.® first reported
the G and 2D peak position shifts due to applied uniaxial
strain, comprehensive studies on Raman spectroscopy of gra-
phene in response to mechanical stimulus had been carried
out.”” It is observed that the compression (tension) of the
lattice reduces (increases) the interatomic distances and in
turn leads to the redistribution of electronic charges, which
upshifts (downshifts) the vibrational Raman modes."”">°
Consider a general strain tensor

. gll Slt
etl elt

where superscripts [ and ¢ represent the strain components in
longitudinal and transverse directions, respectively. The rate of
hydrostatic strain (" = ¢ + ¢) of Raman mode i (G or 2D) can
be related by Griineisen parameter as:**”

(2)

1 Jw;

) Oeh

3)

Vi =

where @; is the Raman peak position, o is the strain-free

Raman peak position, and y; is the Griineisen parameter of the
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corresponding Raman mode. For an applied uniaxial strain
€™M, the G peak splits into G* and G~ due to the non-zero
shear component of the strain (¢" # £%), while 2D peak does
not split as it is associated with phonons at K point.**®* Given
that ¢ = £"™ and & = —ve"™ where v is the Poisson’s ratio of
graphene, the Griineisen parameter can then be expressed by:

1 Z&O)G- + Z&O)Gf
G 7 @Y 2(1 —p)eui

uni

(4)

: 1 ACUZD
Y3 = T T (5)

oy (L= v)e
where Aw is the Raman shift deviated from the no-strain point
°. When studying interactions between graphene and other
2D materials, however, biaxial strain ¢ is usually involved.*
In such case, €' = ¢ = ¢" and G peak no longer splits due to
the cancellation of shear deformation components; hence eqn
(3) can be rewritten as:

: 1 Aw;
bi _ 1
(e (©)
or,
Aw; = 72]/ia)i08. (7)

By applying the experimentally or theoretically determined
value of ;,%°>%® one can deduce the strain distribution of gra-
phene through Raman shifts measurement. At low strain
regime (¢ < 0.5%), the phonon frequencies of both G and 2D
vary linearly with strain.® Hence, y; is a defined constant which
will be useful in the construction of a correlation plot that will
be discussed in later sections.

Raman modes of graphene are also susceptible to carrier
concentration n due to the modification of electron-phonon
coupling,'®® which is generalised in Fig. 7a following results
from Das and coworkers.'® Both p-doping and n-doping upshift
G mode owing to the removal of the Kohn anomalies at T’
point,”® while an increase in carrier concentration (higher
n-doping or less p-doping) always downshifts 2D mode due to the
electronic transition of the energy of the phonons in double-res-
onant scattering.'®>* As pristine graphene and hybrid systems
thereof are usually p-doped,***>™® it is expected the coordinates
of Raman peak positions of unstrained graphene lie on the green
coloured line in Fig. 7a. Low p-doping level (=1.0 x 10" em™ <

b 2710
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n < 0) can be well approximated by a first-order polynomial in
terms of G or 2D peak position; it is thus possible to introduce a
doping coefficient k; that:

Awi = ki)’l (8)

As k; is already known from Fig. 7a, the carrier concen-
tration of graphene can be computed by measuring its Raman
shifts. The interaction between graphene and other 2D
materials often leads to both mechanical and electrical modu-
lation, and this combined effect of strain and doping on Raman
shift can be formulated by summing up eqn (7) and (8):

Aw; = —Zyia)ios + kin (9)

Lee and co-workers®” were the first to separate the effect of
strain and doping by noticing that ¢ and n are linearly indepen-
dent. By keeping other external effects constant such as single
calibrated laser wavelength for dispersive Raman modes (e.g. D
and 2D modes in graphene) and constant low laser power to
avoid laser-induced temperature change throughout different
measurements,®® Awg — Aw,p, space can be regarded as a linear
transformation of e-n space, and each coordinate of Raman peak
position represent a unique strain and doping configuration, ie.,

(o) =7(3)

T — —2p0f ki
- 0
72]/2(1)2 k2
In graphene system, w; and w, correspond to G and 2D
modes respectively. A correlation plot can therefore be drawn
in Fig. 7b with contour lines representing isostrain and iso-

doping. The value of strain and doping can then be evaluated
by an inverse transformation:

()-7(a)
n Aw,

_ 1 ( ka
—2y,07ks + 27,05k 27260(2)

(10)
where

(11)

—kl ) ( Aa)1 )
—27,0% ) \ Aw,

(12)

Using this equation, we can measure two Raman shifts, G
and 2D for graphene, to determine two quantities of strain

nx 10'? (cm?)
408

a 2700
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Illustration of strain and doping correlation plot (Pos G vs. Pos 2D) of (a) graphene for both p- and n-doping, (b) graphene for only p-doping,

and (c) MoS,. Each Raman dataset in G-2D axes represent the corresponding strain and doping in e—n axes.
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and doping. The sets of eqn (7)-(12) are not only applicable to
graphene, but also to other 2D materials, such as MoS,, where
subscripts (1) and (2) represent E',, and A,y modes respect-
ively.*® Straining MoS, leads to the modification of carrier
effective masses and band gap energy,*®”° which consequently
shifts the phonon frequencies of E12g and A;; modes. On the
other hand, doping MoS, results in the occupation of anti-
bonding states at the K point,*®®® which results in downshifts
of both E12g and A;, modes. Therefore, with Griineisen para-
meters y; and doping coefficients k; of E12g and A;; modes
known, we can also construct an analogous correlation plot of
MoS, to decouple strain and doping (Fig. 7c).

2.2. Determination of Griineisen parameters and doping
coefficients of 2D materials

Griineisen parameters of graphene can be characterised either
experimentally or theoretically by various techniques. At uniax-
ial strain, a typical method would be depositing graphene on a
flexible substrate such as polyethylene terephthalate (PET) and
bending the substrate (Fig. 8a).® Assuming graphene is
adhered to the substrate, this induces strain on graphene,
which leads to Raman peak shifting (Fig. 8b). Griineisen para-
meters can then be deduced by linear fitting of peak positions
using eqn 4 and 5. Alternatively, pressure-induced compressive
strain leading to shifts of graphene Raman peaks also enables
the calculation of Griineisen parameters.”" Several empirical
methods for Griineisen parameters at biaxial strain have also
been developed, including piezoelectric actuator,”> nanobub-
ble curvature,”” shallow depression on patterned SiO,,”* and
recently, substrate-induced strain by thermal expansion coeffi-
cient (TEC) mismatch.”® Theoretically, Griineisen parameters
can also be deduced by DFT and first-principles calculations,®
which agree well with experimental Similarly,
Griineisen parameters of TMDs at uniaxial strain are measured
by depositing it on polymers with subsequent bending*®7° as

values.
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well as density functional theory with first-principles calcu-
lations.”® Michail et al** lately introduced in situ determi-
nation of Griineisen parameters of MoS, at biaxial strain using
flexible cruciform substrate (Fig. 8c) backed by DFT calcu-
lations, which is essential for the evaluation of localised strain
in 2D materials. Values of the above parameters of graphene
and MosS, are listed in Tables 1 and 2 respectively.

Measurement of doping coefficients can be obtained
directly by electronic top-gated field-effect transistor'®*® dis-
cussed in the previous section. An applied top-gated voltage
contributes to a change in the doping concentration of 2D
materials, which can be monitored by Raman spectroscopy.
Generally accepted values of doping coefficients are respect-
ively kg = —=1.407 x 1072 em™, kyp = —0.285 x 107** em™,*°
kg = —0.33 x 107 em™" and &y, = —2.22 x 1077 em ™.

Table 1 Determination of Griineisen parameters of graphene

<ﬁ sfizfgfsf

w&fg;?

Intensity (arb. units)

ity

7G 72D Strain Method Ref.
1.99 2.7 Uniaxial Experimental 71
1.99 3.55 Uniaxial Experimental 8
1.87 2.7 Uniaxial Theoretical 8
1.8 2.6 Biaxial Experimental 73
1.8 2.8 Biaxial Experimental 72
1.95 3.15 Biaxial Experimental 75
2.4 3.8 Biaxial Experimental 74
1.8 2.7 Biaxial Theoretical 8
Table 2 Determination of Griineisen parameters of MoS,
YEy! YA Strain Method Ref.
0.6 0 Uniaxial Experimental 70
1.1 0 Uniaxial Experimental 48
0.65 0.21 Uniaxial Theoretical 76
0.6 0.22 Biaxial Experimental 22
0.56 0.13 Biaxial Theoretical 22
L) e
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Fig. 8 Determination of Gruneisen parameters: (a) Schematic diagram of bending of graphene on PET substrate and (b) the corresponding Raman
shift with increasing tensile strain. Reprinted with permission from ref. 8 Copyright (2022) from American Physical Society. (c) Illustration of MoS,
bending measurement and its influence on Raman shift. Reprinted with permission from ref. 22 Copyright (2022) from IOP Publishing.
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3. Applications of strain and doping
model

While the evaluation of strain and doping is first used to
understand the mechanisms in thermal annealing of
graphene,”®” it could also be used for studying intrinsic
mechanical and electronic properties of pristine 2D materials
such as the contribution of strain and doping by structural
defects,"* the interaction of two layered materials in vertical
heterostructure,*>®”” corrosion in 2D material covered metal
surfaces®” and textured surfaces,"’ and the temperature-depen-
dent strain and doping measurements.®’®”® The above appli-
cations will be discussed individually in the following section.

3.1. Thermal annealing of graphene

While Lee et al.®” demonstrated the modulation of compres-
sive strain and hole doping due to thermal annealing of gra-
phene on silica (Gr/SiO,), the research continued to explore
the origin of the phenomenon and its reversibility as shown in
Fig. 9a.” The annealing of Gr/SiO, leads to compressive strain
of 0.28%, which can be attributed to the lattice contraction.
Given the negative thermal expansion coefficient (TEC) of gra-
phene compared to the positive one of silica,"**° the expan-
sion of graphene and the shrinking of underlying silica result
in compressive strain of graphene during the cooling
process.®! Thermal annealing also reduces the electron con-
centration by 1 x 10" ¢m™ because of oxygen-mediated hole
doping.®® As for reversibility, water immersion counters the
doping effect where the carrier concentration returns to the
pristine undoped stage. Considering no further change in
strain or doping after drying in ambient conditions,” it is
shown that doping by thermal annealing is reversible by water
immersion. The in situ measurement illustrates the edge of the
graphene flake is quicker to achieve this water-induced recov-
ery than the central region (i.e., basal plane),” suggesting the
p-doping by annealing may be due to trapped oxygen beneath
Gr/Si0, ®° that the intercalation of water between Gr/SiO, inter-
face leads to the replacement of oxygen molecules by water
and thus the prohibition of oxygen-mediated hole doping.
This speculation is supported by a separate measurement’
where graphene is oxidised to form nanopores throughout the
layer with subsequent annealing and immersion in water as
shown in Fig. 9b. The shorter time required for the doping
level to return to the pristine one, as well as the similar recov-
ery speed between the edge and the inner region’ suggests the
nanopores provide additional intercalation channel to enable
water diffusion to the Gr/SiO, interface.

Graphene annealing can be further studied by tuning the
annealing temperature as well as re-annealing with the help of
in situ Raman spectroscopy, as depicted in Fig. 9¢.'® Cooled
Gr/SiO, after thermal annealing at 573 K shows a compressive
strain of 0.13% and hole doping of 1.1 x 10" cm™?, agreeing
well with previous experimental studies.”®” Higher annealing
temperature at 973 K allows the compressive strain continues
to develop but the doping level remains comparable. This
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result supports the earlier explanation that higher temperature
culminates in a stronger lattice contraction effect while the
oxygen-mediated p-doping has already taken place at low
temperature and hence a higher temperature no longer
strengthens the hole doping. It is also suggested that thermal
annealing leads to closer contact between graphene layer and
silica which increases the p-doping of graphene. While the air
exposure of first-time annealed Gr/SiO, does not shift the
Raman modes back to the pristine stage, real-time re-anneal-
ing studies'® show that this Raman shifting is reversible start-
ing from the second annealing cycle (compared to annealed
graphene). This can be attributed to the carbon-carbon bond
and phonon interactions that the irreversible changes (such as
oxygen-mediated doping and changes in contact between gra-
phene and substrate) are completed.

A comprehensive study of thermal annealing in graphene
was carried out by Armano et al.*>® by heating Gr/SiO, under
different gases, including vacuum, nitrogen, oxygen, and
carbon dioxide with increasing number of time intervals as
shown in Fig. 9d-g respectively. Pristine Gr/SiO, has an intrin-
sic compressive strain of 0.14% with negligible doping during
the CVD fabrication. In vacuum and nitrogen environments,
thermal treatment increases the compressive strain to 0.23%
and 0.24% respectively but does not dope the sample. This
effect is already observed in the first 20 minutes while longer
treatment does not undergo any further modification.
Thermal annealing under oxygen and carbon dioxide also
leads to comparable compressive strain of 0.20% and 0.22%;
however, significant p-doping occurs, reaching up to 1.22 x
10" em™? and 0.6 x 10" em™ respectively. It is worthy to note
that with increasing heating time, oxygen mediated p-doping
takes place in two steps: a fast and substantial hole doping
(0 — 0.85 x 10" cm™, 0 — 5 min) followed by a slow and
lesser hole doping (0.85 x 10" em™ — 1.22 x 10" em ™2, 5 — 125
min). These two processes may be either the adsorption of
oxygen molecules to graphene at the basal plane,***® or
oxygen and water involved electron transfer in a redox
reaction.®’®> In contrast, the compressive strain is reduced
back to the pristine stage with further temporal steps
(>100 minutes), which may be associated with the softening in
mechanical interaction by the intercalation of water molecules
in Gr/SiO, interface.”® As for the reversibility, the effect of air
exposure is shown in Fig. 9h that graphene is de-doped from
1.28 x 10" em™ to 0.78 x 10" ecm™? after 465 hours in air.
This de-doping process also occurs in two steps that the fading
mainly takes place in the first 7 hours of air exposure. It is
thus possible to interpret these results as two doping (and de-
doping) stages. The fast and substantial doping and slow de-
doping of 0.9 x 10" cm™ can be attributed to a low activation
barrier and a deep energy trap which is probably due to the
adsorption of oxygen molecules beneath graphene. Low acti-
vation barrier is due to minimal charge transfer in adsorp-
tion®® while deep energy trap can be explained by the localis-
ation of oxygen molecules on the Gr/SiO, interface protected
from atmosphere by graphene, i.e., oxygen molecules between
graphene and silica inducing p-doping cannot be reached

This journal is © The Royal Society of Chemistry 2023
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Fig. 9 Strain and doping evaluation in graphene annealing: (a) annealing effect and its water-induced recovery for pristine Gr/SiO, and (b) oxidised
Gr/SiO,. Reprinted with permission from ref. 7 Copyright (2022) from American Chemical Society. (c) Annealing effect at different elevated tempera-
tures. Reprinted with permission from ref. 18 Copyright (2022) from RSC Publishing. (d) Annealing effect under vacuum, (e) nitrogen, (f) oxygen, and
(g) carbon dioxide over time. NAT corresponds to native Gr/SiO,. (h) De-doping effect of annealed graphene in air and (i) water over time. Reprinted
with permission from ref. 29 Copyright (2022) from Elsevier.

easily by air.®****%” The slow doping and fast de-doping of in redox reaction, as redox reaction needs a high energy

0.4 x 10"* cm™ can be correlated to high activation energy and  barrier while large interaction of charges with atmosphere pro-
shallow energy trap which is probably due to electron transfer vides a low energy trap.®*®® This theory can be further sup-

This journal is © The Royal Society of Chemistry 2023 Nanoscale, 2023,15, 7227-7248 | 7237


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2nr07252a

Open Access Article. Published on 28 March 2023. Downloaded on 3/15/2026 2:04:25 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

ported by in situ water immersion measurement in Fig. 9i.
While the doping level of graphene is reduced by 0.4 x 10"
em™? in the first 20 min, corresponding to the second stage
and is comparable to the air exposure environment, it con-
tinues to slowly drop to the pristine level associated to the first
stage unlike air treatment, which is due to the ability of water
diffusing across the graphene to remove the oxygen molecules
on the Gr/SiO, interface.” With the help of strain and doping
model, the mechanics of thermal annealing of graphene and
its reversibility are extensively explored.

3.2. Modulation of strain and doping by structural defects
and textured surfaces

With the benefit of the deconvolution model, the variation of
strain and doping in pristine 2D materials culminated from
structural defects in the manufacturing process were studied
by Tripathi et al.'* Combining the model with atomic force
microscopy (AFM) enables the identification and measurement
of common structural defects in different materials with
different fabrication methods, including mechanically exfo-
liated (ME) graphene (Fig. 10a and b), chemical vapor de-
posited (CVD) graphene (Fig. 10c and d), ME MoS, (Fig. 10d
and e), and CVD MoS, (Fig. 10f and g). In ME graphene, wrin-
kles are one of the common line defects arising from the
balance between adhesion energy and bending energy during
the transfer process.®®®° Surprisingly, wrinkles with opposite
influences to mechanical strain are recognised, which can be
attributed to two different buckling orientations:***" Small
ripples with a height less than 8 nm tend to remain upright to
form standing collapsed (SC) wrinkles as illustrated in the

0.05 -0.05 0

0
Strain (%)
e f

n x 10'2 (cm?)

W

S —— B —
027 0.08 -0.10 1.8 0 -1.8
Strain (%) nx 102 (cm?)

[ reeee— 007
25 -5

View Article Online

Nanoscale

inset of Fig. 10b, which correspond to a tensile strain (or
release of compressive strain from surrounded basal plane) up
to 0.5%. After exceeding this critical height, the excess
bending energy leads to the bending of ripples towards the
substrate which are referred as the transitional-folded (TF)
wrinkles (Fig. 10b inset) and a compressive strain up to 0.5%
is induced. The electronic modulations from these two types
of wrinkles are also different. As compared to the defect-free
region where Gr/SiO, is originally p-doped with a doping level
of 4.2 x 10" ecm™, SC wrinkles reduce the p-doping to
2.6 x 10"* cm™? and TF wrinkles exhibit a stronger inhibition
against p-doping to 1.1 x 10> cm™2. This can be interpreted by
the less coupling with the substrate in the buckled structure
and the gap between graphene and silica is larger in TF than
in SC wrinkles.'** It is worth noting that the spatial resolu-
tion of the Raman probe can be estimated between 200 and
400 nm, depending on the laser wavelength and objective
used.'*”® While the resolution is usually larger than the
defects, wrinkles, or sometimes the lateral size of the 2D
materials, the influence of these effects can still be identified
and resolved in the Raman signal. Due to small relative volu-
metric contribution, the scattering cross-section signals from
the localised defects are weak, thus, individual point defects
or vacancies in the nanoscale are challenging to be unambigu-
ously characterised with Raman spectroscopy. Nonetheless,
structural disorder such as wrinkles having smaller widths
(10-40 nm) but larger lengths (few microns) can be well
characterised by Raman spectroscopy. Several attempts have
been taken to confine the laser into sub-diffraction limit and
to enhance the scattering signals to the detectable level by gen-
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Fig. 10 Strain and doping maps of structural defects: (a) strain map of ME graphene showing standing collapsed (SC) (left dashed rectangle) and
transitional folded (TF) wrinkles (right dashed rectangle). Inset shows the AFM image of topography for the identification of wrinkles. (b) The corres-
ponding doping map of the same region in (a). Inset shows the schematic appearance of SC and TF wrinkles. (c) Strain and (d) doping map of CVD
graphene showing the wrinkles in light blue colour. (e) Strain and (f) doping map of ME MoS, showing the inner defect free region (in black) and
wrinkles near the edge (in pink). (g) Strain and (h) doping map of CVD MoS, showing the pit-holes as indicated by dashed circles. Reprinted with per-

mission from ref. 14 Copyright (2022) from American Chemical Society.
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erating a local plasmonics through localised light-metal inter-
action under surface-enhanced Raman spectroscopy (SERS)
and tip-enhanced Raman spectroscopy (TERS) techniques.’
Wrinkles are also observed in CVD graphene (Fig. 10c and d)
due to its lower TEC than that of substrate and thus the lattice
mismatch during the cooling process in fabrication.®® A com-
pressive strain up to 0.051% and a reduction of p-doping of
2.18 x 10" cm ™2 are measured in the wrinkles region, which is
comparable to the TF wrinkles in ME graphene.

In ME MosS, (Fig. 10e and f), while the defect-free centre
region displays accumulation of compression strain ranging
from 0.01% to 0.09%, the wrinkles near the edge release the
intrinsic compressive strain into a tensile strain of 0.14 to
0.27%. An increase in electron concentration is also observed
at the wrinkles region, suggesting the tensile strain in wrinkles
be responsible for the increase in the mobility of the charge
carrier.”»” In CVD MoS, (Fig. 10g and h), the defect-free
region possesses a higher built-in tensile strain than ME
system, which is due to the TEC mismatch between MoS, and
silica substrate.’® This tension on the basal plane also prevents
the formation of wrinkles. Pit-holes, another structural defect,
however, emerge from the etching of the silica substrate by
alkali metal precursors in CVD fabrication®” and culminates in
tensile strain varying from 0.01% to 0.07% with a wide range
of modulation on doping. This can be attributed to the
bending along the circular trench in pit-hole regions.'* The
above results of doping in structural defects are in good agree-
ment with separate Kelvin probe force microscopy (KPFM)
measurements, suggesting the versatility for the strain and
doping model. While the structural defects modulate the
strain distribution, they are randomly spread over the surface
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which is difficult to regulate. Therefore, controlled strained
and doped systems can be achieved through deposition of 2D
material over periodic arrays or on textured surfaces, where the
protruded surface induces local stretching and contraction of
the flexible 2D material. The extent of strain depends on the
aspect ratio (height or width/spacing between the protruded
regions) of the textured surface and interfacial interactions.’®
Recently, a systematic Si grooved surface of different pitch
lengths (40 nm, 125 nm and 250 nm) at comparable depth has
been investigated (Fig. 11a—c)."* The conformation of the gra-
phene layer to each patterned surface induces different strain
between crest and trough regions, which can be validated by
Raman mapping through the deconvolution model (Fig. 11d).
It has been observed that the flat Si surface induces compres-
sive strain in the graphene which systematically decreases over
textured surfaces with reducing pitch length. Such textured
architectures were useful to study nanoscale cog of nanogears
for the lubrication nanoscale devices. A similar work is pre-
sented by the deposition of graphene over silica nanospheres
of different diameters, in which the optimised strain distri-
bution around the spherical shaped was used to explore strain
engineering in graphene.”®

The optomechanical measurement using MoS, has been
carried out over Si/silica nanopillar arrays (height 420 nm and
820 nm) as shown in Fig. 11e.*® The strain in the suspended
MoS, is regulated by introducing a “tent” structure around the
nanopillars. Raman measurements indicate the appearance of
the highest strain at the centre of the pillar’s apex (Fig. 11f).
By monitoring the shift in E'5; and Ay, a tensile strain of
around 2% has been evaluated, which was claimed to be
undervalued due to laser spot size restriction. The maximum
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Fig. 11 Textured induced strain and doping in 2D materials: (a—c) 3D AFM images of graphene-covered Si textured surface of different pitch
lengths: 40, 125, and 250 nm, respectively. (d) Correlation plot of graphene over different textured surfaces showing trend of strain and doping with
various extent of conformation. Reprinted with permission from ref. 11 Copyright (2022) from John Wiley and Sons. (e) SEM (scanning electron
microscopy) micrograph of MoS,-covered pillar-shaped structure. (f) Raman map showing the shift in Elzg peak position over the pillar as compared
to the flat surface. The marked arrows represent the Raman signal from ripples generated due to strain between two or more nanopillars. (g) Line
profile from Raman spectroscopy showing distinguishable shift in Raman modes (E12g and A;g) of MoS, between pillars and basal surface. (h)
Correlation plot showing a trend in the Raman modes, and the solid line revealing the linear trend. Reprinted with permission from ref. 25 Copyright

(2022) from American Chemical Society.
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strain was anticipated up to 2.4%. The contribution of doping
has been determined by measuring the Raman line profile for
peak shift in E1Zg and Aj,. The results reveal that the modu-
lation in A, is more effective than E',, (up to 8.2 times) that
depicts a strong doping-dependent signature (Fig. 11g). The
correlation plot revealed a linear dependence with a slope of
1.1 indicating the influence of the electron-phonon inter-
action (Fig. 11h).>

3.3. Strain and doping in vertical heterostructure

Vertical heterostructures of 2D materials have been used to
exploit the synergy from individual layers for a range of appli-
cations. Graphene over hexagonal boron nitride (hBN) and
MoS, are among the common examples of vertical hetero-
structures. Given that hybrid architecture of Gr/hBN is related
to field-effect tunnelling®® and Anderson localisation which
results in metal-insulator transition,'*>'! an investigation of
the effect of beneath hBN to the top layer graphene is thus
illustrated in Fig. 12a.” By comparing Gr/hBN with Gr/SiO,
under ambient conditions, the doping from hBN to graphene
is found to be insignificant, while hBN induces additional
0.1% compressive strain to graphene compared to Gr/SiO,.
The thermal annealing at 673 K barely induces hole doping in
Gr/hBN (3 x 10" ¢cm™?) which is less than that of Gr/SiO,
(1 x 10" em™), possibly due to hydrophobic hBN attracting
fewer water molecules in the interface for doping®>'°>'% or
the reduction in ripple formation in highly flat hBN.%>¢71%4

The model can also be applied for the examination on an
innovative graphene spin-valve device comprising of MgO/Co,
Si0,, and hBN/Gr as depicted in Fig. 12b.>* In the device, hBN/
Gr is partly suspended and partly supported on SiO,, and the
strain and doping evaluation indicates slight doping (<5 x 10!
cm™?) in the suspended region but significant doping (3 x 10"
em™?) in SiO, supported region. The substantial doping may
be due to vacancies or charged defects in MgO/Co electrodes
as well as local electric field in Si0,.'°'% On the other hand,
insignificant strain is observed in suspended region while
compressive strain of 0.2% is measured at SiO, supported
region, which may arise from the bending of graphene or sub-
strate-induced effect.®”'”

Another inspection of strain and doping distribution was
performed in hBN/Gr/SiO, and hBN/Gr/hBN heterostructures
as shown in Fig. 12c and d respectively.”" In the former hybrid,
hBN induces compressive strain to graphene owing to the
difference in TEC,'°® leading to a transition of 0.5% tensile
strain in bare graphene to 0.1% compressive strain in hBN-
covered graphene region. hBN also results in a decrease in
p-doping from 3 x 10" em™ to 1 x 10" cm™? by shielding gra-
phene from any environmental adsorbates.>® When graphene
is sandwiched between two hBN flakes (Fig. 12d), the strain
and doping distribution is less spread, implying the encapsu-
lation provides an insulation from external factors causing the
variation. The overall compressive strain of flat graphene is
between 0.03% and 0.06%; however, in large bubbles, a tensile
strain of 0.06% is induced. There are also small bubbles releas-
ing the compressive strain of graphene to almost non-strained
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condition. The overall graphene is charge-neutral because of
the hBN protection from adsorbates and the prohibition of
doping from SiO, substrate. Bubble regions, however, show a
slight p-doping up to 0.6 x 10'* cm ™2, which may be attributed
to changes in Gr/hBN interaction near the cavity edge owing to
interlayer separation or hBN edge potentials.'*>'*°

Given that Gr/MoS, heterostructure is of interest for appli-
cations including optoelectronics and photovoltaics,"**™*? the
deconvolution model allows the evaluation of induced strain
and doping of both materials, which is extensively studied in
Fig. 12e-g.*> While bare graphene is originally p-doped with
doping level of 1.4 x 10" cm™ and experiences tension up to
0.3%, the embedding by MoS, causes a reduction of p-doping
to 0.4 x 10" cm™? and a transition from tensile to compressive
strain up to 0.3% (Fig. 12f). The measurement on MoS,
Raman modes (Fig. 12g) reveals that MoS, conversely becomes
p-doped and undergoes a drop in tension (compression) in the
presence of graphene. Both results demonstrate a donation of
electrons from MoS, to graphene which can be explained by
electron-rich feature of MoS, compared to electron-poor gra-
phene. The induced strain can also be interpreted by different
TEC between graphene and MoS, which leads to lattice mis-
match during the CVD process.”*>''* To examine the possi-
bility of modulation in strain or carrier concentration, both
samples are annealed at 623 K in argon.>® Graphene is further
p-doped and compressed after annealing, as expected due to
the oxygen residue trapped in the interface and the lattice
contraction.®””'™ While this culminates in an absolute shift in
strain and doping of both Gr and Gr/MoS,, the difference in
strain and doping among them remains comparable, i.e., the
thermal annealing does not alter the relative strain and doping
in graphene due to the embedding of MoS,. This is also sup-
ported by a similar response in MoS, annealing in argon®’
that the strain and doping modulation are absolute but not
relative.

3.4. Graphene on metal surfaces

Hybrid between graphene and silver nanowire (AgNW) has
recently attracted considerable interest in light of the conduc-
tivity enhancement in transparent electrodes as well as the
improved performance of photovoltaic devices due to surface
plasmon resonance.>'®''® It is thus rational to study the
induced strain and doping in the vertically stacked hetero-
structure in either Gr/AgNW (Fig. 13a and b) and AgNW/Gr
(Fig. 13c) orientation.” In the former system, the underneath
AgNW does not lead to discernible doping but induces tensile
strain up to 0.06% to the upper graphene layer, indicating the
conformation of graphene by the AgNW. In latter (Fig. 13c),
the topping of AgNW on graphene exhibits a similar response,
albeit weaker, of negligible doping and 0.01% tensile strain.
This can be inferred by a slight extension of carbon-carbon
bonds as compared to Gr/ITO.?

Given copper being the most widely employed substrate for
CVD graphene fabrication,""” a detailed understanding of the
interplay between the copper catalyst and graphene will thus
be essential. The strain and doping evaluation serve as a

This journal is © The Royal Society of Chemistry 2023
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Interaction between graphene and hBN: (a) correlation plot of the hBN and annealing effect to graphene. Circles represents bare graphene

and crosses represents Gr/hBN. Blue colour corresponds to before annealing and red colour corresponds to after annealing for 2 h at 673 K.
Reprinted with permission from ref. 9 Copyright (2022) from American Chemical Society. (b) Left to right: false colour image for hBN/Gr on different
substrate, doping map, strain map, and Raman shift. In false colour image, black represents hBN/Gr on MgO/Co electrode, green represents hBN/Gr
on silica substrate, and orange corresponds to suspended hBN/Gr. Reprinted with permission from ref. 24 Copyright (2022) from American
Chemical Society. (c) Strain and doping map of hBN/Gr/SiO,. hBN locates at the middle of the image while Gr/SiO, substrate constitutes the back-
ground. (d) Strain and doping map of hBN/Gr/hBN. Reprinted with permission from ref. 31 Copyright (2022) from IOP Publishing. (e) Optical image
of graphene over MoS,. (f) Correlation plot of Gr/MoS; in the perspective of graphene and (g) MoS,. Circles and triangles correspond to different
samples. Reprinted with permission from ref. 35 Copyright (2022) from American Physical Society.

powerful tool to investigate the effect of crystalline nature and
the lattice orientation of copper on the graphene growth,
which is illustrated in Fig. 14a.* The magnitude of compressive
strain induced on graphene is highly dependent on the lattice
orientation of copper as the following order: Cu (111) >
Cu (110) > Cu (100). The vector analysis reveals that Cu (111)
induces an additional 0.2% compressive strain when com-
pared to Cu (100), which may be due to the different mismatch
between lattice parameter of copper and equilibrium C-C

This journal is © The Royal Society of Chemistry 2023

bond length during the formation of different superstructure
of graphene at Cu (111) and Cu (100).*'*® This result agrees
with a separate molecular dynamics simulation''® suggesting
a higher compressive strain in Cu (111) than Cu (100).
Formation of graphene wrinkles on metal surface also pro-
vides a magnificent example for the deconvolution model. As
shown in Fig. 14b and c,'® the strain and doping distribution
of Gr/Co wrinkles are studied. While minimal doping (a
change of carrier concentration less than 1.3 x 10" cm™?)

Nanoscale, 2023,15, 7227-7248 | 7241
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Fig. 14 Correlation plots of graphene on metal surfaces: (a) correlation plot of graphene on Cu with different lattice orientations including
Cu (100), Cu (110) and Cu (111). Reprinted with permission from ref. 4 Copyright (2022) from Elsevier. (b) AFM image and (c) the correlation plot of
graphene on Co. The colour of the arrows in the AFM image represents the data points in the correlation plot. Graphene near the edge (red) shows a
larger compressive strain than graphene in the inner area (green). Reprinted with permission from ref. 19 Copyright (2022) from American Chemical
Society. (d) Correlation plot of graphene on NPs. G;; G'; corresponds to the flat region and G,; G', corresponds to wrinkled region. Reprinted with
permission from ref. 30 Copyright (2022) from Springer Nature. (e) Correlation plot of graphene on Cu with time. Reprinted with permission from
ref. 34 Copyright (2022) from American Chemical Society. (f) Optical image of graphene over Cu surface which is partially exposed to a strong acid
(H2SO4), where both regions have been taken for the Raman analysis. (g) Correlation plot of graphene single layer (SLG) over Cu and Ni showing
tension in the corroded region as compared to unaffected. Reprinted with permission from ref. 37 Copyright (2022) from American Chemical
Society.
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takes place across the entire graphene sheet, compressive
strain of 0.38% is induced at the supported region in Gr/Co,
which can be attributed to the TEC difference that graphene
expands when it is cooled during the fabrication process. A
larger compressive strain is induced near the edge than the
central region, and hence it can be speculated that the edge of
graphene is pinned with the strongest compressive strain,
which is gradually relieved along the inner region until wrin-
kles are generated where compressive strain is the
lowest."'*"**> A separate measurement'® indicates that com-
pressive strain recovers in between wrinkles, leading to an
intriguing phenomenon of ‘strain field’. A deliberate wrinkle
generation can also be performed by depositing graphene on
iron oxide nanoparticles (NPs) on SiO, where the induced
strain and doping are studied in Fig. 14d.*® Wrinkles are
formed by the curvature of NPs and successfully located as G,;
G', from the flat region (G;; G';) corroborated from AFM
results. In low wrinkling area, graphene is heavily p-doped (1.3
x 10" em™?) with insignificant strain which is due to large
area coupling with the SiO, substrate, while high wrinkling
reduces the hole doping to 1.2 x 10" ecm™? with 0.06% tensile
strain due to less contact area with the substrate.’">?

The modulation of strain and doping in graphene by the
morphology of metal substrate can also be realised by growing
graphene on Cu where Cu gradually oxidises to form Cu,O as
illustrated in Fig. 14e.** Recent studies'®*'*® show that the
attachment of water molecules to the structural defects of gra-
phene such as wrinkles and grain boundaries leads to the oxi-
dation of Cu to Cu,O. Between day 0 and day 9, graphene
remains compressive (0.15%) with no doping (<1 x 10" cm™2).
With increasing oxidation of Cu beneath, the compressive
strain is completely released to non-strained condition and
becomes p-doped. On day 30 and onwards, tensile strain even
develops in graphene and p-doping increases to 1 x 10" cm™2,
In situ measurement demonstrates this strain and doping
effect is faster on defect sites such as wrinkles. The overall
result can be explained as graphene initially possesses com-
pressive strain due to lower TEC of graphene than Cu,"'® the
curvature by the oxidation of Cu into Cu,O particles releases
the compressive strain.** As Cu,O is a p-type semiconductor
with a band gap of 2.17 eV,"®” graphene is also gradually
p-doped with time. As the defect sites provide more diffusion
pathway for oxidation, accelerated tension generation and hole
doping response at that area are recognised.

In addition to the nanoscopic investigation of graphene
wrinkles, the chemical and physical changes in Cu foil by cor-
rodents (H,SO,) are successfully identified by graphene
through strain and doping at the micro scale.?” Partial surface
of polycrystalline Cu exposed to the H,SO, are physically
etched the Gr/Cu surface (Fig. 14f) and affects the carrier con-
centration (Fig. 14g). By observing a similar phenomenon over
graphene deposited on Ni surface, it is suggested that the pres-
ence of grain boundaries permeates the corrodents and etches
the metal surfaces, causing tension in the graphene layer.
Considering the grain boundaries as the weak centre of single
layer graphene, multi-layered system has been implemented to

This journal is © The Royal Society of Chemistry 2023
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protect the Cu surface from biotic and abiotic corrosion,
which shows promising results. Thus, the topping of graphene
layer can act as a corrosion sensing medium.

3.5. Temperature-dependent strain and doping

In situ Raman measurement at different temperatures can
reveal crucial information of graphene and MoS, such as
TEC,”®8%"% thermal conductivity,"*>'*® and the strain and
doping modulation by external heat.*”® At elevated tempera-
tures, strain and doping are no longer the exclusive factors for
the shift of Raman modes; instead, the lattice expansion and
anharmonic coupling also lead to the phonon shifts."**32
The addition of these thermal influences to eqn (9) results in

Aw; = 270 + kin + Awi™® + Aw;® (13)

where Aw"® and Aw;* represent the lattice expansion and
anharmonicity effect. The A sign means the change of the
absolute thermal effect, w;"*(T) and w*(T), at the elevated
temperature Ty from the reference temperature Tg, i.e.,Am;"" +
Ao = 0"(Tg) + 0(Tg) — (0"(Tr) + @i*(Tr)). For graphene,
this combined thermal effect w;"5(T) + w;*(T) has been exten-
sively studied and the value can be approximated by a third-
order polynomial."*>"** For MoS,, this term is reported to be
linearly proportional to temperature and can be estimated by a
first order polynomial."**"*® The general accepted
values'>>'?"13? are therefore listed in eqn (14) and Table 3.

oi"E(T) + 0 (T) = co + 1T + ¢, T? + ¢3T? (14)

After subtracting the thermal influences in eqn (13), the
strain and doping become the only factors altering the phonon
shifts. The assumption of temperature invariance of
Griineisen parameter and doping coefficient allows the re-
implement of the strain and doping model. A typical example
of this application will be the TEC evaluation of 2D
materials,”®%%'*® which involves the deposition of the 2D
materials on TEC known substrate (usually SiO,) with sub-
sequent heating. The strain developed from the TEC mismatch
can then be monitored by Raman spectroscopy and the TEC of
the 2D material can hence be calculated:

Tg
&= J aSiOZ(T) - aZDmaterial(T)dT
Tr

~ Aw;— (AwlE(T) + Aw(T))

(15)

where a represents the TEC. The realisation of the tempera-
ture-dependent strain and doping model was also attempted

Table 3 Constants for lattice expansion and anharmonic coupling

i co(em™) ¢ (em™ K™ ¢ (em™ ' K?) c; (em™ K3
E'% 4101 -13.9%x107 0 0

Asg 3.835 —13x107° 0 0

G 2.466 —4.23x107* —3.03x107° 1.15x 1078
2D 2.442 -3.70x 107 -5.10%x 107° —3.53x107°
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by Verhagen et al® to study the cooling effect on monolayer
and bilayer isotopically labelled graphene as shown in Fig. 15a
and b respectively. The monolayer graphene is susceptible to
the generation of compressive strain when the temperature is
reduced from ambient to 100 K; the compression is then satu-
rated at 50 K and even decreases back at 10 K. This com-
pression can be attributed to the TEC mismatch between gra-
phene and SiO, substrate.’ On the other hand, p-doping
occurs significantly when the temperature decreases from
ambient to 200 K, and the successive cooling does not produce
any profound effect. In bilayer, the top layer and bottom layer
graphene respond similarly in strain that compression is gen-
erated when they are first cooled, which is reduced during
further cooling. The doping response between the two layers is
different: the p-doping level of the top layer remains almost
constant until 10 K and starts to increase after 50 K, while the
bottom layer is p-doped when the temperature decreases from
ambient to 200 K and the doping level fluctuates beyond that.
The temperature induced strain and doping are always stron-
ger in the bottom graphene layer as compared to the top layer,
which is due to indirect contact with SiO, substrate that the
additional graphene layer provides lubricating (weak vdwW
interface) and charge screening effect.®

4. Conclusions

In this review, the fundamentals of strain and doping in 2D
materials including graphene and MoS, are addressed. Under
mechanical strain, the change of lattice arrangement leads to
a shift in electronic band structure of layered materials, which
can be illustrated by the symmetries in hexagonal Brillouin
zone for graphene and is related to the transition of direct to
indirect band gap for MoS,. Under electrical doping, the
relations between applied top gated voltage, surface charge
density, and electrical conductivity are extensively demon-
strated in different materials. The principles of chemical
doping on zero band gap graphene and other semiconductors

7244 | Nanoscale, 2023,15, 7227-7248

are also addressed. The combination of strain and doping
leads to a shift of Raman modes, which is found to be linearly
independent and can be deconvoluted with the help of a corre-
lation plot of Raman peak positions of G and 2D for graphene,
and El2g and A, for MoS,. Several empirical and theoretical
methods for the computation of the weightings in such linear
transformation, i.e., Grineisen parameters and doping coeffi-
cients, are also presented.

This deconvolution method allows for a non-invasive evalu-
ation of strain and doping of 2D materials on a nanoscopic
scale, with higher resolution than conventional techniques
such as piezoresistive approaches and field-effect measure-
ments. The simultaneous evaluation of mechanical strain and
electrical doping also provides more comprehensive insight
than scanning probe techniques such as KPFM, which can
only unveil the electrical information."** The model therefore
enables the investigation of a variety of aspects including
intrinsic studies, interactions in hybrid vertical hetero-
structure, corrosion protection, and temperature-dependent
studies. An in-depth understanding of the graphene annealing
process and its corresponding de-doping results are discussed
with the help of correlation plot, where the thermal annealing
process can be divided into two steps—a fast doping stage
attributed to adsorption of oxygen molecules beneath gra-
phene, and a slow doping stage due to electron transfer in
redox reaction. The intrinsic studies of pristine CVD and ME
2D materials show a transition of tensile strain to compressive
strain in graphene wrinkles depending on the wrinkles con-
figuration (standing collapsed orientation or transitional-
folded). A reduction in p-doping is also observed for graphene
wrinkles due to less coupling with the substrate. Recent
studies also suggest the generation of patterned compressive
strain by depositing 2D materials on a textured surface such
that the local strain can be engineered for flexible devices.

The strain and doping studies of hybrid vertical hetero-
structure become possible thanks to the deconvolution
method. The extensive investigation on the interplay between
graphene and hBN layers shows that hBN provides protection

This journal is © The Royal Society of Chemistry 2023
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and charge screening to graphene. Similar inspections are
carried out for Gr/MoS, and Gr/AgNW heterostructure where
different contributions to mechanical strain and charge trans-
fer are unveiled by the correlation plot. The release of compres-
sive strain in graphene by the oxide formation and the change
in carrier concentration in graphene by the acid corrosion in
Gr/Cu demonstrates the feasibility of graphene serving as a
chemical sensor. Temperature dependent strain and doping
deconvolution allow the computation of TEC and the analysis
of the modulation on materials behaviour in low temperature
environment. The above applications demonstrate that the
strain and doping deconvolution provide an intriguing insight
into the emerging field of straintronics where graphene and
other 2D materials can be engineered into innovative flexible
electronics. The Raman based diagnostic readout is also
capable of onsite detection of chemical oxidation and cor-
rosion. Moreover, most biological species which are not
Raman active can be exclusively detected from the perspective
of 2D materials in terms of strain and doping which is rela-
tively fast and non-invasive than other conventional tech-
niques. Future directions include constructing the strain and
doping model to other 2D materials whose Raman active
modes are sensitive to mechanical deformation and electronic
doping. The determination of the Griineisen parameters and
doping rate of the material could enable the linear transform-
ation of the deconvolution. However, the requirement of pos-
sessing two Raman modes which are both independently sen-
sitive to strain and doping limits the employment of this
model to many other 2D materials. To date, only graphene and
MosS, are reported to fulfil this prerequisite.?*>>% It is also
possible to apply the model to a variety of research fields such
as medical screening, gas sensing and flexible optoelectronics
by observing the modulation of strain or doping by foreign
molecules, corrosion or oxidation.
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