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Abbreviations: CCSM, crystalline condensed state material; 
EEBS, electron energy band structure; BGE, band-gap engineering; 
NPMs, nanoparticulate materials; NCs, nanocrystals; DES, discrete 
electron states; GBs, grain boundaries; SB, schottky barrier

Introduction
Physico-chemical properties of a crystalline condensed state 

material (CCSM) are decided by its electron energy band structure 
(EEBS) generally computed theoretically and validated by optical 
transition studies. Modifying the EEBS of such a CCSM would 
certainly amount to engineering its properties. Consequently, 
a number of studies were carried out in the context of band-
gap engineering (BGE) of a large number of semiconducting 
materials by either changing their stoichiometric compositions in 
thermodynamically stable alloys or constructing layered epitaxial thin 
films with alternating compositions with matching lattice constants 
at the interfaces involving appropriate elemental and compound 
semiconductors. BG controls could facilitate easy access to their 
modified electronic/optoelectronic properties usable in respective 
device applications. Material growth processes based on molecular 
beam, and atomic layer epitaxy have been exploited to a great extent 
in this context, in the past, to prepare superlattices for not only 
controlling the resultant energy gaps but also arrive at heterostructures 
supporting 2D-Electron/Hole Gas sheets resulting in very high carrier 
mobilities in the absence of impurity scattering as discussed already 
in detail in earlier publication.1

With subsequent introduction of nanoscience and technology, the 
concept of BGE became still better realizable by controlling the size 
and shape of the nanoparticulate materials (NPMs).2 Extension to the 
idea of preparing comprehensive hierarchical molecular complexes 
involving further combinations of strong and weak interactions due 
to conjugations provided better options for preparing nanomaterials 
possessing smart and intelligent features, which not only employed 
BGE of the materials species of not only inorganic, and organic 
(polymeric) origin but also of the biomolecular species to mimic some 
sort of intelligent behavior of living organisms as discussed in detail 
in numerous publications.3–6

With further advent of 2D layered materials like graphene and 
graphene like mono/multiple layers, numerous possibilities are 
foreseen to implement BGE strategy even without bothering for the 
previously mentioned restrictions of lattice matching (e.g. observed 
in the heterostructures of CCSM) at the interfaces of two different 
monolayers resulting in another new class of van der Waal’s epitaxial 
heterostructures in lateral and vertical configurations for improving 
their electronic/optoelectronic properties. Some of the recent 
developments discussed here in this review highlight the importance 
of this growing field of novel 2D-materials from BSE angle.7

 BGE of nanoparticulate materials 
Semiconducting nanocrystals (NCs) introduce tunable optical 

transition properties arising out of additional discrete electron states 
(DES) resulting from quantum confinement. Consequently they are 
applicable in solar photovoltaic energy conversion, optoelectronic 
devices, molecular and cellular imaging, and ultrasensitive detection. 
The light emissions from such NCs vary from UV to visible, to near-
infrared, and mid-infrared spectral ranges. These NCs demonstrate 
additional properties like carrier multiplication, single-particle 
blinking, and spectral diffusion and hence used in developing 
complex superlattices and multimodal agents for molecular imaging 
and targeted therapy.8

The syntheses of these NCs offer numerous types of doped and 
strain-tuned QDs. Techniques based on single-particle fluorescence, 
extinction, and tunneling/ultrafast spectroscopies are helping in 
understanding their characteristic features. For instance, ZnO having 
wide band gap with immunity to oxidative degradation is a very useful 
shell material for NCs capping in core-shell type QDs. Similarly, 
IV-VI semiconductors having positive deformation potentials and 
mercury-based II-VI materials allowing for continuous tuning of their 
band gaps through spontaneous cation exchange reactions are known 
to play important roles in their future applications. For instance, 
in photovoltaic applications - the phenomenon like multi-exciton 
generation causing efficient charge carrier separation; and minimizing 
the steric hindrance in bio conjugated NCs in biomedical applications. 
Employing nonspecific protein adsorption for developing photo 
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Abstract

Successful modifications of band gaps of bulk alloy semiconductors (i.e. in binary, 
ternary and quaternary compounds) for electronic and optoelectronic device 
applications encouraged the researchers to explore similar strategies in 2D-materials 
involving graphene and graphene like transition metal chalcogenides and other 
layered materials. Being atomically thin layers, there are numerous other possibilities 
to explore in these 2D-materials involving lateral, vertical heterostructure formations 
besides substitution, and doping of other atomic species to fix their band gaps 
somewhere between zero of the graphene and the wide band gap, for example, of 
h-BN (i.e. 6eV band gap) in hybrid type h-BNC lattice. The recent developments 
taking place in this important area of research in band gap engineering of 2D-hybrid 
materials is briefly discussed in this review. 
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switchable NCs for multicolor optical microscopy in exploring the 
toxic properties these NCs are some typical examples already known 
and reported.9,10

2D-materials for BGE 
A number of options were explored in the recent past after the 

discovery of graphene in developing engineered nanomaterials by 
design using 2-D-mono/few-layers of graphene and other materials. 
Instead of realizing purely uniform homogeneous phases, even 
patchy compositions of different constituents were formed at isolated 
locations as identified in structural analyses. The examples cited here 
show very clearly that once optimal route of synthesis is identified; 
the utility of the resultant band gap designed nanomaterials will start 
touching an altogether newer horizon of their applications in near 
future.11

Graphene, h-BN and h-BNC

Synthesizing large size mono/few layers of graphene, h-BN, and 
h-BNC in recent experiments have offered good examples cited in this 
context as described below before highlighting the challenges faced 
during their hybrid phase syntheses. 

Monolayer of graphene is a planar sheet of sp2-bonded carbon 
atoms hexagonally arranged in a lattice possessing distinct features 
that are not there in 0D, 1D, or 3D forms of carbon. A variety of 
physical phenomena were observed including anomalous quantum 
Hall effect reflecting the presence of mass-less electrons, and 
possessing high electron mobility at room temperature made it known 
as a zero gap semiconductor with enhanced electronic properties. 
Unusual thermal and mechanical properties of graphene have been 
used in electromechanical resonators, stretchable and elastic matrices 
for flexible electronic circuitry, ultracapacitors, stable field emitters, 
and as fillers for electrically conducting flexible nanocomposites.12–18

Besides graphene, 2D atomically thin sheets of other materials 
involve nitrides, sulfides, selenides, tellurides, and oxides. Theoretical 
calculations predict exceptional properties possible in most of 
the 2D-materials by reducing them into a monolayer, such as in 
hexagonal boron nitride (h-BN). Out of several possible phases, h-BN 
is the only member possessing a layered structure, with the B and N 
atoms arranged in an sp2-honeycomb lattice, quite similar to that of C 
atoms in graphene. Structurally identical features of h-BN, graphene, 
and other 2D-monolayers make them appropriate for fabricating 
graphene-based electronics and optoelectronics devices. Out of 
various phases, graphene and h-BN attract much attention as they 
have demonstrated excellent hybrid phases by mixing them together. 
Electronically different phases when mixed offer interesting device 
applications. A controlled mixing of these two lattices in lateral and 
vertical stacking produces a series of superlattices. Theoretical studies 
of BNC nanostructures show them usable in nano-electronics, optical 
devices, field emission, catalysis, lubrication, and gas storage.11,12,19–22

The exploration of 2D-BNC atomic layers beyond graphene and 
h-BN still needs to address to many challenges including preparation 
of atomic layer phases with precisely controlled compositions, 
determining the locations of various atoms using scanning tunneling 
microscopy/spectroscopy (STM/STS), and correlating the measured 
electronic and magnetic properties to the structural and theoretical 
predictions.11

Other hybrid 2D-monolayers 

Several methods have been attempted in preparing layered phases 
of BNC, BNC2, BC3 by involving synthesis of graphene and h-BN 
over metal substrates in CVD and other techniques besides co-
doping of B and N into nano carbons. For example, instead of doping 
graphene with B and N, it is conversely possible C-doping in h-BN. 
However, during graphene or h-BN doping, it is essential to realize 
uniform distribution of the dopants to have the engineered phases. 
The unusual properties of graphene have triggered interest in doping 
the hexagonal lattice of graphene with boron (B) and nitrogen (N) to 
obtain layered BNC-structures. Individual atomic layers containing B, 
C, and N of various compositions conform to several stable phases in 
the three-component phase diagram of B-C-N. Additionally, stacking 
layers built from C and BN also allows for engineering the new van-
der-Waals materials with novel properties.11

BGE strategy has been explored in 2D-materials to reduce the 
large band gap of h-BN monolayer (i.e. ~6eV) by topologically 
modifying its hexagonal lattice by creating grain boundaries (GBs) 
in its basal plane. These monolayers have 3-fold symmetry with 
alternative B and N atoms in the pristine form. The edges and GBs in 
such a lattice show characteristic optical/electronic properties. Lesser 
investigated GBs in h-BN compared to those in graphene and MoS2 
are identified as an array of dislocations and non-hexagonal boron and 
nitrogen rings, which ultimately disturb the lattice symmetry causing 
reductions in the band gaps in some orientations. DFT calculations 
involving additional states created along the boundary estimate the BG 
reductions up to ~38%. In the alternative option, it was substituting 
C atoms to form hybrid lattice of h-BNC in place of h-BN. A general 
chemical method reported in this context to prepare different h-BN 
derivatives confirmed that the chemical structure could very well be 
modified with or without a graphene precursor to tune the BG up to 
~2eV.23–25 

Besides, the processes like atomic doping, alloying and 
hybridization were also attempted in past to alter electronic structures 
of h-BN monolayers by seamless inter-weaving of graphene and 
h-BN into one piece. Earlier studies have confirmed that B, C and N 
could be atomically mixed together to form various semiconducting 
2D-monolayer structures with varying stoichiometry. The electronic 
and magnetic properties of BN monolayer are theoretically possible 
to modulate by adding small domains of graphene in h-BN, without 
disturbing its planarity. In recent experiments, co-deposition of 
graphene and h-BN was attempted to form hybridized h-BNC besides 
synthesizing atomic layers of h-BNC by substituting C atoms in 
graphene layer with B and N atoms. The significance of the chemical 
and electrical tunability achieved in these experimental methods 
motivated using PECVD to synthesize several other members of 
h-BN derivatives.23,26–29

For the introduction of h-BN domain in a pristine graphene 
monolayer, hydrogen is used to etch away C atoms generating 
vacancies that are filled by B and N atoms ultimately leading to the 
growth of h-BN domains. Continuing this process over a sufficiently 
longer duration, the graphene monolayer is completely converted into 
h-BN film. This kind of gradual change taking place in the graphene 
lattice has been confirmed, for instance, by starting with a pristine 
graphene film with no D peak (i.e. indicating absence of a detectable 
defect), the gradual conversion gives rise to the appearance of D-peak 
that increases in the early 40min and declines afterwards. These 
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characteristics are in accordance with the increasing levels of defects 
or functionalities in graphene. It is quite likely that hybrid structure 
are constituted with alloys or mixed domains of h-BN, graphene and 
h-BNC. Especially, when the conversion exceeds 15min, the D peak 
of graphene starts to slowly blue shift from 1354cm−1 to the h-BN’s 
E2g peak at 1368 cm−1.23,26,30,31

BGE of bulk compound semiconductors (e.g. binary, ternary, 
quaternary and so on) using alloying of constituent crystalline 
compounds with matching lattice constants has already been 
explored in past facilitating their applications in numerous electronic/
optoelectronic devices to a large extent.1 Drawing a parallel from there 
motivated to try similar attempts in atomically thin 2D semiconductor 
monolayers to grow materials with tunable band gaps for their 
applications in several functional devices.1,32–41

In this context, a number of monolayers (2D) with different 
energy gaps when alloyed were found to produce hybrid 2D materials 
possessing stoichiometry dependent BGs lying somewhere between 
the minimum and maximum limits of the band gaps of the constituent 
compounds used. Such hybrid materials are finding applications in 
nanoelectronics and nano photonics, where it is rather beneficial 
to have semiconducting nanostructures with continuously tunable 
band gaps. Recent advances in 0D and 1D ternary semiconductor 
structures have shown that their band gaps and light emissions could 
also be tuned gradually by changing their constituent stoichiometries, 
and based on these composition modulated nanostructures, multi-
wavelength lasers, wavelength converters, optical diodes, and nano 
photodetectors have been realized experimentally.42–52 For their 
applications in integrated devices and systems, direct growth of these 
band gap engineered 2D monolayer materials are proving to be very 
useful as discussed in a recent review covering the recent progress 
on the BGE of atomically thin 2D semiconductor alloys. Some of 
the typical examples are included in the followings to highlight their 
future applications.32

Other hybrid 2D-materials 

Thermodynamically stable alloys of sulphides, and selenides of 
Mo and W were, for instance, studied in great detail by varying their 
stoichiometries. For instance, MoS2(1-x) Se2x was studied for fixing 
its band gap between 1.557 and 1.856eV (i.e. corresponding to the 
direct band gap of MoSe2 and MoS2, respectively).53,54 Atomically 
thin nanosheets of 2D-MoS2(1-x) Se2x were also examined for lithium 
adsorption and diffusion in hexagonal monolayers for different values 
of x as: 0.00, 0.33, 0.50, 0.66, and 1.00. Band gap engineered nanosheets 
were successfully produced using precursors from mechanically 
exfoliated MoS2(1-x) Se2x bulk alloy showing triangular nanosheets 
(SEM) with the edge lengths of 30-80micron. Lateral composition-
graded 2D-MoS2(1-x) Se2x nano layers were also synthesized employing 
a simple moving source thermal evaporation method of an improved 
CVD.55–68 Subsequently, 2D-WS2x Se2(1-x) alloys were prepared from 
WO3 (monoclinic crystal) to WS2 (1-x) Se2x (hexagonal crystal) through 
simultaneous sulfurization and selenization, in which, the chemical 
activity of S made it easy to tune the value of x by varying the weight 
of sulfur powder.69 The resulting alloy nanosheets were monolayers 
with a well-defined triangular shape, as identified by optical contrast 
and atomic force microscopy besides Raman spectroscopy.69 

Some recent findings
Some recent experimental studies conducted by various research 

groups are described here in brief to highlight the validations of 

theoretical computations regarding BGE aspects of 2D-monolayeres. 
Particularly, strain induced changes in material and device 
characteristics are very valuable informations regarding this aspect 
of material by design using 2D-mono/multiple layer materials in 
association with graphene.

Synthesis of monolayers containing hybridized bonds of elements 
B, N and C are expected to offer new material properties as discussed 
earlier. Synthesis and characterization of large-area atomic layers 
of  h-BNC material was reported in case of hybridized, randomly 
distributed domains of h-BN and C phases with compositions ranging 
from pure BN to pure graphene indicating their distinct structural 
features and band gap from those of undoped/doped graphene, 
and h-BN, which is found useful for developing band gap-engineered 
device applications.27 

In a recent study of 2-D Bx/2Nx/2C1−x (0< x <1) compounds with four 
stoichiometric compositions namely: Bx/2Nx/2C1−x(x =2/3, 1/2, 2/5 and 1/3) 
was reported using a global optimization method (CALYPSO) and DFT 
revealing that all monolayer Bx/2Nx/2C1−x  stoichiometries adopt a planar 
honeycomb character and are dynamically stable. These calculations 
show that most of the Bx/2Nx/2C1−x phases possess direct band gaps within 
the optical range; thereby they can potentially be used in high-efficiency 
conversion of solar energy in photovoltaic modules. The band gaps of 
Bx/2Nx/2C1−x can be widely tuned within the optical range by changing the 
concentration of carbon, thus allowing the fast development of BGE in 
optoelectronics.70

In one method of BG-tuning of monolayer h-BN (~6eV) involves 
topologically reforming the hexagonal structure incorporating 
grain boundaries (GBs) in the basal plane. Alternately, introducing 
foreign atoms like C forges hybrid structures like hetero-junctions 
or semiconducting h-BNC materials. A general chemical method 
of synthesizing these different versions of h-BN derivatives was 
showcased for manipulating the chemical structure either with or 
without a graphene precursor, resulting in BG down to ~2 eV.71

The key to have exotic features from van der Waals 
2D-semiconductors for device applications lies in precisely modifying 
their BGs. The strategy of universally tuning the band gap in the 
family of bulk 2H  transition metal dichalcogenides (TMDs) was 
reported recently by in-situ surface doping of Rb atoms. Experimental 
observations confirmed a variation in band gap in the range of 0.8-
2.0eV, which covers a wide spectral range from visible to near 
infrared, with a tendency from indirect to direct BGs. These results 
confirmed surface Stark effect as a universal mechanism of band-gap 
engineering on the basis of the strong 2D nature of van der Waals 
semiconductors.72

MoTe2  is an exfoliable TMD crystallizing in three symmetries: 
semiconducting trigonal-prismatic 2H- or α-phase; semi metallic 
and monoclinic 1T’- or β-phase; and semi metallic orthorhombic 
γ-structure. Out of these the 2H-phase has a band gap of ∼1eV 
making ideal for flexible and transparent optoelectronic applications. 
The γ-phase possesses a topologically protected non-dissipative 
transport channels along with possibility of locally inducing phase-
transformations in TMDs, through chemical doping, local heating, or 
electric field to achieve ohmic contacts. It is also feasible to induce 
functionalities like electronic phase-change memory elements. 
Combining these features, it is possible to use this material for 
producing high performance, low dissipation optoelectronic devices 
in near future. Phase engineering of MoTe2  by W-substitution was 
revealed in the phase-diagram of the Mo1-xWxTe2 solid solution, which 
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displays a semiconducting to semi metallic transition as a function 
of x. A small critical W concentration xc∼8% was observed to stabilize 
the γ-phase at room temperature suggesting that crystals with x close 
to  xc  might be particularly susceptible to phase transformations 
induced by an externally applied electric field.73

While examining 2d-monolayers, tailoring graphene/boron nitride 
heterostructures, which can theoretically retain the character of a 
single-atom thick sheet, withstand large physical strains, are easily 
functionalized, and have entirely different optical and mechanical 
properties compared to graphene providing the foundation for 
entirely new research fields. Knowing from theoretical predictions 
that carbon, boron, and nitrogen could co-exist as atomic sheets in a 
layered structure, a facile method of integrating boron nitride (hBN) 
and graphene oxide (GO) via chemical exfoliation was reported in 
form of BCON after examining its stability at different pH conditions 
indicating that a stable and a uniform solution is achievable at pH 
in the range of 4 to 8. An  in-situ  XPS was employed in detecting 
chemical changes while exposing it to ionization radiation specially 
focusing on the C/O ratio. It was observed that even with a very low 
energy source, this material is highly sensitive to ionizing radiation, 
such as neutron, alpha and beta particles.74

A continuous and reversible tuning of the optical band gap of 
suspended MoS2  monolayer was reported by as much as 500meV 
by applying very large biaxial strains. Impermeability to gas of 
CVD grown crystals was used to apply a pressure difference across 
suspended membranes to induce biaxial strains for determining 
the effect of strain on the energy and intensity of the peaks in the 
photoluminescence (PL) spectrum and find a linear tuning rate of the 
optical band gap of 99meV/%. These results show that as large as 
5.6% strain could be applied across micron-sized areas showing strain 
tuning of higher-level optical transitions.75

Continuous tuning of the electronic structure of atomically thin 
MoS2  on flexible substrates was reported by applying a uniaxial 
tensile strain with a redshift @ ∼70meV/% applied strain for direct 
gap transitions, and @ 1.6 times larger for indirect gap transitions, 
as determined by absorption and photoluminescence spectroscopy. 
These results agree with first principles calculations demonstrating 
the utility of 2D- monolayers in flexible and optoelectronics.76

Substantial strain induced band gap tunability was demonstrated 
in TMDs based FETs as per theoretical calculations and optical 
experiments. Devices fabricated on flexible substrates held on 
cantilever type sample holder were used to apply uniaxial tensile 
strain. The analysis of FET’s transfer characteristics clearly proved a 
band gap reduction of 100meV in WSe2 under 1.35% uniaxial tensile 
strain at room temperature in which the band gap change is only 
related to a change of the conduction band edge of WSe2, resulting in a 
decrease in the Schottky barrier (SB) for electrons without any change 
for hole injection into the valence band. These experimental results, 
when compared with DFT calculations under strain, showed excellent 
agreement between theoretical predictions and the experimental data 
presented here.77

Conclusion
Developing appropriate synthesis techniques with precise control 

of monolayers of 2-D layered materials by combining binary and 
ternary phases of C, B, and N in hybrid form is theoretically predicted 
to tune the BGs and hence their electronic, optoelectronic and other 

structural properties as highlighted in this work. This could possibly 
be better explored than tuning the BGs using nanoparticulate 
materials building blocks alone as discussed in earlier publications. 
A combination of nanoparticulate materials and band gap engineered 
2D-monolayers forming hierarchical molecular complexes would be a 
better option as it appears from the observations made so far.
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