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Abstract:

With the further development of Moore's law, the process nodes of integrated circuit
have reached 7 nm or even smaller size. In addition to the significant increase in cost,
when the scale continues to shrink, there will inevitably be short channel effect. For
example, because of tunnelling and reduction in the separation of drain and barrier, the
channel will be difficult to be completely turned off, thus reducing the switching
performance of the device. Significant efforts have been dedicated for developing next-
generation devices and applications to overcome these obstacles. The emerging van der
Waals (vdW) heterostructures, where two-dimensional (2D) materials are physically
layer-by-layer stacked without constraints on the chemical bonding and interfacial
lattice matching, have offered an alternative platform in nanoscale electronic and
optoelectronic applications. Beyond all 2D materials based vdW heterostructures, the
concept could be extended to integrate 2D materials with conventional wide bandgap
(WBG) functional materials. Here we summarize recent developments of 2D/WBG
hybrid heterostructures starting from the integration process and working principle.
Then, we highlight the functions and device applications of 2D/WBG hybrid
heterostructures, including ferroelectric gating, piezoelectric strain engineering,
photodetector, field effect transistor, photocatalyst, and gas sensor. Finally, we provide

a brief discussion on the perspectives and challenges in this exciting field.



1. Introduction

Two-dimensional (2D) materials are atomically thin sheets with layered structure,
where the neighbor layers are connected by van der Waals (vdW) forces and intralayer
is constructed by covalent bonds. The rise of 2D materials started from the discovery
of graphene in 2004 via a mechanically exfoliated method by Geim et al at Manchester
University [1]. With a structure of single carbon atom layer via sp? hybridized, graphene
presents excellent properties, including pronounced carrier mobility, large theoretical
specific surface area, high electrical conductivity and superior thermal conductivity,
leading to an increased attention of all 2D materials [2]. To overcome the obstacles
resulted from the absence of a bandgap in graphene, a large variety of emerging 2D
materials with prominent physical and chemical properties have subsequently been
recognized, including transition metal dichalcogenides (TMDs) [3-5], phosphorene [6-
8], hexagonal boron nitride (h-BN) [9], and so on. 2D materials are expected to possess
intriguing electrical, thermal, optical and mechanical properties due to their unique
structure with high surface-bulk ratio. In particular, there is an increasing interest in
assembling different 2D materials together to form heterostructures via vdW
interactions. Such vdW heterostructures originally refer to physically stacking 2D
materials layer-by-layer by weak vdW force (6.409 X 102! ~ 1.122 X 102° N-m) with
unprecedented performance and functionality.[10] Compared with the conventional
superlattices and heteroepitaxy structures which have been extensively studied in
modern semiconductor technology, the past decade has witnessed even more

remarkable rapid progress on vdW heterostructures in developing next-generation



stretchable, implantable, portable, and wearable electronics and optoelectronics, owing
to their absence of constraints on the chemical bonding and interfacial lattice matching
[11-13]. Up to now, the vdW heterostructures are not limited to interlayer interactions
within 2D layered materials (2D/2D), which provides considerable freedom to integrate
disparate materials with distinct dimensionality [14]. The emergence of mixed-
dimensional vdW heterostructures including 2D/0D (quantum dots) [15], 2D/1D
(nanowires) [16], and 2D/3D (bulk) [ 17] with both structural and material varieties have
paved the way towards designing promising applications, including light-emitting
diodes (LEDs), optical modulators, transistors, photodetectors, efc.

In particular, the availability of mixed-dimensional vdW heterostructures involving
functional materials such as metals, semiconductors, and insulators (including
dielectrics, ferroelectrics, etc.) could expand both the fundamental research and
practical applications of 2D materials. Among these functional materials, wide bandgap
(WBG) materials, which possess an energy bandgap (E;) typically larger than 3 eV, are
preferred over narrow band materials for some electronics applications, because the
large energy separation between conduction and valance bands allows the device to
potentially operate at elevated temperatures and high voltages. Traditional dielectrics
such as SiO; (Eg: ~ 9 eV), HfO2 (Eg: ~ 5.9 eV) and ALLO3 (Eg: ~ 7.4 €V) have been
routinely employed as gate materials integrated into electronic devices. In this review,
we mainly focus on WBG semiconductors and ferroelectrics incorporated with 2D
layers. Fig. 1 illustrates the schematic band diagram for common 2D materials, WBG

semiconductors and ferroelectrics. Among them, ferroelectric materials possess the



characteristics of high dielectric permittivity, spontaneous polarization, large residual
polarization and strong reverse piezoelectric effect, thus enabling wide application
prospects in many fields, such as ferroelectric field effect transistor (FET), non-volatile
memory, piezoelectric transducer, pyroelectric infrared detection, acoustic wave sensor
and so on [18, 19]. It should be pointed out that ferroelectrics also possess
piezoelectricity due to their non-centrosymmetric structure. Thus, both piezoelectric
strain and ferroelectric gating can act as external perturbations to change the interface
charge and further in-situ modulate the physical properties in 2D materials [20]. On the
other hand, WBG semiconductors with large £, could enable high breakdown electric
field and short-wavelength emission, which may offer exciting device opportunities in
high-power electronics, ultraviolet (UV) photodetectors, blue and UV LEDs and laser
diodes [21]. Table I summarizes basic physical properties of typical 2D materials with
monolayer and single-crystal WBG semiconductors, including bandgap, dielectric
constant, breakdown electric field, electron mobility and thermal conductivity for
comparison [21-23]. It is known that the realization of high-brightness blue LEDs using
GaN-based materials in 1994 had inspired luxuriant research attentions for WBG
semiconductors [24]. Commercial power devices based on SiC including metal-oxide—
semiconductor field-effect transistors (MOSFETs) and Schottky-barrier diodes had
been applied in industrial energy saving applications. With a larger critical field strength,
SiC power switching devices offer significant advantages with much lower on-state
losses and switching losses. In addition, ZnO is considered as the potential material for

UV LEDs because of its high exciton binding energy (~ 60 meV) [25]. Very recently,



Gax0s3 is also emerging as a new class of WBG semiconductors with an ultrahigh
breakdown field ~ 8 MV/cm and high-quality native substrates available up to 6 inches.
The incredibly high breakdown field strength of Ga;Os3 is 2 times higher than that of
SiC and GaN, and 26 times higher than that of Si. Hence, Ga,O3 represents a strong
candidate for power switching applications due to its enhanced Baliga figure-of-merit
(FOM) [26]. The temperature has an important impact on semiconductors. First, the
concentration of intrinsic carriers in semiconductors is exponentially dependent on the
temperature. Secondly, the thermionic leakage increases with temperature as the
carriers gain more thermal energy. Furthermore, the carrier mobility of semiconductor
decreases due to the increased thermal vibrational energy and lattice scattering. Thus,
the commercially silicon-based devices fail to work at high temperature due to some
underlying mechanisms such as increased leakage currents, irreversible thermal
damage, decreased electron mobility and so on. In contrast, with a wider E,, the WBG
semiconductors could retain low intrinsic carriers’ concentration even at a higher
temperature, which reduces the leakage current in the corresponding devices, making
them become promising candidates for high-temperature electronics and
optoelectronics (e.g., operation temperature 7> 200 °C) without any cooling system.
However, there are some barriers to be overcome in those WBG semiconductor-based
devices for further development. For instance, according to the fundamentals of doping
effect on WBG materials in semiconductors physics, heavily doping could result in a
shrink of Eg, while lightly doping could act as donors or acceptors. In WBG

semiconductors, owing to their large E,, some of the intentionally doping ions only



generate deep donor/acceptor level within energy bandgap with a large ionization
energy. Therefore, the ionization efficiency in WBG semiconductors is reduced, which
simultaneously reduces the possibility of modifying n-type or p-type semiconductor
conductivities. Moreover, owing to the presence of oxygen vacancies, ZnO and Ga>0O3
are intrinsic n-type semiconductors and lack of p-type doping under most conditions,
thus hampering their PN homojunction construction. In the meantime, due to the large
lattice mismatch and the formation of rotation domains, there are plenty of dislocations
and defects in the heterojunction, resulting in an extremely large leakage current with
non-ideal performance. Thus, 2D/WBG vdW heterostructures could overcome the
constraint of lattice-matching and provide not only flexibility in constructing hybrid
structure with diverse material arrangement, but also novel functions that conventional
devices have inadequate capability to be demonstrated.

Although there are many reviews providing a general overview of vdW
heterostructures and applications [12, 27-29], there has been no specific summary
article focusing on hybrid heterostructures based on 2D layers and WBG materials. It
is imperative to give an overview on the latest development of the particular nanoscale
structures and their devices by considering the significance and rapid progress of this
research field. Therefore, we will firstly summarize the integration methods for
2D/WBG hybrid heterostructures and their energy band alignment in this review article.
Subsequently, we will overview the functions and emerging applications of some
typical hybrid heterostructures based on 2D/WBG functional materials, including

ferroelectric  gating, piezoelectric strain engineering, photodetectors, FETs,



photocatalyst, and gas sensors. At last, we will conclude the article with perspectives

and it is hoped to provide a guide for further development.

2. Integration methods and principle
2.1 Integration of 2D/WBG vdW heterostructures

The reliable integration techniques for 2D/WBG vdW heterostructures are of great
significance for further study and device demonstration. Currently, mechanical transfer
and direct synthesis through bottom-up methods are commonly used to achieve
2D/WBG heterostructures [12, 27, 30]. Thanks to the vdW interactions between
neighboring layers and free of dangling bonds, 2D vdW heterostructures can be easily
constructed by artificially stacking layered nanosheets in arbitrary order, which are
mechanically exfoliated from their bulks. Up to now, a large number of 2D/WBG
heterostructures, such as MoS»/BaTiOs, MoS,/Zn0O, WSe»/Ga>O3, have been produced
by this manual stacking method [31-35]. Particularly, Jeon et al. have fabricated a 2D-
1D diode by attaching mechanical exfoliated black phosphorus (BP) nanosheet onto
chemical vapor deposition (CVD) grown ZnO nanowire with the assistance of a sticky
polydimethylsiloxance (PDMS) stamp (Fig. 2a) [34]. The obtained heterostructure
preserves the pristine electronic properties of both BP and ZnO, which is one of main
advantages of mechanical transfer method. However, the interface of the
heterostructure may be contaminated by the chemical residue during the transfer
process, which could largely bring down the quality of the heterojunction devices.
Meanwhile, the lateral size is not scalable and controllable due to the feature of

mechanical exfoliation method, which limits its further application in practical devices.
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In comparison with mechanical transfer, direct synthesis methods with bottom-up
strategy, such as CVD and physical vapor deposition (PVD), have proved to be
powerful tools in preparing large-area 2D materials and heterostructures [27, 36].
Recently, a number of 2D/WBG heterostructures, such as graphene/Ga>0O3, MoS»/GaN,
MoSe>/GaN and so on, have been realized by CVD method [37-41]. The lateral size,
morphology and layer number can be adjusted by the growth parameters, such as
growth temperature, rate of gas flow, volume of precursors. For example, Chen ef al.
have grown wafer-scale, atomically thin MoSe: thin films on both GaN single
crystalline substrate and p-GaN thin film by CVD, respectively [40]. The morphology
of the obtained MoSe; film can be controlled by the growth position inside the CVD
tube (Fig. 2b). Continuous MoSe; film with full coverage on 1 cm x 1 cm GaN substrate
can be obtained (Fig. 2¢). Besides, multi-layered 2D/WBG heterostructure can also be
obtained by CVD. As shown in Fig. 2d, monolayer/few-layer MoS»/WSe>/n-GaN
heterostructure was constructed by directly depositing MoS; film on WSe>/n-GaN,
exhibiting sub-monolayer domains in monolayer MoS: and uniform surface in few-
layer MoS», respectively [41]. Currently, CVD is still the most commonly used
technique to synthesize large-size 2D materials. However, the high reaction temperature
and long fabrication time make the synthesis process of some heterostructures difficult.
Meanwhile, some chemically sensitive materials, such as BP, are not suitable to be
prepared by CVD [36].

Pulsed laser deposition (PLD) is widely used in synthesizing complex oxide thin

films, heterostructures and superlattices in previous works [42, 43]. Thanks to the



ability of precisely controlling on thickness and stoichiometric transfer from target to
substrate, PLD has been employed to grow wafer-scale 2D materials as an alternative
method to CVD in recent years [44-47]. Compared to CVD, PLD is free of potentially
dangerous chemical precursors. By directly depositing 2D materials on WBG single-
crystal substrate, 2D/WBG heterostructure can be readily constructed [48-51]. Serna et
al. reported that 1-10 layers of MoS; film with high uniformity were deposited on
various substrates including single-crystal sapphire and quartz, polycrystalline HfO:
and amorphous SiO; by PLD without any surface treatment, [48]. As sulfur is easily
losing during the deposition, more sulfur content should be incorporated in the target.
Therefore, to achieve the stoichiometric growth, the target composition was controlled
at 1:1 of MoS2/S. As shown in Fig. 2e, the MoS; film is fully covered on sapphire
substrate with lateral size of 50.8 mm, resulting in wafer-scale of MoS>/Al,03
heterostructure. The layered structure of the film was verified by the cross-sectional
TEM (inset of Fig. 2e). Furthermore, 2D MoS»/GaN was realized by PLD with target
composition 1:4 of Mo:S (Fig. 2f) [49]. The as-obtained heterostructure exhibits large
area and good crystallinity as well, making it promising for developing high
performance electronic and optoelectronic devices.

Another important issue needed to be considered is the interfacial contaminates of
vdW heterostructures, which are mainly determined by the transfer methods. In general,
the mechanical assembly of 2D materials can be achieved via either wet-transfer or dry
transfer technique. The wet-transfer method is usually assisted by a handling layer of

PMMA, which is also required to be removed in acetone after the integration [52]. The
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residues induced by the dissolution of PMMA will be left on the surface of 2D materials.
On the other hand, the dry transfer method is usually carried out by a pick-and-lift
technique with the assistance of PDMS stamp, which could provide a cleaner interface
compared with the wet-transfer. However, these polymeric stamps will also
unintentionally absorb some contaminated materials, which result in the formation of
protrusion-like impurities [53]. Recently, a roll-to-roll (R2R) dry transfer technique has
been developed for constructing heterostructures based on CVD grown graphene [54].
By controlling the experiment conditions, such as linear film speed, separation angle
and guiding roller diameter, the R2R method could provide clean, highly coverage
graphene heterostructure.

In summary, 2D/WBG vdW heterostructure could be effectively realized by
various techniques. Among them, mechanical transfer could largely preserve the
pristine physical properties of 2D materials, which is suitable for fundamental study.
On the other hand, CVD and PLD methods enable the scalable synthesis of 2D/WBG
heterostructures, offering the great possibility for future research towards practical
applications.

2.2 Electronic band alignment of 2D/WBG

It should be noted that, to a large extent, the electronic band structure at the
interface dedicates the carrier transport characteristics, threshold voltage stability, field
effect mobility, and performance reliability [55]. The band alignments are mainly
determined by the energy difference between conduction band (E¢) and valence band

(Ey) extrema in the constituent layers. The band offsets at interfaces are the key
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components that govern the barrier height (®g) for carrier transport due to the bandgap
discontinuities across the interfaces. The ®p could be predicted by taking into account
of Anderson’s rule [56] and quantum dipole theory [57] for semiconductor
heterojunctions and Schottky—Mott rule for metal/semiconductor junctions [58-60].
Different fabrication techniques, growth mechanisms and post-treatments may vary
chemical bonding and band alignment at the interface [61]. Moreover, the charge carrier
injection from WBG materials towards 2D layers could also affect the interfacial band
offset and ®g. 2D materials possess varying bandgaps from gapless graphene [62],
semimetals WTe> [63-65] and 1T’-MoTe: [66, 67], semiconducting BP [68-71], InSe
[72-74], MoS: [75, 76], WSe> [77, 78], to insulating h-BN [79]. To realize high
performance devices based on 2D/WBG vdW heterostructures, rational selection of
materials with suitable bandgap and band alignment is of vital importance. Fig. 3(a)
shows a schematic atomic structure of the 2D/WBG vdW heterostructure. For gapless
graphene combined with WGB materials, Ohmic contact (Fig. 3b) or Schottky barrier
junction (Fig. 3c) could be formed, depending on the magnitudes of work function and
electron affinity from the contacted metal and semiconductor. For 2D semiconducting
materials, considering the difference between bandgap and electron affinity, three
configurations of vdW heterostructures are constructed, namely type I, II, and III (Fig.
3d-e). In type I band alignment, carriers could be spatially confined in quantum wells
to promote electron-hole recombination efficiency, which is commonly used in LEDs
and lasers [80-82]. The device performance could be further boosted by building

multiple quantum wells [83]. In type II band alignment, larger band offset on either £y
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or Ec is obtained, resulting strong carrier confinement near the interface. When the
2D/WBG vdW heterostructure is formed, there usually exists a large charge density
gradient. Therefore, some of free electrons from the donor impurities in n-type region
could migrate across the interface and fill up the holes in p-type region, which
consequently produce negative ions in p-type region while positively charged ions are
left in n-type region. Such charge transport of electrons and holes across the
heterostructure is known as diffusion. The presence of impurity ions on both sides of
the heterostructure then develops a built-in electric field to prevent more carriers from
crossing the interface. Generally, there are two major mechanisms for the diffusion
process, namely interstitial and substitutional, where the atoms of diffusing impurities
can either exist on a lattice site as a substitutional atom or as an interstitial. Other
possible mechanisms including the ring mechanism, interstitialcy, and random jump
should also be considered to understand the diffusion process. Then, a potential barrier
will eventually form under equilibrium conditions to prevent the majority carrier
flowing. The intrinsic built-in field emerges as an attractive strategy to hinder the
recombination of the photoexcited carriers and hence improves the performance of
optoelectronic devices, including photodetector, phototransistor and photocatalyst [84].
When a forward bias is applied, the total current will be the sum of the electron and
hole currents, including both drift and diffusion currents. The applied electric field
could not only promote the separation of the electron-hole pairs, but also increase the
possibility to cause the failure in interconnect parts within the device. For instance,

carriers could flow through potential barrier under electric field due to the existence of
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defects and dislocations near the interface. Benefiting from larger band offsets, type III
band alignment is particularly suitable to meet the requirement of tunneling FETs,
where tunneling current density could be highly increased [85]. Theoretical calculations
on the band alignments for 2D materials based vdW heterostructure, including
MoS,/SiC, BP/AIN, MoS»/GaN, etc. were performed by many groups [84, 86-90]. Fig.
4 presents a periodic table of heterojunction type as a valuable guidance for future
hybrid heterostructure fabrication [88]. The WBG materials could also be selected as
the gate dielectric for fabricating MOSFET, metal-insulator-semiconductor field effect
transistor (MISFET). Under this circumstance, a sufficient ®g > 1 eV is highly preferred
to block the leakage current between the channel 2D layer and WBG insulating gate
material [91, 92]. To experimentally determine the band alignment for 2D/WBG vdW
heterostructures, both bandgap and band offsets should be measured. Ultraviolet-visible
(UV-Vis) spectroscopy and reflection electron energy loss spectroscopy (REELS)
techniques are two straightforward routes to investigate the bandgaps for WBG
materials, while the magnitude of bandgaps for 2D materials particularly with direct
bandgaps is usually determined by using photoluminescence (PL) measurement.
Meantime, the band offsets could be obtained using X-ray photoelectron spectroscopy
(XPS) or ultraviolet photoelectron spectroscopy (UPS) to check the chemical bonding
states. Then the valence band offsets (4Ey) and conduction band offsets (4E¢) could be

extracted based on Kraut’s method [93].

3. Hybrid heterostructures and devices based on 2D/ferroelectrics
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3.1 Ferroelectric gating based device

Owing to the atomically thin structure, the physical properties of 2D materials
could be effectively modulated by the interfacial electrostatic gating [20, 94]. The gate
electric field could effectively control electron propagating along the source-drain
channels. Compared to conventional SiO; gate dielectric, the polarization resulted from
ferroelectric materials typically could reach one order of magnitude higher. Pb(Zr,Ti)O3
(PZT), with a relatively large remnant polarization 50~100 pC cm, is commonly
integrated in hybrid heterostructure as the ferroelectric materials. In 2009, Hong and
co-workers first reported FETs based on few-layer graphene/PZT hybrid
heterostructures, in which PZT film was utilized as the ferroelectric gate oxide and
graphene as the channel material [95]. The obtained FET exhibited a n-type
conductance with a carrier density of 2.4 x 10'? ¢m™ and a significant enhanced
mobility up to 7 x 10* cm?/(Vs). The obtained mobility is much higher than that of
graphene/SiO; FET. In 2011, Zheng et al. reported large size monolayer and bilayer
graphene/PZT FETs fabricated by CVD [96]. The device could operate at an ultra-low
voltage lower than +1 V, with an ON/OFF ratio over 10 times and a maximum doping
over 10!3 cm™2. Moreover, the non-volatile memory based on graphene/ferroelectric
was studied by utilizing the ferroelectric nonvolatility characteristic. A series of
ferroelectric materials have been employed in the graphene-based non-volatile memory,
from inorganic PZT, (1-x)[Pb(Mgi3Nb23)O3]-x[PbTiO3] (PMN-PT) to organic
ferroelectric poly(vinylidene fluoride-co-trifluoroethylene) (PVDF-TrFE) [97-100].
Beyond graphene, a series of newly discovered 2D materials have been reported to be
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integrated with ferroelectric materials to improve their physical or chemical properties
in order to achieve novel performance. Similar to graphene, non-volatile memories have
been achieved based on TMDs, such as MoS, and WSe: [101, 102]. Furthermore,
ultrasensitive and broadband photodetector based on MoS; was achieved by
ferroelectric gating [103]. By utilizing the ferroelectric LiNbO3; (LNO) substrate,
monolayer MoS; can be well templated because the MoS: layer prefers to grow on the
ferroelectric substrate where the polarization pointing to “up” [104].

In non-volatile memory, graphene typically shows p-type transport properties
rather than intrinsic bipolar properties. Thus, some strategies have been proposed to
tune the transport characteristics of graphene. By ferroelectric gating, a complete
conversion from p-type to bipolar and further into n-type for graphene was achieved in
vacuum condition [105]. As shown in Fig. 5a, CVD-grown single-layer graphene-based
FET is fabricated with the pulsed laser deposited ferroelectric PZT thin film as the gate
dielectric and the conductive SrRuO;3 layer on SrTiOs substrate as the gate electrode.
The carrier type and density in the graphene layer can be controlled by the ferroelectric
polarization arising from the underlying PZT. Through a pre-stimulation of the pulse
voltages higher than the coercive voltages of the PZT thin film, the carrier type of
graphene can be effectively tuned from p- to eventual n-type, as shown in Fig. 5b. The
polarization of PZT can be completely switched and can be retained by the initial pulse
voltages larger than the coercive voltage. The switched polarization can tune the initial
carrier type of graphene and further change the device from p- to n-type.

The vertical graphene FETs show intriguing properties compared to traditional
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graphene-based lateral FETs. Inspired by ferroelectric tunnel junctions (FTJs),
graphene based FTJs have been fabricated by using an ultrathin ferroelectric BiFeO;
(BFO) film as the tunnel barrier layer [106]. It is reported that the graphene based FTJs
possess ultrahigh current on/off ratio up to 7 x 107 by switching the ferroelectric
polarization of the BFO thin film. Moreover, MoS,-based FTJs were proposed based
on ferroelectric BaTiO3 (BTO) [31]. The electronic and transport properties of MoS;
can be modulated by the giant tunneling electroresistance effect from the
heterostructure of MoS»/BTO, as shown in Fig. 5c. The resistance ON/OFF ratio can
be improved up to 10* at the read voltage of 0.1 V if the whole area of the BTO films
covered by the MoS: flake is uniformly poled, as shown in Fig. 5d. It was proposed that
the observed tunnelling effect stems from the reversible accumulation and depletion of
the majority carriers in the MoS; layer due to the ferroelectric switching. The 2D
materials based FTJs provide a new strategy to improve the transport properties of the
2D materials.
3.2 Piezoelectric strain engineering based device

Instead of modulation from the ferroelectric, the properties of 2D materials can be
modulated by the interfacial strain from the underlying substrate owing to the
atomically thin structure. Strain engineering is proposed to open a gap in graphene or
tune the magnitude of bandgap in 2D semiconductors. The electric band structure of
2D materials can be controlled by the external strain modulations in real-time and
reversible ways. Actually, the strain provided by the piezoelectric substrates is biaxial

in nature, which is different from conventional uniaxial strain via bending or stretching
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[107, 108]. Nowadays, ferroelectric PMN-PT single crystal substrate has been
extensively utilized for strain engineering which can provide the largest available
piezoelectric coefficients ds3 up to <2500 pC N-!. It was reported that biaxial strain can
generate more remarkable changes in band structure compared to uniaxial one,
especially the dramatic increase in band gap and the enhanced PL for trilayer MoS:
under compressive biaxial strain [109]. Generally, the uniaxial strain can be provided
to 2D materials by bending or stretching underlying flexible substrates [110, 111]. Such
uniaxial strain can typically induce a red shift in wavelength and decrease in intensity
of PL for monolayer MoS,. Comparatively, by utilizing biaxial piezoelectric strain
triggered from PMN-PT, a blue shift and enhanced intensity can be achieved in trilayer
MoS: [109], where real-time modulating band energy and optical properties of trilayer
MoS:; are demonstrated by piezoelectric PMN-PT with top electrode of graphene. In
this heterostructure, monolayer CVD-grown graphene and Au serve as the top and
bottom electrode, respectively. External electric field was biased to the piezoelectric
PMN-PT, as schematically shown in Fig. 6a. Then, the piezoelectric strain generated
by the PMN-PT can be delivered to the above MoS; trilayer. The tunability of the
indirect band gap by biaxial compressive strain is much higher than above mentioned
one of the direct bandgap through uniaxial tensile strain. A blue shift in bandgap of 300
meV/% strain was reported for the trilayer MoS> by a piezoelectric substrate.
Furthermore, it is important that the piezoelectric biaxial strain can enhance the PL
intensity (Fig. 6b), which can be well explained by the indirect-to-direct band gap
transitions in trilayer MoS,.
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Moreover, by utilizing the piezoelectric PMN-PT, the controllable energy of single
photon can be achieved from monolayer WSe> [112]. The single photon emitters (SPEs)
can be fabricated by integrating PMN-PT with wrinkled monolayer WSe:, as shown in
Fig. 6¢c. The PL spectra of a SPEs can be effectively tuned by the applied electric field
(Fig. 6d). The positive and negative electric fields can generate compressive and tensile
strains, respectively, and further give rise to the observed red- and blue-shifts in the PL
(Fig. 6e). The electric field from —20 to 20 kV/cm can modulate the energy of localized
excitons up to 5.4 meV without degrading their PL intensity. Furthermore, when
transferred the winkled WSe; monolayer onto PMN-PT (110), the piezoelectric biaxial
strain up to ~0.15% can be delivered to the WSe> monolayer and reversibly tune the
energy of localized excitons up to 18 meV. Thus, the studies of heterostructures based
on 2D layers and piezoelectric provide not only a new way to understand the effects of
biaxial strain on 2D materials but also new strategies to modulate the emission and

single photon emission devices based on 2D materials.

4. Hybrid heterostructures and devices based on 2D/semiconductors
4.1 Photodetectors

Photodetectors have received huge attentions owing to their fascinating potential
applications in modern society, such as monitoring, chemical/biological analysis,
communication, healthcare, energy harvesting, etc. Thanks to their tunable work
function, strong light—matter coupling and ultrafast carrier dynamics, 2D materials have
provided new opportunities for broadband and high-speed detection with considerable

quantum efficiency and sensitivity. The integration of 2D materials with WBG
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semiconductors would therefore enable visible-blind or even solar-blind photodetection.
Ideal photodetectors typically should satisfy the “5S” requirements, including fast
speed, large signal-to-noise ratio, high sensitivity, good spectrum selectivity, and high
stability. The existence of potential barrier and built-in field generated near the
2D/WBG interface could suppress the dark current and promote the photoexcited
electron/hole pairs separation, which will meet the practical application requirement.
Earlier results based on Schottky barrier junctions, such as graphene/ZnO [113],
graphene/GaN [114, 115], graphene/SiC [116], graphene/Ga,Os [37, 117, 118], and
graphene/diamond [119], all exhibited considerable enhanced performance. For
instance, Kong and co-workers reported a solar-blind photodetector based on
graphene/GaO3 heterojunction [37]. The device presented an ultrahigh responsivity of
39.3 A/W and a detectivity D* of 5.92 x 10'3 cmHz"?>W-!, which is superior to those
previously reported Ga,Os; based photodetectors (Fig. 7a-c). Inspired by the pioneer
work done by Konstantatos et al., a high gain photogating mechanism in hybridized
graphene structures was proposed [15]. A hybrid GaN/graphene photodetector was
fabricated by epitaxial growth of GaN on graphene. The built-in field at the interface
separates the photoinduced electron-hole pairs, where electrons are trapped in GaN and
holes are injected into graphene. This photogating effect could effectively modulate the
Fermi level in graphene, resulting in a change of conductance. The device presented a
high responsivity over 2 A/W under 10 pW/cm? and 365 nm light illumination (Fig. 7d-
f) [115]. To further enhance the device performance, larger potential barrier especially

type II band alignment is highly demanded. Researchers then turned to construct
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2D/WBG p-n junctions other than Schottky barrier junctions by replacing graphene
with other 2D semiconductors. MoS: flake could change from n-type to p-type
semiconductor after SFs plasma treatment. Then a MoS»/ZnO p-n junction was
fabricated [32]. Compared to untreated n-MoS2/ZnO heterojunction, the rectifying ratio
is highly increased. The device demonstrates a strong 365 nm photoresponse with an
external quantum efficiency ~ 52.7% and a fast response time of 66 ms. In particular,
the ultraviolet photodetectors usually function in harsh environment, where a self-
powered operation mode is more favored. Therefore, self-powered ultraviolet
photodetectors based on MoS>/GaN [120], WS»/GaN [121], and MoS»/Ga;O3 [122]
vdW heterojunctions were reported. Fig. 7(g) shows the schematic illustration of the
large scale WS»/GaN vdW heterojunction. Fig. 7(h) shows that the responsivity and
specific detectivity of the device can reach up to 226 mA/W and 4x10'* Jones,
respectively, under 1 pW/cm? and 375 nm light illumination without applied voltage.
Moreover, the obtained device could be used in the image applications with high
resolution and high voltage contrast over 8<10° [121].
4.2 Field effect transistors

FETs are always regarded as the backbone for modern communication and
information electronics. Since the atomic scale limit for Si microelectronics is
approaching, the WBG semiconductors are considered as the complementary materials
especially in those devices requiring high power density metrics. Meanwhile 2D
materials possess high electron mobility and atomically thin structure, which is
beneficial for fabricating high-speed transistors. Thus, the combination of 2D and WBG
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semiconductors might enable FETs with multiple functionalities and overcome intrinsic
restrictions. Various types of FETs including junction field effect transistor (JFET),
barrisors, and metal-semiconductor field-effect transistor (MESFET), efc. could be
designed based on the diversity of 2D materials and device structure. By integration of
p-type BP nanosheets and n-type ZnO, Jeon ef al. presented a JFET based on BP/ZnO
vdW heterojunction [33]. The JFET showed considerable rectifying characteristics with
a high ON/OFF ratio up to 10%, ideality factor ~1.3, and switching dynamics at kHz.
After analyzing temperature dependent current-voltage curves under reverse bias, the
®p was extracted to be approximate ~0.7 eV with a type-I band alignment. Later, an
optimized JFET was constructed by integrating WSe> with Ga;O; [34]. The device
exhibited improved transfer characteristics with a pronounced high source-drain current
ON/OFF ratio ~ 10%, a reduced sub-threshold swing of 133 mV/dec and a threshold of
-5.1 V. The electron mobility obtained could reach up to 4.3 cm?*V~!s™! and the leakage
current is extremely low (10"® mA/mm under negative gate bias). More importantly, the
three-terminal breakdown voltage was measured to be +144 V, indicating an
opportunity for power amplifier applications (Fig. 8a-c).

The atomically sharp graphene/semiconductor interface has enabled a novel three-
terminal FET named barristor, where the Schottky barrier height could be modulated
by gate voltage. Followed by the first graphene/Si barristor demonstrated in 2012 [123],
2D/WBG semiconductor barristers including graphene/GaN, graphene/Ga>Os,
graphene/Zn0O, etc. were reported. Graphene/N-doped ZnO barristor was found to

exhibit an enhanced stability with a ON/OFF ratio up to 107 [124]. Improved thermionic
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emission current and reduced flicker noise were obtained in graphene/GaN barristor
[125]. In particular, the graphene/Ga>Os vertical barristor was reported to present a
ON/OFF ratio of around 10* with a record breakdown field of 5.2 MV/cm, exceeding
the theoretical breakdown limits of GaN and SiC (Fig. 8d-f) [126]. To date, most of the
Ga0s3 based FETs operate in a depletion mode (D-mode), where negative gate bias is
required to inhibit the short-circuit. To solve the problem, Kim and co-workers
fabricated both D-mode and enhancement-mode (E-mode) MESFET based on
mechanically exfoliated graphene/B-Ga,Os3 hybrid heterostructures with single- or
double- graphene gate architecture, as schematically presented in Fig. 8(g) [127]. Both
D-mode and E-mode MESFETs showed excellent rectifying behaviours, with high
ON/OFF ratio up to 107 and ideality factors of ~1.5. Compared to single-gated D-mode
device, the obtained E-mode device showed a positive threshold voltage of +0.25 V and
a low subthreshold swing of 68.9 mV/dec. Integration of E-mode and D-mode
MESFETs enables first demonstration of an area-efficient logic inverter with a noble
inversion functionality (Fig. 8hi).

It is reported that 2D materials could also serve as the heat-escaping channels to
solve the self-heating problem in high power electronics and optoelectronics. By
introducing few-layer graphene on top of the AlIGaN/GaN transistors operating at ~ 13
W mm!, in-situ micro-Raman spectroscopy monitoring exhibited a ~20 °C temperature
decrease near the hotspots, which could extend the device lifetime by an order-of-
magnitude [128]. A BN/Ga;O; vdW heterostructure based metal-insulator-

semiconductor field-effect transistors (MISFET) is fabricated, showing a considerable
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small leakage current and a large ON/OFF ratio [129]. Subsequent theoretical and
experimental results indicate that the mechanically exfoliated h-BN could be used as
the field plate to decreases the peak electric field near the drain edge. The peak electric
field could be reduced from 7.3 MV/cm to 4.3-4.5 MV/cm, thereby strengthening the
reliability of the device.
4.3 Photocatalyst

Semiconductor photocatalysts for direct water splitting may meet the long-term
pursuit for large-scale, renewable, clean fuel production, where hydrogen and oxygen
can be generated using solar energy. Considering the redox potentials for H'/H» and
02/H20, the semiconductor bandgap must be larger than 1.23 eV [130, 131]. To
promote the photocatalytic activity, photoexcited charge separation efficiency should
be improved. Rational design and fabrication of 2D/WBG vdW heterojunctions in a
type-II alignment endowed with reasonable band offsets have provided an ideal strategy
for the enhancement of electron-hole pair separation. Theoretical density functional
calculation results had highlighted the important potential of MoS2/AIN and MoS,/GaN
vdW heterostructures in photocatalytic water splitting and stimulated further research
[84, 87]. Afterwards, Yang and co-workers proposed AIN/BP heterostructure
photocatalyst for high efficiency water splitting [132]. They found a direct bandgap
characteristic in AIN/BP heterostructure with a type-II band alignment, which is
beneficial to facilitating the photocatalytic efficiency. With a similar mechanism, a 40%
enhancement in photocatalytic degradation was observed in a type-II MoS2/ZnO
heterostructure [133]. Both spin—orbit coupling and interfacial engineering effect
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exhibited prominent impact on the photocatalytic performance in WS2/AIN and
MoS2/AIN hybrid heterostructures [134, 135]. Through remote N2 plasma treatment, a
nitridation interfacial layer was introduced in monolayer MoS>/GaN heterostructure,
resulting a significantly increased conduction band offset ~0.5 eV and carrier
recombination was considerably inhibited. The electron accumulation capability in
GaN is enhanced, leading to a superior hydrogen generation rate [136]. Very recently,
a systematically study was performed on the interface interaction, charge
transfer/separation and optical characteristics in monolayer MoS/SiC  vdW
heterostructure. It is revealed that MoS: could also act as a passivation layer to eliminate
the surface state of SiC and further improve the photocatalytic activity [137]. To date,
although most of the works have been done on the theoretical predictions, it is
anticipated that the interfacial interaction between 2D materials and WBG
semiconductors can give rise to more extraordinary devices.
4.4 Gas sensor

Due to the combustion of fossil fuels and other pollution emissions, toxic gases in
the atmosphere would not only be harmful to mankind, but also cause acid rain after
reaction with water. Therefore, it is necessary to develop gas sensors with high
performance, low power consumption and high sensitivity. 2D materials are also
regarded as promising potential for gas sensing devices owing to their large surface-to-
volume ratio and high surface sensitivity [138-141]. There are still some drawbacks of
pure 2D material based gas sensor, such as low sensitivity, slow response and weak

recovery. Meanwhile, the energy band alignment of the vdW heterojunction could be
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precisely designed by selecting suitable 2D and WBG materials with different band
gaps and working functions, so as to optimize the gas selectivity and performance [142,
143]. In 2018, it was reported that p-n heterojunctions could be formed using
MoS2/ZnO hybrid heterostructure via a simple wet chemical method, as shown in Fig.
9a-c [144]. Compared to pure MoS; gas sensors, the hybrid sensor demonstrated a 3050%
enhanced sensitivity to 5 ppm NO2, 90% of full recoverability, an ultrafast response
speed of 40 s, a low detection concentration of 50 ppb, and a reliable long-term stability
over 10 weeks. Reddeppa and co-workers construct a Ho/H>S gas sensor based on
reduced graphene oxide (rGO)/GaN hybrid heterostructure [145]. The sensor
performance could be significantly enhanced by 365 nm UV light, the photogenerated
carriers in both rGO and GaN could be responsible for improved sensitivity. The
response speed of the rGO/GaN sensor could be further improved by functionalized
with Au nanoparticles [146]. Very recently, a hydrogen gas sensor based on reverse-
biased MoS>/GaN vdW heterojunction was fabricated using bottom-up magnetron
sputtering method with a post sulfurization process [147]. Upon hydrogen exposure,
the ®p near the MoS,/GaN interface would be modified under the reverse bias, thus
dramatically improved sensitivity with fast response. Moreover, strong temperature
dependent of the device sensitivity is observed, with an increased temperature from 25
°C to 150 °C, and an enhanced sensitivity from 21% to 157% for 1% hydrogen.
Considering that the high mobility and saturation velocity of two-dimensional electron
gas (2DEG) formed in AIGaN/GaN heterostructure could in favor for the enhancement

of sensitivity and broaden the gas selectivity, Triet et al. proposed a 2DEG Schottky
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diode gas sensor based on rGO/ZnO/AlGaN/GaN hybrid heterostructure [148]. Herein,
rGO/Zn0O was engaged as the sensing material. The detectivity limit of the gas sensor
could reach 120 ppb, with a sensitivity of 0.88~1.88 ppm’! level for NO2, SO>, and
HCHO. This work sheds the light for enabling precious control of the selectivity at
different concentration levels for various gases. Inspired by the previous report, Bag
and co-workers constructed a vertical heterostructure diode (VHD) based on
rGO/AlGaN/GaN hybrid structure, allowing detection of NO2, SO,, and NH3 gas
concentrations down to 150 ppb as, shown in Fig. 9d-f [149]. They found that the Fermi
level and the effective Schottky ®p could be altered. The variation of ®p depends on
the type of gas molecules, resulting in a modulation of the forward bias current of the
VHD. The observed higher sensitivity, fast response and ppb level detection could be
attributed to the charge transfer process across the 2D/WBG heterojunction. Taking into
account of WBG semiconductor’ superior thermally and chemically stable, these
2D/WBG vdW heterostructures will offer an opportunity for developing high

performance gas sensors.

5. Conclusions and perspectives

The booming development of studies on 2D materials have ignited great interests
in investigating vdW heterostructures assembled by different materials. Among them,
the integration of ultrathin 2D layers and WBG functional materials provide new
promising candidates for electronic and optoelectronic applications. In this review, we
systematically overview the synthesis methods and proof-of-concept device

applications of 2D/WBG heterostructures. Both mechanical transfer and direct
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synthesis by bottom-up techniques for realizing the heterostructure have been
summarized. Meanwhile, the energy band alignment of typical 2D/WBG heterojunction
is discussed as well. Moreover, the applications of 2D/WBG in ferroelectric gating,
piezoelectric strain, FETs, photodetectors, photocatalyst and gas sensors are reviewed.
A variety of hybrid heterostructures introduced in this review have demonstrated broad
usage of 2D/WBG combinations, which are desirable for developing high performance
practical devices.

Although vdW heterostructures between 2D materials have been intensively
investigated for decades, the integration of 2D layers with WBG materials is still in an
incipient stage. There are many challenges and opportunities available for both the
fundamental study and real device applications of 2D/WBG heterostructures, which are
briefly described as follows.

(1) Over the past decade, a large number of 2D materials with diverse properties
have been discovered. Meanwhile, the number of WBG materials is also numerous in
the previous study. Currently, the investigations of 2D/WBG mainly focus on the
heterostructure based on graphene. There is relative few experimental study on
integrating 2D TMDs with ZnO or GaN when considering the plentiful possible
combinations of 2D and WBG materials. More research should be conducted to
conceive and fabricate novel heterostructures composed of different 2D and WBG
materials, which may result in some unexpected features and potential applications. For
example, WBG semiconductors are ideal candidates for LEDs. Integrating 2D materials

with WBG semiconductors would help to enhance the device's performance, and may
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pave the route to realize deep UV LEDs.

(i) Diverse 2D layered materials have been reported to possess piezo- or
ferroelectric properties by theoretical predictions or/and experimental confirmations.
Although a range of 2D materials have been integrated with ferro- and piezoelectric
materials, WBG/2D ferro- or piezoelectric heterostructures have not yet been
investigated experimentally up to now. The combination of 2D ferro- or piezoelectric
materials with WBG functional materials may improve existing performance or
generate new features for 2D materials and their devices based on the heterostructures,
especially in nanoscale electronics and optoelectronics. Thus, investigation of WBG/2D
ferro- or piezoelectric heterostructures is desirable for foundational research and
practical applications. Such unique vdW heterostructures can provide a platform to
investigate some intriguing effects associated with 2D domain patterns and
piezoelectric charges.

(ii1) The device applications of 2D/WBG heterostructure are mainly limited by the
scalable synthesis of 2D materials. Although CVD and PVD have proved to be effective
tools for preparing wafer-size 2D films, it is still much needed to improve the properties
of the synthesized products in terms of uniformity, continuity, crystallinity and
controllability. Additionally, the quality of the interface between 2D films and WBG
functional materials plays a crucial role in achieving high-performance heterojunction
device. The defects within interface of the heterostructure should be suppressed by
adjusting the growth process and passivation treatment. Moreover, along with

development of synthesis techniques, more complex 2D/WBG heterostructure with
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multilayers could also be designed and realized, which is meaningful for designing
multifunctional devices in the future. Also, it is found that the morphology of 2D
materials is linked closely with their charge density, electronic density of state and
lattice symmetry, resulting in variations of the electrical and optical properties. While,
the morphology of 2D materials could be varied owing to the thermal motion, lattice
growth kinetics and transfer techniques. The formation mechanism, design strategies,
and structural modification of 2D materials have been extensively studied recently. For
example, the morphology of TMDs in hybrid heterostructure normally shows triangular
form as shown in Fig. 10a,b. Moreover, according to the different configurations, the
morphology of 2D materials in hybrid heterostructures can be classified into grain
boundaries, atomic defects, edge structures, efc. (Fig. 10c,d,e). Thus, the modulation of
the 2D/WBG heterostructure performance based on morphology should be further
studied.

The 2D/WBG hybrid heterostructures are expected to widen the building blocks
for novel applications with unprecedented properties and excellent performance.
Accordingly, it is believed that more efforts on this exciting field could open a new
avenue for realizing next generation of modern electronics and optoelectronics at

nanoscale.
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Table I. Basic physical properties of selected monolayer 2D materials and single-

crystal wide-bandgap semiconductors, including: bandgap, dielectric constant,

breakdown electric field, electron mobility and thermal conductivity. Sources are taken

from ref. [21-23].

2D materials

WBG semiconductors

Graphene MoS: WSe: BP h-BN | ZnO SiC GaN  GaO;  diamond
Bandgap (eV) - 1.89 1.6 2 6 335 3.2 3.4 4.9 5.5
Dielectric constant - 153 153 - 6.82 | 8.7 10 9 10 5.7
Breakdown field
- - - - 12 2.5 33 8 20
(MV/cm)
Electron mobility
15000 480 142 1000 - 200 1000 1250 300 4500
(cm?/Vs)
Thermal
conductivity 35 0.34 0.04 152 751 06 49 23 023 24
(W/cmK)
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Fig. 1. Schematic band diagram of common 2D materials, wide bandgap
semiconductors and ferroelectrics according to the bandgaps and electron affinities

from literatures.
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Height Sensor ~ 10.0 ym

Fig. 2. (a) The schematic image of BP-ZnO heterojunction. The inset shows the
corresponding optical image [33]. (b) The schematic of fabrication process of MoSe:
by CVD. Three sectional phases are highlighted in the left side of the image. The inset
of right side shows the optical image of phase 2. Scale bar: 10 pm. (c) Photograph of
bare GaN substrate and MoSe; film of phase 3 [40]. (d) AFM images of monolayer
MoS,/monolayer WSe»/GaN (up) and few-layer MoS»/few-layer WSe»/GaN (down),
respectively [41]. (e) Optical image of wafer-scale MoS, grown on sapphire substrate.
The inset shows the cross-sectional TEM image of MoS, nanosheet [48]. (f) Cross-

sectional TEM image of MoS,/GaN (0001). Scale bar: 1 nm [49].
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Fig. 3. (a) Schematic atomic structure and various band alignments of 2D/WBG vdW

heterostructures: (b) Ohmic contact, (c) Schottky junction, (d) Type I Straddling gap,

(e) Type II Staggered gap, and (f) Type III Broken gap.
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Fig. 4. Periodic table of vdW heterostructures band alignments calculated using PBE
(lower left region) and HSEO6 (top right region). Green, red, and blue denote Type L, II,
and III heterostructure type, respectively. Two-colored boxes indicate equal chances of
two different types, owing to the same formation energy within the error range of the

DFT calculation [88].
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Fig. 5. Heterostructures based on 2D materials and ferroelectrics. (a) The transport
properties of graphene. Inset shows the schematics of graphene/PZT heterostructure
[105]. (b) The transport properties of graphene tuned by the additional initial pulse
voltages in air and in vacuum. (c) The /-V characteristics of the FTJ based on MoS;

and BTO [31]. (d) The resistance OFF/ON ratio as a function of the bias voltage.
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Fig. 6. Heterostructures based on 2D materials and piezoelectric PMN-PT. (a)
Schematics of graphene/MoS2/PMN-PT heterostructure [109]. (b) The PL spectra of
MoS; tuned by the piezoelectric biaxial strain from 0 to 0.2%. (c¢) Schematics of
WSeo/PMN-PT heterostructure [112]. (d) The micro-PL spectra of a SPE tuned by the
applied electric field from —20 to 20 kV/cm on the PMN-PT. (e¢) The micro-PL spectra
of the SPE tuned by the electric fields of —20 and 20 kV/cm on the PMN-PT (red and

blue lines).
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Fig. 7. Photodetectors. (a) Schematic diagram of graphene/Ga,O3; Schottky junction

photodetector [37]. (b) Photoresponse of the device in (a) under different light

intensities. (c) spectral selectivity of the device in (a). (d) Schematic diagram of self-

assembled GaN/graphene photodetector [115]. (e) Current-Voltage curves measured

with and without 360 nm light illumination. (f) Spectral response of the device in (d).

(g) Schematic diagram of the WS»/GaN photodetector [121]. (h) Responsivity and

specific detectivity of the device in (g) as a function of light intensity. (i) The UV

imaging results using device in

()
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Fig. 8. Field effect transistors. (a) Schematic diagram of Ga,O3/WSe> Junction Field
effect transistor, a SiO> (300 nm)/p**—Si (500 um) substrate was used as the back-gate.
(b) Transfer and transconductance characteristics of the device in (a). (c) Three-terminal
breakdown measurement of the device in (a), a breakdown voltage of 144 V is obtained
at Vgs = -10 V [34]. (d) Schematic diagram of a vertical Ga,Os/graphene barristor
device. (e) The off-state breakdown voltage of the barristor device shown in (d). (f)
Comparisons of breakdown electric fields of the device in (d) with other reported power
devices [126]. (g) Schematic diagram of the integrated E-/D-mode graphene/Ga,Os

MESFETs. (h) Direct coupled FET logic inverter based on device shown in (g). (i) The

[ Vpg=+10V

SS =133 mV/dec
onloff ratio = ~108

ov

Ves 1 <10V

12V Vps: 144V
:-4V \

60 80 100120140
Vps (V)

voltage transfer characteristics of the logic inverter presented in (h) [127].
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Fig. 9. Gas sensors. (a) Schematic diagram of the MoS,/GaN gas sensor [144]. (b) The

energy band diagram variation of the device in (a) exposure to hydrogen under reverse

bias. (c¢) Sensitivity as a function of hydrogen concentration at different values of

temperature of the device in (a). (d) Schematic diagram of rGO/AlGaN/GaN gas sensor

[149]. (e) Schematic energy-band diagram variation of the device in (d) exposure to

NO2, NH3 and SO; gases under forward bias condition. (f) Gas concentration

dependents of the sensor responses on log and linear (inset) scales.
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(1-100) plane of
GaN and MoS,

Fig. 10. Morphology of 2D materials in hybrid heterostructures. (a) SEM image of
MoSe; layers on GaN, scale bar: 5 um [40]. (b) SEM of MoS, monolayer triangles on
GaN epitaxial crystal, scale bar: 1 um [38]. TEM image of MoS, grown on
GaN/AlGaN/GaN (c) bright field, scale bar: 50 nm, (d) dark field, scale bar: 50 nm, (e)

select area electron diffraction (SAED) pattern, scale bar: 50 nm™!, [50].
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