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Infinite possibilities of ultrathin 1I-V
semiconductors: Starting from synthesis
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SUMMARY

Ultrathin I1I-V semiconductors have been receiving tremendous research interest
over the past few years. Owing to their exotic structures, excellent physical and
chemical properties, ultrathin I1I-V semiconductors are widely applied in the field
of electronics, optoelectronics, and solar energy. However, the strong chemical
bonds in layers are the bottleneck of the two-dimensionalization preparation pro-
cess, which hinders the further development of ultrathin IlI-V semiconductors.
Some effective methods to synthesize ultrathin Ill-V semiconductors have been
reported recently. In this perspective, we briefly introduce the structures and
properties of ultrathin Ill-V semiconductors firstly. Then, we comprehensively
summarize the synthetic strategies of ultrathin IlI-V semiconductors, mainly
focusing on space confinement, atomic substitution, adhesion energy regulation,
and epitaxial growth. Finally, we summarize the current challenges and propose
the development directions of ultrathin IlI-V semiconductors in the future.

INTRODUCTION

The successful preparation of atomic thin graphene and exploration of its intrinsic properties extensively
boost the research of two-dimensional (2D) materials (Novoselov et al., 2004). The large surface area, me-
chanical, optical, and electronic properties make the 2D materials, such as graphene, MoS,, BN, C3N,4 and
so forth, promising in the field of photocatalysis, electrocatalysis, single-atom catalysis, energy storage,
sensors, and optoelectronics (Feng et al., 2011; Liang et al., 2017; Mishra et al., 2019; Tang and Jiang,
2016; Van Dao et al., 2021; Wang et al., 2017b; Zhang, 2015; Zhi et al., 2009; Zhu et al., 2011). lll-V semicon-
ductors with exotic structures, direct band gap and high carrier mobility have great potential in
manufacturing solar cells, lasers, photodetectors, light-emitting diodes, and other devices, which have
attracted tremendous attention in 2D materials (Chen et al., 2016; Cipriano et al., 2020; del Alamo, 2011,
Kobayashi et al., 2012; Wallentin et al., 2013; Zhang et al., 2019). When Ill-V semiconductors come to
two dimensions, unique properties emerge, including 2D electron and hole gas, blue-shifted band gap,
and nonlinear optics, bringing them a broader application space (Al Balushi et al., 2016; Ambacher
et al., 1999; Chaudhuri et al., 2019; Sanders et al., 2017). However, IlI-V semiconductors are deemed as a
class of non-layered compounds, which have obvious differences in structures from 2D layered materials
(Dou et al., 2017). For 2D layered materials, they are bonded by strong chemical bondings in plane, while
in the three-dimensional direction each layer is stacked by weak van der Waals interactions. This structural
feature makes 2D layered materials easy to be obtained by exfoliation. The 2D non-layered compounds,
however, are kept together by strong chemical bondings both in plane and out of plane, which prevent
their exfoliation and 2D anisotropic growth (Dou et al., 2017; Wang et al., 2017a). Therefore, the control-
lable growth of ultrathin non-layered Ill-V semiconductors is still challenging.
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Figure 1. Structures of IlI-V semiconductors
(A) Wurtzite structure of IlI-V semiconductors.
(B) Zinc blende structure of Ill-V semiconductors.
(C) Planar structure of I1I-V semiconductors.

(D) Buckled structure of lll-V semiconductors.

mainly crystallize in the wurtzite crystal structure with Pésmc space group, and the other materials
(AIP, AlSb, GaP, GaSb, InP, InSb) exist in the zinc blende structure with the F43m space group (Figures
1A and 1B) (Kuech, 2016). Unlike the layered materials bonded by weak van der Waals bonds in inter-
layers, the covalent bonds in layers of these structures lead to the non-layered nature of llI-V semiconduc-
tors (Kolobov et al., 2016). Large lattice structural distortion of non-layered materials appears in the 2D
limit, leading to abundant unsaturated dangling bonds covered on the surface of ultrathin Ill-V semicon-
ductors, which results in high chemical activity on the surface, making it easier to adsorb gas molecules
and promising in catalysis and sensing (Wang et al., 2017a).

In addition, Zhuang et al. predicted that monolayer nitrides and AIP tend to form planar structure, while
others such as AlSb, GaP, GaSb, InP, and InSb are more likely to form buckled structure (Figures 1C and
1D). The emerging trend of these structures can be explained from two aspects: the electrostatic po-
tential energy and the bond energy of sp? and sp® hybridization of group Ill and V ions. On the one
hand, the layered hexagonal materials with alternating buckled structure lead to the dipole moment
passing through the layer, the electrostatic energy of which is proportional to Q%/a? (Q: ionic charge,
a: lattice parameter). The large electronegativity difference of the constituent species in nitrides and
AlP leads to a large ionic charge. At the same time, the small lattice parameters lead to large electro-
static energy. Therefore, the buckled structure in nitrides and AIP is unfavorable. On the other hand, the
conclusion about structure trend cannot be explained by electrostatic interaction alone. The sp? and sp°
hybridization of ions in Ill-V semiconductors also needs to be considered. The Ill-group elements can
form a planar triangular structure with D3, symmetry by sp? hybridization, whereas the V-group ele-
ments tend to form pyramidal trigonal configuration by sp® hybridization. As far as nitrogen atom, if
the lone pair occupies a p orbital, it participates in the aromatic bond by forming 7 bond, and the trian-
gular plane configuration can be formed. However, phosphides and heavier group V elements com-
pounds are more advantageous in sp> hybridization so that they tend to form a pyramidal trigonal
configuration with Cs, symmetry. Combining the two results above, the conclusion that the planar
hexagonal configuration only belongs to nitrides and AIP can be drawn (Sahin et al., 2009; Zhuang
et al., 2013).
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PROPERTIES OF ULTRATHIN Ill-V SEMICONDUCTORS
Piezoelectric

The anisotropy of 2D crystal structures is more significant than that of bulk materials, which is caused by the reduc-
tion of dimension. Particularly, piezoelectricity will appear in 2D structures because inversion symmetry is elimi-
nated. Therefore, the ultrathin Ill-V semiconductors with hexagonal planar and buckled structure are likely to
exhibit piezoelectric properties because of breaking the inversion symmetry. Blonsky et al. predicted that the
metal dichalcogenides, oxides, and IlI-V semiconductors with planar structure exhibit an in-plane piezoelectric
coefficient. InN possesses a prominent value of 5.50 pm/V among them. In particular, the ultrathin I1I-V semicon-
ductors with the buckled structure such as GaSb, InP, and InSb exhibited out-of-plane piezoelectric coefficients
ranging from 0.02 to 0.6 pm/V. The existence of piezoelectricity in ultrathin lll-V semiconductors enables their
application in energy conversion. The possibilities of applying ultrathin IlI-V semiconductors in the nanorobots,
piezoelectric electronics, and nanoelectromechanical systems, such as actuators, sensors, and energy collectors
may be realized on the premise of this property (Blonsky et al., 2015).

Optical

The different optical properties of llI-V semiconductors will appear in the 2D limit. It is reported that the
light emission of ultrathin Ill-V semiconductors will be blue shifted. Compared with bulk GaN, monolayer
GaN emits in the deep UV range, which is promising in sterilization and water purification. Similarly, the 2D
InN optical absorption peaks have a blue-shift compared to bulk InN, which brings it new potential in near-
infrared regime (Liang et al., 2017).

Besides, the strongly polarized light emission and excellent nonlinear optical properties will occur in the 2D
limit of I1-V semiconductors (Sanders et al., 2017). Chen et al. successfully tested the second harmonic gen-
eration (SHG) of 2D InP and InSb after preparing a series of ultrathin llI-V semiconductors. Taking InP as an
example, the polarization-resolved SHG suggested a 6-fold anisotropic behavior of 2D InP single crystal.
Moreover, SHG can be employed to study the crystal quality and stacking modes (Chen et al., 2020; Kumar
et al., 2013; Li et al., 2018).

Electronic

Taking advantage of the atomic-thin thickness, the generation of quantum confinement effect in ultrathin Ill-V
semiconductors leads to a wider band gap, such as GaN, AIN, InN, InP, and InSb (Brus, 1984). It has been re-
ported that the band gap of 2D AIN is about 9.2 eV while the band gap of its bulk counterparts is only 6.2
eV, which endows it with the ability to be used in UV photoelectric devices (Wang et al., 20193, 2019b). The
band gap of 2D GaN is wider than that of bulk counterparts which have also been discovered in the experiment
(Al Balushi et al., 2016). In addition, the electronic property of ultrathin Ill-V semiconductors can be regulated. It's
predicted that the band gap of 2D GaN will be changed by tuning the ratio of Ga and N. Decreasing the ratio of
Ga vacancies could increase the band gap of 2D GaN, which means the band gap can be artificially adjusted by
introducing vacancies into 2D GaN (Wang et al., 2021).

Thermoelectric

The thermoelectric property of ultrathin Ill-V semiconductors has also been studied to explore the appli-
cations in thermoelectric devices. First of all, the abnormal thermal conductivity of IlI-V semiconductors
in the 2D limit has been discovered. Although the monolayer GaN possesses a planar structure similar
to graphene, its thermal conductivity is much lower than that of graphene. Moreover, its thermal conduc-
tivity is more than one order of magnitude lower than that of bulk GaN and even lower than that of silicene
with a distorted structure. Qin et al. found that the large difference in atomic radius and mass between Ga
and N atoms leads to the lowered symmetry in 2D GaN, which broke the phonon-phonon scattering selec-
tion rule and caused abnormal thermal conductivity. At the same time, the electronic structure analysis indi-
cated that the Ga-d orbital in monolayer GaN mediates the particular sp orbital hybridization, the strongly
Ga-N bond polarization, localized charge density, and its non-uniform distribution, which lead to the
inherent low thermal conductivity. This abnormal phenomenon endows it broad application prospects in
energy conversion (Qin et al., 2017).

Besides, considering that 2D InN has high electron mobility, electrical conductivity, Seebeck coefficient,
and low thermal conductivity, it's a promising candidate for non-toxic, stable thermoelectric applications
(Yeganeh et al., 2020).
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Catalytic

The abundant unsaturated dangling bonds on the surface of ultrathin I1I-V semiconductors can serve as the
active sites for adsorbing gas, which makes ultrathin llI-V semiconductors the excellent candidate in catal-
ysis and sensing, such as GaN and AIN (Chen et al., 2019; Wang et al., 2017a). Taking AIN as an example, the
Al and N atoms are 3-fold-coordinated with dangling bonds covered on the 2D AIN surface, which is
different from its bulk counterparts with four coordination and enables the gas adsorption. Besides, the
Al-N bond is polarized owing to the charge transfer from Al to N, which also leads to gas molecules ad-
sorbed on the AIN sheet directly through electrostatic and polarization interactions (Wang et al., 2018b).

In addition, the hybrid of ultrathin Ill-V semiconductors with other compounds can further broaden the ap-
plications of them in catalysis (Cipriano et al., 20271; Hu et al., 2014; Zeng et al., 2015). It is predicted that 2D
InP/TiO; heterojunction will show a high photocatalytic performance. Firstly, the strong chemical bonds in
the interface of them enable the formation of 2D InP/TiO; heterojunction, whose band edge possesses the
type-ll alignment. The photogenerated carriers will be generated in 2D InP owing to their excellent light
absorption ability. Then, the photogenerated electrons migrate from InP to TiO, because the band edges
energy of TiO; is lower. This transfer process achieves the effective electron-hole separation and guaran-
tees high photocatalysis efficiency.

Others

Some of the low-dimensional llI-V semiconductors have been deemed as a promising platform for topo-
logical quantum computation. For instance, 2D InSb has great potential in this certain field for the low
effective mass, strong spin-orbit interaction, high carrier mobility, and narrow band gap (Zhi et al.,
2019). The high carrier mobility of 2D InSb has been demonstrated by applying its nanostructure on spin
Hall devices. The mobility was found as high as 20,000 cm?V~" s~ which is remarkable among the common
2D materials system (Liu et al., 2014; Long et al., 2009; Schmidt et al., 2014). It strongly suggested that the
system is a feasible nanoscale 2D platform for quantum devices in the future (Gazibegovic et al., 2019).

More than that, extrinsic properties of ultrathin IlI-V semiconductors will appear by introducing vacancies
and chemical doping (Wang et al, 2021; Zhao et al., 2016). Taking GaN as an example, theoretical predic-
tion shows that the Ga vacancies in 2D GaN lead to nonzero magnetic moments. A magnetic tunnel junc-
tion can be designed by GaN containing Ga vacancies instead of the traditional ferromagnetic metal as the
ferromagnetic layer.

Although theoretical studies indicated that ultrathin Ill-V semiconductors possess excellent properties and
bright application prospects, few of them have been proved in experiments. The main obstacle hindering
the application progress of ultrathin llI-V semiconductors is preparation. Therefore, a summary of effective
synthesis strategies is necessary for the development of ultrathin Ill-V semiconductors.

SYNTHESIS STRATEGY

Although the ultrathin Ill-V semiconductors possess several excellent properties, the synthesis of ultrathin
I1-V semiconductors remains challenging. Owing to the existence of chemical bondings in 3D direction,
the methods employed in 2D layered materials are insufficient to realize the synthesis of ultrathin I1I-V semi-
conductors. To achieve the growth of ultrathin IlI-V semiconductors, various strategies have been devel-
oped. Here, we are committed to summarizing some effective growth strategies for synthesizing ultrathin
I11-V semiconductors in recent years, mainly including space confinement, atomic substitution, adhesion
energy regulation, and epitaxial growth strategy (Figure 2). These strategies may spark new ideas for
the controllable growth of ultrathin 11I-V semiconductors.

Space confinement

Space confinement strategy can limit the vertical growth of 2D non-layered materials to satisfy the require-
ment of the controllable thickness (Wang et al., 2018a; Zhou et al., 2018). Confined space constructed by
overlayer and substrate can physically constrain the vertical growth of ultrathin llI-V semiconductors. The
overlayer can also stabilize the formed structure. In 2016, 2D GaN was successfully fabricated in the
confined space between graphene and 6H-SiC (Al Balushi et al., 2016). The graphene was obtained from
the sublimation of silicon from the surface of SiC (0001). Meanwhile, to promote Frank-van der Merwe
growth mode of GaN, an interface with reduced surface energy was constructed via hydrogenation which
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Figure 2. Schematic diagram of different synthesis strategies

passivated dangling bonds between graphene and SiC. In addition, defects in graphene facilitated gallium
intercalation. Finally, the intercalated gallium was transformed into 2D GaN by the ammonolysis process.
Graphene provided an energetically stable interface for the growth of 2D GaN. The trend of forming 3D
GaN was more obvious without the graphene layer.

Similarly, Wang et al. reported the confined growth of 2D AIN layers between graphene and Si substrate by
the metal organic chemical vapor deposition (Wang et al., 2019b). To construct a limited region for the
epitaxial growth of 2D AIN, graphene was transferred to Si (111) surface. A hydrogenation process was sub-
sequently used to generate defects in graphene (Riedl et al., 2009), thus enabling the intercalation of Al and
N atoms decomposed from precursors (Figure 3A). Thereafter, Al and N atoms reacted in the interlayer be-
tween graphene and Si and 2D AIN was successfully fabricated (Figures 3B and 3C). 2D AIN was located at
the graphene/Si (0001) interface confirmed by the electron energy loss spectroscopy (Figure 3D). Similar to
the growth process of 2D GaN and 2D AIN, 2D InN was also fabricated by the same space confinement
growth strategy in 2021 (Pécz et al., 2021). In general, in the growth process of the IlI-V semiconductors,
limited space between graphene and substrate is essential and the graphene layer plays an important
role in stabilizing the structure.

In addition, ultrathin Ill-V semiconductors can be prepared by liquid metal-assisted confined growth strat-
egy. The 2D single-crystalline InP was successfully fabricated by low-pressure chemical vapor deposition
(CVD) (Chen et al.,, 2016). Liquid metal In was lithographically patterned onto a substrate with a MoO,
nucleation layer, then In was confined by evaporated SiOy as illustrated in Figure 3E. Afterward, in the at-
mosphere of phosphine (PH3) and H,, phosphorus reacted with In and formed InP nucleus. A phosphorus
depletion zone formed around the nucleus zone, pre-designing In in the confined substrate made the In
template fully occupied by phosphorous depletion zone from the first nucleus, thus promoting its single
crystalline growth.
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Figure 3. Space confinement growth of IlI-V semiconductors

(A) Schematic diagram of the intercalation process of Al and N atoms.
(B) Schematic diagram of 2D AIN sandwiched between graphene and Si.
(C) Cross-sectional TEM image of AIN layers at high magnification.
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(D) Electron energy loss spectroscopy for graphene/2D AIN/Si heterostructure. Images A-D reproduced with permission from (Wang et al., 2019b).

Copyright 2019 John Wiley and Sons.

(E) Schematic diagram of the growth progress of InP crystal. Image reproduced with permission from (Chen et al., 2016). Copyright 2016 Springer Nature.

(F) Growth mechanism of 2D GaN.
(G) AFM image of the single-crystalline 2D GaN.

(H) A low-magnification TEM image of single-crystalline 2D GaN. Images reproduced F-H with permission from (Chen et al., 2018). Copyright 2018 American

Chemical Society.

Confined space can also be constructed by designing a stratified structure. In 2018, Chen et al. reported the
successful growth of 2D GaN single crystals by a surface-confined nitridation reaction (SCNR) via a CVD
method (Chen et al., 2018). Different from the confined space constructed between graphene and sub-
strate, they designed a surface tension-induced stratified Ga/Ga-W structure. Owing to the smaller surface
tension of liquid Ga, Ga atoms occupied the outmost surface area and the subsurface is occupied by Ga-W
solid solution, formed Ga/Ga-W structure. In this case, reactive nitrogen atoms decomposed from urea re-
acted with the surface Ga atoms and formed 2D GaN, as illustrated in Figure 3F. As the nitridation ability of
W atoms is stronger than Ga atoms, the vertical growth of GaN was limited. Hence, the growth of 2D GaN
was confined on the surface of the Ga/Ga—W structure. The atomic force microscopy (AFM) revealed that
the 2D GaN single crystal exhibited a thickness of 4.1 nm (Figure 3G). The high-resolution transmission
electron microscopy image further confirmed its ultrathin hexagon morphology (Figure 3H). The difference
in nitridation ability provides a new degree of freedom in constructing a confined space.

In summary, the confined environment can be constructed by several strategies such as physical constraint,
template-assisted confinement, and stratified structure design. Notably, the designing of stratified struc-
ture provides a new perspective on constructing confined spaces. Different types of capping layers signif-
icantly affect the growth process in the space confinement strategy. 2D vdW materials used as the capping
layer can provide a flat and less reactive surface for the synthesis of ultrathin lll-V semiconductors. 3D
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Figure 4. Atomic substitution growth of 11l-V semiconductors
(A) Schematic diagram of the atomic substitution to formation 2D GaN crystal from Ga,O3 nanosheets.

(B-D) TEM images of 2D GaN with different magnifications. Images A-D reproduced with permission from (Liu et al., 2017). Copyright 2017 American

Chemical Society.
(E) Schematic diagram of the formation of 2D GaN crystal by nitriding the Ga,O3 film.
(F) An optical image of exfoliated Ga,Oj3 film (Inset is AFM of Ga,O3 film).

(G) An optical image of 2D GaN (Inset is AFM of 2D GaN). Images E-G reproduced with permission from (Syed et al., 2019). Copyright 2019 American

Chemical Society.

capping layer with dangling bonds on the surface will affect the formation of target materials because the
dangling bonds may combine or react with active species decomposed from precursors (Suzuki et al.,
2021). Precursors are decomposed into reactive species and delivered to the region between capping layer
and substrate and form ultrathin Ill-V semiconductors. Owing to the limit of growing space, the confined
growth of 2D non-layered semiconductors can be realized.

Atomic substitution

The atomic substitution strategy always applies accessible 2D materials to derive atomic substitution and
conversion, which is effective in the synthesis of 2D non-layered materials currently. Ordinarily, the acces-
sible 2D layered materials obtained by different methods are served as precursors, which can modulate the
size and thickness of 2D non-layered materials. This approach gets rid of the shackles of the isotropic
growth mode of non-layered materials. Non-layered 2D transition metal nitrides (TMNs) and cadmium sul-
fide (CdS) were prepared successfully by this strategy (Cao et al., 2020; Zhao et al., 2021). Liu et al. achieved
the preparation of ultrathin GaN with mesoporous morphology by this method (Liu et al., 2017). A meta-
stable y-GayO3 layer with the smooth surface, crystalline nature, and a thickness of 5-10 nm prepared
by a modified hydrothermal method were applied as the precursor. Then, y-Ga;O3 was nitrogenized by
NHjs resulting in a direct structural transformation from y-Ga,O3 phase to hexagonal GaN phase (Fig-
ure 4A). The SEM images indicated that the morphology, layer framework, and dispersion of GaN nano-
sheets remained well (Figures 4B-4D). Here, v-Ga,O3 plays an extremely important role in the structural
transformation process. Its unstable structure and the very close lattice constants between (220) crystal
plane of cubic structure and the (100) plane of hexagonal GaN enable it easy to undergo structural
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transformation. However, the obtained GaN exhibits an inapparent quantum confinement effect owing to
the existence of lattice defects (Chen et al., 2019).

Following similar principles, GaS and GaSe are employed as precursors which can be dissociated easily
from their bulk counterparts. Simultaneously, GaS and GaSe are easy to be nitrogenized, which have
been used to prepare GaN nanowalls (Gautam et al., 2005). Enlightened by this, Sreedhara et al. obtained
afew layers of GaS and GaSe by the micro-mechanical exfoliation with scope tape (Sreedhara et al., 2014).
Subsequently, GaN can be obtained by heating few-layer GaS or GaSe nanosheets in a tubular furnace,
which exhibits high crystallinity and a larger size with hexagonal symmetry.

Liquid metal squeeze-printing oxidation technique was exploited by Syed et al. to obtain centimeter-size
Ga,0s3 film as the precursors to synthesize GaN film (Syed et al., 2019). The method employed the prin-
ciple that the liquid metal Ga is easy to get oxidized in air and the as-obtained Ga,O3 exhibits weak
adhesion on the parent Ga metal. As seen in the process shown in Figure 4E, liquid metal was squeezed
by two SiO,/Si wafers with an atomic level flat surface which has van der Waals interaction with Ga,Os.
The liquid metal Ga was cleaned by the mechanical ethanol washing method. A large and continuous ul-
trathin Ga,O3 film with a transverse dimension of more than a few centimeters and a thickness of 1.4 nm
(Insert map of Figure 4F) was obtained as shown in Figure 4F. After that, GaN was obtained by a nitrida-
tion process with urea. The scale of GaN obtained by this approach not only reaches the centimeter
level (Figure 4G) but also possesses a thickness of only 1.3 nm (Insert map of Figure 4G). Moreover,
the wafer-scale and ultrathin 2D InN were also obtained, which illustrated that the method has certain
universality.

The target product can be obtained by the atomic substitution strategy from the precursors that are rela-
tively more accessible, which establishes the transition of different 2D crystals, and realizes the preparation
of large-scale 2D non-layered materials at the same time.

Adhesion energy regulation

Inherent covalent bondings in non-layered IlI-V crystals hinder- their layer-by-layer growth mode. It is re-
ported that high adhesion energy between the crystal and substrate will lead to a layer-by-layer growth
mode, which provides a feasible path for the synthesis of ultrathin I1I-V semiconductors (Dick, 2008; Muta-
ftschiev, 1989). Inspired by this, Chen et al. constructed an Auln; alloy substrate with enhanced adhesion
energy to promote the layered growth of ultrathin IlI-V semiconductors (Figure 5A) (Chen et al., 2020).
The growth process performed on pure lll-group metals suggested that only island growth mode was ener-
getically preferred, which leads to the bulk counterparts finally (Figure 5B). The mechanism was demon-
strated convincingly by theoretical calculation, adhesion energy of the InP layer on the Auln; alloy is about
1.51 eV (InP)~", which is larger than that on InP (1.08 eV (InP)~" and pure In metal (0.88 eV (InP)™ "), as shown
in Figure 5C. Therefore, Auln, was a favorable substrate for the layer-by-layer growth of InP semiconductor.
AFM characterization results indicated that the thickness of InP on Auln, substrate was only 6.3 nm, which
was 600 nm on pure In substrate (Figures 5D and 5E). The corresponding energy-dispersive X-ray spectros-
copy (EDS) mapping images and selected area electron diffraction (SAED) pattern in Figures 5F-5H
confirmed the samples obtained by substrate adhesion energy regulation are not only uniform but also
possess an excellent crystallinity. Further atomic structure analysis by high-angle annular dark-field scan-
ning transmission electron microscope (HAADF-STEM) revealed that the ordered atomic sequences of
In and P are consistent with the (111) plane structure (Figure 5I).

A series of lll-V semiconductors including GaN, InSb, GaSb, and GaP were prepared by this strategy and
the quantum confinement effect was discovered as well. The excellent growth results and universality of this
strategy offer a new route for the synthesis of ultrathin Ill-V semiconductors.

Epitaxial growth

Epitaxial growth strategy is the art of growing single-crystalline films on a crystallographically oriented
wafer and is widely used in the growth of ultrathin Ill-V semiconductors for modern solid-state electronic
and photonic devices (Feng et al., 2019; Kim et al., 2017; Kum et al., 2019; Ren et al., 2021). The substrate
has a significant effect on the epitaxial growth process such as deposition rate and surface topography
(Tung, 1965). Pan et al. reported the successful growth of high-quality single-crystalline 2D InSb nanosheets
on Si (111) substrate via molecular beam epitaxy (MBE) (Pan et al., 2016). As illustrated in Figure A, Ag was
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Figure 5. Adhesion energy regulation growth of IlI-V semiconductors

A) The mechanism of the layer-by-layer growth mode on alloy substrate of ultra-thin Ill-V single crystals.
B) The mechanism of the island growth mode on the pure metal substrate of bulk Ill-V single crystals.
C) The adhesion energies between InP and surfaces of Auln,, InP, and In substrates.

D) AFM image of ultra-thin Ill-V single crystals.

E) AFM image of bulk llI-V single crystals.

F) The EDS mapping of In element in ultra-thin InP single crystals.

G) The EDS mapping of P element in ultra-thin InP single crystals.

H) The SAED pattern- of ultra-thin InP single crystal.

|) The HAADF-STEM image of InP single crystal obtained along the [111] direction. Images A-H reproduced with permission from (Chen et al., 2020).
Copyright 2020 Springer Nature.
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firstly deposited on the Si (111) substrate as the catalyst in the MBE chamber. The As/In beam equivalent
pressure (BEP) ratio was precisely controlled to grow InAs nanowire. Then the As/In source was switched to
Sb/In source and InSb was grown on free-standing InAs nanowire stems. HAADF-STEM (Figure 6B) and EDS
line profiles further revealed showed that the InAs/InSb heterostructure started as InAs and then trans-
formed to InSb. By tuning the Sb/In BEP ratio, the growth of 2D InSb nanosheets could be realized. Further-
more, the lateral size of InSb nanosheets can be modulated by controlling the growth time, as shown in
Figure 6C. With growth time increasing, the size of InSb nanosheets could be micrometers, while their
thickness is still kept. The growth of the InSb nanosheets is believed to combine the vapor-liquid-solid
growth mode in the vertical direction and the vapor-solid growth mode in the lateral direction.

2D InSb nanostructures can also be epitaxially grown without introducing any foreign template.
Gazibegovic et al. realized the epitaxial growth of InSb nanoflakes by using InSb as a substrate
(Gazibegovic et al., 2019). The InSb (111) substrate was lithographically patterned by varying the diameter
of gold catalyst droplets and pitches. By precisely tuning the droplet size and pitch, the growth of InSb
nanoflakes or nanowires could be realized. Figure 6D showed that InSb nanoflakes fraction increased
evidently with the increase of total In and Sb precursor flow. The relationship between pitches and InSb
nanoflakes fraction for varying total flow was further demonstrated in Figure 4E. It was clear that InSb
nanoflakes fraction increased with the increase of pitches and total flow.
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Figure 6. Epitaxial growth of IlI-V semiconductors

(A) Schematic of the growth process of InSb nanosheets.

(B) HAADF-STEM image of the InAs/InSb interface area.

(C) SEM images of InSb nanosheets with growth time increasing. Images A-C reproduced with permission from (Pan et al.,
2016). Copyright 2016 American Chemical Society.

(D) The formation of InSb nanoflakes with the increasing total flow (scale bar: 1 pm).

(E) The relationship between InSb nanoflakes fraction and pitch and total gas flow. Images D and E reproduced with
permission from (Gazibegovic et al., 2019). Copyright 2019 American Chemical Society.

(F) RHEED patterns of bare Ag (111) and AIN/Ag (111) structures.

(G) STM topography of 2D AIN on Ag (111).

(H) Atomic resolution STM topography of 2D AIN. Images F-H reproduced with permission from (Tsipas et al., 2013).

Copyright 2013 AIP Publishing.

Ag can be a suitable substrate for the epitaxial growth of 2D AIN for its small lattice mismatch. 2D AIN nano-
sheets were prepared on single-crystal Ag (111) substrate via plasma-assisted MBE (Tsipas et al., 2013). As
shown in Figure 6F, the reflection high-energy electron diffraction (RHEED) pattern of Ag along [1-10] indi-
cated that Ag (111) substrate had a flat surface, the extra streak in the RHEED pattern confirmed the
epitaxial growth of flat AIN. The scanning tunneling microscopy (STM) topography in Figure 6G showed
the formation of well-defined 2D AIN islands. Furthermore, high-resolution STM topography in Figure 6H
clearly displayed the honeycomb-like structure of 2D AIN nanosheets.

CONCLUSION AND OUTLOOK

Ascribed to the intrinsic structure and excellent characteristics, ultrathin 1lI-V semiconductors have
attracted more and more interest from researchers, especially in the synthesis strategy that is important
in the development of ultrathin Ill-V semiconductors. For the space confinement strategy, it realizes the
synthesis of ultrathin I1I-V semiconductors by constructing a space to restrain the vertical growth. It is a gen-
eral method to synthesize ultrathin l1I-V semiconductors currently. However, this method is difficult to accu-
rately control the thickness of ultrathin Ill-V semiconductors because it's challenging to control the vertical
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size of the confined space. The atom substitution strategy can effectively control the thickness of ultrathin
I11-V semiconductors by controlling the thickness of precursor compounds. However, the choice of precur-
sor compounds is limited. The adhesion energy regulation is to modify the substrate so that the interaction
between the substrate and llI-V semiconductors is suitable. Obviously, the strict requirements of substrate
limit the generalization of this strategy. The epitaxial growth of ultrathin Ill-V semiconductors is mainly
affected by the interaction between the deposited materials and substrate, so it's significant to find a
well-matched substrate for the epitaxial growth of ultrathin IlI-V semiconductors.

In short, the reported methods currently are efficient in the preparation of ultrathin Ill-V semiconductors,
which will lay the foundation for a thorough study and understanding of the properties and applications
of them. However, from the outlook of synthesis in ultrathin IlI-V semiconductors, more efforts should be
devoted to the following challenges: (1) Growth of wafer-size single-crystalline ultrathin IlI-V semiconduc-
tors: wafer-scale preparation is essential in the practical application of materials. Therefore, the further
development of ultrathin [ll-V semiconductors must be based on the realization of wafer-size synthesis.
The suitable substrates may be helpful for the growth of wafer-size ultrathin Ill-V semiconductors. Metal
substrates or van der Waals substrates are considered to be preferable substrates. The weak dangling
bonds of them will enhance the migration of precursor atoms instead of bounding them, which is advan-
tageous for wafer-scale growth (Ben et al., 2021; Yu et al., 2020). Besides, designing the substrate toward
effectively regulating the nucleation energy of crystal and realizing the directional growth has been
generally applied in the wafer-size growth of 2D layered materials recently (Bubnova, 2021). We can
expect that it may also be feasible in the wafer-size growth of ultrathin IlI-V semiconductors. (2) Prepa-
ration of monolayer IlI-V semiconductors: the thickness reduction of monolayer Ill-V semiconductors
leads to many new properties which have been predicted, but it's difficult to make a thorough inquiry.
A bright perspective will be brought by the synthesis of monolayer Ill-V semiconductors (Zhuang
et al., 2013). Recently, salt-assisted CVD growth has been developed to grow ultrathin non-layered ma-
terials. The addition of salt leads to the decrease of the melting point of the precursor, the formation of
highly active intermediates, the reduction of reaction activation energy, and the increase of reaction rate.
Based on these advantages, combining salt with space confinement or suitable substrate designing may
enable the synthesis of monolayer Ill-V semiconductors in the future (Han et al., 2019). (3) Preparation of
heterojunction based on IlI-V semiconductors: theoretical studies suggest that the heterojunctions based
on llI-V semiconductors will show stronger properties than intrinsic materials in some aspects. For
example, the photocatalytic water splitting property of 2D GaN/MoS, heterostructure is better than
MoS; (Liao et al., 2014). Owing to the strong covalent bondings that exist in IlI-V semiconductors, lattice
mismatch will influence the fabrication process of other 2D materials. Therefore, mechanical transfer may
be the most practicable method in the synthesis of ultrathin Ill-V semiconductor heterojunctions. (4)
Preparation of hybrid ultrathin 1ll-V semiconductors with dopants: chemical doping is an ordinary modi-
fication method that can bring unique properties and functions (Dai et al., 2011). The preparation of
hybrid ultrathin 1lI-V semiconductors by doping of different dopants may lead to new phenomena,
such as magnetic and half-metal characteristics (Zhao et al., 2016). Many methods are employed to pre-
pare doped compounds. For Ill-V semiconductors, selecting a suitable precursor for doping is necessary,
which is volatile and has well-matched atomic radius with lI-V semiconductors. (5) Preparation of ultra-
thin 1lI-V semiconductors exposed with different planes: the results of theoretical research suggested
that ultrathin Ill-V semiconductors in different planes will show different properties. Four typical planes
exist in GaN films: polar c-plane, semipolar r-plane, non-polar a-plane, and m-plane. It is necessary to
study the differences between them (Cai et al, 2021). An appropriate crystal facet controller has
been selected to effectively control the exposed crystal facet of the 2D materials, which is useful and
enlightening in preparing the IlI-V semiconductors with different facets (Li et al., 2021). (6) Preparation
of twist-angle ultrathin 1I-V semiconductors: the growing research of twisted bilayer graphene in recent
years reveals many unique electronic properties, which brings inspiration for the study of other 2D ma-
terials with twist angles. Ultrathin I1I-V semiconductors with twist angles may display unique properties
for their exotic structure which is different from layered materials. Stacking may achieve the synthesis
of twist-angle ultrathin IlI-V semiconductors, which is a useful method in twist-angle graphene (Liao
et al., 2015).

In summary, it is indisputable that the excellent properties will bring infinite possibilities to ultrathin [1I-V
semiconductors, and these possibilities will be realized eventually only if the synthesis strategies tend to
be mature in the future.
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