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ABSTRACT

In the last decade, the research on two-dimensional (2D) materials has drawn a lot of interest from the aspects of both fundamental
study and practical application. The atomic-scale thickness and unique layered structure make the materials in this family exhibit a
number of distinct optical and electrical properties from their bulk counterparts. Previous studies have mainly focused on the crystalline
2D candidates. Recently, the highly disordered form of 2D materials, such as amorphous 2D materials, is emerging to attract increasing
attention since it has shown great potential for applications in various fields. Here, we give a perspective on the recent progress in 2D
amorphous inorganic materials. First, the synthesis techniques and process of 2D amorphous materials and their hybrid structure are
given. Furthermore, the intriguing properties and applications in electronic, optoelectronic, and energy fields from typical 2D amor-
phous inorganic materials, including amorphous graphene, amorphous molybdenum disulfide, amorphous boron nitride, and amor-
phous black phosphorus, are introduced. Furthermore, the advantages and mechanisms of 2D amorphous materials are illustrated,
pointing out the application scope of this material group. Finally, the underlying challenges of amorphous inorganic 2D materials are
briefly outlined and some future outlooks are suggested.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5144626

1. INTRODUCTION

The rise of two-dimensional (2D) layered materials opens a new
era to a new variety of possibilities for materials science and
nanotechnology.' ™ Thanks to the layered structure and atomic-scale
thickness, 2D materials not only preserve features of the bulks but
also exhibit their own distinctive peculiarities, showing great potential
for next-generation electronics, optoelectronics, energy applications,
and so on."™ As the first and most studied 2D member, graphene
has attracted great research interest since it was isolated from graphite
crystal.” The remarkable electron mobility, high optical transparency,

make up for the lack of a bandgap in graphene. Compared to conven-
tional semiconductors, 2D semiconductors usually have layer-
dependent electronic bandgaps and favorable flexibility, which are
propitious for wearable and broadband photonic and optoelectronic
devices.'"” Very recently, superconductivity,” ferroelectricity,”>**
and ferromagnetism®* have been observed in 2D materials as well.
Moreover, 2D materials can form van der Waals (vdW) heterostruc-
tures simply by assembling different 2D layers in the vertical or
lateral way, realizing some new attractive characteristics, which largely
extend the application horizon of this family.”>*°

Until now, the research on 2D materials mainly focuses on the

and considerable thermal conductivity make it promising for high-
speed electronic devices.” Besides graphene, numerous 2D layered
semiconductors have been discovered in recent years, such as transi-
tion metal dichalcogenides (TMDs),”"" ultrathin black phosphorus
(BP),’*" and 2D III-VI semiconductors,'™” which could ideally

crystalline counterpart, while the study of highly disordered form is
much less. Compared to a crystalline system, amorphous materials
are short of long-range and predictable atomic order, resulting in
very complicated electronic states, which severely limit the perfor-
mance of electronic devices.”” Nevertheless, the unique non-
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crystalline structure, excellent large-area uniformity, and low
fabrication cost make them play important roles in various
industrial applications.”*”” In general, it is well-known that the
electronic structures of amorphous materials are controlled
by their defects and impurities.”” However, it has been reported
that the strong ionicity of amorphous oxide semiconductors
could lead to carrier transport properties comparable to those of
crystalline materials since strong ionic bonds are not altered
largely by the highly disordered structure, making them suitable
for high-performance thin film transistor (TFT) applications.”*"’
Moreover, the luxuriant defects within amorphous materials
provide abundant active sites, which endow them promising for
catalysis applications.”””* Besides, amorphous silicon dioxide
(a-SiO,) has been the most commonly used gate insulating layer
in logic electronic devices owing to its considerable and uniform
dielectric property.”*>” In addition, Toh et al. have synthesized a
large-area, free-standing monolayer amorphous carbon by laser-
assisted chemical vapor deposition (CVD) method, which exhib-
its attractive insulating properties with high stability, proving that
the material is applicable for magnetic recording applications.’®
Recently, the highly disordered form of 2D materials, namely,
amorphous 2D materials, have been studied since new fascinating
features are generated by the combination of a 2D system and an
amorphous structure.”’ ™" In general, amorphous 2D materials
have a similar configuration as their crystalline counterpart,
which exhibit continuous 2D arrangements of atoms and a layered
structure but with abundant defects and randomly distributed stacks
without any specific orientation. So far, a variety of amorphous 2D
materials have been synthesized, including amorphous graphene
(a-graphene),ﬁ']’42 amorphous TMDs (a-TMDs),””**** amorphous
BP (a-BP),’® and amorphous boron nitride (a-BN),"™*° which
demonstrate distinct properties to crystalline ones and applica-
tions in electronics, optoelectronics, energy storage, and electro-
catalyst fields (Fig. 1).

Up to now, many research studies have been published on
the study of 2D materials.””'"** Among them, there are a few
review articles introducing 2D amorphous nanomaterials,””>*"*”
which mainly concentrate on ultrathin amorphous materials,
such as 2D oxides, organic materials, and so on. To the best of
our knowledge, there is currently no perspective article specifi-
cally on the non-crystalline form of 2D inorganic materials, such
as a-graphene, a-BP, and a-MoS,. Compared with organic materi-
als, most of the inorganic materials exhibit a predictable band
structure and controllable features, which benefit for developing
electronic, optoelectronic, and energy applications. Considering
the number of publications on amorphous inorganic 2D materials
is growing in recent years, it is essential to provide an overview
and perspective on the research in this area. Hence, the recent
efforts and progress of amorphous inorganic 2D materials are sys-
tematically discussed in this perspective article. Initially, the syn-
thesis techniques for different types of 2D amorphous inorganic
materials will be briefly introduced with the merits and growth
mechanisms. Then, the distinctive properties as well as represen-
tative applications of these 2D amorphous materials are analyzed
and demonstrated, respectively. At last, the article is summarized
with our perspectives. The latent challenges and potential outlook
in the field are also provided.
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FIG. 1. Diverse amorphous 2D inorganic materials (a-graphene, a-MoS,, a-BN,
and a-BP) and various applications of these materials (transformer oil nano-
fluids, hydrogen evolution reaction, flexible electronic device, field-effect transis-
tors, respectively).

Il. SYNTHESIS TECHNIQUES OF 2D AMORPHOUS
MATERIALS

So far, the natural bulk of amorphous inorganic 2D materials
has not been found yet, and layered stacks are randomly distributed,
which is not suitable for exfoliation, implying that the only way to
obtain ultrathin amorphous 2D films is either directly growing by
bottom-up techniques or phase transformation from crystalline
form. Initially, Kotakoski et al. found that the electron irradiation
could effectively adjust the bond rotation and atom ejection in gra-
phene, which transformed graphene into an amorphous membrane
with random distribution of polygons."® However, the obtained
sample usually possesses small size and the quality is hard to be con-
trolled. In comparison, the vapor phase based bottom-up methods,
mainly including CVD and physical vapor deposition (PVD), are
commonly used for scalable synthesis of 2D materials.”’™" Recently,
these two types of techniques are also considered applicable for suc-
cessfully growing 2D amorphous thin films.”” In this section, we
introduce the features and mechanisms of growing 2D amorphous
materials by CVD and PVD, respectively.

A. CVD growth of amorphous 2D materials

Since CVD is considered as the most competent approach for
fabricating a wafer-scale graphene film, the technique has already
been extended for the preparation of other 2D materials and heter-
ostructures in recent years.””' By precisely manipulating the
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Before annealing

FIG. 2. Amorphous 2D materials synthesized by the CVD method. (a) The schematic and optical pictures of an a-graphene film grown on MgO substrates under different
temperatures by CVD. (b) Cross-sectional TEM images of a-graphene films prepared under different temperatures. The inset images show the SAED results of films grown
under 700 °C and 800 °C, respectively. Reproduced with permission from Zhao et al., J. Mater. Chem. 22, 19679 (2012). Copyright 2012 The Royal Society of Chemistry.
(c) and (d) The TEM image of the SAED pattern of an a-graphene film grown on the ZnO/Si substrate, respectively, demonstrating the morphology and amorphous phase
of the films. (e) The high-resolution TEM image of the edge of a-graphene film. The inset shows the enlarged TEM image. Reproduced with permission from Li et al.,
Synth. Met. 174, 50 (2013). Copyright 2013 Elsevier. (f) The schematic of a-BN film grown by PECVD system. (g) SEM image of the obtained a-BN film before annealing
process. The inset shows the cross-sectional SEM image of a-BN/Si. (h) The TEM image of an a-BN film. The inset shows the nanograins decorated on the amorphous
film. Reproduced with permission from Li et al., J. Alloys Compd. 705, 734 (2017). Copyright 2017 Elsevier.

precursors, substrates, pressure, and temperature during the deposi-
tion process, the grain size, morphology, defects, dopants, and layer
number of the CVD products can be appropriately controlled to fit
the requirement with high reproducibility,”>> which may also give
rise to the highly disordered phase of the materials. Compared to
the growth of crystalline 2D materials, the synthesis process of
amorphous counterparts is rather complicated since the non-
crystalline state is unstable with the tendency to transform into
crystalline phase.”” Thus, suppressing such transformation by con-
trolling the synthesis process is significant for growing 2D amor-
phous materials.

Previous studies have shown that adding oxygen or hydrogen
during CVD growth of graphene could help one to promote the
graphitization and eliminate the proportion of amorphous
states.”™” In the opposite way, the non-crystalline phase could be
increased by making use of the oxygen-free CVD with hydrogen
deficient precursors. Based on this strategy, Huang et al. have suc-
cessfully synthesized large-scale undoped and n-doped a-graphene
(N-a-graphene) films on MgO (100) substrates by CVD, where
benzene and pyridine were used as precursors, respectively.”® In this
study, the quality of a-graphene grown under different processing

temperature was characterized. According to the optical images of a-
graphene [Fig. 2(a)], the transparency of the films decreases gradu-
ally when raising the growth temperature from 650 °C to 800 °C
since higher temperature tends to form thicker films. The result also
illustrates that the a-graphene film fully covers the substrates with
high continuity. Further structural characterization, including trans-
mission electron microscopy (TEM), x-ray photoelectron spectro-
scopy (XPS), and Raman spectroscopy, verified that the obtained
films possess non-crystalline phase of graphene. Remarkably, the a-
graphene films may preserve the layered structure as well [Fig. 2(b)],
which is one of the typical signs of 2D materials. Meanwhile, the
layer number and the crystallinity of a-graphene films are strongly
dependent on the growth temperature, implying that the properties
of a-graphene can be tuned by the fabrication conditions.

Besides temperature, substrates also play a significant role in
the quality of CVD grown films.””*” With almost identical synthe-
sis conditions of the previous work, a honeycomb-like a-graphene
film was realized on the buffer layer of zinc oxide (ZnO) film by
CVD.?" As shown in Fig. 2(c), numerous bowl-like graphene walls
are formed within the film, which exhibit the amorphous phase
according to the selected area electron diffraction (SAED) pattern
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[Fig. 2(d)]. The sizes of holes encircled by graphene walls are
around 10-100 nm, which are close to the sizes of ZnO grains.
Moreover, the cross-sectional TEM image shows that the thickness
of the a-graphene film is around 5 layers while the graphene walls
are composed of 12-14 layers, which are exactly supported by the
ZnO nanocrystals [Fig. 2(e)]. This work evidences that the oxide
films could enable the formation of a-graphene films and govern
their topology during CVD process. Furthermore, as ZnO is a pow-
erful semiconductor for applications of optoelectronics and energy
harvesting devices,” the hybrid structure of a-graphene and ZnO
film would have broader application prospects.

The standard CVD method suffers from relatively a high growth
temperature, which largely limits its usage in fabricating flexible trans-
parent devices.”” To overcome this limitation, a plasma-enhanced
CVD (PECVD) system has been designed, which could effectively
lower the processing temperature by utilizing an inert gas plasma.’>"*
Meanwhile, the controllability of nanostructure formation and uni-
formity of the films are highly enhanced for PECVD fabrication
thanks to the existence of plentiful excited carriers in the plasma. In
a recent study, a mixed amorphous form of a boron nitride (BN)
thin film with excellent field emission (FE) performance was synthe-
sized by the PECVD method.”” As shown in Fig. 2(f), a radio fre-
quency was applied to create the plasma by ionizing the flowing N,
and H, gases, which further nitridizes the B,O; powder in the
center of the furnace. According to the scanning electron micros-
copy (SEM) image [Fig. 2(g)], the obtained film has a relatively
uniform surface and the thickness is around 150 nm. Furthermore,
the TEM image exhibits that the main area of the film is non-
crystalline but with some nanocrystalline grains [Fig. 2(h)], indicat-
ing that the obtained BN film has a mixed amorphous structure.
Compared to previous works, PECVD is a nontoxic and low cost
technique for large-area synthesis of an a-BN film."”

Besides PECVD, atomic layer deposition (ALD) is also a pow-
erful CVD method for thin film deposition under a low processing
temperature, which is ideal for producing uniform, large-area films
with good thickness controllability.”” Recently, Shin et al. reported
that an a-MoS, film was realized on an Si wafer capped with a thin
layer of Au by ALD.”” The fabrication was carried out at a low tem-
perature of 100 °C with molybdenum hexacarbonyl [Mo(CO),] and
dimethyl disulfide (CH;S,CH;) as precursors. The obtained
a-MoS, demonstrates excellent electrochemical performance thanks
to the high-disordered structure. Furthermore, Song et al. have uti-
lized a pressure-tuned stop-flow ALD technique for depositing
a-MoS, thin films on carbon nanotube (CNT) substrates at 80 °C
with the same precursors.”” A uniform non-crystalline MoS$, film
with the thickness of 5 nm was obtained, and the surface was par-
tially oxidized because of the highly chemical activity, which is pro-
pitious to the oxygen evolution reaction (OER) as cathode
materials. Up to now, only a-MoS, was reported to be realized by
ALD. Considering its advantages for synthesizing highly uniform
thin films at low temperature, more materials and investigation
should be carried out in the future.

B. PVD growth of amorphous 2D materials

PVD is another alternative method for scalable growth of 2D
materials.”” In general, the fabrication of PVD is carried out in a

PERSPECTIVE scitation.org/journalljap

high vacuum circumstance, inside which the target materials with
condensed state are transformed to vapor phase and then converted
to thin film state by a variety of physical means.””’" The commonly
used PVD techniques include pulsed laser deposition (PLD), sput-
tering deposition, thermal evaporation, and cathodic arc deposi-
tion. Compared to CVD, PVD methods usually have higher growth
rate and better control of film thickness.”” Moreover, PVD is appli-
cable for those materials with high chemical sensitivity, making it
an indispensable complement method to CVD.

Among various PVD techniques, PLD is widely known for
its features like pulsed deposition mode and stoichiometric
transfer of target composition,”” which makes it widely used for
growing complex oxide thin films,”*~"* superlattices,”’® and
heterostructures.””~”” In recent studies, PLD has begun to be
used in the synthesis of 2D materials, including both crystalline
and amorphous phases.”*"™* In principle, an energetic pulsed
laser is utilized during fabrication process of PLD. The target
material can be ablated out by the focused laser beams and then
form thin films on the substrate [Fig. 3(a)]. However, the energy
is insufficient to promote the crystallization of the film at a relatively
low temperature, which offers the possibility to synthesize amor-
phous 2D materials by PLD.”” In a recent study, ultrathin a-BN
films with the thickness ranging from 2 to 17 nm were successfully
prepared by PLD [Fig. 3(a)]."" As shown in the optical images, the
obtained films could fully cover the substrates with an area as large
as 3in., which is much larger than those of crystalline BN films.**
Meanwhile, the continuous and uniform thickness was confirmed
by the cross-sectional TEM. Thanks to the versatility in materials
processing of PLD, a-BN films can be realized on various substrates
at a low processing temperature (<200 °C), including metals (e.g.,
copper foil, nickel foil, etc.), ceramics (e.g., SiO./Si, ALO;, etc.),
flexible polymers (e.g., Kapton, PDMS, etc.), and other 2D materials
(e.g., graphene, few-layer MoS,, etc.), making them applicable for
diverse applications.

Among the family of 2D materials, phosphorene has great
potential for novel applications in electronics due to its tunable
bandgaps and exceptionally high carrier mobility.**° However, 2D
BP suffers from its high instability, which largely limits its wafer-
scale synthesis.””" Recently, our team has first demonstrated the
PLD method to prepare centimeter-scale BP ultrathin films with a
highly disordered structure, which was named as a-BP [Fig. 3(b)].”
Compared with crystalline BP, the lattice of a-BP exhibits a short-
range order with altering bonding angle and length. The growth
temperature window of a-BP is very narrow according to the
Raman spectra of films prepared under different temperatures,
where the BP characteristic peaks can only be observed at around
150 °C [Fig. 3(c)]. Moreover, the amorphous nature of the films is
confirmed by both high-resolution TEM (HRTEM) and SAED
pattern [Fig. 3(d)]. The obtained a-BP films not only preserve the
thickness-tunable optical bandgaps but also demonstrate promising
electronic performance. The details of properties and device char-
acterization of an a-BP film will be discussed in the Sec. ITI.

A previous study shows that PLD is suitable for depositing
large-area MoS, films without adding any catalysts.”” In PLD pro-
cesses, only the stoichiometric ratio is replicated from the target,
and the crystallization could be changed, depending on the fabrica-
tion conditions, which provides the possibility to grow amorphous
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FIG. 3. PVD method grown amorphous 2D materials. (a) Up: Schematic picture of fabrication process of an a-BN film by PLD. Below: Optical picture of an a-BN film on
an Si wafer and a cross-sectional TEM image of a-BN/Al,05. Reproduced with permission from Glavin et al., Adv. Funct. Mater. 26, 2640 (2016). Copyright 2016
Wiley-VCH. (b) Left: Optical pictures of a-BP films grown under different substrates and temperatures. Right: Schematic of the atomic structure of an a-BP film. (c) Raman
spectra of a-BP films grown under different substrate temperatures. (d) HRTEM image of an a-BP film. The inset shows the SAED pattern, revealing the amorphous nature
of the film. Reproduced with permission from Yang et al., Adv. Mater. 27, 3748 (2015). Copyright 2015 Wiley-VCH. (e) and (f) Raman spectra and XRD results of a-MoS,/
Au/CC, barely crystalline MoS, and CC substrates, respectively. (g) and (h) EDX mapping of both S and Mo for an a-MoS; thin film. Reproduced with permission from
Wang et al., Electrochim. Acta 258, 876 (2017). Copyright 2017 Elsevier. (i) Photograph of an a-MoS; film grown on a CC substrate. (j) XRD patterns of CC, a-MoS,/CC,
and standard JCPDS pattern of crystalline MoS,. (k)-(m) SEM images of a-MoS, films grown under different sputtering powers with (k) 100 W, (I) 70 W, and (m) 150 W.
Reproduced with permission from Zhang et al., J. Mater. Chem. A 3, 19277 (2015). Copyright 2015 The Royal Society of Chemistry.

2D materials. Recently, a-MoS, thin films were prepared on gold-
coated carbon cloth (Au/CC) substrates by PLD at room tempera-
ture (RT).”” The Raman spectrum and x-ray diffraction (XRD)
pattern confirms that the obtained films are MoS, with a non-
crystalline structure [Figs. 3(e) and 3(f)]. Compared to the com-
mercial MoS,, the a-MoS, film shows a particle-like structure with
a rough surface, which could optimize the electrochemical perfor-
mance by providing a larger reaction surface. The energy-dispersive
x-ray spectroscopy (EDX) result confirms that element ratio of Mo

and S is around 1:2, and the mapping images show the homoge-
neous growth of the film [Figs. 3(g) and 3(h)]. The large-area and
unique surface structure of PLD grown a-MoS, could provide more
active sites for HER catalytic activity.

Apart from PLD, sputtering is a commonly used PVD method
for synthesizing amorphous 2D materials.”””’" A recent work done
by Wan’s group has shown the capability of successfully growing
large-area a-MoS, nanosheet arrays on the CC substrate by a repro-
ducible magnetron sputtering system [Fig. 3(i)].”” The amorphous
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TABLE I. Summary of synthesis techniques of amorphous 2D materials.
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Materials Synthesis methods Processing temperature (°C) Size of products Reference
a-graphene CVD 650-800 10 x 5x 0.5 mm 58
CVD 700-800 Wafer-scale 61
Ultrasonication ~250 500-600 nm 39
a-Mo$S, PLD RT 0.5 cm® 92
Sputtering 30 x 30 mm 90
ALD 150 ~20 nm 68
Hydrothermal reaction 90-120 ~30 nm 93
a-BN PECVD 1000 >5um 65
PLD <200 3in. 46
Sputtering RT . 91
a-BP PLD ~150 Centimeter scale 38

nature is verified by XRD results [Fig. 3(j)]. By altering the sputter-
ing power, the morphology of the a-MoS, film can be dramatically
modified according to the SEM images [Figs. 3(k)-3(m)]. With sput-
tering power increasing from 70 W to 150 W, the film morphology
changes from small nanofibers to densely compacted nanosheet
arrays, and then eventually achieving a smooth uniform film. The
variation of the morphology makes the HER performance of a-MoS,
films tunable by fabrication conditions of sputtering.

In addition to the techniques discussed above, there are some
other methods that can be utilized for growing amorphous 2D
materials.””™”° As summarized in Table I, most of the films grown
by CVD or PVD methods have a large size and relatively low pro-
cessing temperature, paving the way to realize uniform devices over
wafer-scale substrates. According to the above discussion, typical
bottom-up techniques are efficient for preparing ultrathin amor-
phous 2D films, which can build the basis for the development of
applications.

Ill. PROPERTIES AND APPLICATIONS OF AMORPHOUS
2D MATERIALS

Thanks to the short-range atomic arrangement, amorphous
materials possess some distinct characteristics, such as a large
number of defects,”” exceptional transport path of carriers,”” and
ultra-uniform surface,”” which greatly promote their device perfor-
mance in energy storage,'’’ electrocatalysis,”” and electronics
fields.”” Benefiting from the above features as well as the ultrathin
structure, 2D amorphous materials have their own particularities
and applicable scope. For instance, the large in-plane size could
enhance the generation of defects by providing a larger specific
surface, which benefits for the function as catalyst.”” In this section,
the unique properties and applications of typical amorphous 2D
materials, including a-graphene, a-MoS,, a-BN, and a-BP will be
illustrated in sequence. The performance and mechanism of the
devices will also be discussed.

A. a-graphene

Graphene is one of the miracle materials for nanoscale elec-
tronics nowadays because of its extremely high electron mobility,
high Young’s modulus, and large optical transmittance. "'

Hence, it is intriguing to investigate whether these properties are
preserved in a-graphene. A recent study applied UV-vis spectro-
scopy characterizing the transmittance of a-graphene films grown
under different substrate temperatures.SS As shown in Fig. 4(a),
a-graphene films show their high optical transmittance over 80%
in the wavelength from 200 nm to 1000 nm. With increasing the
processing temperature, the thickness of films is raised, which
will reduce the optical transmittance accordingly. Under illumi-
nation of light source with a wavelength of 550 nm, the transmit-
tance of a-graphene can be as high as 92.3%, which is superior to
that of CVD grown crystalline graphene film with the same thick-
ness.'”” On the other hand, the electrical properties of as-grown a-
graphene films were characterized by fabricating into diodes.”® The
current-voltage (I-V) output characteristics show a linear relation-
ship, implying an Ohmic contact at the electrode/a-graphene inter-
face [Fig. 4(b)]. The electrical conductivity shows an increasing
trend along with rising of growth temperature. It is worth noting
that an a-graphene film prepared at 650 °C exhibits an insulating
behavior as shown in the inset of Fig. 4(b), which could be
explained by the poor continuity of the film. Further measurement
shows that the conductivities of a-graphene films can be tenfold
enhanced by nitrogen doping. The results of transmittance and I-V
characterization reveal the potential of a-graphene films for trans-
parent electronic applications.

Owing to the high surface area and insulating behavior,
a-graphene has been considered promising for the application in
transformer oil (TO) nanofluids.** Dielectric strength and thermal
conductivity are two significant figure-of-merits for transformer oil,
which determine the ability against electrical stress and cooling per-
formance, respectively.'”* Compared to the bare oil, the dielectric
breakdown voltage is enhanced up to 40% as well as decreasing of
dielectric loss by adding a-graphene in the nanofluids with a
weight percentage of 0.0025 wt. % [Fig. 4(c)]. The reasons for such
an enhancement can be explained by the polarization and relaxa-
tion of a-graphene as well as the moisture adsorption from oil.”* In
addition, the thermal conductivity of TO is boosted by 30% at the
a-graphene concentration of ~0.01 wt. % due to the large surface
area of the amorphous nanostructures. As shown in the thermal
images [Fig. 4(d)], the temperatures of a-graphene nanofluids
increase with the loading percentage of the nanostructures under
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FIG. 4. Properties and applications of a-graphene. (a) Optical transmittance spectra of a-graphene films grown under different temperatures. Inset curve shows the absorp-
tion spectrum of the MgO substrate. (b) Output characteristics of a-graphene films grown under different temperatures. Inset shows the enlarged I~V curve of films grown
under 650 °C and 700 °C, respectively. Reproduced with permission from Zhao et al., J. Mater. Chem. 22, 19679 (2012). Copyright 2012 The Royal Society of Chemistry.
(c) The mean breakdown voltage of the nanofluid as a function of weight percentage of a-graphene. (d) The infrared images of bare oil and nanofluids as a function of
heating time and weight percentage. Reproduced with permission from Bhunia et al., Carbon 139, 1010 (2018). Copyright 2018 Elsevier. (€) The curves of sheet resis-
tances vs applied gate voltages for FETs based on Z-CM and crystalline graphene, respectively. Inset picture shows the electrode pattern of FETs. (f) The longitudinal
sheet resistance of Z-CM FET as a function of applied magnetic field at different temperatures. (g) The normalized capacitance vs gate voltage curve of Al,04/Ge and
Al,04/Z-CM/Ge, respectively. Inset shows the schematic image of MOS capacitor based on Z-CM. Reproduced with permission from Joo ef al., Sci. Adv. 3, €1601821
(2017). Copyright 2017 AAAS. (h) The FE current density of a-graphene on the CC substrate as a function of applied electric field. Inset image shows the photograph of a-
graphene/CC flexible field emitter. (i) The stability test of FE performance of a-graphene/CC field emitter. Reproduced with permission from Chattopadhyay et al., Carbon
72, 4 (2014). Copyright 2014 Elsevier.

identical heating time, implying that the heat transport is enhanced
by the nanofluids. The outstanding dielectric properties and
thermal conductivity make the a-graphene based nanofluid promis-
ing for optimizing the performance of electrical transformers.

2D carbon glass is a monolayer carbon film with continuous
and random arrangement of atoms, which also belongs to the

category of a-graphene.'’” Recently, an atomically thin wafer-scale
carbon glass, Zachariasen carbon monolayer (Z-CM), was realized
on a Ge substrate by CVD."' By fabricating into a field-effect tran-
sistor (FET), the sheet resistance of Z-CM was characterized as a
function of gate voltages, exhibiting two orders of magnitude
higher than that of crystalline monolayer graphene [Fig. 4(e)]. The
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resistance of Z-CM dramatically increases when the temperature is
below 50K, showing the typical Anderson insulating behavior,
which can be explained by the highly disordered structure.
Moreover, due to its strong localized charge carriers, the magneto-
resistance (MR) effect of Z-CM is strongly enhanced when decreas-
ing the temperature, leading to a giant MR as high as 30% at 2K
[Fig. 4(f)]. In addition, the ultrathin thickness and inhomogeneous
distribution of charge carriers enable Z-CM to be used as an inter-
facial layer for constructing heterostructures. In this study, a metal-
oxide-semiconductor (MOS) capacitor based on Au (20 nm)/Ti
(5nm)/ALOs; (15nm)/Z-CM/Ge (110) has been fabricated and
demonstrated optimized dielectric performance compared to an
Al,O;3/Ge based device [Fig. 4(g)]. A steep C-V curve without any
hysteresis loop is shown thanks to the suppression of Ge oxidiza-
tion, revealing the passivation function of the Z-CM layer.

Crystalline graphene is considered to possess excellent field
emission (FE) properties owing to its atomic thickness, outstanding
electrical conductivity, and good mechanical properties.'”® A recent
work reported the FE characteristics of a-graphene and its hybrid
structures, where a-graphene was realized by unzipping amorphous
carbon nanotubes (a-CNTs).”” According to the measurement
results, the relationship between current density (J) and applied
electric field (E) indicates that a-graphene not only shows very
good FE performance itself in comparison with a-CNTs but also
could effectively optimize the FE properties of the hybrid system
containing a-graphene. Moreover, a-graphene was also realized on
a flexible CC substrate to form a flexible field emitter [inset of
Fig. 4(h)]. The FE current density of this flexible device is
~1050 uA/cm? at the electric field of 0.76 V/um and exhibits a
turn-on field as low as 0.52 V/um, which is much lower than that
of crystalline graphene related systems [Fig. 4(h)]."*'"” In addi-
tion, the stability test shows that the FE properties of a-graphene/
CC field emitter are relatively stable over a period of 200 min. The
excellent FE performance of an a-graphene based hybrid system
may be ascribed to the sharp edges and the wrinkle, which could
act as FE tips on the surface and suppress the screening effect. The
above study suggests that a-graphene has a great potential for high-
performance field emitting applications.

B. a-MoS,

In the post-graphene era, MoS, is a rising star in the 2D
family because of its large tunable bandgaps, low cost, and high
stability, which facilitate its considerable progress in the fields of
energy storage, electronics, and conversion devices. %1% Recently,
the highly disordered form of MoS, has been extensively studied
as a complementary of crystalline counterpart.””*”*" One of the
significant applications of a-MoS, is the hydrogen evolution reac-
tion (HER) catalyst thanks to its highly intrinsic activity, large
number of active sites, and low cost [Fig. 5(2)].”">"'" In contrast
to crystalline MoS,, the high HER performance of a-MoS, results
from their short Mo-Mo and Mo-S bonds [inset of Fig. 5(b)]."
As shown in Fig. 5(b), both a-MoS, and 1T-MoS,, which also pos-
sesses a short bond structure, exhibit superior HER activity to that
of 2H phase. Moreover, while the catalytic activity of 1T-MoS,
gradually decreases over time, the performance of a-MoS, main-
tains with a high level in 24 h, showing an excellent stability of
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HER activity. The higher HER performance of a-MoS, can be
explained by the larger intrinsic electronic conductivity induced
by the short-range atomic order.

The HER activity of MoS, could be promoted by enhancing
its conductivity via doping nanoparticles, edge modification, and
integration with carbon materials.”>'"'"""” Cao et al. have pre-
pared a nanocomposite based on a-MoS, and highly conductive
carbon black (CB) for HER characterization."'" As illustrated in
Fig. 5(c), the HER performance of different material systems,
including CB, MoS,-18, MoS,-18/CB, MoS,/CB-18, and commer-
cial 20% Pt/C have been evaluated under same measurement con-
ditions. It is worth noting that the composite of MoS,/CB-18
exhibits excellent HER performance with an onset overpotential
of only 78 mV and achieving current density of 470 mA/cm? at
the overpotential of 200 mV, which is much superior to that of
bare a-MoS, and even 1.5 times higher than that of commercial
20% Pt/C catalysts. Such intriguing HER activity results from the
higher concentration and improved utilization of active sites
caused by the amorphous structure and supported hydrophilic
CB. More recently, Wang et al. optimized the a-MoS, electrocatalysts
by fabricating a-MoS, films on Au/CC substrates, which could not
only improve the HER activity of a-MoS, but also largely strengthen
the stability of HER reaction owing to the strong interaction between
a-MoS, and Au/CC.”> According to the results of the cycling test
with 5000 continuous cyclic voltammetry (CV) [Fig. 5(d)], both
MoS,/CC and MoS,/Au/CC show excellent stability of HER perfor-
mance, which are better than those of previously reported MoS, cat-
alyst.'"* Meanwhile, the HER activity of MoS,/Au/CC is more stable
in comparison with MoS,/CC after CV cycles, revealing that the Au
layer could effectively enhance the adherent interaction between
MoS, and CC substrate.

Besides combining with carbon materials, integration with
nickel (Ni) composites could also result in better electrochemical
performance. A recent study utilized a dendrite-like Cu on Ni foil
(Cu@Ni-P) as a template for fabricating a-MoS, catalysts.''” As
shown in Fig. 5(e), the onset potential of Cu@Ni-P@a-MoS,
(118.5mV) is much superior to that of a bare Ni foil (197 mV)
and several times smaller than that of other 2D materials.''*'*’
Meanwhile, the Tafel slope of Cu@Ni-P@a-MoS, was extracted as
60.5 mV/dec, which is almost one-third of that from the bare Ni
substrate. The fine HER performance of this a-MoS, composite
attributes to its unique structure, which may provide more edge
sites and large electrical conductivity of Cu and Ni. Table II sum-
marizes the main figure-of-merit (FOM) of HER of a-MoS,
obtained by different synthesis techniques. Among the various
methods, the a-MoS, sample obtained by the hydrothermal process
shows the lowest onset potential and Tafel slope, and highest
exchange current density, which result from a large number of
active sites and high intrinsic activity. On the other hand, although
a-MoS, samples made by PLD, sputtering, and ALD exhibit inferior
HER performance, the size of these films is relatively large, which is
desirable for applications of HER catalysts.''” Besides, Morales-Guio
and Hu have applied an a-MoS, layer to promote the photoelectro-
chemical (PEC) HER performance of a photocathode based on
TiO, protected Cu,O thin films [Fig. 5(f)].""® The device generated
photocurrents up to —5.7 mA/cm”® at 0V vs RHE with a ~100%
Faradaic yield. Moreover, the Cu,O-a-MoS, photocathode can

J. Appl. Phys. 127, 220901 (2020); doi: 10.1063/1.5144626
Published under license by AIP Publishing.

127, 220901-8


https://aip.scitation.org/journal/jap

Journal of

Applied Physics PERSPECTIVE

scitation.org/journalljap

04
-0.25
100
W.9.30 %
- —— 2H-MoS, 2001
2035{ —1T-MoS, , & 8 z
[} £
3] e, W 8| I
I3 b . -
§‘°-4° MosS, Mo,S, §
3 -400
o
-0.45
0 4 8 12 16 20 24 03 02 -0.1 0.0 0.1
) Time (h) (f) Poential (V vs RHE)
. (@)
"E MoS/AWCC o or oﬁo @ J
Mos )cC c 2002
£ 0
g 1 % . o O
£ -50 :
2 = Back contact " \
® 80 K7} ’ -
& g i
8 S -100f —
€ -1204 z | —nNifolt
g e e | —cugn-pgnes | I_Q AN
3 —s —— After 5000y S MoS,.,
©.160 T N _'M"?”m N O 150 PCs0 f N
04 03 02 014 0004 03 02 01 00 040 0.35 0.30 0.25 0.20 0.5 0.10 -0.05 0.00 »hzo VO F
Potential (V vs. RHE) Potential (V vs. RHE)
(g) (h) (i)
50 1100
- < PO o]t NMSS + MoScA . NS,
= "\-MW“W- g s Crancie o + Coulomb Efficiency of NMS-5 =
=z =i > Z404 P by
€ . 2 . = 9004 s 100 %
ED - 5 S5 ] . 2
P 2 & 8009 “eesens 90.7% K
z 13 £3 = £ = = N % ¢ 304 § . . g
g e
£ 7004 * p———y
£ .l = é g,.‘,_s \ 4 v, S14% g o 2
s : —— 8 i D £
g »f 1690 mag't T < 520 \ o 8001 Smanlt il s
g . — e " 2 > \_/ GF-CNT@a-MoS, s h\ l 3
& [+ & 154 \, > cathode : 500 % 1. 8
- i & e
104 T T T T T T 400 4 T T T T . + 0
B P o 1 2 3 a4 5 & 7 0 500 1000 1500 2000 2500 3000
ycling number Runing time / Days Cycle number / n

FIG. 5. Electrochemical properties and applications of a-MoS;. (a) Schematic of HER process of a-MoS,. Reproduced with permission from Morales-Guio and Hu, Acc.
Chem. Res. 47, 2671 (2014). Copyright 2014 American Chemical Society. (b) The potential vs RHE as a function of time for MoS, with different phases. Inset shows the
atomic structure of a-MoS; clusters. Reproduced with permission from Wu et al., ChemSusChem 12, 4383 (2019). Copyright 2019 Wiley-VCH. (c) Cathodic polarization
results of different materials, including CB, MoS,-18, MoS,-18/CB, MoS,/CB-18, and 20% Pt/C. Reproduced with permission from Cao et al., J. Power Sources 347, 210
(2017). Copyright 2017 Elsevier. (d) The LSV polarization curves for both a-MoS,/CC and a-MoS,/Au/CC before and after 5000 cycles, respectively. Reproduced with per-
mission from Wang et al., Electrochim. Acta 258, 876 (2017). Copyright 2017 Elsevier. (e) Polarization curves of different catalysts, including Pt, Ni foil and Cu@Ni-
P@a-MoS,. Reproduced with permission from Ahn et al., Appl. Surf. Sci. 432, 183 (2018). Copyright 2018 Elsevier. (f) Left: Schematic of the working mechanism of
a-MoS,.—Cu,0 photocathode. Right: Photograph of the a-MoS,.—Cu,0O photocathode. Reproduced with permission from Morales-Guio et al., Nat. Commun. 5, 3059
(2014). Copyright 2014 Nature Publishing Group. (g) Long-term cycling performance of the electrode for both LIBs (up) and SIBs (down) at 1000 mA/g, respectively.
Reproduced with permission from Zhu et al., ACS Sustainable Chem. Eng. 5, 8025 (2017). Copyright 2017 American Chemical Society. (h) Discharging voltages as a func-
tion of running time for a flexible Li-O, battery under different states. Inset image shows the schematic of the flexible battery using GF-CNT@a-MoS, as the cathode.
Reproduced with permission from Song et al., Small Methods, 1900274 (2019). Copyright 2019 Wiley-VCH. (i) Long-term cycling performance of different materials, includ-

ing NisS4@a-MoS,, a-MoS,, and NizS, at 10 A/g. The inset shows the last ten cycles of Ni;S,@a-MoS,. Reproduced with permission from Zhang et al., Small 11, 3694
(2015). Copyright 2015 Wiley-VCH.

efficiently work under both acid and slightly normal conditions, lithium ion batteries (LIBs)."'” According to the results of electro-

which also exhibits remarkable PEC hydrogen evolution, demon-
strating a promising device for solar hydrogen production.

In addition to catalysts for HER, a-MoS, based materials also
found applications for energy storage thanks to their excellent elec-
trochemical properties.”*''”''® Recently, an amorphous composite
based on a-MoS,/MoOs/nitrogen-doped carbon (n-C) has been
fabricated as electrodes for both sodium ion batteries (SIBs) and

chemical cycling test, the discharge specific capacity of the 50th
cycle of LIBs based on a-MoS, composites is obtained as high as
1253.3 mAh/g under the current density of 100 mA/g, which is
almost fourfold greater than that of commercial graphite electrode
(372 mAh/g). Moreover, at the current density of 1000 mA/g, the
electrode can still attain 887.5 mAh/g after 350 cycles [Fig. 5(g)]. In
the same way, the electrochemical performance of SIBs with

J. Appl. Phys. 127, 220901 (2020); doi: 10.1063/1.5144626
Published under license by AIP Publishing.

127, 220901-9


https://aip.scitation.org/journal/jap

Journal of
Applied Physics

TABLE II. Summary of HER parameters of a-MoS, based electrochemical catalysts.

PERSPECTIVE scitation.org/journalljap

Catalyst Fabrication method Onset potential (mV) Tafel slope (mV dec™) jo (A cm™?) References
a-MoS, Electro-polymerization 150 40 0.13 121
a-MoS,/CB-18 Hydrothermal process 78 39 36 111
a-MoS,/CC Magnetron sputtering 177 58 e 90
a-MoS,/Au/CC PLD 132 48 1.7 92
Cu@Ni-P@a-MoS, Thermolysis 118.5 60.5 - 115
a-MoS,/Au ALD 165 47 0.027 67

a-MoS, composite as anode was characterized, exhibiting a large
discharge specific capacity of 538.7 mAh/g after 200 cycles at a
current density of 300 mA/g. For a long-term test at 1000 mA/g,
the a-MoS, SIBs can achieve a discharge specific capacity up to
339.9 mAh/g after 220 cycles. Interestingly, the Coulombic efficien-
cies of both LIBs and SIBs almost maintain 100% within the entire
long-term test, revealing an excellent long-term cycling stability
with the electrode of an a-MoS, composite [Fig. 5(g)]. Compared to
LIBs, Li-O, batteries (LOBs) are known for higher capacity but with
poorer cycling stability and suffer from the large voltage hysteresis
between charge and discharge.'”” Previous studies have shown that
the highly disordered MoS, nanoparticles could effectively improve
the oxygen reduction reaction (ORR) and oxygen evolution reaction
(OER) activities.'”” Considering this effect, Song et al. demonstrated
a new cathode material for LOBs, which is prepared by depositing
a-MoS, film on the 3D graphite foam supported carbon nanotube
substrate (GE-CNT@MoS,).”® The obtained LOBs not only exhibit
high capacity of 4844 mAh/g and high energy efficiency of 83%, but
also have a long-term cycle life up to 190. Both theoretical calcula-
tion and experimental results verify that the improved energy
storage performance ascribes to the increased active catalytic sites
from the non-crystalline structure of a-MoS,. Furthermore, thanks
to the outstanding flexibility of the GF-CNT@a-MoS, cathode, a
wearable Li-air battery (LAB) was demonstrated as shown in the
inset of Fig. 5(h). The discharging voltages of flat, roll, or crumple
states of LAB maintain nearly unchanged for more than six days
[Fig. 5(h)], suggesting that a-MoS, based composites could be a
potential candidate for flexible energy storage devices.

Different from rechargeable batteries, supercapacitors (SCs)
aim at electrical applications that require rapid charging/discharg-
ing rate rather than long-term storage.'”* Considering the high
electrical conductivity and electrochemical stability of a-MoS,,
Zhang et al. have synthesized a core/shell structure based on Ni;S,
and a-MoS, for SCs application by a facile hydrothermal
method.''® The size of the core and shell structure can be accu-
rately controlled by the ratios of precursors. The electrochemical
measurement shows that Ni;S,@a-MoS, electrode possesses a large
capacitance of 1440 F/g at a current density of 2 A/g, which is
much superior to those of Ni;S, nanoparticles and a-MoS, nano-
spheres (1226.5 F/g and 742.8 F/g at 2 A/g, respectively), exhibiting
an excellent performance as the electrodes of SCs. In addition, the
cycling performance of Ni;S,@a-MoS, preserves as high as 90.7%
specific capacitance after 3000 cycles while the Coulomb efficiency
is nearly 100% within the whole test, indicating good long-term
stability of SCs based on a-MoS, composites [Fig. 5(i)].

Besides the electrochemical applications, 2D a-MoS, has also
drawn a lot of interest for optoelectronic applications owing to its
unique structure and efficient light absorption.””'** Interestingly, a
lateral photovoltaic (LPV) effect was investigated in an a-MoS,/Si
junction prepared by the PLD method.'”> According to the results
of longitudinal I-V characterization, the a-MoS,/p-Si and a-MoS,/
n-Si junctions show different orientations in terms of breakover
voltages and built-in field, leading to tunable LPV performance. As
shown in Fig. 6(a), the LPV of both a-MoS,/p-Si and a-MoS,/n-Si
junctions exhibit good linear relationship on the position of illumi-
nation. Large positional sensitivities of 183 and 145 mV/mm were
obtained for a-MoS,/p-Si and a-MoS,/n-Si, respectively. The higher
sensitivity of a-MoS,/p-Si is attributed to the smaller recombina-
tion rate of photocarriers in p-Si compared to n-Si substrates. In
addition, a strong variation of time response of LPV was observed
between a-MoS,/p-Si and a-MoS,/n-Si as well [Figs. 6(b) and 6(c)].
The LPV relaxation time of a-MoS,/n-Si junction is obtained as
5.8 us, which is around threefold than that of p-Si based junction
(2.1us), exhibiting ultrafast relaxation of LPV. The wafer-scale
device and promising LPV performance enable a-MoS, based on
junction in favor of fast position-sensitive sensors.

Due to numerous defects, 2D a-MoS, has a narrow bandgap
of 0.196 eV, which makes it suitable for broadband photodetec-
tion.”” Recently, Huang et al. developed an a-MoS, based photo-
detector by the PVD method [Fig. 6(d)]. An ultrabroadband
photoresponse ranging from 473 to 2712 nm was observed [Fig. 6(e)],
which is much broader than those of traditional InGaAs
(800-1700 nm) and crystalline MoS, photodetectors (850-
1550 nm).””'*° With an increase in the wavelength, photoresponsivity
(R;) and detectivity (D*) of a 114.5 nm thick a-MoS, film show same
trend with achieving peak values of 16 mA/W and 1.26 x 107 Jones at
a wavelength of 520 nm, respectively. Moreover, the response time of
a-MoS, photodetector was obtained as 10 ms [Fig. 6(f)], which is
superior to that of 2D MoS, device even with encapsulation layer."””
The broadband photodetection of a-MoS, will widen its applications
in the field of optoelectronics for communication, imaging, and
sensor applications. In summary, the non-crystalline structure makes
2D a-MoS$, exhibiting outstanding electrochemical properties and dis-
tinctive optoelectronic performance. Considering the scalable,
low-cost, and facile fabrication methods, a-MoS, would be a potential
choice for future industrial applications.

C.a-BN

Owing to excellent insulating property and graphene-like
structure, 2D hexagonal BN has emerged as one of promising
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FIG. 6. Optoelectronic applications of a-MoS,. (a) The LPV of a-MoS,/p-Si and a-MoS,/n-Si as a function of illumination positions. The inset image shows schematic of a-MoS,/
Si junction. (b) and (c) The LPV of a-MoS,/n-Si and a-MoS,/p-Si junctions as a function of time. The inset shows the schematic circuits of the test. Reproduced with permission
from Hu et al., ACS Appl. Mater. Interfaces 9, 18362 (2017). Copyright 2017 American Chemical Society. (d) Schematic image of an a-MoS, photodetector under illumination of
infrared light. (€) The photoresponsivity and detectivity of a-MoS, photodetector as a function of wavelength. (f) Temporal response of a-MoS, photodetector at Vys=1V. The
obtained rise time is 10 ms. Reproduced with permission from Huang et al., ACS Appl. Electron. Mater. 1, 1314 (2019). Copyright 2019 American Chemical Society.
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dielectric substrates for 2D electronics.'**'** Compared to crystal-
line BN, the amorphous counterpart exhibits comparable dielectric
properties as well as mild synthesis temperature, which makes it
potential for flexible dielectric applications.'”” As discussed above,
ultrathin large-area a-BN films have been realized on various sub-
strates at low temperature (<200 °C) by PLD.”® The electrical and
dielectric properties of the films were characterized to test the
applicability of wafer-scale and device production. As shown
in Fig. 7(a), the a-BN film was utilized as an active resistor in an
electrical device with back-gated configuration. A dense and
uniform a-BN layer can be observed from the cross-sectional TEM
image of the device [Fig. 7(b)]. Along with an increase of film
thickness from 2 nm to 16.5 nm, the resistivity values are changed
from ~10°Qcm to ~3 x 10"*Q cm, which are near the expected
values of hexagonal BN ceramics.””' Moreover, the dielectric con-
stants as a function of frequency were measured for a-BN films
with different thicknesses. As shown in Fig. 7(c), the obtained
dielectric constants for 6.0 nm and 16.5 nm thick a-BN film are 5.2
and 6.5 at 1 kHz, respectively, which is almost twofold than that of
the CVD grown polycrystalline h-BN film."”* Meanwhile, the
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dielectric breakdown voltage is obtained as 9.1 MV/cm, demon-
strating a superior strength compared to traditional 2D dielec-
trics.'”” The excellent dielectric performance of the a-BN film may
result from its large electrical resistivity.

Recently, low-power resistive switching (RS) memory based on
2D materials have attracted much attention."”*'*> Thanks to the
promising insulating properties and high thermal conductivity,
a-BN films have been utilized to fabricate conductive bridging
random access memory (CBRAM) with improved resistive switch-
ing (RS) performance.'*® In this work, an a-BN layer was inserted
between Ag and Pt films, which serve as top and bottom electrodes,
respectively. Figure 7(d) presents the RS characteristics of a-BN
CBRAM devices in pristine states, which are in either low-
resistance state (LRS) or high resistance state (HRS) depending on
the thickness of the a-BN layer. The variation of film thickness
strongly influences the diffusion amount of Ag in a-BN, which
further leads to different initial resistance states. According to the
stability test, all 5.5 nm thick a-BN devices (M1) are in LRS thanks
to the large amount diffusion of Ag ions. On the other hand, the
reduced amount of diffused Ag in 21.5 nm thick a-BN films (M3)
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FIG. 7. Properties and applications of ultrathin a-BN films. (a) The resistivity of a-BN device as a function of thickness. Inset shows the pattern of electrode contacts and
the schematic of a-BN resistor. (b) Cross-sectional TEM image of a-BN device. (c) The characterization of dielectric constants of a-BN films with different thicknesses.
Reproduced with permission from Glavin et al., Adv. Funct. Mater. 26, 2640 (2016). Copyright 2016 Wiley-VCH. (d) RS behaviors of a-BN CBRAMs in pristine states. M1,
M2, and M3 samples are devices based on a-BN with thickness of 5.5, 11, and 21.5 nm, respectively. (e) Statistic bars of RS performance as a function of thickness of
a-BN. Reproduced with permission from Jeon et al., ACS Appl. Mater. Interfaces 11, 23329 (2019). Copyright 2019 American Chemical Society. (f) The plot of J-E of
a-BN film before and after annealing. Inset shows the enlarged curve of annealing film. Reproduced with permission from Li et al., J. Alloys Compd. 705, 734 (2017).
Copyright 2017 Elsevier. (g) The normalized mobility of FETs based on a-BN covered and uncovered MoTe, as a function of heating time at 100 °C in ambient. Inset
shows the schematic image of a-BN protected MoTe, FET. Reproduced with permission from Sirota et al., Sci. Rep. 8, 8668 (2018). Copyright 2018 Nature Publishing

Group.
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leads to HRS in every M3 device [Fig. 7(e)]. In addition to the
initial states, further RS characteristics show bipolar switching
behavior with RESET at negative bias and SET at positive bias,
respectively. The current switching ratio has been found apprecia-
bly enlarged along with increasing of a-BN thickness. This work
suggests that a-BN CBRAM is programmable for films with appro-
priate thickness.

Because of the wide bandgap, 2D BN has also been consid-
ered for the application of FE source due to the negative electron
affinity (NEA)."”” Recently, the FE properties were investigated
in ultrathin a-BN films prepared by PECVD.” As shown in
Fig. 7(f), the FE current density of an a-BN film before annealing
is more than two orders higher compared to the annealed film,
indicating that highly disordered BN has better FE performance
than that of the crystalline phase. According to the measurement
results, the current density of non-annealed a-BN film achieves
12 mA/cm* when the applied field is only 0.75 V/um, and the
turn-on field, which is defined as the minimum demand field to
generate 1uA/cm?, is extracted as low as ~0.5 V/um. The excel-
lent FE performance of a-BN films is attributed to its unique
mixed amorphous structure embedded with nanocrystals, which
results in the efficient electron step-transport in various energy
states and multi-channel transportation of carriers at the boun-
dary between nanocrystals and a-BN.

Besides the above applications, a-BN is also favorable to be
used as a passivation layer for other 2D materials, which could
effectively protect the ultrathin 2D layers from the chemical oxi-
dation and optimize the device performance.®”'*® A representa-
tive work is conducted by Sirota and co-workers, demonstrating
that the durability of MoTe, FET was significantly improved by
a 10 nm thick a-BN film prepared by PLD."*® As shown in Fig. 7(g),
the normalized mobility of both a-BN capped and uncapped
MoTe, FETs decrease with flowing time after the devices heating
to 100 °C in air. The mobility of uncovered device shows a higher
decreasing speed in comparison with that of a-BN/MoTe,, reveal-
ing that integration with a-BN film could effectively preserve
the electronic performance under high temperature. Meanwhile,
it should be noticed that the mobility of uncapped MoTe, FET
is too small to be detected after 30 min. On the other hand,
a-BN/MoTe, device could maintain a long-term performance
over 60 min, which verifies an optimized durability with the
protection of an a-BN film.

D. a-BP

The research interest in phosphorene is continuously
growing since its first isolation from bulk BP in 2014.">* Thanks to
its layered structure, crystalline BP shows tunable direct bandgaps
from 0.3eV to ~2.0eV and can just bridge the gap between gra-
phene and 2D MoS,,'* which makes it favorable for broadband
nano-optoelectronic devices in infrared region.'**'*’ Similar to crys-
talline 2D BP, the PLD grown highly disordered BP thin films also
possess thickness dependent bandgaps.”® As shown in Fig. 8(a), the
optical bandgap of a 2nm thick a-BP thin film is around 0.8 eV
according to the photoluminescence (PL) spectrum. Meanwhile, the
optical absorption spectrum indicates that the estimated bandgaps
of an 8 nm thick a-BP film are in a range from 0.21 eV to 0.26 eV.
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Thus, along with the thickness increasing from 2 nm to 8 nm, the
bandgaps of a-BP thin films are significantly reduced, which is con-
sistent with the variation tendency of crystalline 2D BP.'*"»'**

Besides the optical properties, the photocarrier dynamics of
a-BP thin films have also been studied by Zhao et al in collabora-
tion with our team.””>'*’ The transient reflection measurements
were carried out on a 2 nm film by an ultrafast pump-probe spec-
troscopy system. According to Fig. 8(b), the differential reflection
signals rapidly increase to the peak value within 1 ps delay time as
a typical thermalization process and then exponentially decrease
to a saturated level. The lifetime of a BP exciton (~400 + 20 ps)
can be extracted from the double exponential fitting of the decay
process. Furthermore, the transport properties of BP excitons
were studied by a spatially resolved differential reflection mea-
surement [Fig. 8(c)]. The 2D diffusion of the excitons can be
clearly observed. The Gaussian function is applied to fit the
transport signal of a-BP excitons, resulting in the diffusion coeffi-
cient of ~5.3+0.5cm’s™", which is much superior to other
amorphous semiconductors. The long lifetime and large diffusion
coefficient confirm good charge transport properties in ultrathin
a-BP thin films.

Moreover, a 2D heterostructure was constructed based on an
a-BP thin film and monolayer WS, to investigate the interlayer
charge transfer process.'*’ Integration of materials with different
crystalline structures could give rise to some novel properties and
expand the application scope. The charge or energy transfer from
the WS, layer to a-BP in the heterostructure is evidenced by the sig-
nificant quenching of a WS, PL signal. To further clarify the mecha-
nism, the photocarrier dynamics of the heterostructure were studied
by a transient reflection measurement. As shown in Fig. 8(d), no
signal is observed for a-BP film since the probe photon energy is
much larger than its bandgap. At the same time, the differential
reflection signal of the WS,/a-BP heterostructure is much smaller
and decays at a slower rate than that of a sole WS, nanosheet, verify-
ing that holes can effectively transferred from a monolayer WS, to
an a-BP film with an ultrafast time scale (<100 fs). Further study also
rules out the possibility of electron transfer at the interface owing to
the localized electronic states in an a-BP film. The results validate
that electrical connections can be constructed between a-BP and
other 2D materials.

In the field of electronics, a large-area 2D a-BP film has
been fabricated into FET based on the back-gate configuration.”®
Ohmic contact is achieved at the interface of electrode/a-BP. As
shown in Fig. 8(e), a typical p-type semiconducting behavior
can be observed from the transfer curve of a-BP FET. The
field-effect mobility and on/off ratio are extracted from the I4-
V, curve as high as 14cm®V™'s™! and 107, respectively. The
mobility of a-BP FET is much superior to those of other ultra-
thin amorphous films. Moreover, similar to crystalline BP,' 8¢
the transport properties of a-BP can be modulated by the film
thickness. Along with thickening of a-BP film from 2 to 10 nm,
the mobility gradually increases from 14 to ~10*>cm>V~'s™!
while the switching ratio is significantly reduced around two
orders owing to the screening effect and decreasing of the
bandgaps [Fig. 8(f)]. Considering the large-scale, sizable bandg-
aps and high mobility, the a-BP film could be a potential candi-
date for high-performance electronic devices.
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FIG. 8. Properties characterization and device demonstration of an a-BP film. (a) Photoluminescence spectrum of an ultrathin a-BP film with an excitation of 980 nm laser.
(b) Differential reflection curve of 2 nm thick a-BP film excited by laser pulses with different pump fluences. (c) The spatiotemporal differential reflection signals obtained
from a 2 nm thick a-BP film, presenting the diffusion profile of the excitons. Reproduced with permission from Bellus et al., 2D Mater. 4, 025063 (2017). Copyright 2017
IOP Publishing. (d) The differential reflection signals obtained from monolayer WS,, a-BP, and WS,/a-BP heterostructures, respectively. The blank square symbols show
the magnified signal for better comparison. The inset curve shows the signal of early delay time. Reproduced with permission from Bellus et al., Nanoscale Horiz. 4, 236
(2019). Copyright 2019 The Royal Society of Chemistry. (e) The lys-V curve of a-BP FET, exhibiting the transport properties of an a-BP film. The inset image shows the
optical image of electrode pattern. (f) The field-effect mobility and on/off ratio of a-BP FET as a function of film thickness. Reproduced with permission from Yang et al.,
Adv. Mater. 27, 3748 (2015). Copyright 2015 Wiley-VCH.

IV. ADVANTAGES AND MECHANISM OF 2D number of active sites and transport paths of charge carriers.
AMORPHOUS MATERIALS Meanwhile, amorphous materials can be grown at a relatively low
temperature and the cost is lower than those crystalline films,
which make them favorable to industrial applications.

By introducing atomic disorder into the configuration of 2D
materials, 2D amorphous materials combine the advantages from

Ever since the discovery of graphene, 2D layered materials
have drawn much attention because of their remarkable properties,
especially for the crystalline ones. However, the recent works have
shown that the non-crystalline counterparts cannot be neglected

since they possess their own featured properties and application both the non-crystalline feature and ultrathin 2D structure, resulting
scope.”” Due to short of long-range atomic order, amorphous in distinct properties. As shown in Table III, because of the abun-
materials have more defects and impurities, which provide a large dant active sites and large surface area, 2D amorphous materials,

TABLE lll. Summary of featured properties and applications of amorphous 2D inorganic materials.

Materials Featured Properties Applications References
a-graphene Over 80% optical transmittance in 200-1000 nm, Transparent electronic devices, TO nanofluids, 42, 58, and
insulating behavior, high surface area field emitter 106
a-MoS, Highly intrinsic activity, outstanding electrochemical HER, sodium and lithium ion batteries, 37, 68, 92,
property, good light absorption ability, narrow bandgap photovoltaic devices, broadband photodetector and 125
a-BN Good dielectric properties, wide bandgap CBRAM, FE devices, passivation layer 46, 136, and
138
a-BP Tunable bandgap, good electrical properties Flexible electronic devices 38
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such as a-MoS$,, are desirable for catalysts and energy storage appli-
cations. The defects could also depress the optical bandgaps of
materials, which enables 2D amorphous materials applicable for
broadband photodetection applications. Moreover, 2D amorphous
materials usually have excellent mechanical properties and high
transparency benefited from the ultrathin thickness, making them
become potential candidates for flexible transparent devices.
Furthermore, since 2D amorphous materials have a similar atomic
structure to the crystalline counterpart but with randomly distribu-
ted stacks, they could also preserve several outstanding properties.
For instance, a-BP nanosheets can not only be grown in large-area
at low temperature but also exhibit tunable optical bandgaps and
large carrier mobility, which is similar to phosphorene. These attrac-
tive features endow them with great potential for developing flexible
electronic devices. To sum up, the unique structure and novel prop-
erties enable 2D amorphous materials to act as a significant comple-
mentary of their crystalline counterparts.

V. CONCLUSION AND OUTLOOK

The advances of research studies on 2D materials have moti-
vated extensive explorations to investigate the properties and poten-
tial applications of amorphous 2D materials. The short-range atomic
order and 2D structure enable amorphous 2D materials to exhibit
distinctive features relative to the crystalline phase. In this perspec-
tive, the recent progress of 2D amorphous inorganic materials,
including a-graphene, a-MoS,, a-BN, and a-BP has been overviewed
in terms of synthesis, properties, and applications. First, the mecha-
nism and structural characterizations of amorphous inorganic 2D
materials prepared by either the CVD or PVD method have been
summarized, illustrating that the scalable growth can be realized with
low cost and facile fabrication conditions. Furthermore, the proper-
ties and proof-of-concept applications based on typical amorphous
2D materials are illustrated. Not only preserving some characteristics
of crystalline counterpart, amorphous 2D materials also possess
more active sites and easy transfer tunnels for electrons thanks to
their non-crystalline structure and modified bandgap, which make
them favorable for catalysis, energy storage, electronic, and optoelec-
tronic applications. Additionally, the high stability in ambient and
good dielectric properties suggest that this group of materials may
serve as encapsulating layers for the ultrathin 2D candidates.

Currently, the research on amorphous 2D materials is still in
the early stage relative to crystal ones. There are many issues of
challenges and opportunities available to expand the properties
and potential applications of amorphous 2D family. We select
some of them as follows.

1. Over the past 10 years, hundreds of 2D layered materials have
been discovered. In comparison with crystalline counterparts, the
number of reported amorphous 2D materials is quite few.
According to the previous discussion, it is known that CVD and
PVD are two common methods to synthesize high quality 2D
material, which make it possible to achieve the amorphous 2D
material not yet discovered. Besides, the study on heterostructures
of amorphous 2D materials is rarely reported so far. Continuous
research should be carried out to create new heterostructures
based on different 2D materials with either crystalline or amor-
phous structure, which may give rise to some unprecedented
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properties, such as distinct carrier transport and exciton behaviors
in the novel heterostructures.

2. The mechanisms of synthesizing amorphous 2D materials are
not very clear yet. Unlike crystalline materials, the growth of
amorphous materials is not constrained by lattice mismatch.
Thus, the reason for the formation of a 2D structure is not well
understood. Up to now, relevant research is restricted for lack of
the theoretical model to fully understand the amorphous 2D
materials. More efforts should be made to investigate the growth
mechanism both experimentally and theoretically in the future.
Moreover, during the fabrication of amorphous 2D materials,
nano-crystals and clusters with uncontrollable size and topology
may be formed, which largely affect the properties of products.
The principles to block the nucleation should be further
explored.

3. The application scope of amorphous 2D family is still narrow
relative to crystalline 2D materials. At present, many studies are
mainly focused on the catalysis and energy storage applications
by considering the amorphous structure. According to the
above discussion, amorphous 2D materials possess numerous
characteristics, which could drive the development of new appli-
cations. For instance, the tunable bandgaps, high uniformity,
and large area suggest that a-BP could be utilized in the opto-
electronic applications. Meanwhile, the expansion of amorphous
2D group and development of heterostructure will also broaden
the application range.

The rise of amorphous 2D materials starts a new research area as
an indispensable complement for 2D studies. Considering the facile
fabrication conditions and low cost, it is foreseen that further
advances in the synthesis and device demonstration of amorphous
2D materials and their heterostructure would potentially lead to
practical devices in the future.
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