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= As a member of transition metal dichalcogenides (TMDs) family, two-dimensional (2D) hafnium
3 disulphide (HfS,) has attracted significant interest because of its excellent properties, including
reasonable bandgap, ultrahigh room-temperature mobility and sheet current density, and definite
chemical stability, which make 2D HfS, a potential candidate material for future electronic and or
optoelectronic devices. This review mainly focuses on the recent progress in the properties, synthe-
sis and applications of 2D HfS,. Following a brief introduction on the structure of HfS,, we present its
bandgap and electrical properties, as well as chemical stability. Up to now, analogously.to what has
been implemented for graphene, various synthesis techniques, such as mechanical exfoliation and
chemical vapor deposition (CVD), have been developed to prepare ultrathin 2D HfS, layers, and the
advantages and limitations of each method are presented along with addition of personal insights.
Meanwhile, diverse characterization methods of 2D HfS, are listed and discussed, which are quite
useful for uncovering the correlations between structures and properties. Then, we thoroughly illus-
trate the existing and potential applications of 2D HfS,, especially focusing on the field of field-effect
transistors, photodetectors and phototransistors. Finally, current status and future prospects for this
emerging material are discussed.
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1. INTRODUCTION

Inspired by the discovery of mechanically exfoliated gra-
Phene in 2004." research on ultrathin two-dimensional (2D)
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2D TMDs are usually denoted as MX,, where M is
a transition metal (Mo, W, Hf, and so on) and X is
a chalcogen (group VIA: S, Se, Te). Transition metals
ranging from group IVB to group VIIB have differ-
ent numbers of d electrons, which fill up the non-
bonding d bands to different levels, resulting in varied
electronic properties including insulating, semiconducting,
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metallic, and superconducting.’’?? Recently, TMDs, as an
important and abundant class of 2D layered materials,
have attracted tremendous attention owning to their ulti-
mate body thickness, sizable and tunable band gap, and
decent theoretical room-temperature mobility. These infu-
sive properties have created unprecedented opportunities
to open up new fundamental research and technological
innovation.

As a member of the group IVB TMDs family,
hafnium disulphide (HfS,) is theoretically predicted to
have many interesting properties,”®" including ultrahigh
room-temperature mobility®® and sheet current density,
which is suitable for the applications of transistors,”>™
photodetectors®*7 and photocatalyst,*”- 7% especially cater-
ing to circuits requiring low stand-by power in the future.
However, to our knowledge, even motivated by the rapid
progress in the field of layered TMDs, there exists no
review article on 2D HfS,. Therefore, we wish to address
the gap in the literature by conducting a comprehensive
review of the HfS,.
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In this tutorial review, we aim to introduce the recep
progress in the properties, synthesis and applications of lIJ
HIS,. Firstly, we will give a brief summary of the exce|. s

lent properties of 2D HfS,. Then we will discuss var.
ious approaches for the synthesis of 2D HIS,. Similap
to the well-known techniques utilized for the growth of
graphene, some methods have been employed to synthe-
size 2D HIS, crystal. Meanwhile, the diverse character-
ization approaches of 2D HIS, will be presented. After
that, we will thoroughly illustrate the existing and potentia]
applications of 2D HIfS, in the electronics and optoelec-
tronics. In the end, we will give some personal insights
into the current challenges and future opportunities in thig
promising field.

2. PROPERTIES OF 2D HfS,

2D HfS, exhibits a unique combination of advantageous
properties, including reasonable bandgap. excellent carrier
mobility, high sheet current density. and definite chem-
ical stability. These unique properties make 2D HfS, a
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promising candidate for a rich variety of applications.
. In this section, the structure and various properties will be
described in detail.

2.1. Structure

TMDs share a similar layered structure of the form
X-M-X, with the chalcogen atoms in two hexagonal
planes separated by a plane of metal atoms.’” It should
be pointed out that a single layer X—M-X exhibits only
two polymorphs: trigonal prismatic (1H) and octahedral
(1T) phases.” The former belongs to the Dy, point group,
whereas the latter belongs to the Dy group. The adja-
cent strongly bonded layers are held together by weak van
der Waals interactions to form the bulk crystal in a vari-
ety of polytypes: 2H (hexagonal symmetry, two layers per
~ repeat unit, trigonal prismatic coordination), 3R (rhom-
. bohedral symmetry, three layers per repeat unit, trigonal
3 ,;- prismatic coordination) and 1T (tetragonal symmetry, one
a Jayer per repeat unit, octahedral coordination),”” as shown
“in Figure 1(a).

HfS, layered crystals have the Cdl,-type structure
- (IT structure) with the corresponding space group
~ P-3m/.”” Halnium atoms are octahedrally coordinated by
'_ six sulfur atoms, and the second sulfur atomic layer is
~ rotated by 60° with respect to the first S layer in the
S-Hf-S sandwich structure (Figs. 1(b and ¢)). Therefore,

- 031012 2017). © 2017, 10P Publishing.
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the lattice constant ¢ is spanned by only one sandwich
layer, and the crystal parameters are a = b = 3.63 A and
¢=15.85 A% As van der Waals packed layered material,
ultrathin HfS, can be prepared by mechanical exfoliation
from bulk single crystals, thus providing the possibility to
explore the physical properties at the 2D monolayer limit.

2.2. Bandgap

Regarding the electronic and optoelectronic applications,
bandgap is one of the most important parameters in any
2D semiconductors. To address the promising properties
of 2D HfS,, first-principles calculations have been widely
performed to study its electronic band structures. The elec-
tronic structures of monolayer HfS, through density func-
tional theory (DFT) suggest that the highly anisotropic
conduction band (CB) with its minimum located at the
M point, and the calculated indirect bandgap of HfS,
is 1.13 eV.”¢ In addition, Zhao et al. predicted that the
indirect bandgap of monolayered HfS, is 1.29 eV via
Perdew-Burke-Ernzerhof (PBE) hybrid functional meth-
ods, whereas Rasmussen et al. showed that the indirect
bandgap of freestanding HfS, monolayer is 2.98 eV by
using the local density approximation (LDA) and G W,
calculations.”™ The difference from aforementioned cal-
culated bandgaps for HfS, layer may result from the dif-
ferent pseudo potentials and ground state structures used

Figum 1 (a) Schematics of the structural polytypes: 2H, 3R and IT. (b) Side and (c) top views of the hexagonal structure of HIS,. Reprinted with
- Permission from [37]. Q. H. Wang, et al., Nat. Nanotechnol. 7, 699 (2012). © 2012, Nature Publishing Group; From [86]. D. G. Wang, et al.. 2D Mater:

7321



Recent Advances in Properties. Synthesis and Applications of Two-Dimensional HfS, Wang et q

Energy (eV)

== 3nm
- L1 am

(b) — o

Near-Infrared

Intensity (a.u.)

Intensity (a.u.)

1.4 1.6 1.8
Energy (eV)
(c) — HIS, on SiO /Si
— Si0,/Si =
&
@
(¥
=
5]
-e 20 22 24 26 28
5 Photon energy (eV)
w
s
=<
560 580 600 620 640 660 680 700 400 500 600 700 800

Wavelength (nm)

Wavelength (nm)

Figure 2. (a) The top of valence band and bottom of conduction band of mono-, bi-, tri-. quad-layer and bulk HfS,. PL spectra of HfS, layers on
(b) mica and (c) SiO,/Si substrates, respectively. (d) UV-vis absorption spectrum of the HfS, flakes on mica. The inset shows the fitting curve for
obtaining the bandgap. Reprinted with permission from [85], B. Zheng. et al., 2D Mater: 3. 035024 (2016). © 2016. IOP Publishing: From [82]. L. Fu,

et al., Adv. Mater. 29, 1700439 (2017). © 2017, Wiley-VCH; From [87]. C. Yan. et al., Adv. Funct. Mater. 27, 1702918 (2017). © 2017, Wiley-VCH.

for the calculations. The calculated electronic structures of
mono-, bi-, tri-, quad-layer and bulk HfS, are represented
in Figure 2(a).% Tt is found that the direct excitonic tran-
sitions occur at I point and the indirect from I" point to
M point. With decreasing layer thickness, both direct and
indirect bandgaps become larger, from 2.7 eV to 3.0 eV
and 1.7 eV 10 2.3 eV, respectively, suggesting that the few-
layered HfS, with different thicknesses will broaden the
absorption range. The strong absorption based on direct
and indirect transitions implies potential applications of
HIfS, layer in optoelectronic devices.

Bandgap of HfS, can also be experimentally obtained
via photoluminescence (PL) spectroscopy. As can be seen
from the PL spectra of HfS, flakes synthesized on mica
substrates (Fig. 2(b)). the near-bandgap emission of HfS,
is located at around 1.43 ¢V.#> To eliminate the interfer-
ence of the strong fluorescence peak from mica, Yan et al.
transferred the HfS, layers from mica to Si0,/Si substrate
via the dry-transfer approach.®” As shown in Figure 2(c),
the upper line displays the PL spectrum of the HfS, flake
with a primary peak at 580 nm (2.07 eV) and two weak
peaks at 590 nm and 640 nm. The primary peak corre-
sponds to the near-bandgap emission of HfS,, whereas
the two weak peaks are most likely associated with the
defect-related emission. Additionally, the PL spectrum of
HfS, measured on c-sapphire substrate by Wang et al.
displays two entirely different peaks: a primary peak at
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470 nm (2.64 eV) attributed to the near-bandgap emission, |

and a shoulder peak at 490 nm (2.53 e¢V) most likely asso-
ciated with the defect-related emission.®

UV-vis absorption spectroscopy is another concise and
effective method for investigating the intrinsic optical
bandgap of ultrathin 2D materials. Figure 2(d) shows
the UV-vis absorption spectrum of HIS, layers on the
highly transparent mica substrate measured by Yan et al ¥’
An obvious absorption edge at 450 nm can be observed
in the UV-vis absorption spectrum, indicating the pres-
ence of an optical bandgap. As a typical indirect bandgap
semiconductor, the optical bandgap of HfS, layer is esti-
mated to be about 2.0 eV based on the Tauc’s relation-
ship. In addition, Wang et al. demonstrated the UV-vis
absorption spectrum of HfS, on c-sapphire substrate. and

the corresponding bandgap is estimated to be 2.67 eV,

close to their PL results.®® To an extent, the discrepant PL
and UV-vis absorption behaviors of 2D HfS, on different
substrates may be mainly related to the indirect bandgap
characteristics of HfS,, and bandgap variations of HfS, by
strain engineering.

2.3. Electrical Properties

Due to the very low measured conductivity of HIS, com-
pared with that of MoS,, HfS, was previously consid-
ered as a semi-insulating material. %% However, in

recent studies, apart from the sizable bandgap, some

J. Nanosci. Nanotechnol. 18, 7319~7334, 2018
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(a) The acoustic phonon-limited electron mobilities as a function of energy bandgap. (b) Simulated sheet current density in abrupt TMDs
junctions versus junction electric field. The dashed line refers to the /,, required for low-power (LP) applications for ITRS 2018. (¢) OM (top) and
AFM (bottom) images of exfoliated HfS, layers with time variation. Scale bar is 10 wm. Reprinted with permission from [79], T..Kanazawa, et al.,
22277 (2016). © 2016, Nature Publishing Group; From [65]. G. Fiori, et al.. Nat. Nanotechnol. 9, 768 (2014). © 2014, Nature Publishing

Group: From [78]. S. H. Chae, et al., ACS Nano 10, 1309 (2016). © 2016, American Chemical Society.

charming electrical properties of single-layered HfS, have
been theoretically predicted, including excellent carrier
mobility and ultrahigh computed sheet currents density.
Zhang and co-workers performed the electronic calcula-
tions of IT type materials, and found that the phonon
limited mobility is inescapably influenced by three param-
eters: the sound velocity, the electron—phonon coupling
constant, and the electron effective mass.®* In order to
rapidly screen out the materials with high performance,
mobility limited by the long wave acoustic phonons are
listed in the Figure 3(a). Compared with the other 2D
TMDs. HfS, shows a large upper bound of acoustic lim-
ited mobility over 1800 cm® V~' s7', and this value is
even five times larger than that of the well-studied MoS,
(340 cm? V-' s71). Although several reports concerning
the carrier mobility of MoS, suggested the existence of
several other scattering mechanisms,*® %! the compari-
Son of mobilities in TMDs using the uniform calculation
method will aptly represent the relative trend among these
mobilities.

The compelling demand for higher performance and
lower power consumption in electronic systems is the
main driving force for the development of next-generation
devices and or architectures based on new materials. Thus,
Fiori et al. focused on the challenges of using 2D materi-
als for future digital electronics.% It is found that internal
fields greatly exceeding the limits of bulk tunnel junc-
tions are feasible, allowing much higher current densities.

J. Nanosci. Nanotechnol. 18, 7319-7334, 2018

The computed tunnel current densities for TMDs homo-
Junctions are plotted against electric field for a wide range
of TMDs in Figure 3(b). As can be seen from Figure 3(b),
HIS, based tunneling field-effect transistors (FETs) have
a sheet current density of up to 650 pA um~' (almost
85 times higher than that of MoS,), appealing for the
application of low-power devices. Additionally, large elec-
tron affinity of HfS, has a possibility to achieve low con-
tact resistance for n-type carrier transport because of basic
principle of the contact formation between semiconduc-
tors and metals.”” Overall, the above-mentioned superior
electronic properties lead layered HIS, to have tremendous
potential for electronic and optoelectronic applications in
the future.

2.4. Chemical Stability

A surface sensitivity study performed on different TMDs
in air is quite a significant work to understand which
material 1s the most stable and suitable for application
under ambient conditions. Mirabelli et al. reported a
systematic research of HfS, and other TMDs surfaces
in air.® The change of surface features is represented
by atomic force microscopy (AFM) and scanning elec-
tron microscopy (SEM) measurements. Notably, after five
months of air exposure, the typical terraced structure of
HIfS, layers is obvious, which is related to the layered
structure of the material itself. In addition, th¢ morphology
of HIfS, appears to be quite uniform with no additional
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visible blisters or surface change, and the root-mean-
square (RMS) roughness is significantly lower than that of
other TMDs during the period of study. implying the good
air stability of HfS, crystal. Lee and co-workers exposed
exfoliated HIS, layers to air for a given time 10 investi-
gate their oxidation effect and degradation.” Figure 3(c)
shows the corresponding optical microscopy (OM) (top
panel) and AFM images (bottom panel) for the morpho-
logical change of the exfoliated HfS, layers transferred
onto SiO,/Si substrate. After a few hours in the air, the
thickness of HfS, increases gradually, while the surface
reveals the presence of small bubbles simultaneously. Fur-
ther analysis via Raman spectra and transmission electron
microscopy (TEM) confirms that Hf atoms react with oxy-
gen molecules and form nearly polycrystalline HfO, to
increase its thickness, which strongly implies that the HfS,
layer is easily oxidized under ambient conditions. These
completely contradictory results on the stability of HfS,
layers may result from the different humidity in the exper-
imental study, because of the oxidation occurring more
severely with humidity. Hence, the more accurate and sys-
tematic research related to the chemical stability of HfS,
should be carried out, which will promote practical appli-
cations of HfS,.

3. SYNTHESIS AND CHARACTERIZATIONS
OF 2D HfS,

Generally speaking, the diverse markets of 2D HIS, layer
are essentially driven by progress in the preparation of
ultrathin HfS, layers with desired high crystal qualities
and uniform properties, which are quite important for
translating their excellent electronic and optical proper-
ties into practical applications. Theoretically, analogously
to what has been accomplished for graphene,' there are
probably a dozen methods can be used for preparing 2D
HIS, with various dimensions, shapes and quality. Here
we concentrate only on the two existing top-down mechan-
ical exfoliation and bottom-up chemical vapor deposition
(CVD) strategies for synthesizing ultrathin HIS, layers,
and the advantages and limitations of each method are dis-
cussed along with addition of personal insights. After that.
we introduce the diverse techniques that have been widely
employed for characterizing ultrathin 2D HIS, layers.

3.1. Mechanical Exfoliation

The mechanical exfoliation technique is a conventional
method to fabricate thin flakes from layered bulk crystals
by using Scotch tape, which is firstly adopted by Geim and
co-workers to obtain single layer graphene' and has been
extended to other layered van der Waals materials such
as black phosphorus,'' h-BN?? and TMDs.* The original
idea of this technique is to apply mechanical force via
Scotch tape to break the weak van der Waals interaction
between the layers of bulk crystals without destroying the
in-plane covalent bonds of each layer, hence peeling off
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Figure 4. (a) Single crystal piece of HfS,. (b) OM image and AFM

profiles of HfS, layers on Al,O,. and the inset shows the corresponding
AFM height image. (¢) Raman spectrum of the exfoliated HfS, layer
on SiO,/Si substrate. (d) HRTEM and SAED pattern (inset) images,
Reprinted with permission from [79], T. Kanazawa, et al.. Sci. Rep.’
6. 22277 (2016). © 2016, Nature Publishing Group: From [75]. K. Xu,
et al., Adv. Mater. 27, 7881 (2015). © 2015, Wiley-VCH.

single- or few-layered 2D crystals. Theoretically speaking,
this technique is capable of producing all kinds of ultrathin
2D materials whose bulk crystals are layered compounds. -

In a typical process, the bulk material (HfS, crystal, E
shown in Fig. 4(a)) is first attached to the adhesive on L
the Scotch tape and then peeled into a thin flake by using
another adhesive surface. This process can be repeated
again and again in order to obtain an appropriately thin
flake. After that, the freshly cleaved thin HfS, flake on
the Scotch tape is attached to a clean, flat target substrate
(e.g.. Al,O5 substrate) under gentle pressure, and then the
Scotch tape is peeled off from the substrate slowly. Finally,
the ultrathin single- or few-layered HfS, nanoflakes left
over on the substrate can be observed and identified by
an OM when the suitable substrate are used. Figure 4(b)
shows the OM and the corresponding AFM (inset) images
of exfoliated HfS, flakes on Al,O5 substrate with cut line
profiles.” Due to the narrow bandgap, several layers of
HfS, are clearly observable by the OM, and the thick-
nesses could be easily identified by the color of the flakes,
as reported in graphene®” and MoS,.” As extracted from
the height profiles (Fig. 4(b)), the steps between the dif- |
ferent contrast layers in the inset AFM image are approx-
imately 0.7 nm and 1.4 nm, appearing to be single and
double atomic steps, respectively. Mechanical exfoliation ’
technique can be categorized as a nondestructive method
because neither chemicals nor chemical reactions are nec-
essary during the fabrication process. Therefore, the exfo-
liated single- or few-layered HfS, nanoflakes keep the
“perfect” crystal quality, normally defined as pristine, from -
their layered bulk crystals.”* The Raman spectrum of the
thin exfoliated HfS, layers on the SiO,/Si substrate mea- -
sured by Kanazawa et al.” is represented in Figure 4(c)-

J. Nanosci. Nanotechnol. 18, 7319-7334. 2018
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be seen from the Raman region, a primary peak
at the Raman shift of approximately 337 cm™,
" which is consistent with the aforem.entloned Ay, ﬁrst—ordelr
| mode of bulk HFS, crystal. Satellite peaks at 260 cm™
nd 321 cm~ ! are also obtameq clearly, conS!dercq as the
E.and E, (LO) modes, respectively. These results indicate
B mgat the thin HfS, layers with well-aligned atoms remained
intact after exfoliation process. Figure 4(d) dlSpl{lyS a typ-
‘vical high resolution TEM (HRTEM) image of the thin
' exfoliated HfS, flake.”™ The measured lattice fringes are
~0.31 nm, corresponding to the (10-10) plane of 1T phase
HfS,. The selective area electron diffraction (SAED) pat-
1efn: as shown in the inset of Figure 4(d), clearly reveals
the hexagonal symmetry, and the sharp diffraction spots
arther indicate the high-quality crystalline structure of
the exfoliated HfS, flake. All characterizations clarify that
ultrathin 2D HIS, material prepared via mechanical exfo-
Jiation technique remain in the same crystal structures as
their bulk crystals and contain excellent crystal quality
with minimum defects.

~ QOverall, the mechanical exfoliation technique possesses
many advantages, such as high crystal quality, clean sur-
~face, and excellent operability, which make the mechani-
sleaved ultrathin 2D HfS, compelling candidate for
~ the fundamental research of the intrinsic mechanical, opti-
cal and electrical properties, as well as the demonstra-
tion of high performance electronic and or optoelectronic
devices. However, there are still several important draw-
backs that restrict its practical applications in its current
form. First, ultrathin layers obtained by mechanical exfoli-
ation are in a great minority among accompanying thicker
flakes, making the production rate and yield of this tech-
nique are quite low. Consequently, this technique cannot
meet the demands of various actual applications for which
; large amounts of materials are required. Second, the shape,
- the size, and the thickness of the prepared ultrathin 2D
HIS, Tayers are difficult to control because the exfolia-
tion process is operated artificially by hands, which lack
the controllability, repeatability, and precision. Lastly, this
technique is only applicable to materials for which large,
layered crystals are available.

~ As can
appears

3.2. Chemical Vapor Deposition
Over the past decade, CVD technique has been continu-
~ Ously developed and recognized as a reliable and power-
- ful method for preparing a large number of ultrathin 2D
- Materials.* Initially, amorphous SiO,/Si substrates are uti-
!iZCd for TMDs synthesis due to their excellent compatibil-
ity with Si-based electronics.”® Recently, HfS, nanosheets
have been grown on SiO,/Si substrate using hafnium chlo-
ride (HfCl,) and sulfur powders as the reactants via CVD
method by Chen and co-workers.® Typically, the cleaned
SI0,/Si substrates are loaded into the CVD system with
Wo independently controlled temperature zones, as illus-
ated in Figure 5(a), and placed at the downstream heat-
g zone of the furnace. Two crucibles containing HfCI,

J. Nanosci. Nanotechnol. 18, 7319-7334, 2018

Substrate

(a) S pieces

HfCl, powders

Figure 5. (a) Schematic illustration of CVD synthesis of HfS, on sub-
strate in a two zone furnace. (b) SEM image of the vertically oriented
HfS, nanosheets on SiO,/Si. (¢) Bright field OM images of the HfS,
crystals on mica. Scale bar is 50 um. (d) The typical AFM image of the
CVD-grown HfS, layer on sapphire. showing a regular terraced structure
with the terrace edges parallel to each other. Reprinted with permission
from [85], B. Zheng. et al.. 2D Muater. 3. 035024 (2016). © 2016, IOP
Publishing: From [82]. L. Fu, et al.. Adv. Mater. 29, 1700439 (2017).
© 2017, Wiley-VCH; From [86]. D. G. Wang, et al., 2D Mater. 4, 031012
(2017). © 2017, 10OP Publishing.

and sulfur powders are respectively put inside two small
quartz tubes and located at the upstream heating zone of
the furnace. During the growth, thé upstream heating zone
is set at 160 °C, while the downstream zone is kept at
950 °C. After the synthesis of HIS,. all heating is stopped
and the furnace is opened rapidly to cool down. Neverthe-
less, due to the high interlayer interaction energy of HfS,
and the dangling bonds at the surface of SiO,/Si, the ver-
tically oriented HfS, nanosheets are obtained on SiO,/Si
substrate, as shown in Figure 5(b). Obviously, these ver-
tically oriented HfS, nanosheets with very rough surface
are not suitable for fabricating electronic devices. To bring
more opportunities for the actual applications, ultrathin
large-area HfS, layers with smooth morphology and good
structural quality are highly desirable.

More recent studies have revealed that insulating single
crystals including sapphire, mica and quartz can also be
applied to prepare high-quality 2D TMDs.%* The advan-
tage of using these single crystal substrates lies in their
rather outstanding thermal stability and glorious chemi-
cal inertness, and the flat surface may also potentially
facilitate precursor migration during the CVD process,
thereby improving the thickness uniformity of resulting
TMDs layers.”> Almost simultaneously, Fu et al.®* and Yan
et al.¥" carried out the growth of HfS, domains on mica
substrate, respectively. To adjust reactant concentrations
and diffusion rate for the controllable growth of HfS,, Fu
et al. employed a mechanical device to rapidly move the
resources to RT area when the reaction has just terminated,
whereas Yan et al. introduced a confined space realized by
inserting an inner quartz tube to establish a stable lami-
nar flow. Figure 5(c) illustrates the typical OM image of
as-grown HfS, domains on mica substrate with the regu-
larly triangular and hexagonal shapes, implying that the as-
prepared HfS, is single crystalline domain. Significantly,
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the growth of 2D HfS, single-crystal domains with high
quality has been achieved on mica substrates. However, the
lateral sizes of as-grown HfS, are limited to only 20 pm,
which is the stumbling block for the practical applications
of HfS,. Thus far, numerous etforts should been devoted to
synthesize large-size HfS, domains on various substrates.

Additionally, considering the tiny lattice mismatch of
0.84% (using a (6 x 6) supercell of HfS, rotated by 30°
to match a (4 x 4) supercell of sapphire) between HIS,
and c-sapphire, Wang et al.®® demonstrated the epitaxial
arowth of high-quality HfS, with a controlled number of
layers on sapphire substrates by CVD method. Figure 5(d)
shows the typical AFM height image of CVD-grown HfS,
layers on the sapphire substrate. The surface of HfS, is
rather smooth with a RMS roughness of 0.45 nm, and an
intrinsic regular terraced structure with sharp edges can be
observed clearly in Figure 5(d). More interestingly, a care-
ful examination of the AFM image reveals that most of
the terrace edges are oriented along a dominant direction
(the parallel blue dashed lines in Fig. 5(d)), evidencing the
epitaxial relationship between HfS, and c-sapphire. In the
end, based on the X-ray diffraction (XRD) and cross-
sectional HRTEM measurements, the researchers confirm
that the HfS, layers exhibit an atomically sharp interface
with c-sapphire, and the epitaxial relationship between the
HfS, layers and sapphire substrate is determined to be:
HIS, (0001) [10-10] Il sapphire (0001) [1-100].

In generally, the substrate temperature plays an impor-
tant role in the CVD deposition of TMDs. Here, Yan
et al. systematically studied the growth behavior of HfS,
domains under different deposition temperatures.*’” The
OM images of as-grown HfS, with deposition tempera-
ture at (800, 850, 900, 940, and 980 °C) are shown in
Figures 6(a,)—(e,), respectively. When the temperature is
set at 800 °C, nanoparticles and a few triangular domains
are synthesized with the thickness of a dozen of nanome-
ters (Fig. 6(ay)). With the temperature increases from
800 °C to 900 °C, both the nucleation density and the

Figure 6. (a,—e,) Optical images of HfS, flakes on the mica at 800. 850, 900, 940, 980 °C, respectively. Scale bar is 10 jim. (a,-¢,) The corresponding
AFM images. Reprinted with permission from [87], C. Yan, et al.. Adv. Funct. Mater. 27, 1702918 (2017). © 2017, Wiley-VCH.
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thickness of HfS, reduce, whereas the average size of as. &
synthesized domains increases to around 4 wm. Moreover, ¢
the corresponding AFM images (Figs. 6(a,—c,)) reveal
that the HfS, morphologies evolve from irregular triangy- ‘
lar to circle and triangular shapes with tilt edges, further
to a regular hexagon shape. With increasing the tem- |
perature up to 940 °C even to 980 °C, the researchers
acquire multilayered truncated triangular HfS, domains
by screw dislocation-driven growth (shown in Fig. 6(e,)). -
In addition, Fu et al. adjust the evaporation temperature
of hafnium source to obtain a specific shape.®* Triangu-
lar HIS, domains can be observed dominantly at the low
evaporation temperature of 160 °C. With the HICl, evap-
oration temperature increasing to 175 °C even to 190 °C, *
the shape of the HfS, varies from triangle to truncated tri- -
angle and to hexagon, which is attributed to the kinetic
modulations at far-from equilibrium conditions.

The CVD technique is an effective bottom-up method
to obtain ultrathin 2D HIfS, layers on diverse substrates.
Unlike the low yield and production rate of the mechanical
exfoliation technique, CVD is capable of producing ultra-
thin 2D HIS, in industry scale, which is promising can- -
didate for the fabrication of high-performance electronic
and optoelectronic devices in the future. Even so, the CVD
technique still has some disadvantages at its current form.
One is that the electronic properties of CVD-synthesized
2D HIfS, material are quite lower than the theoretically
predicted values, thus hindering its potential applications.
The other is that the CVD technique normally needs high
temperature and inert atmosphere, leading to the relatively
high cost of production.

3.3. Characterizations

Along with the rapid development of nanoscience and
nanotechnology, many reliable and powerful characteri-
zation techniques have been developed for characteriz-
ing ultrathin 2D materials to uncover their morphology,
composition, electronic states, crystal phase, quality, and

940°C

~5.9nm
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defects.” Especially, ultrathin 2D materials obtained by
different methods possess various structural ch.ara'cten:s-
tics. Therefore, a clear and ac§urale Characterlza[mn_ 1S
of quite importance in uncovermg _lhe strong cprrelanon
petween their structural characteristics and physxf:al prop-
erties. Untl now, diverse advanced charaAclenz.auon tec:h-
niques have been widely used to characterize thin 2D HfS,

ayers.

ld)/::nong the diverse techniques, OM is the easiest and
most effective method to provide information on shape,
thickness, and location of 2D HIfS, layers. This imaging
method is based on the interference of the reflected light.
An optical contrast between the bare substrate and 2D
HfS, is generated when the sample introduces a notice-
ablc'pcrlmbalion of optical path, which can be applied to
identify the thickness of HIfS, layer in Figures 4(b)” and
5(c).$3 However, the diffraction limits the resolution of OM
measurement only to around 1 um, and much more fine
structural features cannot be recognized via this technique.
SEM is another useful technique to obtain the morphology
and surface structure of HfS, materials. Unlike the OM,
SEM has a much higher spatial resolution because of the
small de Broglie wavelength of electrons, and the resolu-
ton-of-the SEM-is-normally-less-than-50-nm. For instance,
Chen and co-workers employed the SEM to examine the
detailed structure of vertically oriented HfS, nanosheets.®
As demonstrated clearly in Figures 5(b) and 7(a), the fine
surface structure of the as-grown HfS, is composed of
vertically oriented nanosheets with uniform thickness of
around 10 nm and height of around 400 nm. Nevertheless,
due to the intrinsic poor electrical conductivity of the sub-
strate, it is very difficult to characterize the ultrathin HfS,

D]
(5
-
i A 4

300 nm SIO.

layers prepared on sapphire or mica substrates via SEM
technique.

AFM has been utilized to study the structure and mor-
phology of 2D HfS, material at molecular or even atomic
resolutions in three dimensions. In AFM system, a sharp
tip with a radius of nanometer magnitude is attached to
a cantilever. When the tip is close to the surface of HfS,
layer, electrostatic forces acted on the tip makes the can-
tilever bend. Then, a laser deflection (caused by the bend)
is accurately captured by a photodiode detector to gen-
crate an image. Recently, Wang et al.® and Fu et al.%
employed the AFM technique to measure the morphology
and thickness of 2D HIfS, layers, as clearly revealed in
Figures 5(d) and 7(b), respectively. Notably, because of
the ultrathin nature of layered 2D materials, their appar-
ent thicknesses measured by AFM may be interfered by
the chemical contrast between 2D materials and the sur-
rounding substrate.!'% 19" According to this, thin sample
with a thickness of 0.68 nm in Figure 7(b) is regarded as
a monolayer of HfS,. Moreover, AFM technique has the
advantages of in sizu measurements in atmospheric or con-
trolled environments without special sample preparation.
Thus, AFM is also an effective tool to study the degrada-
tion of 2D HfS, in air, and the morphological change over
time can be used to assess the chemical stability of HfS,
layer (Fig. 3(d)).”®

Raman spectroscopy has been proven to be an accurate
and noninvasive technique for thickness characterization,
as well as a powerful method to study the phonon modes
in 2D materials. For HfS,, three first-order modes: A,
(337 ecm™), E, (260 cm~") and E, (LO) (321 cm™') can
be identified clearly in the Raman spectra of HfS, at room
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Figure 7. (a) Cross-sectional SEM image of the vertically oriented HfS, nanosheets on SiO,/Si substrate. (b) The thickness of the HfS, crystal is
0.68 nm from the AFM cross-sectional profile along the dotted line. Scale bar is 2 um. (c) Raman spectrum of HfS, with different thickness. (d) XPS
Core-level spectra of S 2p and Hf 4f. (¢) Low-magnification TEM image of an HfS, crystal transferred onto a Cu grid. (f) Top-view HRTEM image
and (g) the corresponding SAED pattern of HfS, crystal. (h) EDS mapping of O-K. C-K, S-K, Hf-L of an HfS, crystal. respectively. Reprinted with
Permission from [85]. B. Zheng, et al., 2D Mater. 3, 035024 (2016). © 2016, IOP Publishing; From [82]. L. Fu, et al., Adv: Mater. 29, 1700439 (2017).
© 2017, Wiley-VCH; From [87], C. Yan, et al., Adv. Funct. Mater. 27, 1702918 (2017). © 2017, Wiley-VCH: From [86]. D. G. Wang, et al., 2D Mater.
4,031012 (2017). © 2017, 1OP Publishing. d
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temperature (RT).”” However, the non-centrosymmetric
clusters induced by defects in the HfS, crystal always
bring about the disappearance of E, (LO) Raman mode.
As presented in Figure 7(¢). a typical Raman spectrum
shows two characteristic peaks located at 260.2 cm™" and
336.5 cm~!'. The 260.2 cm™' peak is assigned to the E,
mode, corresponding to the in-plane displacement of Hf
and S atoms, and the 336.5 cm™' one is the A,, mode, cor-
responding to the out-of-plane displacement of S atoms.
Generally, the phonon frequency of TMDs layers is very
sensitive to the thickness. With increasing thickness of
crystal, the intensities of both HfS, Raman signals sig-
nificantly increase, which can be ascribed to the addition
of the number of scattering centers in the HIS, crystal.
Notably, caused by the smaller effects of interlayer inter-
actions that induce restoring forces to HfS, molecules,
the A;, Raman mode develops a slightly red shift from
336.5 cm™' to 3344 cm™' as the thickness down to
5 nm. Moreover, no detectable Raman signal is obtained
when the thickness is lower than 5 nm, probably due to
the oxidation and degradation of ultrathin HfS, layers.®’
Overall, the sensitivity dependence of the phonon fre-
quency and Raman intensity on the thicknesses of 2D HfS,
could be a quick and convenient identification of layer
numbers.

XPS is a powerful technique that has been widely
applied to identify the elemental compositions, electronic
states of as-prepared thin 2D HfS, layers. To our knowl-
edge, a standard XPS spectrum represents the number of
detected electrons as a function of the binding energy of
the detected chemical elements within a sample. Due to
each element possessing its own characteristic binding
energy peaks, the elemental composition can be easily
identified from the full XPS spectrum. Moreover, the shape
and location of characteristic peaks for each element are
very sensitive to the electron configuration within the
atoms, making it very effective to analyze the electronic
state.”* As shown in Figure 7(d), XPS technique was uti-
lized by Wang et al.% (o analyze the CVD-synthesized
HIS, layers. The peaks at almost 17.9 ¢V and 16.4 eV
binding energies are attributed to Hf 4f5,, and 4f;, core
levels, respectively, while the peaks at 162.0 eV and
160.9 eV are assigned to S 2p;, and 2p;, core lev-
els, consistent with the standard spectra for HfS, crystal.
In addition, based on the relative location of character-
istic binding energy peaks, the chemical valences of Hf
and S are respectively determined to be +4 and —2. XPS
technique can not only qualitatively analyze the elemental
compositions, but also be used to quantitatively estimate
the stoichiometric ratio of elements within the sample.
On the basis of the integrated peak areas in Figure 7(d),
the atomic ratio of S to Hf is calculated to be around 2,
indicating that the CVD-grown HfS, layers own the per-
fect stoichiometry.

TEM technique can provide comprehensive evidence on
the size, thickness, exposed facet, crystallinity, phase, and
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elemental configuration of a thin HfS, material, and i jg
one of the most widely used techniques for characterizy
tion of ultrathin 2D materials.”* Compared to SEM. {hg
electrons in the TEM system are generated from a high
voltage (normally used voltage is 200 kV), which hayg
a shorter wavelength, thus leading to a much higher reg
olution. Low-magnification TEM images can be usua]]
applied to precisely measure the lateral size and roughly
study the thickness of the target sample. As can be seg
from Figure 7(e), the low-magnification TEM image of
a typical hexagonal HfS, domain transferred on the cop.
per grid is carried out by Fu et al.®* The lateral size of
HIS, is calculated to be around 5 wm, and the thicks

ness can be roughly evaluated as quite uniformity on the 3 t?(:
basis of the homogeneous contrast. Figure 7(f) displayg & K-
a representative top-view HRTEM image and correspond - pa
ing SAED patterns (inset) recorded at an HIS, domain " ra
It can be found that the HfS, domain exhibits a con: st
tinuous lattice fringe with the same orientation, and the 1

measured crystal plane distances of 0.37 nm and 0.20 nm

correspond to the (10-10) and (11-20) planes of HfSZ:' el
respectively. The corresponding sharp SAED pattern in fa
Figure 7(g) clearly reveals hexagonal symmetry, matching c
well with the crystal phase of 1T HfS,. Energy disper st
sive X-ray spectroscopy (EDS) technique is- always used E
to identify the chemical composition and spatial distribu- c
tion. As shown in Figure 7(h), the EDS mapping measure- 0
ments reveal a quite uniform spatial distribution of Hf and i
S of a corner of the HfS, crystal in Figure 7(¢). However, S
the electron irradiation of TEM might induce the decom- “u

position or structure change of ultrathin 2D HfS, layers,
which should be paid much attention to and can be mini-
mized by selecting a properly accelerating voltage during
the measurement.

In addition to the above techniques, XRD, PL, and
UV-Vis spectroscopy have also been utilized to character-
ize 2D HfS,.”>* XRD is a nondestructive analytical char-;
acterization method to determine the crystal structure of
HfS, layers, and the XRD-phi scan can be used to further
analyze the epitaxial relationship between the HfS, layers‘
and substrates. PL spectroscopy is commonly employed
to study the luminescence properties of 2D HIS,, whercas
UV-vis absorption spectroscopy is a concise, effective and.
non-destructive method for investigating the intrinsic opti-
cal bandgap of 2D HIS,.

4. APPLICATIONS OF 2D HfS,

Because of the unique structural characteristic, ultrathin
2D HfS, has exhibited excellent optical, electronic, phys-
ical, and chemical properties, which make it a promis-
ing candidate for a rich variety of applications. In this
section, we summarize the recent process on the utiliza-
tion of 2D HfS, layers in electronics, optoelectronics and
photocatalysts, focusing on the FETs, photodetectors and
phototransistors.

J. Nanosci. Nanotechnol. 18, 7319-7334, 2018
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R
4.1. Field-Effect Transistors
' One of the major applications of 2D HfS, layers is tran-
sistors, in which HfS, serves as the active lfflyer. Recently,
He and co-workers fabricatf:d top-gate Hsz FETs with
high-k HIO, dielectric.” Hts2 FETS. with .Al and Y as
the buffer layer and 5 nm HfO, as dielectric are demon-
rated, and the on/off ratio is obtained to be 10° with the
sub-threshold swing (SS) is 95 mV dec™'. Even without
any functionalization, the FETs can still exhibit outstand-
ing electrical properties. Further research indicates that
the self-functionalization of HfS, results in the uniform
" and continuous HfO, film free of pinhole-like defects,
hus opening up new exciting opportunities for nanoelec-
“ronic devices. To evaluate the potential of 2D HIS,,
Kanazawa ct al. introduced the electric double-layer (EDL)
 gate structure for device measurement.” Figure 8(a) illus-
trates the schematic view of multilayer HfS,-based device
structure, and LiClO,:PEO mixture is utilized as an elec-
rolyte gel for gate modulation. As can be seen from
- Figure 8(b). CIO7 and Li* ions can freely wander in the
~ electrolyte, and the electric field is localized near the sur-
face (almost 5 nm). Therefore, the large gate capacitance
~can be expected without any charge trapping. Figure 8(c)
—shows-the transfer characteristics-of - the fabricated HfS,
EDL FETs. Due to the EDL gate operation, the drain
~ current is significantly increased from 0.2 uA pum~' to
- 0.75 mA um™', and the effective mobility of EDL device
s roughly calculated to be 45 cm® V=' 57! indicating the
superior potential of the low contact resistivity of HfS, for
ultralow power applications.
: Chae et al. systematically studied the electrical proper-
~ties of HfS, FETs fabricated in a vacuum cluster with and

without h-BN passivation and under ambient conditions.”
The transfer characteristics in Figure 8(d) indicate that
the on-current level of the HfS,-FETs fabricated in the
vacuum cluster is around 200 times higher than that of
the devices under ambient conditions. Additionally, the
researchers also investigate the stability of HfS, FETs in
air with and without an h-BN layer, and a stable on/off
ratio of almost 10° is achieved for more than a week via
employing an h-BN passivation layer (Figs. 8(e and f)).
Nie et al. initially studied the impact of the metal/HfS,
interface on the FETs performance.® It is found that HfS,
FETs with Ti/Au contacts show a better electrical perfor-
mance than that of the devices with Pt electrodes, includ-
ing a higher mobility, larger on/off ratio, smaller SS, and
lower cutoff current. These improvements are attributed to
a relatively lower work function for Ti/Au contacts than
that for Pt metal contacts. In addition, the researchers eval-
uated the influence of the surface topography of metal
films on the FETs performance, and a smooth morphology
can also form good contacts, thus enhancing the electrical
device performance.

4.2. Photodetectors )

Photodetectors that can convert a light signal into an accu-
rate electrical signal, usually a photocurrent or photovolt-
age, are significant in the development of a multitude
of innovative technologies from a practical perspec-
tive. Due to the suitable bandgap and charming carrier
mobility,® 2D HfS, is of great potential in the field of pho-
todetectors. Chen and co-workers® initially fabricated the
CVD-grown HfS,-based photodetectors on Si0O,/Si sub-
strates, and the device exhibits a photocurrent of 1.2 nA
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(a) Fabricated EDL transistor, and LiClO4:PEO electrolyte gel is used for the EDL gate. (b) Carrier density modulation by EDL gate
Operation. (c) Transfer characteristics at V,, of 2 V. (d) Performance comparison for devices fabricated in the cluster (inset 1. red opened line), h-BN-
Passivated in the cluster (inset 2, blue opened line), and fabricated in air (inset 3. black opened line). Scale bars are 10 pm. Output characteristics of
(€) bare HfS, and (f) h-BN-passivated HfS, devices. Reprinted with permission from [79]. T. Kanazawa, et al., Sci. Rep. 6, 22277 (2016). © 2016,
Nature Publishing Group: From [78], S. H. Chae, et al., ACS Nano 10, 1309 (2016). © 2016, American Chemical Society.
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Figure 9. (a) Schematic view of the HfS, device structure on sapphire substrate. (b) /-V curves of the HfS, photodetector measured in the dark and
under the 450 nm laser irradiation at various power densities. The inset shows the logarithmic scale of /-V curves. (¢) Normalized high-resolution
photoresponse for rise and fall times. (d) Schematic view of the HfS, device structure on mica substrate. (¢) /-V curves of HfS, photodetector measured
in the dark and under laser irradiation with varied wavelength ranging from 340 to 500 nm. (f) Time-resolved photoresponse of the device at a bias
voltage of 5 V and illumination power of 9.89 mW ¢m™. Reprinted with permission from [86], D. G. Wang, et al., 2D Mater. 4. 031012 (2017).

© 2017, 10P Publishing: From [87]. C. Yan, et al.. Adv. Funct. Mater. 27. 1702918 (2017). © 2017, Wiley-VCH.

(power density 0.025 W cm 2, voltage 1 V) for the incident
light wavelength at 405 nm. According to the dark current
of 1.5 pA, the on/off ratio is calculated to be approach 10%.
Moreover, both the rise and fall times are estimated to
be 24 ms. Overall, the device performance based on
the vertically oriented few-layered HfS, nanosheets is
undesirable.

Additionally, photodetectors based on multilayer HfS,
were prepared by Wang et al.,% as illustrated in
Figure 9(a). Figure 9(b) shows the /-V curves of the HfS,
photodetectors measured in the dark and under the 450 nm
laser irradiation with different power densities. It is note-
worthy that excellent Ohmic contact is realized between
Au electrodes and HfS, layers, indicated by the linear and
symmetrical /-V curves. As extracted from Figure 9(b),
the current under dark and light irradiation (power density
0.67 W cm™2, voltage 10 V) is acquired to be 0.05 nA
and 60 nA, resulting in a high on/off ratio of greater
than 10°. Figure 9(c) exhibits the precise /-t curve of
the multilayer HfS,-based photodetectors, and the rise and
fall times are obtained as short as 130 us and 155 us,
respectively, indicating an ultrafast response and recovery
performance. Responsivity (R) is a quite important mea-
sure of how efficiently the photodetector converts optical
power into photocurrent. Here, the R is estimated to around
0.01 mA W' which is relatively low, and much more
attentions involving improving the crystal quality and opti-
mizing the device architecture should be paid to enhance
the device performance.

7330

Yan et al.¥ fabricated the as-grown HfS, domains-based

photodetectors with Au electrodes constructed via nickel
grid shadow method, and the schematic view of the device
structure is presented in Figure 9(d). As can be seen from |
Figure 9(e), the HfS, photodetectors exhibit a good pho-
toresponse under a series lasers with ranging wavelengths
from 340 nm to 500 nm. Under the 420 nm laser irradia-
tion with power intensity of 9.89 mW cm 2, the maximum
R is estimated to 2.78 mA W~'. which is larger than that
of the aforesaid photodetectors. After multiple illumination
cycles, the photocurrent in Figure 9(f) still responded in a
similar fashion to the illumination, indicating the excellent
long-term stability and reproducibility of the HIS, devices.
Moreover, the rise and fall times are respectively calcu-
lated to be as 55 ms and 78 ms, however, which are quite
large and lack of competitive advantage in photodetec-
tion. Even so, all aforesaid photoresponse characteristics
demonstrate that 2D HfS, layers can be effectively used
in highly sensitive and fast-switching photodetectors.

4.3. Phototransistors
Recently, He and co-workers have initially demonstrated
phototransistors based on the ultrathin exfoliated HIS,
layer and systematically investigated their optoelectronic
properties.” Tt is found that the on/off ratio of HfS,
devices are strongly dependent on metal contacts, and an
excellent on/off ratio of around 107 is achieved by using
Au contact, which forms lower Schottky barrier with HS;
than Cr contact. Through optimizing the flake thickness,
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- Figure 10.  (a) Schematic image of the HfS,-based back-gated phototransistors. The inset shows an optical image of the HfS, device with a thickness
~ of 2.8 nm. (b) Transfer characterizations of the few-layered HfS, phototransistors under the 808 nm laser irradiation at various power densities.
3 (¢) Responsivity and photogain of HfS, phototransistors at V,, of 80 and —80 V. (d) Temporal response of phototransistors under different V. The
extracted rise time shows a reverse trend corresponding to V,, changing from —80 to 80 V. Reprinted with permission from [82]. L. Fu, et al.. Adv.
Mater. 29, 1700439 (2017). © 2017, Wiley-VCH.

- strong dependence on

an ultrahigh R over 890 A W~' and photogain (G) over
2300 (back-gate voltage (V) 80 V) are achieved. More-
~ over, the researchers find the response time exhibits a

V. and the optimal rise time of

- almost 38 ms is obtained at the Vg of 80 V.

Unlike the aforementioned phototransistors on basis
3 of the exfoliated HfS, layer, Fu et al. fabricated the
- CVD-grown HfS,-based transistors on SiO,/Si substrates.*2
Figure 10(a) presents the schematic image of the back-
’ gated HIS, phototransistors, and Au electrodes are

constructed via covering copper grid as shadow mask
followed by thermal evaporation. The transfer character-
izations of HfS,-based phototransistors in the dark and
under the 808 nm laser irradiation with various illumina-
tion intensities are illustrated in Figure 10(b). The promi-
nent photoresponse indicates the superior potential of HfS,
in near-infrared phototransistors applications. Figure 10(c)
shows the dependence of R and G on light intensity at V,, of
80 and —80 V for HfS, phototransistors, and the maximal
R and G are calculated to be as high as 3.08 x 10° A W™!

Table 1. Performance comparison of photodevices based on HfS, and other 2D materials produced by mechanical exfoliation or CVD method.

Responsivity

Mobility

Mal Device structure Fabrication method [mA W] On/off ratio  Rise time [ms]  Fall ime [ms]  [ecm® V7' s7']  Ref.
IL Mos, Phototransistor Mechanical exfoliation 7.5 10° 50 50 0.11 [36]
FLWS,  Photodetector CVD method 2.1 %1072 - 53 53 - (47]
FLSnS,  Photodetector CVD method 9 - 5% 107 7x 103 - [40]
FL Res, Photodetector CVD method 16.1 100 10° - . (43]
FL HfS, Phototransistor Mechanical exfoliation 8.9x 10° 107 38 - 2.4 [75]
3 FLHIS,  Phototransistor CVD method 3.08 x 10 10 8 - 7.6 (82
FL Hys, Photodetector CVD method = 10° 24 24 - (85]
FL Hrs, Photodetector CVD method 0.01 104 1.3x107! 1.55x 107"~ - [86]
FLHfS,  Photodetector CVD method 28 - 55 78 N (87]
J: Nanosci. Nanotechnol. 18, 7319-7334, 2018 7331
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and 4.72 x 10° A W™, respectively. Furthermore, the rise
time of HfS, phototransistors as a function of V, is plot-
ted in Figure 10(d), and the minimal value is estimated 1o
be 8 ms, which is faster than that of phototransistors based
on the exfoliated HIS, layers.

Additionally, all the significant values for HfS,-based
photodevices compared with those of most other 2D semi-
conductor are summarized in the Table 1. The combi-
nation of ultrahigh responsivity, high on/off ratio, fast
response time and excellent carrier mobility makes HIS,
a promising candidate for future high performance opto-
electronic devices. Furthermore, 2D HfS, has also been
predicated to exhibit the potential of being used as pho-
tocatalysts for water splitting, because of a wide poten-
tial window (—1.8 V to +1.8 V), a large adsorption
energy (621.6 kJ mol~"), and a high interaction energy
(309.5 kJ mol~").6%-70

5. SUMMARY AND OUTLOOK

Within just a few years, huge progress has been achieved
in the research area of 2D HIS, from the fundamental
study to practical applications. In this review, we catego-
rized the recent progress from diverse aspects, that is, the
properties, synthesis methods, characterization techniques,
and applications. 2D HfS, exhibits numerous excellent
properties, including decent bandgap, high carrier mobil-
ity, extreme sheet current density, and definite chemical
stability, which make 2D HIS, a potential candidate for
a rich variety of applications. Up to now, the mechanical
exfoliation and CVD strategies have been used to prepare
2D HIS,, which have their own advantages and limitations.
However, compared to other 2D materials, much more
reliable synthesis methods should be developed to obtain
2D HfS, layer. With combination of suitable characteriza-
tion techniques. the composition and structural information
on the ultrathin 2D HfS, layers can be clearly visualized
down to the atomic level, which are quite useful for uncov-
ering the correlations between structures and properties.
These charming properties, due to its 2D structural char-
acteristic, have been explored for a variety of applications
in the electronics and optoelectronics.

Vast exploration in the field of 2D HfS, also brings
many new challenges. First, the accurate and systematic
researches related to the chemical stability of HIS, are
insufficient, which should be put much more effort and
will further promote industrial device integration of HfS,.
Second, the current production yield, size, and quality of
ultrathin 2D HfS, are still far from the criteria that are
required for practical applications. Therefore, one of the
major challenges is to realize the high yield and quality
production of 2D HIS, to meet the application require-
ments. Third, the actual utilization of 2D HfS, is far from
mature and lack of diversity. Currently, the applications of
2D HIS, mainly concentrate on the field of FETs, photode-
tectors and phototransistors, and some specific applications
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(e.g.. catalyst, sensors, solar cells, batteries, supercapaci-
tors, etc.) have not been reported yet and are still chal-
lenging. Thus, various devices on the basis of 2D HfS, are
expected to be demonstrated, which will further enhance
the applied value of 2D HfS, in the near future. Last,
recent researches reveal that heterostructures vertically
aligned by two different 2D materials behave with fascinat-
ing properties.®* 13192 Therefore, more attention should be
paid to the heterostructures assembled by HIfS, and other
2D materials, which could offer a promising approach to
design and fabricate unprecedented devices.
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