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ABSTRACT: HfSe2 is a very good candidate for a transition
metal dichalcogenide-based field-effect transistor owing to its
moderate band gap of about 1 eV and its high-κ dielectric
native oxide. Unfortunately, the experimentally determined
charge carrier mobility is about 3 orders of magnitude lower
than the theoretically predicted value. This strong deviation
calls for a detailed investigation of the physical and electronic
properties of HfSe2. Here, we have studied the structure,
density, and density of states of several types of defects that
are abundant on the HfSe2 surface using scanning tunneling
microscopy and spectroscopy. Compared to MoS2 and WSe2,
HfSe2 exhibits similar type of defects, albeit with a
substantially higher density of 9 × 1011 cm−2. The most abundant defect is a subsurface defect, which shows up as a dim
feature in scanning tunneling microscopy images. These dim dark defects have a substantially larger band gap (1.25 eV) than
the pristine surface (1 eV), suggesting a substitution of the Hf atom by another atom. The high density of defects on the HfSe2
surface leads to very low Schottky barrier heights. Conductive atomic force microscopy measurements reveal a very small
dependence of the Schottky barrier height on the work function of the metals, suggesting a strong Fermi-level pinning. We
attribute the observed Fermi-level pinning (pinning factor ∼0.1) to surface distortions and Se/Hf defects. In addition, we have
also studied the HfSe2 surface after the exposure to air by scanning tunneling microscopy and conductive atomic force
microscopy. Partly oxidized layers with band gaps of 2 eV and Schottky barrier heights of ∼0.6 eV were readily found on the
surface. Our experiments reveal that HfSe2 is very air-sensitive, implying that capping or encapsulating of HfSe2, in order to
protect it against oxidation, is a necessity for technological applications.

■ INTRODUCTION
Since the first single-layer MoS2 transistor was fabricated and
characterized in 2011,1 it has triggered many scientists to
search for transition metal dichalcogenide (TMD)-based
applications. Two-dimensional TMDs have been widely
studied because of their appealing physical (1T or 2H
phase) and electrical (ranging from metallic to half-metallic
to semiconducting and even superconducting) properties.2−4

For instance, MoS2 has a thickness-dependent band gap, with a
transition of an indirect to direct band gap in case the thickness
is reduced to a single layer.5 In addition, superconductivity has
been observed in both bulk 1T-MoS2

6 and pristine 2Ha-MoS2.
7

However, compared to Mo or W chalcogenides, HfSe2 has not
received much attention. Single-layer HfSe2 is a material with
an octahedral structure with an indirect band gap of ∼1
eV,8−10 which makes it an appealing candidate for semi-
conductor device applications.
HfSe2-based prototype transistors have been realized and

investigated by several groups.9,11−13 A high on/off current
ratio, exceeding 106, was found, satisfying the requirement for
effective switching in digital logic transistors.11 The current
density of a trilayer HfSe2 was up to ∼30 μA μm−1.9 Moreover,
a phototransistor based on HfSe2 has superior optoelectronic

properties with an ultrafast response time and high photo-
current, which is comparable with other TMD photo-
transistors.12 However, its carrier mobility is rather low,
ranging from ∼0.3 to ∼6.5 cm2 V−1 s−1, that is, 3 orders of
magnitude lower than the predicted value of ∼3500 cm2 V−1

s−1 at room temperature.14

Besides device optimization, such as the inclusion of
dielectric layers and the selection of proper metal contacts,
the quality of the material should be also improved in order to
obtain properly operating devices. It is known that TMD
materials suffer from a large number of intrinsic defects located
either in the transition metal layer or in the chalcogenide
layer.15−17 Moreover, the air stability of HfSe2 needs to be
investigated too. These key issues, that is, intrinsic defects and
air stability, have to be considered in order to properly evaluate
the application prospects of HfSe2.
Defects often play a significant role in determining the

electronic behavior in TMDs.18−23 Intrinsic defects dominate
the contact resistance between metal contacts and TMDs19
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and can act as scattering centers,20 degrading the charge carrier
mobility. Defects are also expected to dominate the surface
conductivity of HfSe2, leading to the very low carrier
mobilities. It is therefore essential to scrutinize the structural
and electronic characteristics of HfSe2 and explore the reasons
for the poor device performance. We have used scanning
tunneling microscopy and spectroscopy (STM/STS) to study
variations in the structure and electronic local density of states
(LDOS) of the HfSe2 surface. We have found several types of
defects located in either the uppermost Se layer or the Hf layer.
Furthermore, we have used conductive atomic force micros-
copy (C-AFM) to measure the influence of these defects on
the Schottky barrier height (SBH) formed with different metal
contacts and possible partial Fermi-level pinning effects,
following the same approach as in ref 21 for MoS2.
In addition, HfSe2 crystals are not stable against oxidation at

ambient conditions, implying this air-sensitive HfSe2 surface is
detrimental for many applications. Mirabelli et al.24 found a
preferential reaction of oxygen with the Hf atoms rather than
with the Se atoms, leading to the formation of a HfO2 layer. In
principle, the poor air stability of HfSe2 should limit its
application in electronic devices. However, HfO2 is a high-κ
dielectric oxide, which has been frequently used as a top gate
layer for field-effect transistors.1,25 In particular, the native
HfO2 layer can effectively suppress the interfacial charge trap
states at the HfSe2/HfO2 interface, which is very beneficial for
device performance.9 Therefore, it is important to properly
understand the oxidation of HfSe2. Unlike earlier Raman and
X-ray photoelectron spectroscopy studies,8,13,24 the combina-
tion of STM and C-AFM allows us to study the oxidation
dynamics and evolution of the electrical properties of HfSe2
with a high spatial resolution.

■ EXPERIMENTAL METHODS
The HfSe2 crystal was purchased from HQ Graphene
(Groningen, The Netherlands). The samples were cleaned
by mechanical exfoliation and subsequently transferred to a
vacuum system as soon as possible for STM and C-AFM
measurements. All the STM/STS data were obtained by room-

temperature scanning tunneling microscopy (Omicron
STM1). The base pressure of the ultrahigh vacuum system is
3 × 10−11 mbar. To obtain I(V) signals by AFM, we applied
the bias voltages between the conductive tip (grounded) and
the HfSe2 surface to read out the current values. Different
conductive tips, including the Pt tips, the PtSi tips, and the n-
type Si tips, were used for the measurements. The resonance
frequency is 4.5, 15, and 160 kHz for the Pt, PtSi, and n-type Si
tips, respectively.

■ RESULTS AND DISCUSSION

Surface Topography and Local Electronic Properties.
Because of the poor air instability of HfSe2, the mechanical
exfoliation was performed in situ in the load lock of the STM
system at a base pressure of 1 × 10−8 mbar. The freshly cleaved
sample was then transferred to the main chamber of the STM
for imaging. Figure 1a shows a large-scale STM topography
image of the freshly cleaved HfSe2 surface. Two different
locations across the crystal surface are also recorded in Figure
S1, marked as location I and location II. It is clear that the
surface of HfSe2 is inhomogeneous, displaying a large number
of defects. The density of these defects across the whole
sample is about 9 × 10−11 cm−2, which is substantially higher
than the defect densities of MoS2 or WSe2,

26,27 (see the
Supporting Information Figure S2). Such a high density of
defects makes it very difficult to find nanometer-sized defect-
free regions. By zooming in at parts where the surface structure
is still intact, we have acquired the atomic lattice of the surface,
as shown in Figure 1b. The lattice constant, as extracted from
the images, is 0.378 nm (see the inset in Figure 1b for a fast
Fourier transform). This value is in good agreement with the
previously reported lattice constant.28 Figure 1c,d shows the
structural model of bilayer HfSe2. The interlayer distance of
the HfSe2 crystal is ∼0.614 nm.29 The single-layer HfSe2 is
constituted of a top-Se, center-Hf, and bottom-Se atom layer.
These three atom layers acquire an octahedral configuration. In
our atomically resolved STM images, only the top-Se atom
layer is observed. The unit cell formed by the nearest four

Figure 1. (a) Large-scale STM topography image on the HfSe2 crystal (100 nm × 100 nm; It = 0.6 nA, Vs = −0.3 V). (b) Atomically resolved image
of the HfSe2 surface (20 nm × 20 nm; It = 0.6 nA, Vs = −0.4 V). The inset is the corresponding fast Fourier transform image. (c) Top-view and (d)
side-view sketches of a bilayer HfSe2. (e−h) Atomic-scale STM images and line scans of defects on HfSe2 (It = 0.6 nA, Vs = −0.4 V).
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neighbor Se atoms corresponds to the red dashed contour
marked in the top view of the structural model.
The most abundant defects are shown in Figure 1e−g, which

are dark defects, bright defects, and atom vacancies. The dark
defect in Figure 1e has a depth measured by the line profile of
around 0.3 nm. Depending on the defect position and sample
bias voltage, the height of this depression varies from around
0.1 to 0.8 nm, as described in detail in the Supporting
Information. It is worth noting that three types of dark defects
have been identified based on their topographical features: (1)
a very dark holelike defect with the depression depth of ≥0.7
nm, (2) a less dark defect with the depression depth ranging
from 0.5 to 0.7 nm, and (3) a dim dark defect with a visible
continuous lattice periodicity and the depression depth of ≤0.5
nm (see the Supporting Information, Figure S4). The third
type of defects (dim dark) has a density of 5 × 1011 cm−2.
Defects with a similar appearance are also reported to exist on
other TMD crystals, either on pristine surfaces or after ion
bombardment.26,27,30−32 Since our HfSe2 sample was only
treated with scotch-tape cleavage before scanning, the ion-
bombardment-induced defects can be ignored here. The dark
defects have been interpreted to be caused by poor growth
conditions. Its appearance is the result of electron depletion
caused by the Coulomb repulsive potential around the Se atom
complex or the acceptor impurity near the surface.27,33 The
continuation of the lattice periodicity suggests that this type of
feature is due to the absence of a Se atom.
In addition to these abundant dark defects, we have found

several other types of defects on the surface. Figure 1f presents
a hillocklike defect with a density of ∼2.5 × 1011 cm−2,
probably caused by an adatom. The adatom could be for
instance a Se atom or another impurity atom such as Li, Na, K,
and Re.32,34 Moreover, several single-atom vacancies are also
found, as shown in Figure 1g. The corresponding cross section
reveals the absence of an atom in the lattice. Such single-atom
vacancy has a density of ∼0.5 × 1011 cm−2. We also report a
new type of defect with a triangular shape, shown in Figure 1h.

It has a similar appearance as the 3 × 3 charge density wave
superlattice observed in NbSe2.

35 Since the charge density
wave transition temperature of HfSe2 is rather low, we can
exclude this interpretation here. It has been shown that HfSe2
is a suitable host material for extrinsic dopant atoms,36

suggesting that the bright defects might be a result of the
intercalation of impurities.
In the following section, we investigate the influence of the

aforementioned defects on the local density of states of the
HfSe2 surface using scanning tunneling spectroscopy (STS).
Figure 2a shows the local tunneling conductance (dI/dV)
spectra taken at the red and black dashed circles, which
correspond to the dim dark defect and the pristine region,
respectively. The conductance spectra for the bright defect in
Figure 1f is also displayed in the Supporting Information
(Figure S5). The dI/dV spectra, which are proportional to the
electronic local density of states (LDOS) near the Fermi level
for small sample biases, are obtained by numerical differ-
entiating 3600 current−voltage curves recorded in a 60 × 60
grid. Both recorded curves exhibit an n-type semiconducting
behavior, in good agreement with previous STM and electrical
transport measurements.8,11,12 The Fermi level is much closer
to the conduction band (CB) than to the valence band (VB)
because of the strong doping from the Se atom vacancies in the
crystal. The sharp increases in the dI/dV spectra correspond to
the CB and VB band edges. The band gap as extracted from
these curves is about 1 eV for the pristine HfSe2 surface and
1.25 eV for the dim dark defects. In addition, the dI/dV map in
Figure 2b illustrates the large fluctuation of the LDOS of
HfSe2, induced by the presence of the high density of intrinsic
defects on the HfSe2 surface. The STM topography image
simultaneously recorded with the dI/dV map is shown in the
Supporting Information, Figure S6. The dI/dV spectra along
the dashed white line in Figure 2b are taken to determine the
real space band profiles. As shown in Figure 2c, there is a
conduction band offset between the conduction band minima
of the defect and the pristine surface that amounts to ∼0.2 eV.

Figure 2. Scanning tunneling spectroscopy results of the HfSe2 surface: (a) dI/dV spectra at different regions. Inset: STM image showing the
locations where the spectroscopy data were taken from. (b) dI/dV map of HfSe2 (100 nm × 100 nm; It = 0.6 nA, Vs = −0.3 V). (c) Color-coded
rendering of the real space imaging of the band profile plotted in terms of dI/dV taken along the dashed white line in (b).
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In principle, S or Se atom vacancies in TMDs can lead to
enhancement of the LDOS in the conduction band because of
the broken covalent bonds, leading to a reduction of the
CBM.37,38 In contrast, we observe an upward shift of the CBM.
The atomically resolved STM topography images of the dim
dark defects (shown in Figure 1e) show an intact lattice
periodicity, indicating that these defects are buried under the
surface. Therefore, the possible mechanism for the shift of the
CBM might involve substitutional dopants, like Mo, W, or Sn
atoms. The presence of these substitutional atoms could be
caused by the crystal growth process. The brighter LDOS
signal in Figure 2b is most probably related to the presence of
triangular defects; however, their considerable smaller size

does not allow for accurately capturing their influence on the
surface.
Spatial maps of the LDOS recorded at various energies on

the same HfSe2 surface location as discussed in Figure 2b are
shown in Figure 3. These dI/dV maps are recorded
simultaneously with the topographic image. The dark (red
arrows) and bright (green arrows) regions correspond to the
dark defects and the pristine areas, respectively. In the vicinity
of the Fermi level (−0.15 eV ≤ E ≤ 0.15 eV), large
inhomogeneities of the LDOS are clearly observed. The
pristine HfSe2 has a higher conductance, which is in
accordance with the dI/dV curves shown in Figure 2a. For
energies far away from the Fermi level, the distribution of the
LDOS becomes more and more uniform.

Figure 3. Spatially resolved density-of-state maps obtained on the HfSe2 surface at different energies (20 nm × 20 nm, It = 0.5 nA), taken at −1.2,
−0.6, −0.15, +0.15, +0.3, and +0.7 V.

Figure 4. (a) Current image (600 nm × 600 nm) of the HfSe2 recorded with C-AFM at a sample bias of 4.7 V. A highly doped Si tip (work
function 4.2 eV) has been used. (b) Semilogarithmic contact I(V) curves for region I and region II, as indicated in panel (a). Inset: the
corresponding contact I(V) curves. (c) Extracted Schottky barrier height (SBH) map (200 nm × 200 nm) of the surface extracted from I(V)
curves, as shown in panel (b). The apparent SBH variations are attributed to the presence of defects on the sample. (d) The Schottky barrier
heights of region I (red) and region II (blue) as a function of the tip’s work functions (Wm). The pinning factor S is extracted using eq 6. The black
line refers to the standard Schottky−Mott rule (see eq 5).
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Schottky Barrier Height and Fermi-Level Pinning of
the HfSe2 Crystal. Owing to the moderate band gap of
around 1 eV, which is comparable to silicon, HfSe2-based field-
effect transistors have been investigated. However, the mobility
obtained in transport measurements is much lower than the
theoretically predicted one.9,11,13 The following reasons for the
low charge carrier mobility have been put forward. Firstly, the
high anisotropic electrical resistivity of HfSe2 can suppress the
vertical charge transport in the Ohmic regime. Secondly, the
barrier at nonideal Ohmic contacts induces large contact
resistances and further limits the mobility. Thirdly, the
environmental instability of HfSe2 can cause degradation of
the device. In addition, the existence of possible interfacial
scattering and interlayer resistance could be also responsible
for the low charge carrier mobility. Although a slow decay time
of photocurrent in Au-contacted HfSe2 phototransistor was
shown to be correlated to defects and charge impurity states,12

the effect of defects on the charge transport of HfSe2 has not
yet been studied. In our STM images, we have confirmed the
high density of these defects and impurities. The strong
influence of the dark defects in the LDOS indicates local
variations in electrical contacts.
Since a C-AFM tip can be used as a metal nanocontact to

measure simultaneously the topography image and I(V)
curves, it is possible to make a metal−semiconductor (tip-
HfSe2) junction and obtain information on the variation in
electrical resistance and contact properties induced by defects
on the HfSe2. Figure 4a shows the current map recorded with
C-AFM using a highly n-doped Si tip with a work function of
about 4.2 eV and a radius of curvature of 2 nm. The
inhomogeneous current distribution is consistent with STM
topography images. Moreover, voltage-dependent current
spectra are recorded in a 128 × 128 grid fashion; the average
curves recorded in region I and region II are shown in Figure
4b. We find different charge transport characteristics in region
I (red line) and region II (blue line), with region II being much
more conductive than region I, especially in the negative
sample bias regime (see inset in Figure 4b). Furthermore, the
I(V) traces reveal a rectifying behavior with an n-type Schottky
barrier. The observation of an n-type Schottky barrier is
reminiscent of the n-type doping of the HfSe2 surface. To
understand the difference between region I and region II, we
have considered thermionic emission as the main transport
process. The thermionic emission current I is given by
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where I0 is the saturation current, V is the applied bias voltage,
q is the electron charge, and T is the sample temperature. A is
the AFM tip contact area, calculated using the Hertz model.39

κB and A* are the Boltzmann constant and the Richardson
constant, respectively. Then, the ideality factor (η) and the
Schottky barrier height (ΦB) are obtained by
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The calculated Schottky barrier height map is shown in Figure
4c; two distinct regions matching region I and region II of the
current image are observed, with region I having a larger ΦB
than region II. In the map, the highest barrier height is about
0.55 eV, while the lowest one is around 0.38 eV. Combined
with the STS results of Figure 2, we assign region I to be a
defect-dominated area. In principle, the Schottky barrier height
expected from the Schottky−Mott rule should be ∼0.2 eV
according to the following equation

χΦ = −WB m (5)

The work function Wm of the tip is around 4.2 eV, and the
electron affinity χ of the HfSe2 is 4.0 eV.8 The measured
barrier height is larger than the expected value by about 0.18−
0.35 eV. We attribute this discrepancy to partial Fermi-level
pinning. The difference in the ΦB between region I and region
II can be understood by the observed difference in the location
of the CBM at the two regions (see the STM/STS
measurements). The lower CBM (by about 0.2 eV) in region
II leads to a smaller barrier height as compared to region I.
Moreover, the ideality factors obtained in both regions are
between 2 and 4, indicating that thermionic emission is not the
sole contributor to the current, but tunneling across the barrier
also plays a role.
To investigate the partial Fermi-level effect, we have

investigated the charge transport characteristics for tips of
different work functions (PtSi of 4.8 eV and Pt of 5.6 eV). The
ΦB determined at the two regions for each tip are then plotted
as a function of the work function, Figure 4d. The pinning

Figure 5. (a) Three-dimensional (3D) image of HfSe2 surface after air exposure for 2 days. The blue dashed line profiles the flake height, It = 0.6
nA, Vs = −2.5 V; (b) dI/dV spectra of the oxidized surface (black curve) and pristine HfSe2 (red dashed curve) measured with the same STM tip, It
= 0.4 nA, Vs = −1.5 V.
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factor is then quantified by the slope S of the curve and given
by

= ΦS Wd /dB m (6)

here, S takes values between 0 and 1. S = 1 indicates an
unpinned interface and the Schottky−Mott rule is fully
applicable. For S = 0, the ΦB is independent of the metal
work function and the Fermi level is fully pinned. For S
between 0 and 1, partial Fermi-level pinning occurs. Here, we
found that in region I S is equal to 0.1, while in region II S is
equal to 0.09; both of these values signify a strong Fermi-level
pinning. A similar behavior has also been observed in metal/
MoS2.

40,41 Two mechanisms are suggested for the pinning
effect in HfSe2. Firstly, distortion of the crystal surface to a
large extent results in a notable charge redistribution at the
interface between HfSe2 and the contact metal. This can
reduce the width of Schottky barrier and enhance the orbital
overlap, which could then cause the weak dependence of Wm
on ΦB. Secondly, the Se atom vacancies on the HfSe2 surface
(see Figure 1g) that act as metallic defects can induce the
formation of additional gap states and subsequently strengthen
the Fermi-level pinning.
Effect of Oxidation on HfSe2 Surface. The oxidation of

the HfSe2 crystal was first investigated by STM. The three-
dimensional (3D) STM topography with a size of 25 nm × 25
nm in Figure 5a presents the HfSe2 surface after 2 days of air
exposure. Small flakes with thickness of ∼0.74 nm are readily
found on the surface, that is, a value about 0.13 nm larger than
the interlayer distance of HfSe2. The surface of the material
appears to be much rougher than the freshly cleaved surface.
Because of this roughness, atomic-resolution imaging of the
crystal’s lattice was not possible. The dI/dV spectra recorded
on the pristine and air-exposed HfSe2 surfaces are shown in
Figure 5b. The band gap of the air-exposed surface as
measured by STS is about 2 eV, which is almost 2 times larger
than that of HfSe2. However, the expected band gap of fully
oxidized HfO2 is about 5.8 eV.42 This difference suggests that
the outermost HfSe2 layer is only partly oxidized and some of
the Hf−Se bonds are still preserved.
The air stability of HfSe2 was also investigated with C-AFM.

In contrast to the ultrahigh vacuum measurements in the STM

experiments, the C-AFM measurements were performed in a
very low humidity-N2 environment to exclude the influence of
water.43 The sample, however, is still exposed to a certain
amount of oxygen, allowing us to study in situ the oxidation
dynamics of the uppermost HfSe2 layers. Figure 6a shows the
time-dependent oxidation process of HfSe2 during a C-AFM
measurement. At t0, a small oxidized area was detected at the
bottom side of the image by the distinct current intensity,
which was 1 order of magnitude lower than that of the pristine
surface. After 20 min of scanning of the same region, the
oxidized part has spread along all directions, as shown in the
second panel of Figure 6a. At t0 + 30 min, the oxidized region
occupies more than half of the image. The height of the HfOx
flake was measured to be around 0.75 nm, as shown in Figure
6b, in line with the STM result. The current−voltage
characteristics averaged from several curves at the pristine
and oxidized regions are shown in Figure 6c. As compared to
the pristine HfSe2, the oxidized regions are significantly less
conductive most probably due to the larger band gap of these
regions. The Schottky barrier height of this HfOx layer is
determined to be ∼0.61 eV, that is, about 44% larger than that
of the unoxidized HfSe2 surface. More importantly, the ideality
factor across these two regions has increased from approx-
imately 4 at the unoxidized region to about 20 at the oxidized
region. This huge increase in the ideality factor suggests that
the current is not solely due to thermionic emission, but that
also tunneling plays an important role. To this regard, the
oxidized upper flake may act as a tunneling barrier. The
measured structural and electrical variations confirm the air
sensitivity of HfSe2. HfSe2-based devices operated at ambient
conditions will require the use of a protective coating layer in
order to avoid oxidation. Another approach is to use the
uppermost layer as a dielectric layer; complete oxidation of the
uppermost layer is expected to slow down the oxidation of the
underlying layers. To that extent, new device architectures
need to be considered to account for the effects observed here.

■ CONCLUSIONS

In summary, HfSe2 crystal surface has been investigated in
detail by STM and C-AFM. Atomically resolved STM images
of the surface lattice structure demonstrate a high density of

Figure 6. (a) Oxidation evolution of HfSe2 as measured with C-AFM, which was taken at to, to + 20 min, and to + 30 min. The sample bias is 4.7 V.
(b) AFM topography of the transition between an unoxidized and an oxidized region. The blue line shows the apparent height of the HfOx layer.
(c) Semilogarithmic contact I(V) curves for HfSe2 and HfOx. Inset: the corresponding contact I(V) curves. (d) Schottky barrier height cross
section showing a HfSe2−HfOx−HfSe2 transition.
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intrinsic defects, located both in the Se layer and in the Hf
layer. The surface distortion and high density of defects
indicate a very poor quality of the HfSe2 crystal, detrimental for
many device applications. This poor quality most probably
explains the low carrier mobilities found in HfSe2-based field-
effect transistors. A prominent defect, with a dim dark
appearance localized at the Hf layer with a density of 5 ×
1011 cm−2, locally increases the band gap by about 25%,
changing it from 1 to 1.25 eV. Moreover, the presence of
defects reduces the local barrier height with metal contacts.
Furthermore, the small dependence of the measured barrier
height on the metal’s work function indicates partial Fermi-
level pinning. We have also investigated the oxidation
dynamics of HfSe2. After exposure of the crystal to ambient
conditions, we find that oxidized layers grow fast and have a
band gap of ∼2 eV. The large increase of the Schottky barrier
height and ideality factor of the oxidized parts when contacting
with a metal tip confirms our interpretation. Therefore, in
order to obtain the predicted performance for HfSe2-based
electronic devices, the influence of defects and oxidation has to
be well controlled or eliminated.
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