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ARTICLE INFO ABSTRACT

Keywords: The development of high-performance gas sensing materials is one of the development trends of new gas sensor

Adsorption technology. In this work, in order to predict the gas-sensitive characteristics of HfSe, and its potential as a gas-

Ezlped HfSe, sensitive material, the interactions of nonmetallic element (O, S, Te) doped HfSe; monolayer and small molecules
3

(NHj3 and Os3) have been studied by first-principles based on density functional theory. The results show that the
adsorption of NH3 and O3 on pristine HfSe; monolayer is weak, and the adsorption strength can be significantly
improved by doping O. And O-HfSey is chemical adsorption to Oz with large adsorption energy and transfer
charge, and the band gap of O—HfSe, disappears after adsorbing Os, indicating that the adsorption of O3 has a
significant effect on the electrical properties of the substrate. These mean that Os is difficult to recover from the
substrate surface, thus preventing O-HfSe, from developing into a sensitive material for O3 detection. After
doping S, the charge transfers and adsorption strength to NHgz are the largest, but it is still small. So, the strain
effect on the S-HfSey/NH3 adsorption system is also studied. The results indicate that the adsorption strength of
S-HfSey to NH3 can be enhanced by stretching S-HfSey along x-axis. After absorbing NHg, the conductivity of x-
axis strained S-HfSe; changes, which suggest its sensitivity. And the predicted recovery times of S-HfSe, surfaces
with ex=4%, 6% and 8% are 0.027 s, 1.153 s and 102.467 s, respectively, which suggests that the S-HfSe,
monolayer has the potential to be developed as a sensitive material for NHs detection. These adsorption
mechanism studies can also serve as a theoretical foundation for the experimental design of gas-sensing
materials.

Strain engineering
First-principles

1. Introduction properties, two-dimensional (2D) materials have attracted the attentions

of researchers in the field of gas-sensitive materials [4-6]. In particular,

Gas sensors can detect gas concentration and composition, which is
critical in environmental protection and safety monitoring. Gas sensors
are now widely used to detect toxic, hazardous, explosive, and volatile
substances, as well as to monitor the greenhouse effect and air pollution
[1-3]. In the face of more and more special signals and special envi-
ronments, the development of high-performance gas sensing materials is
one of the development trends of new gas sensor technology. Due to
their excellent mechanical, electrical, and optical properties, such as
ultra-high carrier mobility, tunable band structure and gas sensing

two-dimensional transition metals disulfides (TMDs; MX5: M = Mo, W;
X =S, Se) are promising gas sensing materials that attracts attention due
to their large specific surface area, excellent electrical properties, and
active surface [7,8]. Perhaps the most attractive feature of TMDs-based
gas sensors is their ability to detect gas molecules at room temperature
(RT), which stems from the unique electronic properties presented by
the two-dimensional atomic structure. Based on this unique feature, the
TMDs can be used as low-power gas sensors.

To date, TMDs materials such as MoS, [9,10], MoSe, [11,12], WSy
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[13,14], WSe;, [15] have been extensively studied for gas sensing. Guo
et al. [12] fabricated a high-performance epidermal gas detector based
on MoSe; nanosheets that can monitor NO, and NH3 at room temper-
ature and respond quickly. Kumar et al. [10] review and discuss the
results of MoS,-based gas sensors, indicating that 2D MoS; could be a
promising material for developing high-performance room-temperature
gas sensors. Modifying the surface of TMDs is also desirable in order to
improve and optimize device performance. Surface modification tech-
niques include the use of dopants to replace or bond to specific atoms in
the substrate material. Baek et al. [16] functionalized the MoS, surface
with Pd, fabricating a sensor with high sensitivity to hydrogen. Through
the sulfurization of WSe;, Kim’s team [17] created a large-area uniform
WSoxSex ox alloy, and the results indicated that the large-area
WSaxSea_ox alloy’s gas sensing capability was significantly improved.

While other kinds of TMDs are less studied, such as HfX5 and ZrX, (X
=S, Se and Te). HfSe; monolayer with high carrier mobility and small
band gap has been predicted theoretically [18,19], and the monolayer
has been successfully prepared through experiments [20,21], which
indicates that it has the potential to be used as a gas sensing material. Cui
Hao et al. [22,23] have studied the adsorption behavior of intrinsic,
Pd-doped and Pt-doped HfSe; monolayer to some toxic gases (SOF3, SOo,
NOy,) by first-principles. However, there is a lack of research on other
small molecules. Ammonia (NH3) is a very important raw material in
many fields such as industry, agriculture, food processing, medicine [24,
25]. But NHj is also a harmful gas that can cause serious harm to the
body even in low concentrations by injuring the skin, eyes, throat, or
lungs [26,27]. Ozone (O3) also belongs to this type of gas, which has a
very important impact on people’s lives. Besides being used for water
purification and disinfection, Os is also widely used for disinfection in
the food and pharmaceutical industries [28,29]. However, excess ozone
can have many adverse effects on human health, ecosystems and agri-
cultural production [30,31]. Therefore, in the field of production and
life, the monitoring of O3 and NHj content is particularly important.

Herein, for the first time, we construct adsorption models of NH3 and
O3 adsorption on pristine and X-doped (X=0, S, and Te) HfSe; mono-
layer surface, and calculate the adsorption behaviors to explore their
potential as NH3 and O3 gas sensors. The adsorption strength of the X-
HfSey/gases system is higher than that of pristine HfSe,, with O-HfSey
having the highest adsorption strength. The results show that Os is
chemisorbed on the surface of O-HfSey with larger adsorption energy
and charge transfer. The electrical property of O-HfSe; also change with
the disappearance of the band gap after adsorbing Os. Besides, the
interaction of S-HfSe, with gas molecules is physical adsorption, and the
adsorption energy is small. The adsorption of NH3 by S-HfSe, can be
enhanced by applying tensile strain, and the fast recovery is maintained.
Therefore, S-HfSe; has potential applications as a sensitive material for
NH;3 detection. This research offers theoretical guidance for the
manufacturing of HfSep-based gas sensors as well as new insights into
the design of atomic-scale high-sensitivity gas sensors.

2. Method

The code DMOL? is used to calculate all structural relaxation and
electrical characteristics in this work [32]. To approximate the exchange
correlation energy, generalized gradient approximation (GGA) of the
Perdew-Burke-Ernzerhof (PBE) function type is used in this work [33,
34]. This may make the calculation more precise due to the uneven
distribution of electrons being taken into account [34]. The Tkatchenko
and Scheffler’s (TS) method was applied to depict the long-range effects
and the weak intermolecular forces in the dispersion corrections
(DFT-D) parameters [35]. The substrate (X-HfSey) contains transition
metals, so it is processed with DFT Semi-core pseudopotential (DSPP)
[36,37]. In the basis set, the Double-{ basis plus polarization (DNP)
numerical atomic orbital is used [38]. The orbit cutoff radius is set to 5.3
A, the test results are shown in Table. S1 of Supplementary Material. The
convergence conditions for the structural relaxation are as follows, total
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energy and maximum displacement convergence requirements are 10>
Ha (1 Ha = 27.21 eV) and 0.005 A, respectively [22,23]. Also, until the
maximum residual force is less than 0.002 Ha/A, the geometry is
relaxed. In the Z direction, a space layer of 25 A is utilized to reduce
interactions between adjacent layers. For the k-point mesh generation,
we calculate the total energy and average atomic energy of HfSey cell
with different k-point values, as shown in Fig. S1 of Supplementary
Material. The result indicates 3 x 3 x 1 for HfSe, supercell can meet the
convergence condition. So, the 5 x 5 x 1 and 9 x 9 x 1 Monkhorst-Pack
grid are used for structural relaxation and electrical properties,
respectively.

The formula (1) is used to calculate the adsorption energy (E,) of the
gas with the X-HfSe, monolayer:

E, = E(Sub+gas) - E(Sub) - E(gax) 1)

where E(sub + gas)» E(sup) and E(gqs) are the total energy of substrate/gases
adsorption system, isolated substrate and the separated gases molecules,
respectively. Positive value means the adsorption cannot proceed
spontaneously, while negative value means the adsorption can occur
spontaneously. And the smaller the E,, the stronger the adsorption of gas
molecules on the HfSe; monolayer.

In order to completely analyze the charge transfer between the gas
and X-HfSe; monolayer, Mulliken charge [39] analysis was conducted in
this work. The charge difference for the gas i after and before adsorption,
was calculated using the following equation:

AQ[ = Qi(in system) — Qi([ vacuum) (2)

where Q; is the value of Mulliken charge of the i. Subscript "i" denotes the
gas molecule. The charge difference, AQ, is a measure of the extent of
charge shifted to, or, from the gas molecule. The positive AQ means that
the gas is electron donors, while negative AQ means gas is electron
acceptors.

The following formula (3) is used to compute the charge density
difference (CDD):

DD = P(supsgas) = Pisub) — Plgas) 3)
where psub + gas), Psub) and pigqs) are the charge densities of the whole
adsorption system, separated substrate and gas molecule, respectively.

The unit cell of HfSe; monolayer is relaxed firstly, with the optimized
lattice constant of 3.77 10\, which is consistent with the values (3.76 ;\) in
the literature [40]. And then using the optimized unit cell, the 3 x 3
supercell of HfSe; monolayer is generated. The X-doped HfSe, (X-HfSe,,
X =0, S, Te) monolayer is constructed by replacing one Se atom on the

Fig. 1. The structure of pristine and doped HfSe, (X-HfSey, X = O, S, Te)
monolayer and its adsorption sites. (a) top view, (b) side view.
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upper surface with an X atom, as shown in Fig. 1. And the optimized
structure of X-HfSe; monolayer is shown in Fig. S2. In addition, the
AIMD simulations were set by 5000 fs with the temperature of 300 K to
check the stability for all X-HfSe, structures, as displayed in Fig. S3.

To study the adsorption properties between the X-HfSe; monolayer
and the gases (NHs and Og), the initial model needs to be established
considering the adsorption sites of the substrate and the placement of
the gases. We considered three possible adsorption sites for X-HfSes,
including on the top of Se/X (T1 site), Hf (T2 site), and Se-down (T3
site), as shown in Fig. 1. And the gas can be placed parallel or vertical to
the different adsorption sites of X-HfSej, so six configurations are
considered for each gas molecule. The initial adsorption distance is set as
3 A. All of these initial adsorption models are relaxed using the same
method. First, the optimal adsorption configuration and adsorption
property of pristine HfSe, interacting with gas are calculated as a
comparison to study the adsorption properties of doped HfSes. Then, the
adsorption properties of doped HfSe; are investigated.

3. Result and discussion
3.1. The adsorption of pristine and X-HfSe,

To investigate the adsorption properties of pristine and X-doped
HfSe;, (X-HfSey, X=0, S, Te) for NH3 and O3, an adsorption model is built
using the method described above, and the best adsorption configura-
tion, adsorption energy, and charge transfer are estimated. Fig. 2 shows
the best adsorption configurations of pristine and X-HfSe, for NH3 and
O3 with the minimum energy.

The optimized pristine HfSe, adsorption systems are shown in Fig. 2
(a)-(b). When adsorption of NH3, H atom tends to be close to Se atoms
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with the large adsorption distance (3.258 i\). When O3 is adsorbed, O1
atom (O atoms on the edge of O3) get close to Se atom on the surface of
HfSe; and the adsorption distance (3.114 1°\) is also large. And the
structure of both the substrate and the gas molecules hardly changed. In
the adsorption of Te-HfSej, a similar result can be seen, as shown in
Fig. 2(g)-(h). Fig. 2(c)-(d) shows the optimized O-HfSey/gas adsorption
system. Remarkably, NH3 and Os are closer to the surface of O-HfSe,
monolayer than pristine HfSes. Both the N atom of NH3 and the O1 (O
atom at the edge of O3) atom of Os are close to the Hf atom of the O-
HfSe, monolayer, resulting in shorter adsorption distances of 2.402 A
and 1.992 A, respectively. The O-Hf bond length measured in the
experiment is larger than 2 A [41], while the adsorption distance is less
than this value, which suggests that a chemical bond could form be-
tween the O and Hf atom, and there should be chemisorption between
O3 and O-HfSe,. And after adsorption of Os, the structures of O-HfSes
and O3 changed significantly, as shown in Fig. 2(d). Both 01-O2 bond
and O-Hf bond are elongated from 1.279 A and 2.134 A to 1.736 A and
2.173 A, and the angle of O-Hf-Se increases from 103.851° to 120.862°
(Fig. S4(d)), which can be explained by the significant contact between
the O and Hf atom. In the adsorption of NH3, a similar condition can be
observed, where the angle of O-Hf-Se is also increased from 103.851° to
120.387°, as shown in Fig. S4(c), causing the N atom to more easily
approach the Hf atom, thereby increasing their interaction. In
S-HfSey/NH; adsorption system, as shown in Fig. 2(e), N atom of NHj3 is
also close to Hf atom with shorter adsorption distance (2.515 A), which
is similar to O-HfSe; but no obvious deformation. While adsorption of
O3, as shown in Fig. 2(f), the adsorption configuration is similar to the
pristine HfSe, and adsorption distance is also large (3.172 A).

When compared to the other doped monolayers considered in this
study, the adsorption between O-HfSe; and gases is the greatest. The
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Fig. 2. The optimal adsorption configuration of (a) pristine HfSe»/NH3, (b) pristine HfSe,/Os, (c) O-HfSe,/NHj3, (d) O-HfSe,/03, (e) S-HfSeo/NHj, (f) S-HfSe»/03, (8)
Te-HfSe,/NHj3 and (h) Te-HfSe,/O3. The adsorption distance is marked in the figure (unit: 10\).
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electronegativity, bond length and bond angle of the substrate and gases
are utilized to explain why O-HfSe, is more active. The substrate atoms
(X-HfSey) include Hf, Se, O, S, and Te, with electronegativities of 1.31,
2.55, 3.44, 2.58, and 2.10, respectively, with the Hf atom being the least
electronegative. And the electronegativities of N and H in NH3 are 3.04
and 2.20, respectively. Therefore, it is easier for N and Hf to approach
and interact theoretically. However, in pristine HfSey, due to its sand-
wich structure, Hf atom is in the middle layer, and the bond angle of Se-
Hf-Se is small (89.058°), which prevents them from approaching each
other, so only H atom interact with the surface Se. After doping with O,
the bond angle of O-Hf-Se increases to 103.851°, which reduces the
obstacle of N approaching Hf. Therefore, the N of NHjs interacts strongly
with Hf, which finally reduces the adsorption distance and enhance their
interaction so that the adsorption configuration deforms significantly.
Similarly, the electronegativity of O in O3 are 3.44, which makes it
easier to approach and interact with Hf in theory. Thus, the adsorption
of O3 is also enhanced by doping O.

The adsorption energy (E,) is calculated to study the adsorption
strength between the X-HfSe; monolayer and gas, as shown in Table 1.
The smaller the value, the stronger the adsorption of the gas to the
substrate. For the adsorption of NHs and O3 by pristine HfSej, the
adsorption energies are —0.340 eV and —0.416 eV, respectively, indi-
cating that the interactions between gases and the substrate are weak.
After doping with O, the absolute value of the adsorption energy in-
creases significantly, which are —1.138 eV and —1.183 eV, respectively,
indicating that the adsorption strength of the gas on the substrate sur-
face is improved. For the S-HfSey/gases and Te-HfSey/gases adsorption
systems, the adsorption energy only changed slightly. After doping with
S and Te, the adsorption energy for NHs (O3) decreases from —0.340 eV
(—0.416 eV) to —0.466 eV (—0.425 eV) and —0.444 eV (—0.446 eV),
which means that the increase in adsorption strength is not obvious.

As a result, the interaction strengths of different substrates with NH3
are as follows: O-HfSe; > S-HfSe, > Te-HfSe; > HfSe,. The order of
adsorption strength for O3 by X-HfSe; monolayer is O-HfSe; > Te-HfSey
> S-HfSe; > HfSe;. When compared to pristine HfSe;, the adsorption
strength of O-HfSe, for NH3 and Os is clearly enhanced, while the other
two doping systems have little effect.

As one of the important parameters for studying the adsorption
strength between the X-HfSe; monolayer and gas, charge transfer has
been studied further by calculating Mulliken charge [42]. The results
also show in Table 1. In the pristine HfSey/gases system, charge transfer
of NH3 and Os are 0.056 e and —0.157 e, respectively, which indicates
that they are electron donors and acceptors, respectively. For the
adsorption of NH3, the charge transfer increases to 0.268 e and 0.270 e
after doping with O and S, while it decreases to 0.033 e after doping Te.
When adsorbing O3, the charge transfer also increases to —0.417 e after
doping with O, while after doping S and Te, the change is small. Detailed
charge analysis is specifically analyzed in the Fig. S5 of Supplementary
Material. The charge transfer of the O-HfSey/gas and S-HfSe;/NHg sys-
tem is significant, indicating the strong interaction between them, which
is consistent with the previous calculations of adsorption energies and
optimal adsorption configurations.

In the following section, the electrical properties of the X-HfSey/gas
adsorption systems are calculated in order to fully study and understand
the mechanism.

Table 1
The adsorption energy (E,) and charge transfer (AQ) of pristine HfSe, and X-
HfSe, for NH3 and Os.

Eq(eV) AQ (e)

NH; [ NH3 03
Pristine HfSe, —0.340 —0.416 0.056 —-0.157
O-HfSe, -1.138 -1.183 0.268 —0.417
S-HfSe, —0.466 —0.425 0.270 —0.154
Te-HfSe, —0.444 —0.446 0.033 —0.179
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3.2. Electrical properties of X-HfSey adsorption system

The gas interaction with X-HfSe; can be understood by the charge
density difference (CDD), which helps to predict the charge redistribu-
tion behavior between the substrate and gas, and can get a deeper
insight into the interaction mechanism between gas molecule and
substrate.

CDD: The calculated CDD results are shown in Fig. 3, with the two
isosurfaces in light green (0.02 e/As) and pink (—0.02 e/;\3), respec-
tively. Electron density accumulates and dissipates in light green and
pink areas, respectively. In all the adsorption systems depicted in Fig. 3,
significant charge accumulation and dissipation occurred between the
O3 and O-HfSe; monolayer, as shown in Fig. 3(b), which further illus-
trates the strong interaction between them. The charge accumulation in
the shared region represents the formation of important chemical bonds,
which indicates the formation of chemisorption between the O3 and O-
HfSe; monolayer. It is consistent with the results of adsorption perfor-
mance. While there is little charge redistribution between Te-HfSey, S-
HfSe; and O3, as shown in Fig. 3(d) and (f), which is much smaller than
that of O-HfSey/O3 system. As for NHs, as shown in Fig. 3(a) and (c),
there is a relatively large charge accumulation and dissipation. The
charge is dissipated near H atom of NH3 and Hf atom of substrate, and
accumulated near N atom of NHgs. The results are in agreement with the
above conclusions that NH3 prefers to be close to Hf atom. However,
there is almost no charge redistribution between Te-HfSe; and NHjs, as
shown in Fig. 3(e), which is consistent with the results of the above
adsorption parameters (AQ=0.033 e).

The electrical properties of O-HfSey: The electrical properties of O-
HfSe, after gas adsorption are calculated, including band structure,
density of states (DOS), and partial density of states (PDOS), which can
help to better understand the adsorption mechanism and study the
electrical properties of O-HfSe,. The band structure can describe band
distribution curve and band gap. DOS and PDOS can be used to describe
how gas molecules contribute to the total electronic state of an
adsorption system. Fig. 4 depicts the band structures of the O-HfSey
monolayer before and after gas adsorption. After adsorption of NHgs, the
band structure of the O-HfSe;/NHg system hardly changed, and only the
conduction band (CB) shifted up slightly. Therefore, after adsorption of
NH;3, the band gap of O-HfSe, increases from 0.776 eV to 0.792 eV.
While some impurity states are generated near the Fermi level of the O-
HfSe, monolayer after O3 adsorption, due to the partial contribution of
the p-orbital of the O atom in Os. And the valence band (VB) region
moves up. So the band gap of O-HfSey disappears after adsorbing Os,
which means that the O-HfSe; went from a semiconductor to a metallic
material. These results show that the adsorption of O3 has a significant
impact on the electrical properties of O-HfSe,, further indicating that the
interaction between them is strong.

And, as shown in Fig. 4(d), after absorbing NH3, the DOS is nearly
identical to that of pristine O-HfSe,. The O-HfSe; monolayer contributes
the majority of the DOS of the entire adsorption system, indicating that
the electrical properties of O-HfSe; are not significantly changed by NH3
adsorption. Furthermore, according to the PDOS, there is no orbital
hybridization between O-HfSe; and NHs near the Fermi level. These
findings show that NHj3 is physically adsorbed onto the surface of the O-
HfSe; monolayer. However, when Os is adsorbed to the surface of O-
HfSe,, the DOS significantly changes, as shown in Fig. 4(e). The peak of
DOS is shifted to the right, especially in the valence band region (energy
<0eV).And at 1.5 eV and —1.5 eV, obvious orbital hybridization occurs
between the p orbital of O (O-p) and the d orbital of Hf (Hf-d), which
indicates that chemical bond is likely to be formed between them. These
findings help to explain the strong reaction between O3 and Hf atoms in
the O-HfSe; monolayer, which is consistent with the above adsorption
property results.

A large number of literatures [42,43] show that physical adsorption
is more favorable for sensitive materials due to its fast response and good
repeatability, while chemisorption is not suitable due to its difficulty in
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Fig. 3. CDDs of (a)O-HfSep/NHgs, (b)O-HfSe,/O3, (c)S-HfSez/NHs, (d)S-HfSe,/O3, (e)Te-HfSe,/NH3 and (f)Te-HfSe,/O3 systems. The light green (pink) represents

charge accumulation (dissipation). The isosurface value is set as 0.02 e/A3.

O-HfSe, 0, (d)

O-HfSe,/INH, (g)

——NH,

——O-HfSe,/NH,

Bo 30

[} ()

2N ‘ 2
/

PDOS

2 4 -2
Energy (eV) Energy (eV)

Fig. 4. The band structure of (a) O-HfSe,, (b) O-HfSe,/NHj3 and (c) O-HfSe,/O3. The DOS (up) and PDOS (down) of (d) O-HfSe,/NHj3 and (e) O-HfSe,/O3 adsorption

system. The Fermi level is at 0 eV.

recovery, which prevents the application of O-HfSe; as a O3 sensor. The
possibility of O-HfSe; as an NHj3 sensor is discussed later.

The electrical properties of S-HfSe,: The electrical properties of the S-
HfSe; monolayer before and after gas adsorption are shown in Fig. 5.
After adsorption of NHg, the band structure of S-HfSe, hardly changed,
only CB and VB moved up and down slightly. Therefore, the band gap
changes from 0.618 eV to 0.706 eV. Furthermore, Fig. 5(d) shows that
the DOS of S-HfSe, after NH3 adsorption is nearly the same as before
adsorption, indicating that NHg is very little effect on the electrical

(;) S-HfSe, /0,

properties of the entire system. And based on PDOS, no orbital hybrid-
ization occurs between the S-HfSe; and NH3 near the Fermi level. These
findings show that NHj3 is physically adsorbed onto the surface of the S-
HfSe, monolayer.

After adsorbing Os, new band is generated around 0.5 eV, resulting
the band gap decreases from 0.618 eV to 0.432 eV. And the peak of DOS
around —1.4 eV is increased, as shown in Fig. 5(e). These are all because
of the contribution of Os. The orbital hybridization weakly occurs at
—1.4 eV between O-p of O3 and Se-p, S-p of S-HfSe,. And there is a new

——S-HfSe,INH,

e
—— S-HfSe,/0,
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Fig. 5. The band structure of (a) S-HfSe,, (b) S-HfSe,/NH3 and (c) S-HfSe,/03. The DOS (up) and PDOS (down) of (d) S-HfSe,/NH3 and (e) S-HfSe,/O3 adsorption

system. The Fermi level is at 0 eV.
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peak generated near 0.5 eV. Therefore, the band gap and DOS of S-HfSe,
change after adsorption of Os. But the adsorption energy is not large,
which prevents S-HfSe; from detecting Os.

The electrical properties of Te-HfSey: Fig. 6 shows the electrical
properties of Te-HfSe, monolayer after gas adsorption, which is similar
to S-HfSe,. After adsorption of NHj, the band structure of Te-HfSey
hardly changed, and only the CB shifted slightly downward. Therefore,
the band gap decreases from 0.500 eV to 0.442 eV. Furthermore, Fig. 6
(d) shows that the DOS of Te-HfSe,/NH3 is almost the same as before
adsorption, indicating that NH3 has little effect on the electrical prop-
erties of the whole system. And near the Fermi level, there is no orbital
hybridization between Te-HfSe; and NHs. These results suggest that
NHj3 is physically adsorbed on the surface of the Te-HfSe, monolayer.

After adsorption of Os, the band structure of Te-HfSe; shows that a
new energy band is generated around 0.4 eV, which reduces the band
gap from 0.500 eV to 0.392 eV. And the DOS peak around —1.4 eV in-
creases, and a new weak peak is generated around 0.5 eV, as shown in
Fig. 6(e). As can be seen from PDOS, these are all because of the O-p
contribution of Os. Weak orbital hybridization occurs at —1.4 eV and
—2.5 eV between O-p of O3 and Te-p, Hf-d of Te-HfSe,. Therefore, the
band gap and DOS of Te-HfSe, changes after adsorbing Os.

The above calculation results show that O-HfSe, has a strong
adsorption effect on NHg and O3, with O3 adsorption being chemical and
NHj3 adsorption being physical. Both O3 and NHjs are physically adsor-
bed by S-HfSe, and Te-HfSey, but the adsorption strength is weak. And
the above analysis shows that the reason for the adsorption of NH3 onto
S-HfSe; monolayer is the large charge transfer between N atom of NH3
and Hf of S-HfSey. These imply that the adsorption strength of NHs can
be improved by enhancing the interaction between N atom and Hf atom.
When stretching S-HfSe; along the x axis, N atom and Hf atom are closer
to each other and their interaction could be enhanced. Therefore, the
next section calculates the effect of the x-axis strain on the S-HfSe;/NH3
adsorption system. In addition, the coverage of NHs on S-HfSe; surfaces
have been calculated and discussed. The results have been added in
Supplementary Material.

3.3. Improvement of NH3 sensing performance by x-axis strained S-HfSez

The adsorption energy and charge transfer of S-HfSe; to NH3 under
different strains (from —4% to 8%) along the x-axis, y-axis and biaxial
strain are calculated to validate that the adsorption strength of S-HfSe;
for NH3 may be improved by stretching S-HfSes.

Fig. 7 shows the trend of E,;, AQ and d with x-axis, y-axis and biaxial
strain from —4% to 8%. Both the E,; and d of S-HfSeys/NH3 adsorption
system briefly decrease at tensile strain of ex=0~8%, and increase at
compression of eg=0~—4%. And the charge transfer (AQ, Fig. 7b) in-
creases systematically with increasing x-axis tensile strain. The same
goes for the variation trends of E;, AQ and d when y-axis (red) or biaxial
strain (blue) is applied. The above results indicate that the tensile strains
in different directions significantly increase the adsorption strength of S-
HfSe, for NHs, thereby improving the performance of the strained S-
HfSe,-based NHj sensor. The difference is that the amount of change

(czz) Te-HfSe,/0, (d)
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induced by biaxial strain is larger. However, it is more difficult to realize
biaxial strain than uniaxial strain experimentally. In addition, since the
structure of the substrates along the x-axis or y-axis is the same, there is
no significant difference in the effect of the strain on the adsorption
parameters (E;, AQ and d), which is almost the same. Therefore, the
following studies mainly focus on the x-axis strain effect.

And the adsorption of x-axis strained S-HfSe, to Os is also calculated
as a comparison. For Os, the variation trend of E, with x-axis strain is
completely different from that for NHs, as shown in Table S1. When Os is
adsorbed on the unstrained S-HfSe, monolayer, the E, is —0.126 eV. As
the x-axis tensile strain increases from 0% to 6%, it increases from
—0.126 eV to —0.118 eV, suggesting the adsorption strength weakens
with increasing strain. The AQ also decreases with increasing x-axis
tensile strain, in the opposite direction of NHs. As a result, x-axis strain
can help to improve the selectivity of an NH3 sensor based on S-HfSes
monolayer to some extent.

In addition, at strain of £,=4%, the band structure, DOS and PDOS of
S-HfSey/NHg3 are calculated and described in Fig. 8. When NHj is
adsorbed onto S-HfSe; with £,=4%, the band gap increased from 0.700
eV to 0.819 eV, indicating that the conductivity of the substrate changed
significantly after adsorption of NH3 compared to before adsorption. In
addition, after adsorption of NHg, the S-HfSe; monolayer with £,=4% is
transformed from an indirect band-gap to a direct band-gap, which
makes it easier for electrons to be excited from the valence band to the
conduction band, so the optical properties of the substrate after
adsorption of NH3 will also change accordingly.

And according to Fig. 8(c), after adsorption of NH3, the DOS of S-
HfSe, with e,=4% is almost the same as before adsorption, further
indicating that the DOS of the entire S-HfSey/NHs system is mainly
contributed by the substrate. The PDOS also shows that no orbital hy-
bridization occurs between S-HfSe; with £x=4% and NH3 near the Fermi
level. At approximately —5.5 eV, far from the Fermi level, apparent
orbital hybridization occurs between N-p and Hf-s, p, d. These results
demonstrate that NHgs is still physically adsorbed on the S-HfSe,
monolayer with e,=4%, just like when no strain is applied. This also
further indicates that the adsorption strength of S-HfSe;, for NH3 can be
enhanced by stretching S-HfSe; along the x-axis, which can provide
theoretical guidance for sensitive materials design.

3.4. Sensing behavior prediction of S-HfSez for NHs

Aforementioned studies show that S-HfSe; is a potentially sensitive
material for the detection of NH3, and it is worth mentioning that the
conductivity (c) and recovery time (t) are important factors for gas
sensors. Therefore, this section predicts the potential of x-axis strain-
engineered S-HfSe; as an NHj sensor by calculating conductivity and
recovery time.

After NH3 adsorption, the conductivity of the substrate changes. And
its change rate determines the sensitivity of the device. The band gap
value is an important factor in determining S-HfSe, conductivity. The
following formula (4) expresses the relationship between the band gap
and conductivity [44]:

——NH,
Te-HfSe,

DOS

0.392 eV

—— Te-HfSe,/NH,

Te-HfSe,/O,
—o0,
—— Te-HfSe,
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Fig. 6. The band structure of (a) Te-HfSe,, (b) Te-HfSe,/NHj3 and (c) Te-HfSe,/O3. The DOS (up) and PDOS (down) of (d) Te-HfSe,/NH3 and (e) Te-HfSe,/O3

adsorption system. The Fermi level is at 0 eV.
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where k and T represent the Boltzmann constant and temperature,
respectively, and E, represents the band gap.

This formula states that the larger the band gap of the substrate
material, the lower the conductivity at a given temperature T. In addi-
tion, it is also demonstrated that the greater the rate of change in the
band gap, the greater the rate of change in conductivity. And sensitivity
can be characterized by the change rate of conductivity, which suggests
that the greater the change rate of band gap, the higher the sensitivity.
After adsorption NHg, the band gap change rates of S-HfSe, under
ex=2%, 4%, 6%, and 8% strain are 16.3%, 17.0%, 14.2% and 11.2%,
respectively, which imply that conductivity of substrate decreases after
adsorbing NH3 and the change rate of S-HfSe, with e,=4% is the largest.
Combined with the adsorption properties and electrical properties
studied above, it is suggested that x-axis strained S-HfSe; can be used as
a potential sensing material for the detection of NHj3.

To further validate the reusability of the x-axis strained S-HfSe,
monolayer as a gas sensor for NH3 detection, the recovery time is
calculated, which is a known parameter that determines the quality of a
gas sensor. Theoretical methods for estimating recovery time are based
on transition state theory, which can be calculated using formula (5)
[45]:

T=wle B/ 5)
where w, k, T, E* are the attempt frequency, the Boltzmann constant, the
temperature, and the desorption energy barrier, with the value equaling
the adsorption energy (E,), respectively.

We use an attempt frequency of 10'2 s7! [45,46] and kT of 25.852

meV when T is 300 K. According to this formula, the larger the absolute

value of the adsorption energy, the longer the recovery time. In this
work, the recovery time of desorption of NH3 from the substrate surface
at 300 K is calculated, and the results are shown in Table 2. The pre-
dicted recovery times of NHs on the S-HfSe; surfaces with ex= 4%, 6%
and 8% strained are 0.027 s, 1.153 s and 102.467 s, respectively, sug-
gesting that NH3 can be rapidly desorbed from the substrate surface. In
addition, the results show that the recovery time of NH3 from the
O-HfSe, surface is longer, with the recovery time of 1.311 x 107 s at 300
K, as shown in Table 2. And after adsorption of NHs, the band gap
change rate of O-HfSes is small (2.06%), indicating that its sensitivity to
NHj3 is low, so O-HfSej is not very suitable for detecting NHs.

We have also added the comparison of adsorption energy (Egp),
charge transfer (AQ), band gap change (AE,) and band gap change rate
(AEy/Eg) and recovery time (1) for NH3 gas adsorption by different
materials, as shown in Table 2. It can be seen from the table that
applying x-axis tensile strain to the S-HfSe, can increase the adsorption
energy and charge transfer, and the charge transfer and change rate of
band gap is larger than that of literature. The band gap change rate
reaches the maximum at e,=4%, its corresponding recovery time is
0.027 s, indicating that the detection of NHg by S-HfSey with e,=4% is
sensitive and fast recovery.

4. Conclusion

In conclusion, pristine and X-doped HfSe, (X-HfSej, X=0, S, Te)
monolayers have been used to study their interactions with NH3 and O3
according to first principles based on density function theory. The re-
sults show that the adsorption of NH3 and O3 by pristine HfSe, is weak.
Their adsorption strength can be significantly improved by doping O.
Chemisorption occurs between O-HfSe; and Os with largest charge
transfer, and the band gap of O-HfSe, monolayer disappears after the
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Table 2

Summary of adsorption energy (E,), charge transfer (AQ), band gap change (AE,) and band gap change rate (AE,/E,) for NH;3 gas adsorption by different materials.
Substrate Eq (eV) AQ (e) AEg (eV) AE/E, © (T = 300 K) Reference
pure O—HfSe, -1.138 0.257 0.016 2.06% 1.311 x 107 s This work
pure S-HfSe, —0.466 0.268 0.088 14.24% 67.368 ps
2% S-HfSe, —0.501 0.274 0.107 16.31% 0.261 ms
4% S-HfSe, —0.621 0.278 0.119 17.00% 0.027 s
6% S-HfSe, -0.718 0.283 0.104 14.17% 1.153 s
8% S-HfSe, —0.834 0.285 0.085 11.17% 102.467 s
PtAs, —0.510 0.036 —0.010 —2.70% 0.370 ms [47]
PtP, —0.500 0.033 —0.010 —3.57% 0.251 ms
graphene ~0.316 ~0.039 0.007 - 0.204ps [48]
MnPS3 —0.150 —0.010 0.008 0.36% 33.105 ns [49]
WO3(001) —0.110 0.010 0.033 11.54% 704.561 ns [50]

adsorption of Os, indicating that O3 has a great influence on its electrical
properties, and further implies that O-HfSe; is not suitable as a O3 gas
sensor. Besides, the S-HfSep/NHj3 system has larger adsorption energy
and charge transfer than Os. However, it is still small. To enhance
sensing performance of NHs by S-HfSej, the strain effect on the S-HfSep/
NHj adsorption system is also studied. The results indicate that the
adsorption strength of NH3 on S-HfSej can be enhanced by stretching S-
HfSe, along x-axis. After absorbing NHj, the conductivity of x-axis
strained S-HfSe; changes obviously, which suggest its sensitivity. And
the predicted recovery times of S-HfSe, surfaces with £,=4%, 6% and
8% 4 are 0.027 s, 1.153 s and 102.467 s, respectively, which indicates
that x-axis strained S-HfSe; monolayer has potential applications pros-
pect in NH3 detecting. Furthermore, this study sheds light on gas-surface
interactions, which may help in the future experimental development of
two-dimensional materials for strain-based NHj3 sensing and perfor-
mance optimization.
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