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Abstract

This study investigates the sensitivity and selectivity of gas adsorption (SFg, SO,F,, SOF,, SO,, and HF) on SiGe surfaces
and Ca atom-decorated SiGe surfaces using Density Functional Theory (DFT). The optimized structures, bond lengths, and
angles of the gas molecules are analyzed, providing valuable insights into their geometric features and bonding configura-
tions. For every gas on both surfaces, important variables such as adsorption energy, and charge transfer are examined. In
particular, there is a significant increase in charge transfer and adsorption energy when SF interacts with Ca$2D-SiGe
as opposed to the SiGe surface. To emphasize changes in band gap and electronic structure, the study explores electronic
properties such as density of states (DOS) and projected density of states (PDOS) spectra before and after gas adsorption.
Electron density differences (EDD) analysis is used to clarify the type of interactions, including accumulation and depletion
of charge. The results reveal that all gases except HF/ Ca$2D-SiGe showed chemical adsorption. The study also takes into
account recovery time, an important metric for sensor materials, which is calculated for the breakdown gases of SF, on both
surfaces at different temperatures and shows potential uses for gas detection. Future research should focus on a broader range
of gas molecules and their interactions with SiGe and Ca-decorated SiGe surfaces. Ultimately, the integration of SiGe-based
sensor devices in real-world applications such as environmental monitoring, industrial safety, and medical diagnostics can
be explored to understand the broader potential of these materials in the field of gas detection.

Keywords Density functional theory - SiGe Surface - Ca Atom-Decorated SiGe Surfaces - SF, decomposition gases
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1 Introduction

Sulfur hexafluoride (SF¢) is a non-toxic gas that is com-
monly utilized in industrial, medical diagnostics, and elec-
trical applications. SF is utilized as an insulating gas in
high-voltage electrical equipment such as switchgear, trans-
formers, and circuit breakers due to its excellent thermal
conductivity, arc-extinguishing properties, and high dielec-
tric strength [1-9]. SF¢ serves a dual purpose in industrial
applications. Firstly, it is employed in film protection to
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shield molten metals, such as magnesium, from oxidizing
when exposed to the surrounding air [10, 11]. Secondly, SF¢
plays a pivotal role in plasma etching, a critical step in the
production of various technological components, includ-
ing photovoltaic devices, integrated circuits, micro-elec-
tromechanical systems, and flat-panel displays [12]. Given
its relatively high cost, SFy is often combined with other
inert gases, such as nitrogen (N,), and utilized in a diluted
form across most applications. However, in semiconductor
industries, where the demand for high-purity SF, remains
significant, undiluted SF6 is still crucial [13]. This blending
of SFy with other gases is a common practice to optimize
cost-effectiveness while maintaining desired performance
characteristics. It is worth noting that the use of mixed
gases containing SF is particularly prominent in regions
with temperate climates. In these areas, there is a height-
ened risk of SF6 condensation at low ambient temperatures,
typically ranging from below —30 °C to —40 °C. This con-
densation poses a challenge as it can lead to a decrease in
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the operational efficiency of SF as a circuit breaker [14].
Some concerns about the harmful environmental effects of
SF¢ have risen in recent years. SF¢ is a powerful greenhouse
gas with a global warming potential (GWP) that is 23,500
times more than that of carbon dioxide (CO,). This indi-
cates that during 100 years, one molecule of SF, emitted
into the atmosphere has the same warming impact as 23,500
molecules of CO, [15-18]. SF, is a highly long-lived gas,
in addition to having a high GWP. SF, has an estimated
atmospheric lifespan of 3,200 years [19]. This implies that
SF¢ discharged into the atmosphere today will stay there for
thousands of years, contributing to global warming. SFy is
a substantial contributor to climate change due to its high
GWP and long atmospheric lifespan. Global SF emissions
were expected to reach 8,300 metric tonnes in 2020. If no
effort is made to reduce emissions, they are expected to rise
to 14,000 metric tonnes by 2050. Small quantities of O,
and H,O react with SF, gas to produce low fluoride sulfide.
Over time, internal insulation defects and aging within the
gas-insulated switchgear (GIS) equipment can lead to partial
discharges. These partial discharges can result in the break-
down of SF, gas, producing several stable gas species such
as SO,F,, SOF,, SO,, and HF [20-25]. These decomposed
gas species have a dangerous effect to human health and the
environment negatively impact the insulating properties of
SF¢ gas and can lead to the failure of GIS [26-32]. To ensure
the stable operation of GIS and the entire power industry,
it is crucial to identify GIS faults through continuous, real-
time monitoring of SF decomposition products within the
GIS. This proactive monitoring helps maintain the reliability
of the GIS system and the power sector as a whole.

In recent years, the world of two-dimensional (2D) mate-
rials, a field that has sparked extensive interest and innova-
tion due to the unique chemical and physical properties, such
as high specific surface area, excellent mechanical proper-
ties, relatively large carrier mobility, and good thermal con-
ductivity [33-37]. Therefore, 2D nanomaterials have been
utilized in many fields such as gas sensors [38—40], energy
storage [41-44], electronic devices [45, 46], and catalysis
[47, 48]. Computational studies based on density functional
theory (DFT) were investigated to be potential in gas sensing
for SF6 decomposition products, such as Co or Cr modified
GeSe monolayer [8], Ti;C,0, MXene [49], InP3 monolayer
[50], Pt-BN monolayer [51]. Pd modified C;N, [52], and
Sc-doped MoS, [53]. The research effort is primarily con-
cerned with discovering low-cost 2D materials appropriate
for usage in mobile devices, with attention to the environ-
ment synthesis processes. One material of interest is 2D
SiGe with a honeycomb lattice, which has been theoretically
explored and shown structural stability [54]. According to
theoretical investigations, doped and functionalized 2D SiGe
might be used as anodes in Li-ion batteries as well as hydro-
gen storage materials [55, 56]. Notably, recent publications
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show the effective synthesis of comparable nanostructures,
emphasizing the necessity for additional investigation into
the possibilities of this material. In this study, we used DFT
calculations to examine the SiGe and Ca decorated SiGe
monolayers for SFy decomposition gases. The novelty of
this work lies in its innovative use of SiGe and Ca deco-
rated SiGe for studying gas adsorption. This research has the
potential to inform the development of advanced gas sensors
and materials for a wide range of applications.

2 Computational details

All computations were performed in the framework of DFT
as implemented in the DMol3 module of Materials Studio
software code [57]. The study utilizes the Perdew-Burke-
Engenho (PBE) function in the context of the generalized
gradient approximation (GGA) to investigate electron
exchange—correlation effects [58—60]. The Tkatchenko and
Scheffler's (TS) method is employed to elucidate van der
Waals forces, which play a crucial role in various molecular
interactions [61]. A 4x 4 X 1 supercell of 2D SiGe, compris-
ing 16 Si and 16 Ge atoms, to examine its ability to adsorb
decomposed gases from sulfur hexafluoride (SF6). To mini-
mize interference between neighboring structures, a vacuum
region of 20 angstroms (A)is incorporated into the supercell
design. In the computational analysis, the double numerical
plus polarization (DNP) method is employed with a basis
set of 4.4, which accounts for the electron distributions and
polarizabilities within the system [62]. The core-valence
interaction was described by the semi-core pseudopotentials
(DSPP) [63]. For geometric optimization and energy calcu-
lations, a Monkhorst—Pack k-point grid of 3 x3x 1 was used,
and 9x9 X 1 for electronic structure calculations. The self-
consistent field convergence accuracy (SCF tolerance) is set
at 10° Ha (Hartrees), ensuring that the electronic structure
calculations reach a level of precision necessary for reliable
results. This parameter defines the threshold below which
the SCF iterations are considered converged.

the binding energy E;,,;;,, of Ca atom decorated the SiGe
surface can be calculated by the following equation:

Ebinding = Ecuop-sice — Eca — Esice (1)

where the B¢ 5p_sige> Eca> andEg;q. are defined as the total
energy of the Ca atom on SiGe, the single Ca atom, and the
SiGe surface, respectively.

the amount of charge transfer (Q;) between the gas and
the surface was determined by Hirschfeld analysis. The
adsorption energy E_,, of every gas molecule on SiGe and
Ca$2D — SiGe surfaces was calculated by the following
equation:
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Eads = EGas/surface - EGas - ESurface 2)

where Eg,/surface> EGass ad Egypyce are the total energy of
gas molecules adsorbed on the (SiGe and Ca$2D — SiGe)
surface, the energy of isolated gas, and the energy of the
(SiGe and Ca$2D — SiGe) surface, respectively.

3 Results and discussion

3.1 Structures of the target gas, 2D-SiGe, and Ca
decorated SiGe

The geometry structures of the desired gas molecules
(SF¢, SO,F,,SOF,, SO,, and HF) are presented, as seen
in Fig. 1. The optimized SF6 molecule has an octahedral
structure with a length of 1.611 A between the S atom and
the F atom. The S,0F, and SOF, molecule has a tetrahe-
dral structure, the bond lengths between S—-O, and S-F are
1.431 A, and 1.595 A respectively. The bond angle between

Fig. 1 Optimized structures of
the studies gases

O-S-F is 107.969°. SOF, molecule has a pyramidal struc-
ture with Cs symmetry, the bond distances between S—O,
and S-F are 1.446 A, and 1.649 A respectively. The bond
angle between O-S-F is 106.794°. The SO, molecule exhib-
its a clear V-shaped structure. The distance between the O
and S atoms is 1.464 10\, while the bond angle of O-S-0 is
119.537°. The bond distance for H-F in the HF molecule is
0.934 A. The structures of 2D-SiGe are depicted in Fig. 2,
the computed lattice parameter is a=b=3.94 A along with
a buckling value of 0.60 A that is in agreement with the
previous study [64]. Additionally, the Si—-Ge covalent bond
exhibits a length of 2.35 A, and the bond angle for Ge-Si-
Ge is measured at 113.694°. These findings offer important
information regarding the material's geometric features and
bonding configuration.

In order to determine the most stable geometry structure
of a single Ca atom decorated pristine 2D-SiGe monolayer
(Ca$2D-SiGe). Figure 2, shows the optimal geometric struc-
ture of (Ca$2D-SiGe). The Ca atom rests on a hollow site,
which is positioned above the hexagonal hole, is the most

SFs SO,F,

SOF, SO,

HF
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Fig.2 The optimized structure
of SiGe, and Ca decorated SiGe

Side view of Ca$2D-SiGe
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Table 1 The parameters of SiGe and Ca decorated SiGe

SiGe Ca$2S-SiGe
Lattice constant (A) 3.94 -
d (A) 2.35 (Si-Ge) 2.873 (Ca-Ge)
E, (eV) - -2.30
Q(e) - 0.53

stable location, according to the binding energy results as
seen in Table 1. The crystalline cohesive energy of 1.84 eV
[65] is less than the binding energy of Ca, which is -2.30 eV.
The distance between the Ca atom and the nearest neighbor
Ge atom is 2.873 A. The interaction of Ca with 2D-SiGe
monolayer was investigated by Hirshfeld charge analysis. As
presented in Table 1, the electronic charge on Ca atom has a
positive sign that indicates the electron transferred from the
Ca atom to the pristine 2D-SiGe.

3.2 Adsorption structures

This study extensively considers various adsorption forms
of molecules. Figures 3 and 4, clearly represent the opti-
mized and stable adsorption configurations. Key parameters
such as adsorption energy, charge transfer, and the distance
between SiGe, Ca$2D-SiGe, and adsorbed gases are sys-
tematically summarized in Table 2. SF6 molecule chemi-
cally adsorbs onto the two SiGe and Ca$2D-SiGe surfaces.

As shown in Fig. 3, the SF6 molecule is still in octahedral
form after adsorbing on the SiGe surface. The most stable
SF6 adsorption over the SiGe surface exhibits the adsorp-
tion energy (E,,,) of -1.52 eV as presented in Table 2. The
adsorption distance between the F atom of SF, and the Ge
atom of the substrate is 3.424 A. The amount of charge
transfer obtained from Hirshfeld charge analysis is -0.0089
e, which demonstrates the charge transfer from the SiGe
substate to the SF¢ molecule, revealing that the S atom of
the SF¢ molecule loses an electron, while the six F atoms
gain the electron. However, the SF molecule adsorbed on
Ca$2D-SiGe undergoes decomposition to *SFs and F* (* is
the adsorbed species). The one F in SF, shows an elonga-
tion of the bond S-F from 1.62 A to 4.97 A and binds to the
surface with an adsorption distance of 2.007 A. The SF¢
adsorption over Ca$2D-SiGe shows the highest adsorption
energy of -6.12 eV on the Ca site. The adsorption distance
between the F atom of SF5* and the Ca site is 2.166 A. The
adsorption energy of the SF6 molecule on Ca$2D-SiGe is
4.03 times higher than adsorption over the SiGe surface and
the amount of charge in the case of Ca$2D-SiGe is higher
than SiGe surface. As seen in Table 2, we can find that the
charge transferred from the Ca site to the SF¢ molecule.
Upon analyzing the adsorption energy outcomes for SF
gas molecules, it is evident that the SF, system exhibits the
most negative E, ;.. This strong chemical interaction occurs
between the SiGe and Ca$2D-SiGe monolayers and the SF6
molecule.

Table 2 The adsorption

, Configuration
parameter of studied gases on

Adsorption distance (A)

E, ;(eV) Hirshfeld charge (e) Or(e)

SiGe monolayer

SF6/SiGe 3.424 (F-Ge)

SO2F2/SiGe 3.649 (F-Ge)

SOF2/SiGe 1.813 (F-Ge)

2.19 (O-Ge)
S02/SiGe

2.944 (S-Ge)

HF/SiGe 2.529 (H-Ge)

-1.52 0.5834

—-0.0999
—-0.0999
—-0.0987
-0.0975
-0.0958
-0.1005
0.5426

-0.2031
-0.2032
-0.0632
-0.0621
0.3229

-0.1968
-0.1413
-0.2462
0.3337

-0.2418
-0.2391
—-0.2266
0.1173

—0.0089

-1.39 0.011

-2.00 -0.2614

-1.62 —0.1472

-1.36 -0.1093

ITmMoOoOvwmMMOoOwTMOoOOoOY“ MM T TM ™M ®
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SO,F,/SiGe

S02/SiGe

Fig.3 Adsorption configurations of the studied gases on SiGe monolayer

The adsorption of SO,F,, and SOF, molecules on both
SiGe and Ca$2D-SiGe surfaces that presented in Figs. 3 and
4, and the calculated parameters are collected in Tables 2 and
3. SO,F, molecule interact with SiGe and Ca$2D-SiGe sub-
strate via F atoms and the adsorption energies are -1.39 eV,
and -5.66 eV for SiGe and Ca$2D-SiGe surfaces, respec-
tively. In the case of a pristine SiGe monolayer, one F atom

@ Springer

HF/SiGe

is located on hollow site and the other F atom is on top of the
Si atom. The distance between Ge and F is 3.649 A. While
the SO,F, adsorption on the Ca$2D-SiGe surface, the SO,F,
decomposes into SO,* and 2F* leading to elongation of the
two bonds of S-F to 5.164 A and located on Ge atom of the
substrate with distance 2.039 A and the one O atom of SO,F,
interact with decorated Ca atom with distance 2.296 A. By
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SO,F,/Ca$2D-SiGe

SO,/Ca$2D-SiGe

HF/Ca$2D-SiGe

Fig.4 Adsorption configurations of the studied gases on Ca$2D-SiGe monolayer

Hirshfeld charge analysis, it was found that 0.01 e transfers  leading to the strong interaction between Ca atom and O of
from SO,F, molecule to SiGe substrate, while in Ca$2D-  SO,F, molecule. Following the adsorption of SOF,, Figs. 3
SiGe, the 0.635 e transfer from the Ca$2D-SiGe to SO,F,  and 4 reveal the elongation of S-F bond in both SiGe and
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Table 3 the adsorption

. Configuration
parameter of studied gases on

Adsorption distance (;A)

E, . (eV) Hirshfeld charge (e)  Qr(e)

Ca$2D-SiGe monolayer SF6/Ca$2D-SiGe

SO2F2/ Ca$2D-SiGe

SOF2/ Ca$2D-SiGe

S0O2/ Ca$2D-SiGe

HF/ Ca$2D-SiGe

2.007 (F-Ge)
2.166 (F-Ca)

2.039 (F-Ge)
2.296 (O-Ca)

2.296 (O-Ca)

2.268 (0O-Ca)

2.433 (F-Ca)

-6.12 0.5601 S -0.5495
-0.0636 F
-0.1183 F
-0.2838 F
-0.2516 F
-0.2761 F
-0.1162 F
S
O
(6}
F
F

-5.66 0.3496
-0.2529
-0.2185
-0.2566
-0.2566
0.1834
-0.2775
-0.2664
-0.1807
-2.22 0.26
-0.2966
-0.2939
-0.0889
0.2704

-0.635

-3.33 -0.5412

T o w

-0.3305

-0.56 0.1815

T OOw

Ca$2D-SiGe surfaces. SOF, molecule was deformed after
adsorption on the SiGe surface, and we found that from the
shown in Fig. 3, this molecule was adsorbed parallel to the
surface and the O-S-F angle changed from 106.79° to 104.82°.
while SOF, molecule adsorbed on the Ca$2D-SiGe by the
oxygen and fluorine atoms of SOF, molecule directed to the

Fig.5 DOS of SiGe and 20
Ca$2D-SiGe surfaces

15

calcium decorated SiGe monolayer, where the other fluorine
atom split and the distance between the sulfur and fluorine
atoms became far away and approached the Ge atom of
the substrate at a distance of 1.813 A in case of SiGe and
2.053 A for Ca$2D-SiGe surface. The adsorption energies
of SOF2 molecules on both SiGe and Ca$2D-SiGe surfaces

—SiGe

— Ca$2D-SiGe

Density of states(electrons/eV)

-20
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—SiGe

—— sF6/SiGe

Density of states(electrons/eV)

Energy (eV)

20
—SiGe
15 R —SO02F2/SiGe

Density of states(electrons/eV)

Energy (eV)

20
—SiGe
15 —SOF2/siGe

Density of states(electrons/eV)
°

Energy (eV)

Fig.6 DOS and PDOS of the studied gases on SiGe monolayer

are -2.00 eV and -3.33 eV, respectively. The charge transfer
from SiGe and Ca decorated SiGe surfaces to the SOF2 mol-
ecule. The deformation of SOF, molecule is closely related
to the amount of adsorption energy and charge transfer. After
analyzing the forms of adsorption for both SO,, and HF mol-
ecules on the SiGe and Ca$2D-SiGe surfaces, we found that

15

—si-3p
—Ge-4p

10

——F-2p
s3p

PDOS (electrons/eV)

Energy (eV)

PDOS (electrons/eV)
°

Energy (eV)

10

PDOS (electrons/eV)
°

Energy (eV)

the SO, molecule is adsorbed in parallel to SiGe as seen in
Fig. 3, the adsorption energy as presented in Table 2, for this
gas molecule is -1.62 eV and adsorption distance between
S-Ge is 2.944 A, while this molecule over Ca$2D-SiGe as
shown in Fig. 4, the molecule has settled vertical and directed
to the Ca decorated SiGe by the two oxygen atoms of SO,.
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—SiGe

15 —S02/SiGe

Density of states(electrons/eV)

Energy (eV)

—SiGe
45 A ——HF/SiGe

Density of states(electrons/eV)

Energy (eV)

Fig.6 (continued)

The adsorption energy for SO, on the Ca$2D-SiGe surface
is -2.22 eV and the adsorption height between the O atom of
SO, and the Ca atom is 2.268 A. In the case of the interaction
of HF molecules with SiGe and Ca$2D-SiGe surfaces, As
presented in Fig. 2, the hydrogen atom of the HF molecule
interacted with the SiGe surface with an adsorption energy
of -1.36 eV, and adsorption distance H-Ge is 2.529 A but
when this molecule interacted with the Ca$2D-SiGe sur-
face, the molecule was rotated and the interaction took place
between the F atom of HF molecule and Ca atom that is physi-
cally adsorbed with adsorption energy -0.56 eV, the distance
between F atom and Ca atom is 2.433 A and the angle of
Ca-F-H is 137.73°. By analyzing the charge transfer as col-
lected in Tables 2 and 3, the SO, molecule over SiGe and
Ca$2D-SiGe surfaces act as electron acceptors as well as the
HF molecule over SiGe surface, while the HF molecule on
Ca$2D-SiGe surfaces acts as electron donors.

3.3 Electronic properties and electron density
differences

The interaction of the Ca atom decorated SiGe monolayer
reflects on the electronic properties through the density of

@ Springer

% —si-3p
——Ge4p

s-3p

—0-2p

PDOS (electrons/eV)

Energy (eV)

g —si3p
——Ge-dp
6 F2p

—H-1s

Z AT

° S

8 A 10 I\ ——— W
. 12 a1 10 8 \/s/ﬁ“\

PDOS (electrons/eV)

Energy (eV)

states (DOS). The band gap for the decorated surface was
decreased from 1.69 eV for SiGe to 1.23 eV for Ca$2D-
SiGe and the peaks are shifted to the left, but the morphol-
ogy of DOS doesn’t change significantly as seen in Fig. 5.
To uncover the microscopic sensing mechanism of the
gases over SiGe, and Ca$2D-SiGe system, the DOS and
projected density of states (PDOS) spectra of the SiGe,
and Ca$2D-SiGe monolayers before and after gas adsorp-
tion are presented in Figs. 6 and 7. After the adsorption of
SF¢ by the SiGe monolayer, as seen in Fig. 6 there are new
peaks appeared near 0.17 eV, -5.70 eV, -6.68 eV, -8.70 eV,
and -11.90 eV that is because of F-2p and Ge-4p orbitals,
while for adsorption by Ca$2D-SiGe system as shown in
Fig. 7, the DOS peaks are shifted to right and new peaks
appear from -3.44 eV to -7.52 eV that there a strong over-
lap between Ca-3 s orbitals and F-2p orbitals at -3.56 eV,
and -5.35 eV that resulting a strong adsorption of SF6 on
the Ca$2D-SiGe surface. In the adsorption of SO,F, and
SOF, by SiGe surface, DOS changes a little for SO2F2 on
SiGe surface, and for SOF, the peaks shifted to the right
and the PDOS show the overlap at -7.46 eV between F-2p
with Ge-4p orbitals for In SO,F,/SiGe and at -7.04 eV for
SOF,/SiGe, while a significant change of DOS for SO,F,
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10
- Ca$2D-SiGe

15 —— SF6/Ca$2D-SiGe 8

Density of states(electrons/eV)

-20

PDOS (electrons/eV)
°
S

Energy (eV)
0.02
001
0
27 238 4% I8 I8 2. <11 M B o
-0.01
-002
-003
0.04
-0.05
Energy (eV)
20
——Ca$2D-SiGe 10
15 ——S02F2/Ca$2D-SiGe 5 —si-3p
——Ge-4p
6 —F-2p

s3p
—02p

Density of states(electrons/eV)

0.02

——Ca-35
0015

PDOS (electrons/eV)

20 001

Energy (eV)

0.005

43 a2¥a1 10 9

Energy (eV)

Fig. 7 DOS and PDOS of the studied gases on Ca$2D-SiGe monolayer

and SOF, on Ca$2D-SiGe surface. There is a big overlap  surfaces. As for the SO, and HF adsorption system, the peak
between Ca-3 s and O-2p orbitals at -3.61 eV for SO,F,/  values change slightly after the adsorption of SO,, and HF
Ca$2D-SiGe and -5.13 eV, -6.38 eV for SOF,/ Ca$2D-SiGe  gases. As seen in Fig. 6, there is the hybridization of O-2p,
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Density of states(electrons/eV)

Fig.7 (continued)

Si-3p, and Ge-4p at -3.92 eV for SO,/SiGe, and the new
peaks appear at -4.30 eV, and -8.18 eV for HF/SiGe sur-
face. For DOS in Fig. 7, there is a little change after SO,
and HF adsorbed on Ca$2D-SiGe. The PDOS shows the

20
—Ca$2D-SiGe
45 ——HF/Ca$2D-SiGe

Density of states(electrons/eV)

Energy (eV)

Fig.7 (continued)

@ Springer

overlap O-2p and Ca-3 s orbitals at -3.96 eV and the new
peaks appear at -9.05 eV and a little overlap signifying the
weak adsorption between the HF molecule and Ca$2D-SiGe
monolayer.

The electron density differences (EDD) analysis eluci-
dates the nature of interactions between SF¢ decomposed
gases and the monolayer system (SiGe, and Ca$2D-SiGe)
as presented in Figs. 8§ and 9. The blue and yellow colors
represent electron depletion and accumulation, respectively.
There is a charge depletion below the F atoms for SF,, and
HF systems, charge depletion below the O atoms for SO,
systems, charge depletion below the O and F atoms for
SO,F, and SOF, systems, and charge accumulation between
S-F atoms, S—O atoms, and Ca-SiGe substrate indicating
electron transfer from S to F and O atoms and electron trans-
fer from Ca decorated atom to substrate. In the case of HF/
Ca$2D-SiGe, there is a limited charge transfer and charge
accumulation between F and Ca atoms indicating charge
transfer from HF to Ca$2D-SiGe monolayer.

3.4 Gas sensitivity and selectivity

The study explores the potential of SiGe and Ca$2D-SiGe
as a gas sensor by examining adsorption properties such
as adsorption energy and charge transfer. These properties
influence changes in the density of states (DOS) and enhance
electrical conductivity, crucial factors for a material to func-
tion efficiently as a gas sensor. Sensitivity, selectivity, and

PDOS (electrons/eV)

-05

Energy (eV)
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Fig.8 EDD of the investigated
gases on SiGe surface

01 0] 0] @

SO,F,/SiGe

-

QI0I0Q

recovery time are vital features in evaluating the effective-
ness of a gas sensor [66, 67]. Sensitivity, a key parameter, is
determined by observing the change in electrical conductiv-
ity (o) before and after gas adsorption. The electrical con-
ductivity of materials denoted as o, and The sensitivity (S)
of SiGe and Ca$2D-SiGe for gas adsorption can be calcu-
lated using following the provided formula [68, 69].

SO,/SiGe

HF/SiGe

B
o X exp(ZKBT) 3)

S=< ! —L)/(L) 4)
02D _Gas 02D O2p

where Eg, Kj, T are the band gap, Boltzmann’s constant,
and absolute temperature, respectively. 6,p g, 02p 18 the
conductivity of the gas adsorbed system and isolated (SiGe
and Ca$2D-SiGe) monolayer, respectively [70].
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Fig. 9 EDD of the investigated
gases on SiGe surface

The computed band gap of SiGe and Ca$2D-SiGe system
are 1.69 eV, and 1.23 eV, respectively. After adsorbing gases,
the band gap of SF¢, SO,F,, SOF,, SO,, and HF on SiGe is
1.31eV, 1.61 eV, 0.12 eV, 1.22 eV, 1.59 eV, respectively. The
band gap of SF,, SO,F,, SOF,, SO,, and HF on Ca$2D-SiGe
are 1.29eV,0.40¢eV, 1.23 eV, 0.22 eV, and 0.13 eV, respectively.
These gases except HF/ Ca$2D-SiGe showed chemical adsorp-
tion. Therefore, the SiGe and Ca$2D-SiGe substrate appeared
as an efficient selectivity and sensing of gas molecules.

@ Springer

HF/Ca$2D-SiGe

3.5 Recovery time

The time it takes for a gas to detach from the surface of
the sensor material, known as recovery time, is a critical
measure for evaluating sensing materials. This duration is
influenced by the strength of the bond formed between the
gas and the surface. Stronger bonds result in longer recov-
ery times, making desorption challenging. Recovery time
is calculated using the following formula [71]:
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Table4 The time recovery of studied gases on SiGe, and Ca$2D-
SiGe surface at temperature 298 K, 698 K, and 898 K

Adsorption systems  zatT = 298K rtatT = 698K ratT = 898K
SF4/SiGe 4.99 x10' 936x107%  3.37x107
SO,F,/SiGe 3.17 x10'° 1.08x107 629 x1076
SOF,/SiGe 6.05x10%  27.30 1.66 x1072
S0,/SiGe 2.45 x10% 4.94 %1072 1.23x1074
HF/SiGe 1.45 x10'° 7.74x107* 486 x1076
SF,/ Ca$2D-SiGe 2.94 x10% 1.50 x10*! 2.17 x10%
SO,F,/ Ca$2D-SiGe  3.34 x10% 6.06 x10% 5.00 x10'8
SOF,/ Ca$2D-SiGe  1.99 x10% 1.09 x10™ 4.82 x10°
SO,/ Ca$2D-SiGe 3.41 x10* 1.06 x10° 0.29
HF/ Ca$2D-SiGe 433x107*  1.30x10™°  1.57x107"°
“Eads
7=Alexp o7 o)

where A is the attempt frequency (10'%s™"), K is the Boltz-
mann’s constant (8.62 xlO_SeVK_l), and T is absolute the
temperature [72]. The formula indicates that as the absolute
value of adsorption energy decreases and the temperature
increases, the duration for the gas to dissociate from the
adsorbent surface becomes shorter. This observation is
derived from the adsorption energy results. The time recov-
ery of the SF4 decomposition gases on the SiGe, and Ca$2D-
SiGe surfaces are calculated at various temperatures (298 K,
698 K, and 898 K), and the results are shown in Table 4.

It can be seen that HF molecules on the Ca$2D-SiGe
monolayer have the shortest time to desorb from the Ca$2D-
SiGe surface. However, the other Four gases on the Ca$2D-
SiGe surface have high adsorption energy, which results in
an extended recovery time that does not meet the rapidity
requirement for the sensing material. Hence, the Ca$2D-
SiGe demonstrates significant potential as an adsorbent for
these four gases (SF4, SO,F,, SOF,, and SO,). At a tempera-
ture of 698 K, the HF on Ca$2D-SiGe, and all gases on the
SiGe surface have a short time to detach from the monolayer
surface. Moreover, with an increase in temperature (898 K),
the duration for the desorption of HF from Ca$2D-SiGe and
all gases on the SiGe surface are significantly reduced, indi-
cating the potential for detecting these gas molecules.

4 Conclusion

The results reveal that SF, chemically adsorbs onto SiGe
and Ca$2D-SiGe surfaces, with the latter exhibiting sig-
nificantly higher adsorption energy and charge transfer.
SO,F, and SOF, molecules also show distinct adsorption
behaviors, with the Ca$2D-SiGe surface demonstrating

stronger interactions. HF adsorption on Ca$2D-SiGe
results in a distinctive configuration, that demonstrates
electron donor characteristics. Electronic property analy-
sis through DOS and electron density differences provides
valuable insights into the changes induced by gas adsorp-
tion. The study highlights the potential of Ca$2D-SiGe as
an efficient gas sensor, demonstrating selectivity and sen-
sitivity for all gas molecules. The recovery time analysis
at different temperatures further underscores the suitability
of Ca$2D-SiGe for gas detection applications. Overall, this
investigation contributes to the understanding of the inter-
actions between gas molecules and SiGe-based materials,
offering promising prospects for gas sensing applications.
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