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Abstract

The ability of carbon- and silicon-based nanotubes, including pure carbon, silicon carbide, and Ge-doped silicon carbide
nanotubes (CNT, SiCNT, SiCGeNT, respectively), for sensing highly toxic dichlorosilane (H,SiCl,) are investigated using
quantum chemistry calculations. The intermolecular interactions between the sensing material and the gas molecule have
been investigated with the density functional theory calculations with a functional that includes dispersion terms. The selected
method employed is B3LYP-D3 (GD3BJ)/6-311G(d), while other functionals including PBEO, ®B97XD, and M06-2X have
been used for comparison. The quantum theory of atoms in molecules (QTAIM) analysis is employed to check the type of
intermolecular interactions. Natural bond orbital (NBO) calculations have been used to deduce the bond orders. The findings
of this work indicate that the adsorption of the H,SiCl, is a physisorption process, which is very desirable for its function as

a sensing element. The Ge-doped nanotube offers maximum adsorption energy in comparison to CNT and SiCNT.

Keywords Carbon nanotube - DFT - Dichlorosilane - Silicon carbide - Wave function analysis

1 Introduction

Developing materials for a gas sensor is of paramount
importance for a number of applications, including for
health and safety at the workplace [1]. For example, having
gas sensors that can detect and measure the concentrations
of dichlorosilane (H,SiCl,) during the manufacturing of
semiconducting silicon wafers is of crucial importance for
the protection of workers in the silicon industry [2]. To
this end, identifying elements that can make the sensing
materials more sensitive, selective and able to respond fast
to changes in the target gas is an ever-ending requirement.
What is more, being able to synthesize these materials in
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an easy and cost-effective way can provide an important
advantage for their widespread use.

Nanomaterials are formed in a variety of morphologies,
and ironically many of these nanostructures provide suitable
substrates for reaction with other materials. The most famous
forms of nanomaterials are nanotubes [3], nanosheets [4,
5], and nanocages, which have been extensively studied
theoretically in the form of quantum chemistry and solid-
state physics and other related disciplines. One of the
most efficient structures in nanotechnology has been the
use of nanotubes consisting of carbon or a combination
of carbon and silicon, which has been used extensively in
drug delivery, electronic devices, and so on. The remarkable
properties of these nanotubes have been studied in many
previous studies [6].

Highly toxic, corrosive, and flammable gas dichlorosilane
(H,SiCl,), DCS, is widely used in the silicon-based semicon-
ductor industry. Therefore, in such industries, high doses of
such lethal gas are harmful to the environment and human
health and must be controlled [7]. Thus, the design of sensors
sensitive to this gas is of particular importance. The method
of synthesis of DCS is mentioned in many sources and has a
long history [8]. Due to its widespread use in industry, H,SiCl,
has received much attention and quantum calculations to fully
understand its hydrolysis have been studied at the G2 level
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[9]. In addition, intermolecular interactions of this gas with
specific nanostructures have been theoretically investigated by
our research group [10, 11].

Here we examine the adsorption of DCS on the surface
of pristine carbon nanotube (CNT), silicon carbide as
well as Ge-doped silicon carbide nanotubes (SiCNT and
SiCGeNT, respectively). The rest of the paper is organised
as follows. Section 2 provides brief background information
for the quantum computations used in this study. Section 3
describes how the geometric optimization calculations were
carried out, lists the Conceptual DFT cases, and discusses
the results of natural bond orbital (NBO) and quantum
theory of atoms in molecules (QTAIM) analyses are given,
respectively. Finally, Sect. 4 summarizes the most important
conclusions.

2 Computational Details

The ab initio calculations carried out in this study are at
the density functional theory (DFT) level. The B3LYP-D3
(GD3BJ) functional in combination with the 6-311G(d)
basis set has been employed in all calculations, including
optimization of structures as well as wave function analy-
sis. Grimme’s D3 dispersion correction with Becke-Johnson
damping together with B3LYP functional has shown to be an
effective model to describe intermolecular forces [12]. On
the other hand, the data obtained from previous benchmark
calculations indicate good accuracy of the chosen basis set
[13-17].

Other functionals, such as PBEO [18, 19], M06-2X
[20, 21], and ®B97XD, have also been used for geometry
optimization and, consequently, for comparison with
B3LYP-D3 (GD3BJ) functional. We have used Gaussian 16
Rev. C.01 [22] package for electronic structure calculations.
A very tight convergence criterion (1.5 107> Hartree) has
been implemented for all calculations. In addition, the local
minima structures determined by the SCF procedure have
been further characterized through harmonic frequency
calculation. Another measure to ascertain the reliability
of ab initio calculations is to analyze the properties of the
wave function, such as bond orders, type of interaction
between the nanotubes and the gas, density of states etc.
These analyses have been performed using the NBO package
of version 3.1 [23-25], Multiwfn software [26], and the
GaussSum [27] package.

3 Result and Discussion
3.1 Geometric Surveys

The adsorption energy between the gas molecule and the
nanotubes has been performed through the following steps.

@ Springer

First, the gas molecule and the nanotubes are optimized in
isolation. Figure 1 shows the geometry of the optimized
H,SiCl, gas molecule.

The length (and diameter) of carbon and silicon carbide
single-wall armchair (5,5) nanotubes are 22.89 A (and 7.56
A), 28.68 A (and 8.27 A), respectively. Such dimensions
of the armchair nanotubes have previously been shown to
describe the gas-nanotube interactions accurately [28—36].
Including the terminal hydrogens that are added to the
nanotubes in order to reduce the boundary effects, each
nanotube contains 200 atoms. The choice between armchair
or zigzag type of nanotubes does not have a significant effect
on the adsorption energy. Furthermore, we have also verified
that increasing the length or diameter of the nanotube from
the above-mentioned values has a minimal impact on the
adsorption energy. Therefore, in order to minimize the
computation time due to the size of the nanotubes, we have
chosen the armchair (5,5) nanotube as the sensing material
in this study.

Pristine silicon carbide nanotube has been used to model
SiCGeNT nanotube. Briefly, one silicon atom has been
replaced by a germanium atom, and the resulting structure
is optimized by various DFT functional. Figure 2 shows a
section of the CNT, SiCNT, and SiCGeNT nanotubes. It is
evident from Fig. 2 that as the nature of the dopant atom,
there are significant changes in various bond lengths. For
example, in the pure CNT, the C — C bond length between
two C atoms sharing two adjacent hexagonal rings is 1.43
A. However, the corresponding bond (i.e., C — Si bond)
length subsequently increases to 1.78 A in SiCNT, while

Fig.1 The ground state structure of the H,SiCl, molecule optimized
using the B3LYP-D3 (GD3BJ)/6-311G(d) method. The bond length
and bond angles are given in A and degrees, respectively
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in SiCGeNT, it (the C — Ge bond) further increases to 1.84
A. Consequently, these differences in the structural param-
eters affect adsorption energies between the nanotubes, as
discussed later.

To calculate the adsorption energies on the three nano-
tubes, the gas molecule H,SiCl, has been placed on the
outer surface of each nanotube. To perform this task, we
have placed the gas molecule at different distances and
angles from the surface of the nanotube. As can be seen
in Fig. 3, there are various positions (7,) on the outer
surface of the nanotubes on which gas can be placed.
A chemically intuitive approach to obtain maximum
interaction between the nanotubes and the overlying gas
molecule is to place the chlorine head of H,SiCl, on top
of the above four positions, i.e., T, to T, on the sur-
face of the nanotubes. Through this model, the distances
between the gas and the nanotube are varied from 0.5
A to 5 A, resulting in 40 single-point ab initio energy

Fig.3 The four possible
adsorption sites of the isolated
nanotube. The gas molecule
can be placed on top of the
hexagonal ring (7); on top of
the bond between two C/C and
Si/C and Ge toms (7,); on top
of a carbon atom (75); and on
top of the silicon or germanium
atom (7,)

(b)

Fig.2 Structural parameters (in A) for (a) CNT, (b) SiCNT, and (¢) SiCGeNT obtained at the B3LYP-D3 (GD3BI)/6-311G(d) level

calculations for each T,. To initiate these simulations,
we have chosen the low-cost PBEO functional. Geom-
etry optimization calculations have been performed with
the ®B97XD and M06-2X functionals to find the stable
structures of nanotube-H,SiCl, complexes for each T,.
Finally, we choose to further optimize the most stable
nanotube-H,SiCl, complexes among all adsorption posi-
tions (7,) as obtained from the previous step with the
more rigorous B3LYP-D3 (GD3BJ)/6-311G(d) method.
It should be noted that all geometry optimization calcula-
tions are followed-up with harmonic frequency calcula-
tions to ascertain the true local minima. Figure 4 depicts
the equilibrium structure of the most stable nanotube-
H,SiCl, complexes obtained by the B3LYP-D3 (GD3BJ)
functional. It is evident from Fig. 4 that the T, site for
CNT and Tj; site for doped SiCNT and SiCGeNT are the
most favourable adsorption site for the Cl head of the gas
to interact with the nanotubes.

@ Springer
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Fig.4 The optimized structures
of a) H,SiCL,/CNT, b) H,SiCl,/
SiCNT, and ¢) H,SiCl,/SiC-
GeNT complex obtained by
B3LYP-D3 (GD3BJ)/6-311G(d)
method

4.259

(a)

The adsorption energy (E,;,) has been calculated as:

E

ads

=E

wbe/gas ~ Erbe ~ Eamino T AE@sse) + AEzppy (1)

where E e/, 1S the energy of the nanotube and gas com-
plex, and E,, and E, ;. are the energies of the isolated gas
and nanotube, respectively. Several additional energy cor-
rections such as the basis set superposition error (BSSE),
AE gy and zero-point energy (ZPE), AE ;pp, correction has
been taken into account to accurately determine the adsorp-
tion energies.

The numerical values of the adsorption energies calcu-
lated at the most stable nanotube-H,SiCl, structure using
four different functionals are reported in Table 1. Among
all functionals, calculation by PBEO functional amounts for

the lowest adsorption energies, followed by the M06-2X

@ Springer

(b)

functional. On the other hand, the two functionals incor-
porating dispersion correction terms, viz. ®B97XD and
B3LYP-D3 functionals have comparable E,;, values and
are greater than those obtained by PBEO and M06-2X
functionals. In general, the doping of pure CNT, as well
as the increase in the size of the dopant atom, increases the

Table 1 Adsorption energies (E,4) of the H,SiCl, molecule on CNT,
SiCNT, and SiCGeNT using four different functionals. All values are

in (eV)

Systems PBEO M06-2X ®B97XD  B3LYP-D3
H,SiCl,/CNT -0.075  -0.182 -0.269 -0.287
H,SiCl,/SiCNT -0.088  -0.260 -0.311 -0.398
H,SiCl,/SiCGeNT  -0.367  -0.592 -0.629 -0.736
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adsorption energy. The maximum E,; found in this study
amounts to -0.76 eV for SiCGeNT. The larger E, 4 in SiC-
GeNT may be related to the greater charge transfer from Ge

to the Cl atom compared to the Si and C atoms.
3.2 Electronic Properties

One can determine many electronic properties of a molecule
or a complex from the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbitals (LUMO)
obtained from standard DFT calculations. The ionization
potential (/P) and electron affinity (FA) of a molecular sys-
tem are related to the HOMO-LUMO energy gap (HLG) [37]
according to Koopmans’ [38] and Janak’s [39] approximations,
ie.,€yomo = —IP and €; ;0 = —EA. This energy gap changes
during the gas adsorption process on the nanotube and, there-
fore, can produce a signal that activates the sensor circuit.
Potentiometric and voltammetric sensors are also designed
depending on whether the energy gap decreases or increases.

The electronic chemical potential () and electronegativ-
ity (y) are related to HOMO-LUMO energies as [40]:

€ +e€
_12M5M21(1p+EA) 2)
2 2
Similarly, the chemical hardness () [41] and electro-
philicity (@) [42] are defined in terms of HOMO-LUMO

energies as,

1= 5P - EA) 3)
2
0=3 4)

The computed values of these electronic properties calcu-
lated at their equilibrium geometries are reported in Table 2.
There is no significant change in the energy values of both
HOMO and LUMOs for the transition from non-adsorbed to
adsorbed state. These results signify that the gas—nanotube
interactions are rather weak. This is true for both pristine

upon gas adsorption. It is interesting to note that the HLG
in CNT is much smaller (0.67 eV) either in the adsorbed or
non-adsorbed state in comparison to the SiICNT or SiCGeNTs
(3.32 - 3.35 V). The HOMO-LUMO energy gaps can also
be visually examined from the corresponding density of states
(DOS) diagrams, as pictured in Fig. 5.

Naturally, molecules with large HLG will have high values
of 1, whereas those with low HLG have low 7 values, as can
be seen in Table 2. The chemical hardness of the doped nano-
tubes is much greater than the pristine CNT, which reduces
slightly after the adsorption of DCS onto its surface. On the
other hand, the chemical potential for each nanotube in both
adsorbed and non-adsorbed states is almost constant, hovering
around a value between -3.6 eV to -3.7 eV. Finally, the electro-
philicity @ index is also reduced due to adsorption. Analogous
to 5 values, w values are much greater for both SiCNT and
SiCGeNT than the pristine CNT.

Another factor to consider in sensor design is Recovery
time (RT). This means that the absorption power of the sen-
sor surface is directly related to the absorption energy and is
expressed as follows [43]:

RT =v'exp % 5)
¢ kT

in this formula, k£ denotes the Boltzmann constant, T is referred
to the temperature, and v, signifies the attempt frequency.
According to the above relation, because the adsorption energy
of silicon carbide nanotubes doped with germanium element
provides the most adsorption energy among the others, thus
its recovery time is better than the others. From the point of
view of the adsorption mechanism for designing a sensor, it
has been experimentally proven that there is a relationship
between the dependence of the sensing mechanism and the
change in the resistance of the sensor due to the charge transfer
between the sensor and the absorbate material. Therefore, if
a change is made in the level of the sensor and disturbs its
electronic properties, then some parameters such as electrical
conductivity (6) and resistance (R) change, the following
relationships can be used to explain them,

and doped nanotubes. There is, however, a small increase in 312 Eyc

HLG for the adsorption of DCS on pristine CNT. In contrast, ¢ = AT~ “exp < T ) (6)
the doped nanotube shows a small decrease in HLG values

Table 2 Energy of the Systems en e HLG P . w
HOMO (g5;) and LUMO (g, );

HOMO-LUMO energy gap CNT -3.950 -3.276 0.674 -3.613 0.337 2.200
(HLG); chemical potential (); SiCNT -5.340 2011 3329 3.675 1.665 11.243
chemical hardness (7); and

electrophilicity () obtained at SiCGeNT -5.344 -1.992 3.352 -3.668 1.676 11.275
B3LYP-D3 (GD3BJ)/6-311G H,SiCL/CNT -3.997 -3.328 0.669 -3.662 0.335 2.244
(d) level of theory. All values H,SiCl,/SiCNT -5.334 -2.016 3.318 -3.675 1.659 11.203
are in eV H,SiCl,/SiCGeNT -5.321 -1.990 3331 -3.655 1.665 11.125

@ Springer
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Fig.5 Density of state maps 121
for a) CNT, b) H,SiCL,/CNT,

¢) SiCNT, d) H,SiCl,/SiCNT,
e) SiCGeNT, f) H,SiCl,/SiC-
GeNT. Data obtained using the
B3LYP-D3 (GD3BJ)/6-311G(d)
method

(@)
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where A is a constant, k is the Boltzmann constant and, T
is temperature. The sensing response (SR) is considered as
follows [44],

|R, — R,
Rl

SR = )

In the above relation, R1 is related to the absorber resist-
ance and R2 is related to the sensor/gas resistance. It should
be noted that SR and ¢ are related according to the following
relation [45]:

SR = (®

@ Springer
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whrere o, and o, denote electrical conductivity of pure sen-
sor and sensor/gas cluster, respectively. Given the above
relationships, it is very clear that germanium-doped silicon
carbide nanotubes are a suitable option for fabrication and

Table 3 Values of Mulliken and Mayer bond order and Wiberg bond
index calculated by B3LYP-D3/6-311G(d) method

Systems X Y’  Mulliken  Mayer  Wiberg
H,SiClL,/CNT ClL...C 0.044 0.077 0.074
H,SiCl,/SiCNT Cl.....Si 0.079 0.116 0.157
H,SiCl,/SiCGeNT Cl....Ge 0.122 0.159 0.257

“X atom belongs to H,SiCl,

bY atom belongs to nanotube
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Fig.6 The bond critical points (BCP) graphs for the a) H,SiCl,/CNT,
b) H,SiCl,/SiCNT, ¢) and H,SiCl,/SiCGeNT systems. The orange
dots represent the BCPs

Table4 QTAIM topological parameters for electron density p(r),
Laplacian of electron density V2p(r), kinetic electron density G(r),
potential electron density V(r), and the ratio of G(r)/V(r) at the BCPs

design of related sensors for adsorption of H,SiCl, molecule
due to their higher sensitivity.

3.3 Natural Bond Orbital (NBO) Analysis

The bond order between the Cl head of DCS and the nano-
tube has been evaluated by natural bond orbital (NBO)
analysis. There are several methods through which bond
order between two atoms can be calculated. Among them,
the Mulliken method [46], Meyer method [47-49], and
Weiberg method [50, 51] are studied here. The calcu-
lated bond order between the CI atom of DCS and C atom
(CNT), Si atom (SiCNT), and Ge atom (SiCGeNT) are
reported in Table 3. It is clear from Table 3 that as the
size of the dopant atom increases, there is a corresponding
increase in the bond order. For example, the Wiberg bond
index (WBI) is 0.07 for pristine CNT, indicating that the
interaction between the CI atom and C atom is very weak
and can be considered as van der Waals interaction. On
the other hand, the Cl-Ge and CI-Si interaction are com-
paratively stronger. These results are fully consistent with
the observations detailed in the previous two subsections,
i.e., the CI-Ge interaction is stronger due to greater charge
transfer between them.

3.4 Quantum Theory of Atoms In Molecules (QTAIM)
Analysis

Bader’s QTAIM analysis [52, 53] can be used to interpret
many types of intermolecular interactions present in a mol-
ecule. Electron density p(r) is a key quantity in this analy-
sis from which a set of parameters are obtained. From the
topological analysis of electron densities around a bond, a
bond critical point (BCP) can be defined as a saddle point
in electron density (V2p(r)=0) that has maximum electron
density in two perpendicular directions and minimum in the
other [54]. The BCPs of the H,SiCl,/CNT, H,SiCl,/SiCNT
and H,SiCl,/SiGeNT complexes at their optimized geometry

of the H,SiCl, clusters with CNT, SiCNT, and SiCGeNT. All val-
ues have been calculated using the B3LYP-D3 (GD3BJ)/6-311G(d)
method

Systems Bond p(r) Vzp(r) G(r) V(1) G(r)/V(r)
H,SiCl,/CNT Cl..... C 0.0033 0.0101 0.0019 -0.0014 1.4276
C....... C 0.0038 0.0111 0.0022 -0.0017 1.3328
H,SiClL,/SiCNT Cl....Si 0.0048 0.0126 0.0025 -0.0019 1.3322
C....Si 0.0043 0.0112 0.0023 -0.0017 1.3237
H,SiCl,/SiCGeNT Cl....Ge 0.0042 0.0113 0.0022 -0.0017 1.3410
Cl.....Si 0.0110 0.0281 0.0062 -0.0054 1.1498
C....Ge 0.0047 0.0122 0.0025 -0.0019 1.2824

@ Springer



184

Silicon (2023) 15:177-186

are illustrated in Fig. 6. It is clear from this figure that all
nanotube — H,SiCl, interactions are relatively weak.

For intermolecular interactions of the covalent type,
the electron density in BCP are large (p(r)>0.2 a.u.) and
the Laplacian of electron density values are less than zero
(V2p(r) <0). Conversely, if p(r) is less than 0.1 a.u. and
V2p(r) is positive, then the interactions can be considered
as closed-shell type, indicating a hydrogen bond, weak van
der Waals interactions, or a presence of an ionic bond [55].
From Table 4, we can see that the electron density values
are always smaller than 0.1 a.u. for C1—X interactions (X
= C, Si or Ge). Moreover, the Laplacian of electron density
values is also positive. These results indicate that C1—X
interactions are of non-covalent type.

The Lagrangian kinetic energy density G(r) and poten-
tial energy density V(r) can be related to the Laplacian
according to the virial theorem [56]:

ivz p(r) = 2G(r) + V(r) ©)

Their ratio can also be a good indicator of bonding char-
acteristics. For a covalent bond, G(r) /IVI(r) ratio is less
than 0.5 and for non-covalent interaction G(r) /IVI(r) > 1.
The numerical values of these ratios are listed in Table 4.
These values further emphasize the existence of prominent
non-covalent interaction between CI atom and X atom (X
= C, Si or Ge) in all H,SiCl, — nanotube complexes studied
in this work.

4 Conclusion

In this work, we have evaluated the feasibility of gaseous
dichlorosilane (DCS, H,SiCl,) molecule adsorption on
pristine carbon nanotubes (CNT), silicon carbide nanotube
(SiCNT), and on Ge atom doped silicon carbide nanotube
(SiCGeNT). We have employed a dispersion corrected
B3LYP-D3 (GD3BJ) functional with a 6-311G(d) basis
set to determine the most crucial electronic properties for
gas-nanotube interactions, such as the adsorption energy,
HOMO and LUMO energies, bond orders, QTAIM analysis
etc. The PBEO, ®B97XD and M06-2X functionals have also
been employed to show that the inclusion of dispersion term
within the functional is pivotal for accurate determination of
the adsorption energies. Full dimensional geometry optimi-
zation calculations show that the adsorption of DCS primar-
ily occurs through one of the Cl atoms of H,SiCl, interacting
directly on top of the C atom for pristine CNT and Si and
Ge atoms for doped CNTs. We find that as the size of the
dopant atom increases, there is an incremental increase in
the adsorption energy, with SICGeNT releasing maximum
energy (= 0.74 eV). From HOMO-LUMO energies, NBO,

@ Springer

and QTAIM analyses, we find that the interaction between
the gas and nanotubes is weak and, therefore, can be catego-
rized as physisorption.
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