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Using the first-principles calculations, we have computed the structural parameters, band structures, elastic,
dielectric and optical properties of TiSiO4 in orthorhombic CrVO4-type (Cmcm), tetragonal zircon-type (I4,/
amd) and scheelite-type (I4;/a) phases. The obtained structural parameters of three phases were in agreement
with previous results. The band structures, density of states and bond populations have been given to analyze
the electronic properties and chemical bondings. The independent elastic constants of three phases have been

calculated, showing that all of them were mechanically stable. The CrVO, phase showed a brittle manner and
the others behaved in a ductile manner. Moreover, the permittivity, refractive index, extinction coefficient,
reflectivity, absorption coefficient, loss function and optical conductivity of three phases have been obtained and

analyzed.

1. Introduction

In semiconductor industry, the downscaling of feature size in
metal-oxide-semiconductor field effect transistor (MOSFET) results
in many problems. The most crucial problem affecting properties of
transistors is the leakage current through the thin gate oxide layer
[1,2]. One effective method reducing leakage current is replacement of
the traditional transistors [3], but there is still a long way for
theoretical and experimental studies. Another useful and feasible
method is to replace the common SiO, gate oxide by new high-k
materials [1,2]. There are extensive studies on potential high-k
materials, e.g. transition metal oxides (TMOs) [4-6]. Many of them
have promising electronic properties, such as HfO», TiO» and ZrOs.
However, high dielectric constant is one of the basic characteristics for
alternative gate oxides to replace SiO». They must have thermodynamic
stability on Si substrates, good electrical interface properties, few bulk
electrically active defects, and large band offsets with Si [1]. Compared
with SiO, deposited on Si substrates, transition metal oxides usually
have bad interface properties with Si substrates [7]. Hence, transition
metal silicates with high permittivity and good interface properties
attract our attention, which are potential candidates for gate oxides [4].

Most recently, three possible structures of TiSiO4 have been predicted,
and their structural characteristics and phonon frequencies at the I
point also have been detailedly studied by DFT calculations [8]. TiSiO4
ceramics have been prepared via the sol-gel process and their thermo-
dynamic stability and permittivity were investigated [9], indicating that
TiSiO4 was thermodynamic stability and could be used as high-k
materials.

In this paper, we study band structures, density of states, elastic
properties and dielectric tensors of three predicted structures of TiSiO4
by first-principles calculations. The rest of this paper is organized as
follow: the computational details are shown in Section 2, the calculated
data and analysis of TiSiO4 are given in Section 3, and the conclusions
are presented in Section 4.

2. Computational details

The periodic DFT calculations [ 10] were performed using the plane-
wave ultrasoft pseudopotential method with the generalized gradient
approximation (GGA) with Perdew-Wang (PW91) functional imple-
mented in the CASTEP code. The plane-wave cutoff energy of 380eV
has been used. The valence electron configurations for O, Si and Ti
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atoms were 02s?2p*, Si3s?3p? and Ti3s?3p®3d?4s®. The convergence
thresholds for total energy, maximum force, maximum stress, and
maximum displacement were less than 5x10-%V/atom, 0. 0leV/A,
0. 02GPa and 5. 0x10~*A, respectively. It is well-known that the DFT-
GGA calculations underestimate bandgaps [11]. We here used the
hybrid functional calculations with PBEOQ functional to solve this
problem. Moreover, the density functional perturbation theory
(DFPT) has been used to calculate the dielectric properties of TiSiO,.

3. Results and analysis
3.1. Structural properties

The CrVO,-type, zircon-type and scheelite-type TiSiO,4 belong to
Cmcem, I41/amd, and I4;/a space group [8], which are shown in Fig. 1.
The Ti, Si, O1 and 02 atoms of CrVO,-type phase occupy at (0,0,0),
(0,0.3470,0.25), (0,0.2284,0.0414) and (0.2527,0.4707,0.25) [8], re-
spectively. The Ti, Si and O atoms of zircon-type phase are at
(0,0.75,0.125), (0,0.25,0.375) and (0,0.0578,0.1918) [8]. The Ti, Si
and O atoms of scheelite-type phase are at (0,0.25,0.625),
(0,0.25,0.125) and (0.2651,0.0719,0.0471) [8]. After geometry opti-
mization, the optimized lattice parameters of three phases are listed in
Table 1, together with the available theoretical data [8,12]. It can be
seen that the cell volumes per formula unit of CrVO,4-type, Zircon-type
and Scheelite-type TiSiO, are 67. 58 A3, 59.21 A® and 54.36 &,
respectively. They are slightly larger than the reported values [8], with
1.93%, 1.91% and 3. 54%. Overall, our calculated results of three
phases are reasonable.

3.2. Electronic properties

TiSiO, is a potential grid electrode material in metal-oxide-semi-
conductor effect transistors, so its bandgap is a vital characterization to
judge whether it can replace SiO,. The band structures of three phases
Fig. 1. Structures of TiSiO,: (a) and (b) CrVO, phase, (c) and (d) zircon phase, (e) and of TiSiO4 are shown in Fig. 2 (Fermi energy is set as 0 eV). We can see
(f) scheelite phase (a, ¢ and e: conventional cell, b, d and f: primitive cell. Ti, Si and O that three different phases of TiSiO4 all have an indirect bandgap. For
atoms are in gray, yellow and red (02 atoms in CrVO, phase are in pink)). CrVO,-type, the maximum of valence bands and the minimum of
conduction bands are at I'(G)and Y, respectively. The calculated value
of the bandgap is 1. 750eV. The bandgap of zircon-type is the largest

Table 1
Calculated structural parameters and atomic positions of TiSiO4.

CrvVO, Zircon Scheelite
a(d) 5.3458 6.3206 4.5850
5.2957 6.2570 4.5536 [8]
6.21 [12]
b(A) 8.0531 6.3206 4.5850
7.9996 6.2570 4.5536 [8]
6.21 [12]
cA) 6.2792 5.9289 10.3440
6.2554 5.9351 10.1277 [8]
5.81 [12]
a0 67.58 59.21 54.36
66.3 58.1 52.5 [8]
56.02 [12]
p(glem) 3.4396 3.9255 4.2757
Ti(x, y, 2) (0,0,0) (0,0.75,0.125) (0,0.25,0.625)
(0,0,0) (0,0.75,0.125) (0,0.25,0.625) [8]
Si(x, y, 2) (0,0.3477,0.25) (0,0.25,0.375) (0,0.25,0.125)
(0,0.3470,0.25) (0,0.25,0.375) (0,0.25,0.125) [8]
O1(x, y, 2) (0,0.2283,0.0441) (0,0.0589,0.1918) (0.2650,0.0713,0.0497)
(0,0.2284,0.0414) (0,0.0578,0.1918) (0.2651,0.0719,0.0471) [8]
(0,0.0591,0.1892) [12]
02(x, y, 2) (0.2518,0.4690,0.25)
(0.2527,0.4707,0.25) [8]
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Fig. 2. Band structures of TiSiO4 (a) CrVO,-type, (b) Zircon-type, (c) Scheelite-type.

bandgap in three phases, whose value is calculated to be 2. 675eV.
The bandgap value of scheelite-type is larger than that of Cmcm phase,
which is 2. 523eV. Compared with the previous values [8] (the B3LYP
calculations), our results are smaller due to the underestimation of
GGA calculations [11]. Hence, we apply the PBEO functional to
calculate the bandgap of TiSiO4. The calculated results are given in
Table 2. It’s obvious that the results of PBEO calculations are larger
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Table 2
Calculated bandgaps (eV) along with the available data [8].

CrvO, Zircon Scheelite
GGA 1.750 2.675 2523
B3LYP[8] 3.49 4.50 4.27
PBEO 4.390 5.302 5.101

than those of GGA calculations. The change trend of bandgap values is
consistent with the reported results [8].

We calculate the total and partial density of states of three
structures of TiSiO4 for further analysis, which are shown in Fig. 3.
Combining the band structures with density of states of three phases of
TiSiO4, we find that the upper valence bands are mainly due to O-2p
states with some mixings of Ti—-3d and Si-3p states. The lower
conduction bands are mainly contributed by Ti—3d states with some
mixings of O—2p states. Then, we investigate the bond populations of
TiSiO4 to analyze the chemical bonding. We calculate both bond
populations and bond lengths, which are shown in Table 3. We analyze
the bond populations together with the structural characteristics. The
bonding and antibonding states are associated with the positive and
negative values of populations, and a high value of population shows a
high degree of covalent nature for bonds [13]. For CrVO4-type, the
Ti—O bonds in TiOgoctahedron can be separated into two groups,
namely O1-Ti and O2-Ti. The length of O1-Ti bonds is shorter than
that of O2-Ti bonds. The covalent nature of O1-Ti bonds is larger than
that of O2-Ti bonds due to the bigger bond population. The Si-O bonds
in SiO, tetrahedron have two different types of Si—O bonds, namely O1-
Si and O2-Si. The covalent nature of O1-Si is larger than that of O2-Si.
For two tetragonal phases, the Si—O bonds in SiO, tetrahedron and the
Ti—O bonds in TiOgdodecahedron show covalent nature. The calculated
bond populations of Si—O bonds and Ti—O bonds are 0.59 and 0.37,
0.57 and 0.32 in zircon-type and scheelite-type, respectively. Hence,
the degree of covalent nature in zircon-type is larger than that in
scheelite-type.

3.3. Elastic constants, mechanical properties and sound velocity

Elastic constants are important for us to estimate material’s
mechanical stability. We can obtain mechanical modulus and sound
velocity from these parameters. The calculated independent elastic
stiffness constants C; are presented in Table 4. The obtained indepen-
dent elastic stiffness constants indicate that the chemical bonds along
the [100] direction are stronger than those along others two directions,
because () is much larger than C,, and C3;. For tetragonal zircon-type
phase, the elastic constants Cj;, C», and Cs; are nearly the same. The
chemical bonds along the [100] and [010] directions are larger than
those along the [001] direction for scheelite phase.

We estimate the mechanical stability for three structures of TiSiO4
by Born stability criteria. For orthorhombic phase, the stability criteria
are given by [14]:

Ci1>0,C2,>0,C33>0  ,C44>0,C55>0,Co6
>0,[G1+Ca+C33+2(Gat+G3+Ca3) 1 >0,(Cri+Cn—2C)

>0,(G1+C33-2G3)>0,(Cop+C33—2C23) >0 (€))

For tetragonal phase, the mechanical stability criteria are [14]:
Ci1>0, C33>0,C44>0,C66>0,(C11— G2) >0,(G 1+ C33-2CGr3)

>0,[2(G1+C)+C33+4G3] >0 (2)

These criteria are satisfied for all structures of TiSiO,4, indicating
that three phases are mechanical stability. Besides the mechanical
stability, the energetic and dynamical stability should be further
discussed. The relatively calculated results of structural stability and
phonon frequencies have been shown [8,12,15].
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Fig. 3. Total and partial density of states of TiSiO4 (a) CrVO,4-type, (b) Zircon-type, (c)
Scheelite-type.

Table 3
Calculated bond populations and bond lengths (A) of three different phases of TiSiO4.

CrvVO, Zircon Scheelite
Bond Length Bond Length Bond Length
population population population
O1-Si  0.65 1.6112 0.59 1.6246 0.57 1.6599
02-Si  0.52 1.6630
O1-Ti 0.49 1.8592 0.37 1.9921 0.32 1.9845
02-Ti 0.28 2.0706
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According to the Voigt-Reuss-Hill [16-18] approximation (The
Voigt and Reuss approximations represent the equality of uniform
strain to external strain and the equality of uniform stress to external
stress, respectively. The Hill approximation applies the arithmetic
average of the above two methods), we calculate bulk modulus B,
shear modulus G, Young’s modulus E, compressibility f, Poisson’s
ratio v, Lamé’s constants pandl, which are shown in Table 5. It can be
seen that our calculated bulk modulus of CrVOy-type phase is
120.03 GPa that is excellent agreement with previous theoretical value
of 124.0 GPa [8]. For Zircon-type phase, the previous theoretical value
of bulk modulus is 248.4 GPa [8], which is larger than our value of
222.26 GPa. For scheelite-type phase, we notice that our calculated
value has the discrepancy of 17. 83 % compared to previous theore-
tical value (238. 2GPa [8]). We conclude that zircon-type phase has
largest bulk modulus and lowest compressibility. The B/G ratio has
been extensively used to judge the ductility of materials [19]. We
calculate the ratios of CrVO4-type, zircon-type and scheelite-type
phases, which are 1.484, 2.177 and 2.747, respectively. The critical
value to identify ductile or brittle materials is 1.75, so we can see that
CrVO,-type phase is brittle and the others phases are ductile.

According to the obtained mechanical modulus, the shear sound
velocityy,, compressional sound velocity v, and average sound velocity
v, can be calculated by following formulas [20]:

Vr:\/ﬂ
p 3

P (4

[ Q+1Iv) ]‘”3
V| P

3 )

It is well-known that the stronger hybridization between optical and
acoustic phonon modes is, the smaller thermal conductivity is k ~ v [21].
The relationship between thermal conductivity and sound velocity is k
~v3 [21]. It can be seen that zircon-type and scheelite-type have the
largest and lowest sound velocity (Table 6), respectively, meaning that
the order of thermal conductivity is zircon> CrVO,> scheelite. The
lowest thermal conductivity of scheelite-type phase indicates the rela-
tively strong hybridization between optical and acoustic phonon modes.

3.4. Dielectric properties

The large permittivity of TiSiO,4 is important to its application as
alternative high-x material. The permittivity of a crystal can be
described as static dielectric tensor ¢, that can be decomposed into
two components. One is electronic contribution ¢, and the other is
lattice contribution é,;c., namely ey=¢q+&anice. The lattice contribution
€anice 18 Obtained by IR-active phonon modes, which is calculated by
following formula [22]:

ok o~k
e 4re? ¥ ZiaZsp
@ 2
MR & (6)

where the Z, ::,: Zis Z 5 (MoIM;)' 2, 5 are the mode effective charges,
Z;* 5 is the Born effective charge tensor for ion i, M is its mass, e is the
electron charge, My is the reference mass that is set as 1 amu,

w; is the frequency of Ath infrared-active phonon mode, 2 is the
volume of unit cell. ¢ ;4 is the eigendisplacement of atom i in phonon
mode 4, which is normalized according to

> Eiabin =5,
ia (7)

Due to the orthogonal symmetry of CrVO, phase, its ¢, and &ic,
dielectric tensors have three independent components ¢,,, ¢,, and e..
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Table 4
Calculated independent elastic stiffness constants Cj; (GPa) for TiSiOs.
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G (€53 (&3] Cip Gz G3 Cuy Css Ces G
CrVO, 300.65 190.27 205.53 98.54 62.80 48.03 112.56 67.39 73.23
Zircon 380.22 390.77 88.08 172.23 107.19 71.23
Scheelite 461.34 195.14 189.26 116.26 38.77 98.82 -6.53
Table 5
Calculated values of bulk modulus B(GPa), shear modulus G (GPa), Young’s modulus E (GPa), compressibility #(GPa~'), Poisson’s ratio v, Lamé’s constants uandi (GPa).
By Gx (ux) Ex
X=R X=V X=H X=R X=V X=H X=R X=V X=H
CrvVO, 116.14 123.91 120.03 78.69 83.11 80.90 192.58 203.77 198.18
Zircon 220.48 224.03 222.26 99.18 105.03 102.11 258.74 272.50 265.65
Scheelite 173.53 217.93 195.73 60.83 81.67 71.25 163.40 217.80 190.62
vx Py (x1073) X
X=R X=V X=H X=R X=V X=H X=R X=V X=H
CrVO, 0.2236 0.2259 0.2248 8.61 8.07 8.33 63.68 68.50 66.10
Zircon 0.3044 0.2973 0.3008 4.54 4.46 4.50 154.36 154.01 154.19
Scheelite 0.3431 0.3334 0.3377 5.76 4.59 5.11 132.98 163.48 148.23
Table 6 Table 7
Shear, compressional and average sound velocities of TiSiO,. Calculated electronic &y, and static ¢y dielectric constants for CrVO, phase, Zircon phase
and Scheelite phase of TiSiO4.
vX/(m/s) VX /(mls) VX 1(mis)
CrvO, Zircon Scheelite
X=R X=V X=H X=R X=V X=H X=R X=V X=H
Eoo 4.43 5.49 5.88
CrVO, 4783 4916 4850 8017 8261 8140 5294 5442 5369 €eo[8] 3.59 4.46 478
Zircon 5026 5173 5100 9479 9630 9555 5618 5776 5697 £l 12] 555
Scheelite 3772 4370 4082 7717 8743 8246 4237 4903 4582 €0 13.22 24.52 19.80
eol12] 18.54

While zircon phase and scheelite phase are tetragonal symmetry, their
dielectric tensors have two independent components g and ¢,, parallel
and perpendicular to the c axis, respectively. The calculated values of
£ and g, dielectric tensors are as follows:

392 0 0
Eocgncm: 0 4. 91 0
0 0 4.46
A 5.52 0 0
E;m-an= 0 5.52 0
0 0 5.43
595 0 0
Ssocheelu= 0 5.95 0
0 0 5.73
13.04 0 0
Eém(?n: O ]5 8] 0
0 0 10.81
_ 27.09 0 0
Eozyn'on= 0 27. 09 0
0 0 19.37
S 2127 0 0
Sécheelnez 0 21.27 0
0 0 16.85

It is important to note that three phases of TiSiO4 have a similar
electronic dielectric constant e, (=5 +1). The main contribution of
static dielectric constant comes from lattice dielectric constant. Table 7
shows the calculated electronic e,=(¢ey + €2 +€2)/3 and static
eo=(ey + & + )/3 dielectric constants for CrVO, phase, zircon phase

47

and scheelite phase of TiSiO4. Compared with available theoretical data
[8], we find that our calculated electronic dielectric constants e, are
lightly bigger. The value of 5.49 for zircon phase is close to the previous
value of 5.55 [12]. The zircon phase has largest static dielectric
constant, and the lattice dielectric constant of zircon phase is bigger
than that of the others phases. Recently, the TiSiO4 ceramics have been
obtained via sol-gel method [9]. The authors found that TiSiO4
ceramics were thermal stability in the range of —20 to 75°C and the
average relative permittivity was e, = 17.75. It can be seen that our
calculated results are consistent with experimental data.

3.5. Optical properties

The frequency-dependent dielectric function e(w)=¢;(w)+ie;(w)
determines the optical properties of materials. We can acquire refrac-
tive index n(w), extinction coefficient k (w), reflectivityR (w), absorp-
tion coefficient I (»), loss function L (w) and optical conductivity ¢ (o)
as follows [23,24]:

e1(@) + e (@)? + & (w)? 2

n(w)=
2 ©)
Jo @) + &@? —a@) |
k(w): & (@ & (W &
2 ©)
1 2
R(@)= M
2 (w)+1 (10)
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The calculated dielectric function and optical properties for three
phases of TiSiO4 are shown in Figs. 4 and 5. At low frequency, the
refractive index equals the square root of dielectric function. Our
results are consistent with above conclusion, which indicates the
reasonability of our calculations. The absorption coefficient is asso-
ciated with e,(w), so its curves of TiSiO,4 start in accordance with the
optical band gap ine,(w). The peeks of loss function L (w) are associated
with the frequency of plasma resonance. There are two transited points
in TiSiOy4: the first point located at 24.85eV, 23.63eV and 27.45eV, the
second point located at 37.25eV, 38.88¢V and 39.06eV for CrVOy, type,
zircon type and scheelite type phases, which also correspond to the
abrupt decrease of reflectivity curves. The complex conductivity func-
tion shows the material’s response to a time-varying external electrical
field of frequency. We hope our work can help to future research.

4. Conclusions

Three different crystal structures of TiSiO4 were studied by using
first-principles calculations based on DFT. The lattice parameters, band
structures, elastic constants, permittivity and optical properties are
obtained. Our calculated lattice parameters are in agreement with
previous theoretical data. Both GGA and PBEO calculations show that
the zircon phase has largest bandgap. Elastic constants reveal that
three structures of TiSiO, are mechanically stable. Zircon phase has
largest bulk, shear and young’s modulus of 222.26 GPa, 102.11 GPa
and 265.65 GPa, respectively. We find that CrVO,4 phase behaves in a
brittle manner while the others phases show ductile manner. As for
permittivity, zircon phase having largest static dielectric constant
results from highest lattice dielectric constant, whose static dielectric
constant is about 24.52.
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