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ABSTRACT

a-quartz is one of the most critical crystalline forms of silicon dioxide; it is typically
found in optical components, piezo-electric instruments, microelectronics, and geological
dating. The value of bandgap and dielectric function of a-quartz is still a matter of doubt. In
this study variety of first-principles calculations were performed, to calculate the electronic
structure and dielectric function of a-quartz and compared those results with experimental
result. GGA, HSE, and self-consistent GW approximations were used to calculate electronic
structure. RPA, RPA+LFE, and BSE methods were used to calculate dielectric functions.
The values of bandgap with GGA, HSE, and GW approximations are 5.74 eV, 7.51 eV, and
8.62 eV, respectively. The calculated optical gap with RPA and RPA+LFE approximations
are the same at 5.7 eV, and the absorption spectra peaks are located at 10.11 eV, 12.33 eV,
14.23 eV, and 17.61 eV. The optical gap via the BSE method is 8.66 eV. In BSE
calculation, only the first peak has been calculated, which is located at 10.83 eV.

Keywords: Ab initio calculations of band structures of a-quartz, dielectric functions
of a-quartz, band gap of a-quartz, optical properties of a-quartz.

INTRODUCTION

a-quartz is a famous crystalline form of silicon dioxide; which is stable at room
temperature [1]. The primitive cell of a-quartz contains nine atoms (six oxygen and
three silicon). The unit cell has a hexagonal crystal structure as shown in Figure 1,
space group Di and crystalline symmetry P3,21. o-quartz is a wide bandgap
insulator, which is optically transparent [2]. Many experimental
approaches, such as x-ray absorption, Xx-ray photo-emission
spectra [3], and ultraviolet photoemission spectra [4] [5], provided
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some information about the molecular structure of a-quartz. In comparison, many
researchers are interested in using quantum mechanical approaches to explore Si-O
band structural properties [6] [7]. Several attempts were performed to calculate the
structural and dielectric properties of a-quartz via first-principles methods [8] [9] [10]
[11] [12] [11].

Figure 1. Unit cell of a-quartz, where the CIF file was downloaded
from the material project website [35] and visualized by VESTA
[34].

In this study, the structure parameters are optimized by DFT within the PBE
approach. In contrast, almost all previous calculations used the experimental values
of structure parameters [12] [13]. Previous studies employed ambient temperatures
and pressures, while these calculations are performed for ground-state situations,
where DFT is an accurate method to calculate structural parameters and other
ground-state electronic properties. Hybrid functionals give significantly better results,
for Hybrid functionals use the HSE xc-functional. For this functional, the correlation
term is still underestimated and loses fundamental theories such as non-local
screening effects [14]. Many-body perturbation theory (MBPT) is a precise
framework for the presentation of excited states such as the bandgap and dielectric
function [15]. Consequently, using acceptable methods based on the MBPT is often
hampered by the tremendous computational work needed for realistic systems [16].
Indeed, a better method to calculate band structure for large bandgap materials within
MBPT is QP self-consistent-GW (QSGW) approximation, which explicitly computes
the exchange and dynamical screening.

The dielectric function of a-quartz is calculated with three methods, RPA, RPA+local
field effect (RPA+LFE), and Bethe-Salpeter Hamiltonian (BSE), where each method
adds different gradients to calculate the accurate values of absorption peaks and
optical bandgap. In addition, the optimized values of structure parameters and
scissor-corrected eigenvalues and eigenfunctions are used. Also,
the convergence tests were done for each calculation, while
previous calculations structure parameters were taken from
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experimental values [12]. This calculation will reference researchers to better realize
the excited states and dielectric function of o-quartz by using different
approximations and comparing the results with experimental results to highlight the
difference in accuracy and complexity of each method.

METHODOLOGY

In this work, the first-principal computation of band structure and dielectric
function a-quartz, SiO2 were performed by using the plane-wave pseudopotential
approach. Quantum-Espresso (QE) [17] computer code was implemented to compute
the band structures with GGA and HSE xc functional. Also, the density of state
(DOS), and partial density of state (PDOS) were calculated with GGA xc functional.
For GGA calculation, the standard PBE fully relativistic, ultrasoft pseudopotential,
and for HSE optimized norm-conserving Vanderbilt pseudopotentials were used.
Yambo package [18] was used to calculate the GW band structure, RPA, RPA+LFE,
and BSE dielectric functions.

The unit cell of a-quartz contains 24 occupied valence states [2], where 2s?,
2p* states for oxygen atom and 3s2, 3p? for silicon atom [19]. In the calculation of
GGA 6 X 6 X 6, k-mesh, 70 Ry plane wave cutoff, and 340 Ry charge-density cutoff
were used. The values for lattice parameters for a =9.50113 au and ratio
c/a=1.0945. Band structure, DOS, and PDOS have been calculated via PBE xc
functional. The calculated Fermi energy for all calculations is 1.98 eV. Also, for the
HSE band structure calculation, the parameters are the same as GGA, except for the
addition of the grid of g-points, which is 3 x 3 x 3. More theoretical details can be
found in [20] [21] references. Within DFT, the total energy of a system has been
described as a functional of electron density [22] [23] [24] [25] [26]. Also, the PDOS
separates states based on atomic numbers, orbital angular momentum, quantum
numbers, or a combination of these properties. To acquire a more reliable band
structure, the addition of quasiparticle (QP) corrections in the framework of MBPT is
quite excellent. In the QP approximation addition and removal, energies are obtained
from a modified one-particle equation [22].

[dr 8,7, EndPnic(r) + |5 V2 + Vere () + 04[] ()| ie (1) = e ()

while Y. self-energy has the aspect of effective non-local potential and is energy-
dependent. A popular self-energy in GW approximation is Hedin’s GWA [27], where
W shows screened Coulomb interaction and G shows the
quasiparticle energy. The non-self-consistent GWA method is
based on KS eigenfunctions and eigenvalues. It has been shown
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that the GWA fails significantly [28]. However, it faces a challenge, when it
calculates materials with localized and the hybridization of electrons between atoms,
whereas in the case of a-quartz the oxygen atoms have 2s? localized electrons and
contain sp hybridization. A better approach is QSGW. In this method, the eigenvalue
calculates self-consistency. QSGW is a first-principles approach that is in the frame
of Hedin's GWA, which is a MBPT built around a noninteracting Hamiltonian.
Values used for calculation of QSGW, exchange component 190 Ry, xc potential
component 35000 RL, the response block size is 6 Ry, polarization function 70
bands, and k-mesh is 6 X 6 X 6. Calculation of the response function allows us to
calculate the macroscopic dynamical dielectric function. By the RPA method, when
local fields are neglected, the macroscopic dielectric function becomes
8m z[ v (@1 e (@
q-0 Ny 2q? o w— (epp — &) =M 0 — (&ck — &) TN

Where p,.x(q) gives the oscillator strengths. RPA+LFE can be calculated
from a Dyson-like linear-response equation [22]. The values used for RPA and
RPA+LFE are, for plane-wave cutoff 50 Ry, the response block size is 8 Ry, and the
maximum value of polarization function of bands, 1-70 bands. The range of energy
for which calculation has been performed is between 0 and 20 eV. To calculate the
dielectric function with BSE, the approach of the eigenvalues and eigenfunctions of
QP were obtained by GW calculation. The BSE is an equation to obtain GW by doing
the second iteration of Hedin's equation [27]. For insulators in the BSE method, the
energy E, is interpreted as two-particle (electron-hole) excitation energy [22] [29].
For the calculation of the dielectric function via BSE method the parameters which
are used, are 1-60 polarization function bands and 6 Ry response block sizes, the
11485 RL plane-wave cutoff, 90 Ry exchange components, and 5 Ry screened
interaction block size. The energy range for calculation is 6 to 15 eV.

ey(w) =1—-1lim

RESULTS AND DISCUSSION

BAND STRUCTURE
As shown in Figure 2 the band structure with GGA xc functional is divided into three
terms, in which the lower two terms from zero are the valence bands, and the upper
term from zero is the conduction bands. The calculated indirect bandgap is 5.74 eV
which is located atlI" symmetry point. The total DOS shows, the density of state is
maximum between 0 eV and -5.4 eV which presents the oxygen 2p nonbonding
orbitals. Also, as PDOS has shown in Figure 3, the lowest energy
term is the bonding term of silicon 3s, 3p, and oxygen 2p orbitals.
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Figure 3. PDOS with PBE xc functional,
Figure 2. Band structure and total DOS with where the green line presents the O-2s
PBE xc functional. orbitals, the blue line; O-2p orbitals, red
line; Si-3s orbitals, and the black line
presents Si-3p orbital

The next term, which has the highest density is silicon 3p and oxygen 2p, 2s
orbitals, and the last term (above the 5-eV energy is the conduction bands. The
nearest conduction bands show more contribution from silicon 3p, oxygen 2p, 2s, and
silicon 3s orbitals, respectively. One term of valence states, which is not shown in
Figure 3, is the oxygen 2s localized orbitals, which is between -18.34 and -20.24 eV.
PDOS shows that oxygen makes a significant contribution to the valence bands of a-
quartz. The small contribution of silicon in valence bands to PDOS is compensated
by a significant contribution to the conduction band.

The calculated indirect bandgap with HSE xc functional is 7.46 eV at I
symmetry point. The lowest term in Figure 4 has an energy range between -5.92 eV
and -11.12 eV, and the next term is located between -1.22 eV and -4.61 eV, of which
both terms are part of valence bands. The lowest point of the conduction band is
located at 6.15 eV.

The result of GW calculation for an indirect bandgap is 8.62 eV in I' symmetry
point, while the experimental result is 8.9 eV [7]. As shown in Figure 5, the lowest
term is between -7.92 eV and -13.41 eV energy range. The next term is between -6.74
eV and -1.43 eV energy range. The lowest point of the conduction band is located at
6.32 eV. For further discussion, as calculated band structure of a-quartz by three
different methods and a comparison of them with the experimental result, as shown in
Table 1 direct bandgap with different methods are presented. The energy unit at
Table 1 is eV, the closest value to the experimental result between these three
methods is GW calculation.
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GGA 5.42 574
HSE 7.44 7.46
GW 8.41 8.62
Exp 8.9 9

Table 1 direct and indirect bandgap with different methods are presented. The
energy unit is eV
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DIELECTRIC FUNCTION

The calculated RPA dielectric function (dashed line) and RPA+LFE (solid
line) are shown in Figure 6. Dielectric function of a-quartz via RPA is shown with a
dashed line and RPA+LFE is shown with a solid line. The calculated optical gap is
5.7 eV. The four theoretical peaks are located at 10.11 eV, 12.33 eV, 14.23 eV, and
17.61 eV. Figure 6 shows that the intensity of RPA+LFE is more than RPA by 0.3
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Figure 6. The dielectric function of -quartz via RPA Figure 7. Dielectric function of -quartz predicted
is shown with a dashed line and RPA+LFE is shown by using the BSE method

with a solid line
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units. In contrast, the positions of the peaks are in the same locations.

The optical gap for BSE, as shown in Figure 7 is 8.66 eV, while the experimental
value is 8.9 eV [2]. The first peak is located at 10.83 eV, while the experimental peak
Is at 10.33 eV; because of the small range of energy and bands of calculation, there is
no information about the rest of the peaks. Experimental values of peaks are 10.3 eV,
11.3 eV, 14 eV, and 17 eV.

Method Opt gap 1"peak 2" peak 3" peak 4™ peak
RPA 5.7 10.11 12.33 14.23 17.61
BSE 8.66 10.83 - - -
Exp 8.9 10.3 11.7 14 17.3

Table 2 Peaks values of the dielectric function of a-quartz, calculated with RPA, BSE, and experiment. The
energy unit is eV

CONCLUSION

The result of band structure calculations as shown in Table 1 indirect bandgap
with different methods are presented. The energy unit in Table 1 is eV, the GGA
bandgap value is a 30% underestimate compared to the experimental bandgap, the
HSE method result is a 17% underestimate, and the GW bandgap value is very close
to the experimental value, which is 5% underestimate. As GW includes more
gradients in the calculation, the result is close to the experimental value. Also as
shown in Table 2 the position of peaks with RPA and RPA+LFE are near the
experimental value, and it is acceptable, which shows a small difference. Still, the
optical gap has a large discrepancy with the BSE compared to the experimental
result. Although the optical gap with BSE compares to the experimental result has a
smaller discrepancy, the position of the first peak is far from the experiment. These
calculations indicate that a-quartz is a large bandgap insulator with a complicated
unit cell. Calculation of band structure and dielectric function cannot be done
accurately by chipper calculation methods; it needs more sophisticated and accurate
methods.
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