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A B S T R A C T

b-Si3N4 is used as the gate dielectric for surface passivation in GaN-based, high-electron mobility
transistors(HEMTs). In this study, the electrical and optical characteristics of the hexagonal b-Si3N4

crystal structure were calculated using density functional theory (DFT) and local-density approximation
(LDA). Calculations of the electronic band structure and the density of states (DOS) were made for the
pure b-Si3N4 crystal structure and the b-Si3N4 crystal doped with an arsenic (As) impurity atom. In
addition, the optical properties such as the static dielectric constant, refractive index, extinction
coefficient, absorption coefficient and reflection coefficient were examined depending on the photon
energy. As a result of these calculations, it was observed that the As impurity atomdrastically changed the
electrical and optical properties of the pure b-Si3N4 crystalline structure, and improvements are
suggested for potential further studies.

ã 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Pure b-Si3N4 crystals are frequently used in electronic and
thermal applications since they have a high forbidden band-gap,
strong mechanical properties and an ability to operate at high
temperatures [1,2]. Si3N4 is an important dielectric material used
for the surface passivation of the structures in transistor and light-
emitting diode (LED) applications and in gate dielectric applica-
tions [3]. The b-Si3N4 material is suitable to be used in GaN-based
structures because of the hexagonal structure of this dielectric
material, which is similar to the hexagonal structure of GaN.

b-Si3N4 is a crystalline structurewhich has six silicon and eight
nitrogen atoms in a fourteen-atom unit cell in the P63/m space
group. Si3N4 can also be found in nature in cubic (g) and trigonal
(a) crystal structures [4]. Depending on the different stoichiomet-
ric properties, the silicon (Si) and nitrogen (N) ratios can vary [5].

Today, b-Si3N4 crystals can be grown as quality crystal
structures using the in-situ chemical vapor deposition (CVD) and
molecular beam epitaxial (MBE) methods [6–8]. In the growth
process, when using MBE for growth in particular, the impurity
atoms in the medium penetrate the growing crystal and this

changes the electrical and optical properties of the crystal
considerably [9]. For example, in reactors in which As is used
for crystal growth, the potential As impurity in the medium can be
found in every growth of Si3N4 which is performed in the related
reactor. In reactors in which As is used, growth takes place under
As2 vapor and this results in the entire interior surface of growth
chamber being covered by arsenic. For this reason, the impact of
the possible As impurity in the b-Si3N4 material on the electrical
and optical properties of b-Si3N4 forms the basis of this study.

2. Calculation method

In this study, Atomistix Toolkit-Visual NanoLab (ATK-VNL)
software was used to perform the calculations [10–12]. The cut-off
energy and k-points were set to 280 eV and 4� 4�10 respectively
in order to analyse the electrical and optical properties of b-Si3N4.
For the studied structure, the optimized lattice constants were
found to be a = 7.6015Å, c = 2.9061Å as shown in Table 1. The lattice
constants which were used in the calculations were almost
compatible with the experimental lattice constants [13,14]. Also,
the local density approximation (LDA) approach was used for the
exchange-correlation. Because the LDA approach gives very good
results in terms of the electronic properties of the investigated
structure, the calculations of the optical properties were alsomade* Corresponding author.
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using this approach. In the calculations, the maximum force
applied to the crystal was 0.05 eV/Å.

The energy range of 0–15 eV was chosen for the calculation of
the optical properties. The electrical and optical properties were
calculated for the pure b-Si3N4 crystal. All possible Si- and N-sites
were used for the As impurity atom to determine the most stable
structure as discussed later in this study, and subsequent electrical
and optical properties for themost stable structurewere calculated
in sequence.

3. Results and discussion

3.1. Electronic properties

To determine the most probable position of the As impurity in
the lattice, the binding energies and the formation energies of the
related structures were calculated with the help of Eqs. (1) and (2)
respectively. In Eq. (1), Eb, Etot and Eatoms were the binding energy,
the total energy of the structure and the sums of the total energy of
each atom of the structure respectively. The stability of the
structure is related to the value of the binding energy of the system

[15–18]. In Eq. (2), EF , E
doped
tot , Epuretot , mimp and msub represent the

formation energy, the total energy of the structure with As
impurity, the total energy of the pure structure, the chemical
potential of the impurity atom and the chemical potential N or Si
atoms which constituted the unit cell respectively [19]. The
chemical potential value of Si was taken from the total energy per
atom of the bulk Si. The chemical potential values of As and Nwere
determined as the energy of the As2 and N2 molecules (mAs = 1/
2m(As2) and mN =1/2m(N2). The binding energies, formation
energies and total energy per atomvalues are listed for each atomic
position of the structure in Table 2. The atomic positions are named
in Fig. 1. The most probable impurity positions were found to be in
positions 3 and 4, whichwere Si-sites, because they had the lowest
total energies, formation energies and binding energies. Similar
energy values can be found in the literature [21]. Further
calculations of the investigated structure with As impurity in this
study were made for the As impurity atom at position 3, which is

shown by the red circle in Fig. 1.

Eb ¼ Etot � Eatoms ð1Þ

EF ¼ Edopedtot � ½Epuretot þmimp �msub� ð2Þ
Fig. 2 shows the total energy per atom, which depends on the

individual variation of the lattice constants. The lowest total
energy value per one atom was found to be Etot =�234.09 eV. This
value was the most stable state when the lattice constants were
a =7.6015Å and c = 2.9061Å [20].

The band structures and density of states (DOS) of the b-Si3N4

with and without As impurity are shown in Fig. 3(a) and (b)
respectively. The band structures have indirect characteristics. As
shown in Fig. 3(a), the band-gap of the pure b-Si3N4 was found to
be �4.95 eV, which was in agreement with the experimental
values. The experimental band-gap can be found to be between 4.5
and 5.5 eV in the literature [22,23]. An impurity band in the vicinity
of the Fermi levelwas found for the structurewith As impurity. The
source of the charges which formed this impurity band came from
the hybridization of the p shell of the arsenic atom and the s shell of
the nitrogen atom. This resulting impurity band degraded the
electrical properties of the b-Si3N4, which is an insulator material
in its pure form. Also, on the DOS graph, an extended peak just
above the Fermi level was observed. The DOS peak related to the
impurity band had a significant DOS density with respect to the
conduction band.

Table 1
For b-Si3N4, lattice parameters of both present study and experimental studies.

b-Si3N4 Present study [20] Experimental 1 [13] Experimental 2 [14]

a (Å) 7.601 7.608 7.586
c (Å) 2.906 2.891 2.902
c/a 0.382 3.799 0.382

Table 2
Total Energy per atom, Formation Energy and Binding Energy values for the structure with the As impurity place in the situations where the As impurity is replaced with the
given atom shown in Fig. 1.

Atom # Atoms Total Energy Per Atom (eV) Formation Energy (eV) Binding Energy (eV)

0 Silicon �243.80147 8.06974 �102.8348
1 Silicon �243.80111 8.07478 �102.8297
2 Silicon �243.80110 8.0749 �102.8296
3 Silicon �244.02119 4.99368 �105.9108
4 Silicon �244.02116 4.99412 �105.9104
5 Silicon �243.13233 17.43767 �93.4669
6 Nitrogen �237.36595 10.94232 �99.9622
7 Nitrogen �237.34098 11.29184 �99.6127
8 Nitrogen �237.14300 14.06353 �96.8410
9 Nitrogen �237.31433 11.66492 �99.2396
10 Nitrogen �237.49824 9.09017 �101.8144
11 Nitrogen �237.18700 13.44761 �97.4569
12 Nitrogen �237.19109 13.39032 �97.5142
13 Nitrogen �237.19109 13.39032 �97.5142

[(Fig._1)TD$FIG]

Fig. 1. 14-atom unit cell of pure b-Si3N4. Yellow and blue spheres represent silicon
and nitrogen, respectively. Red circle represent the most stable atomic position for
As impurity. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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3.2. Optical properties

Analyses of the optical properties of the pure b-Si3N4 and the
b-Si3N4 doped with As impurity structures were carried out in the
range of 0–15 eV. The complex structure of the dielectric function
is given by the well-known Eq. (3) [24].

eðvÞ ¼ e1ðvÞ þ ie2ðvÞ; ð3Þ
where,[31_TD$DIFF][32_TD$DIFF]

e1ðvÞ ¼ 1þ 2
p
P
Z1

0

v0e2ðv0Þ
v02 �v2dv

0 ð4Þ

[33_TD$DIFF][34_TD$DIFF][30_TD$DIFF]

e2ðvÞ ¼ e2h
pm2v2

XXZ
jePif j2dðEKf � EKi � �hvÞd3k ð5Þ

The real and imaginary parts of the dielectric function are given
by the Kramers-Kronig equations in the Eqs. (4) and (5)
respectively [25]. The frequency-dependent e1(v) functions for
the b-Si3N4 structures doped with and without As impurity are
given in Fig. 4. The structure featured anisotropic optical properties
as a result of itswurtzite crystal structure. Significant differences in
optical properties were observed along the z-axis [0001] growth
direction. In the pure structure, exx1 ðvÞ and eyy1 ðvÞwere found to be
isotropic as expected. In the structure with As impurity, the
impurity was found to induce a slight anisotropy between
exx1 ðvÞand eyy1 ðvÞ. In the pureb-Si3N4 structure, the static dielectric
constant was found to be �5.52. Depending on the increasing
photon energy, an increase in e1(v) values was observed in the
range of 0–7 eV. Despite the increase in the energy, a decrease in
the value of e1(v) was observed in the range 7–15 eV.

The relation between the absorption coefficient and the
dielectric constant is given in Eq. (6) [26].

e1 ¼ n2 � k2 ð6Þ
Here, n and k are the refractive index and the extinction coefficient
respectively. In Eq. (10), the extinction and the absorption

coefficients can be seen to be associated with each other directly.
With increasing the photon energy, the absorption coefficient
increases and depending on Eq. (10) the extinction coefficient
value also increases. As a result, as Figs. 4(a) and 9(a) show,
especially after the 7 eV, the dielectric constant decreases with
respect to Eq. (6). The energy value of the first peak of e1(v) was
�6.8 eV, and the dielectric constant at this frequency was 14.9. It
can be said that the structure exhibited a metallic behavior at the
points where the real part of the dielectric function fell below zero,
and the structure exhibited a dielectric behavior above zero.

The static dielectric constant in the dielectric function for the
structure with the As impurity was calculated as 6.55. The first
peak value of e1(v) was at 1.79 eV. The highest dielectric coefficient
was 10.88 at 6.9 eV.

Fig. 5 shows the frequency-dependent e2(v) functions for the
b-Si3N4 structures doped with and without As impurity. In the
pure structure, exx2 ðvÞ and eyy2 ðvÞwere found to be almost isotropic
as was also found for the e1(v) functions. Similarly, in the structure
with As impurity, the impurity was found to induce a slight
anisotropy between exx2 ðvÞand eyy2 ðvÞ. In both graphs, the starting
point of the peak gives the optical band-gap where the optical
transitions take place. The optical band-gap value for the pure
b-Si3N4 was found to be in the range of �5–5.8 eV which is in
agreement with the literature [27–29]. The energy values where
the optical transitions were at maximum were found to be 7.2 eV
and 9 eV. The optical band-gap value for the structure with As
impurity was found to be in the range of �1–1.3 eV, which was
caused by states induced at the middle of the band-gap of the
related pure structure. Again, for this structure, high peak values
were observed at�2 eV and in the range of 7.5–9 eV. These regions
indicate the points where absorption was high for the b-Si3N4

structure doped with As impurity.
The real and imaginary parts of the refractive index, the

reflectivity and the absorption coefficient for the crystal structures
respectively are given by the following equations as [30,31];

nðvÞ ¼ ð1=
ffiffiffi
2

p
Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e21ðvÞ þ e22ðvÞ

q
þ e1ðvÞ

� �1=2
; ð7Þ

[(Fig._2)TD$FIG]

Fig. 2. The total energy plot per atom, depending on the lattice constants.
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kðvÞ ¼ ð1=
ffiffiffi
2

p
Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e12ðvÞ þ e22ðvÞ

q
� e1ðvÞ

� �1=2
;

RðvÞ ¼ ðn� 1Þ2 þ k2

ðnþ 1Þ2 þ k2
; ð9Þ

aðvÞ ¼ 2
v
c
k: ð10Þ

Fig. 6(a) shows the frequency-dependent change in the real part
of refractive index of the pureb-Si3N4. The refractive index is given
as Eq. (7).

If e1(v) > >e2(v), which is true in Fig. 5(a) up to 6 eV, the
refractive index turns into Eq. (11)

nðvÞ ffi
ffiffiffiffiffiffiffiffiffiffiffiffi
e1ðvÞ

p
ð11Þ

For this reason, at the low energy part of Fig. 4(a), the refractive
index is determined by the real part of the dielectric function.

If e2(v) > >e1(v), the refractive index turns into Eq. (12)

nðvÞ ffi
ffiffiffiffiffiffiffiffiffiffiffiffi
e2ðvÞ
2

r
ð12Þ

The refractive indexwas therefore determined by the imaginary
part of the dielectric function at the related parts of Figs. 4(a) and
5(a). In the other energy values, the refractive index was defined
with both e1(v) and e2(v). Here, a high refractive index was
observed at higher wavelengths and therewas a normal dispersion
in the range of 0–7 eV. In the literature, the refractive index for a
pure b-Si3N4 structure was given as being between 1.99 and 2.04

[(Fig._3)TD$FIG]
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Fig. 3. Band structures and density of states, (a) pure b-Si3N4, (b) b-Si3N4 doped with As impurity.
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[32,33]. We found in our study that the refractive index constant
was n(0)=2.35: the highest refractive index value was found to be
4.15 at an energy level of 7.1 eV.

Fig. 6(b) shows that the b-Si3N4 doped with As impurity had a
higher refractive index at higher wavelengths. The refractive index
constant was found to be n(0)=2.56. The maximum value of the
refractive index was found to be 3.48 at approximately 7 eV.

Fig. 7 shows the frequency-dependent change in the imaginary
part of the refractive index for the pure b-Si3N4 structure and the
b-Si3N4 structure doped with As impurity. The imaginary part of
the refractive index is related to absorption. The areas of the high
imaginary part of the refractive index possess a high absorption
capacity.

The energy levels in the range of 4.9–15 eV for the pure b-Si3N4

crystal and the energy levels in the range of 1.2–2.5 eV, 5–15 eV for
the crystal doped with As impurity indicate the high absorption
areas.

Fig. 8 presents the frequency-dependent change in the
reflectivity of the pure structure and the structure doped with
As impurity. A high anisotropic change was observed along the z-
axis of the pure b-Si3N4 crystal. The reflectivity values show a
partly isotropic change for both crystals but especially for the
structure doped with As impurity. It can be seen that the
reflectivity was high, in the range of 0–10 eV, compared with
other levels. The reflection coefficients of the pure structure and
the structure doped with As impurity were found to be 0.16 and
0.19 respectively.

Fig. 9 shows the frequency-dependent change in the absorption
coefficients of the pure b-Si3N4 and the b-Si3N4 doped with As
impurity. The absorption regions of the pure structure and the
structure doped with As impurity start at energy levels of �5 eV
and �1.2 eV respectively. It can be observed that there was no
absorption at higher wavelengths and that the absorption
increased as the wavelength decreased. Similar to the reflectivity,
As impurity induces an isotropy in the absorption when the pure
structure shows a high anisotropy in the z-axis.

[(Fig._4)TD$FIG]
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Fig. 6. The real part of the refractive index for (a) pure b-Si3N4, (b) b-Si3N4 doped
with As impurity.
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4. Conclusion

In this study, the electrical and optical properties of the pure
b-Si3N4 structure and a structure doped with As impurity were
investigated by DFT calculations using the LDA approach. Themost
stable state was calculated by the formation energy and binding
energy approach when the As impurity atomwas replaced by each
atom in the unit cell of the investigated structure. In this way, the
potential place of the As impurity atom was determined. In
addition to this, the change in the total energy per atom, caused by
the independent changes in the lattice constants, was examined.
The impact of the As impurity atom on the band structure was
analysed by comparing the band structures and it was found that
As impurity induced an important deep level which was in the
vicinity of the Fermi level. The optical properties of the pure
b-Si3N4 structure and the structure obtained by placing the As
atom in place of the atom with the least energy were analysed on
the basis of the dielectric functions. Calculations of optical
properties such as the real and imaginary parts of the refractive
index, the reflection coefficient and the absorption coefficientwere
made for both cases. The optical constants were determined to be

at zero frequency, and the changes in optical properties at higher
frequencies were also examined. It was found that As impurity
induced slight anisotropy in the real and the imaginary parts of
dielectric functions and therefore the refractive indexes in x-axis
and y-axis, which normally present isotropic behavior in the pure
b-Si3N4 structure. Unlike the dielectric functions and the refractive
indexes, As impurity induced an isotropy in the reflectivity and
absorptionwhen the pure structure showed high anisotropy in the
z-axis.
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Fig. 8. Reflectivity for (a) pure b-Si3N4 crystal, (b) b-Si3N4 crystal doped with As
impurity.
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Fig. 9. The absorption coefficient for (a) pure b-Si3N4 crystal, (b) b-Si3N4 crystal
doped with As impurity.
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