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In this  study,  effects  of  some  impurity  atoms  included  in  IIIA group  such  as  Al,  Ga,  and
In  on  the  optical  properties  of  the  �-Si3N4 structure  have been  discussed.  The  calcula-
tions  were made  using  Density  Functional  Theory  (DFT)  in 0–15  eV range  and local  density
approximation  (LDA)  as  the exchange-correlation.  Using the  real  and the  imaginary  parts
of the complex  dielectric  function,  the basic  optical  properties  of �-Si3N4 such  as  dielectric
coefficient,  refractive  index,  absorption,  reflection  coefficients  have  been  investigated.  As
a result  of  the  calculations,  it  is  determined  that  optical  properties  of structure  have  been
significantly  changed  with  doping.

© 2017  Elsevier  GmbH.  All  rights  reserved.

. Introduction

Silicon nitride (Si3N4) due to its strong thermal, dielectric and structural properties is mostly used in electronic, optical
nd industrial applications [1,2]. Thanks to its thermal insulation properties, silicon nitride is used in many industrial fields
uch as areas of heat conduction, gas turbines, and automobile engines, at the same time it is widely used as a passivation
ayer in transistor applications, light emitting diodes (LEDs) and solar cells [3–7]. In addition, silicon nitride is frequently
sed as a gate dielectric in high electron mobility transistors (HEMTs) [8].

Si3N4 crystal structure has basically well-known � and � phases, as well as phases indicated by � (or c). Wherein �, �,
 are respectively indicators of trigonal, hexagonal and cubic structures. Under high temperature and high pressure, phase
hifts between these crystals structures may  occur [9]. While � and � phases show similarities in terms of some electronic
nd optical properties, � phase can vary in terms of these characteristics. For example, in the literature, while � and � phases
emonstrate close bandgap values such as ∼4.63 eV and 4.50-5.50, � phase is given as having ∼3.45 eV band gap [10,11].
he property basically separating � and � phases are the fact that c lattice constant is about 2 times larger than � phase.
-Si N structure has a 14-atom unit cell, and this cell has 6 silicon and 8 nitrogen atoms and it is a structure with P6 m
3 4 3
pace group.

Single crystals of �-Si3N4 structure can be grown with Molecular Beam Epitaxy (MBE) and Chemical Vapor Deposition
CVD) methods [12–14]. Generally, in GaN or GaAs-based crystal growing, Indium and Aluminum usage are common pro-
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Fig. 1. The most stable atom position is shown for Al, In and Ga impurities that placed in �-Si3N4 crystal structure.

cesses. During these growing processes, waste gases remaining from previous growths in the reactor or atoms such as Al, Ga,
In can be found in the reactor. In a crystal growth, which will be conducted later, these atoms can settle as impurity atoms
within the crystal and this situation may  seriously affect optical properties of the crystal [15,16].

Accordingly, it can be an important step for growing processes to be conducted in the future to analyze effects of Al, Ga
and In impurities settled within the crystal during growing process on optical properties of the crystal. For this reason, in
this study, changes in optical properties of �-Si3N4 structure were analyzed by means of DFT method in situations when it
contains Al, Ga and In impurities. As a result of these analyses, serious changes in basic optical properties of �-Si3N4 structure
were observed in terms of static dielectric constant, refractive index, absorption, reflection coefficients.

2. Calculation method

In calculations, to determine effects of impurity atoms such as Al, Ga and In on optical properties of the �-Si3N4 structure,
DFT with pseudopotential method and LDA as exchange-correlation were used. Thanks to Atomistix-Visual Nanolab Toolkit
(ATK-VNL) software, the optical properties of � −Si3N4 structure with purity and impurity were analyzed with the help
of the real and the imaginary parts of complex dielectric function [17–19]. While analyzing optical properties of the �
−Si3N4 structure, a hexagonal � −Si3N4 structure with 14 atoms containing 8 nitrogen and 6 silicon atoms and having P63m
space group was used. In calculations, lattice constants of the structure were determined as a = 7.6015 Å, c = 2.9061 Å, cut-off
as 280 eV and a regular Monkhorst–Pack 4 × 4 × 10 k-point grid were used. In the optical properties calculations, photon
energy range was selected as 0–15 eV. In the studied �−Si3N4 structure, settlement locations of Al, In and Ga impurity
atoms were determined by calculating formation energy and binding energy calculations [20]. For the atom places with
the lowest formation energy and binding energy, impurity atoms were placed, and optical properties of these new systems
were analyzed. By calculating binding energy and formation energy, the most stable configuration specified for each impurity
atom are shown with red circle in Fig. 1.

3. Results and discussion

The optical properties of a studied structure can be defined with the help of the complex dielectric function given in Eq.
(1) [21,22]. Further optical properties can be determined after obtaining real and imaginary parts of the complex dielectric
function.

Complex dielectric function is given as;

ε(ω) = ε1(ω) + iε2(ω), (1)

The real and imaginary parts of the complex dielectric function are given with the Kramers-Kronig relations;

ε1(ω) = 1 + 2
�

p

∞∫
0

ω′ε2(ω′)
ω′2 − ω2

dω′. (2)

Here, ε2(ω) is the imaginary part of the complex dielectric function and given as;

ε2(ω) = e2h

�m2ω2

∑  ∑∫
|ePif |2ı(Ek

f − Ek
i − �ω)d3k. (3)
Here, Ei and Ef are binding energies in the first and the last configurations, and Pif is the momentum matrix element [23].
Also, n and k are associated with expressions �1(ω) and �2(ω) the relationship between them is given as [22];

ε1 = n2 − k2, (4)



P. Narin et al. / Optik 147 (2017) 115–122 117

Table  1
Static dielectric coefficient, refractive index and reflection coefficient of �−Si3N4 for pure and with impurities.

�-Si3N4 �1(0) n(0) R(0)

pure 5.52 2.34 0.16
Al-impurity 9.12 3.59 0.32
Ga-impurity 122 11.0 0.70
In-impurity 75.7 8.70 0.63
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Fig. 2. For a) pure b) Al-impurity c) Ga impurity, d) In impurity added structures, the real part of the dielectric function of �−Si3N4 structure.

ε2 = 2nk (5)

Expressions giving the frequency dependent real and imaginary parts of the complex refractive index and their reflection
oefficient and absorption coefficient are given as follows [24,25];

n(ω) = (1/
√

2)

[√
ε2

1
(ω) + ε2

2(ω) + ε1(ω)

]1⁄2
, (6)

k(ω) = (1/
√

2)

[√
ε2

1
(ω) + ε2

2(ω) − ε1(ω)

]1⁄2
, (7)

R(ω) = (n − 1)2 + k2

(n + 1)2 + k2
, (8)

˛(ω) = 2
ω

c
k. (9)

�-Si3N4 structure shows anisotropic optical properties due to its hexagonal structure. Therefore, z-axis, which corre-
ponds to the growth direction, values with important optical features are shown in the study. Therefore, for the rest of the
tudy, the numerical values will be given for z-axis. Table 1 shows the calculated optical parameters of �−Si3N4 for pure
nd with impurities.
Fig. 2 shows the changes in photon energy dependent real part of dielectric functions after adding Al, Ga, In impurities
eparately to �−Si3N4 structure. In Fig. 2a, while highly anisotropic behavior is observed for z-axis for pure �−Si3N4 structure,
t shows relatively isotropic behavior for x and y-axes for the dielectric functions. For the pure �−Si3N4 structure, the static
ielectric value is determined as ∼5.52.
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Fig. 3. For a) pure b) Al-impurity c) Ga impurity, d) In impurity added structures, the imaginary part of the dielectric function of �−Si3N4 structure.

Real parts of the dielectric functions falling below zero, namely when �1(ω)<0 and in energies after 9.28 eV value, �−Si3N4
shows metallic behavior. Within the energy range before this value, since real part of the dielectric function is above zero,
namely �1(ω)>0, the structure shows dielectric properties.

In Fig. 2b, it was determined that the static dielectric constant for � − Si3N4 structure containing Al impurity is 9.12, and
the highest value for the dielectric constant as 13.4 is found at ∼ 0.19 eV value. While isotropic behavior in x and y-axes is
not observed below 0.4 eV, it can be seen that isotropic behavior is started again while approaching towards high energies.
As expected in all energy values, the high anisotropic behavior is observed in the z-axis. In Fig. 2c, for a �−Si3N4 structure
containing Ga impurity, the static dielectric value is found as a huge number of 122. A static dielectric constant substantially
higher than the pure structure has been calculated.

In Fig. 2d, we have calculated static dielectric constant for �−Si3N4 containing In impurity as 75.7. The highest dielectric
constant was determined as 78.3 at 0.1 eV value. While isotropic behavior in x and y-axis is observed in low energy values,
the anisotropic behavior is seen at high energy values. In this regard, it can be said that, this behavior exhibits similar
characteristics with the structure including Ga impurity.

In Fig. 3, imaginary parts of dielectric function based on photon energy are shown for the pure �−Si3N4 structure and
structures with impurities within 0–15 eV energy range. In Fig. 3a, it can be seen that optical band range value for pure
�−Si3N4 is within ∼5-5.8 eV range. The optical band value of the pure �−Si3N4 structure is consistent with the literature
[10,26,27]. Energy values where optical transitions are at maximum are seen as 7.2 eV and 9 eV. In the cases with impurities,
it can be clearly seen that structures �2(ω) peak values at very low energies do not represent any optical band gap.

In Fig. 3b, it can be seen that in �−Si3N4 structure with A1 impurity, energy values with maximum optical transitions are
7.5 eV and 9 eV. Furthermore, since it is observed that optical transition also occurs in ∼0.45 eV and ∼1.19 energy values, it
will not be possible to mention about optical band range in A1 impurity. In comparison with the pure structure, for x and
y-axes, the isotropic behavior is partially deteriorated.

In Fig. 3c and 3d respectively, it can be seen that very high optical transitions occur at very low energies in �−Si3N4
structure with Ga and In impurities. In the presence of both impurities, a secondary peak with not such high optical transitions
can be observed at ∼8 eV. For these two impurity added structures, highly anisotropic behavior at low energy values and
isotropic behavior at high energy values are observed.

In Fig. 4, changes in refractive indexes of pure �−Si3N4 structure and structure with impurities are given with respect to

photon energy. These changes can be actually seen to change in proportion to change connected with �1(ω)  in the formula
given Eq. (4). Therefore, if the dielectric coefficient of a structure is high, it’s refractive index is high as well. In the pure
�−Si3N4 structure, the refractive index of the structure was  determined as n(0) = 2.34 and results closer to the literature
was obtained [28,29]. In structures with Al, Ga and In impurities, refractive indexes were determined as 3.59, was 11 and
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Fig. 4. For a) pure b) Al-impurity c) Ga impurity, d) In impurity, the refractive index of �−Si3N4 structure.
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.7, respectively. The structure with Ga-impurity has the highest refractive index, which is found to be 5 times higher than
he pure structure. It is observed that refractive index change showing high anisotropic behavior along the z-axis in pure
tructure and the structure with Al impurity. For the structures with Ga and In impurities, mostly isotropic behavior are
bserved at higher energies. However, high anisotropic behaviors are observed at very low energies.

The imaginary part of the complex refractive index, namely extinction coefficient is known to be associated with �2(ω)
iven by the Eq. (5). Therefore, change in photon frequency dependent �2(ω) and change in photon frequency dependent
xtinction coefficient are shown similar behaviors. Changes in photon frequency dependent extinction coefficients of pure
−Si3N4 structure and structures with impurities are given in Fig. 5. Since it is dielectric in the pure structure, it is observed

hat optical transitions start around above ∼5 eV. In the structures with Al, Ga and In impurities, the higher extinction
oefficient is observed at lower energies. Anisotropy behaviors are similar with the real part of the complex refractive index.

Reflectance properties of structure vary in connection with whether they show metallic behavior or not. Since �1(ω)<0
s considered structures with metallic behavior, negative �1(ω)represents high reflectivity. For negative values of �1(ω)  are
ound to be possible with Eq. (4) and k > n. Therefore, high level of reflectance is expected for low n and high k values.

In Fig. 6, changes in reflectance of pure �−Si3N4 structure and structures with impurities are given with respect to photon
nergy. For pure �−Si3N4 and �−Si3N4 with Al, Ga, In impurities, reflection coefficients of structures are determined as 0.16,
.32, 0.70 and 0.63, respectively. For the structures with impurities, behaviors of reflectance with energy changes show
imilarities with each other.

At values where extinction coefficient is high, it can be expected absorption coefficient to be high also. In Fig. 7, absorption
ata shows the optical band gap successfully. In the structures with impurities, the anisotropic behavior is preserved in the
-axis all along the investigated photon energies. Near the optical band-gap edge, pure �−Si3N4 structure shows the most
nisotropic behavior.

Si3N4 is known to reduce non-radiative transitions in the structure where it is used as a passivation layer [30]. In addition,
n cases where the passivation layer contains impurities since more absorption occurs as can be seen in Fig. 8. Using Si3N4
s much pure as possible becomes significant especially in LED applications. Fig. 8 shows absorption for pure structure and
tructures with Al, Ga, In impurities that change at low energies, especially in the visible region. While very low absorption
s observed in the visible region for the pure with impurities structures, especially the structure with In impurity shows very
igh absorption in the visible region.
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Fig. 5. For a) pure b) Al-impurity c) Ga impurity, d) In impurity added structures, the extinction coefficient of �−Si3N4 structure.

Fig. 6. For a) pure and b) Al-impurity c) Ga impurity, d) In impurity added structures, the reflection coefficient of �−Si3N4 structure.



P. Narin et al. / Optik 147 (2017) 115–122 121

Fig. 7. For a) pure b) Al-impurity c) Ga impurity, d) In impurity added structures, the absorption coefficient of �−Si3N4 structure.
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Fig. 8. For a) pure, b) As-impurity, c) Ga impurity, d) In impurity added structures, absorption of � −Si3N4 structures at low energies.

. Conclusion

In this study, the effects of impurity atoms such as Al, Ga, and In found in IIIA group of the periodic table, on optical
roperties of pure � −Si3N4 structure were analyzed. The calculations were performed with DFT method using LDA approach
ithin 0–15 eV range. Based on impurity atoms, the changes in basic optical properties of �−Si3N4 structure such as complex
ielectric function, refractive index, extinction coefficient, absorption coefficient, reflection coefficient based on photon
nergy were analyzed. As a result of calculations, static dielectric coefficients were found for pure �−Si3N4 and structures
ith impurities, and it was observed that impurity atoms increase the dielectric constant to relatively higher values. It is
etermined that, in the pure �−Si3N4 structure, isotropic optical properties that are observed mostly between x and y-
xes. And with adding impurities this behavior tends towards anisotropic behavior. As expected in hexagonal crystals, it
resents high anisotropic optical properties in z-axis with respect to other axes. Due to the increasing absorption at visible

avelengths, impurities may  result in unwanted outcomes in optoelectronic devices such as LEDs.
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