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Abstract
In this paper, we present a computational method to investigate optical properties of materials using a combination of density
functional theory (DFT) calculations and finite-difference time-domain (FDTD) method. We show our method in the framework
of an example for analyzing the effect of Au doping on optical transmission behavior of TiN compounds with a given geometry.
First, DFT is employed based on generalized gradient approximation (GGA) exchange-correlation potential to investigate the
electronic properties as well as dielectric function of TiN with respect to different percentages of doped Au. Our results reveal a
growth in the imaginary part of dielectric function for energies below 4 eV by increasing Au doping level due to compression of
Ti1−xAuxN DOS into the Fermi energy. In order to clarify the impact of Au doping on the optical behavior of Ti1−xAuxN with a
given geometry, the optical dielectric function calculated from DFT was used as an input data for FDTD method to simulate a
perforated surface plasmon system originated from Ti1−xAuxN-dielectric configuration via Optiwave package. It is observed that
an increase in the Au level decreases the transmission intensity of excited modes of the perforated surface plasmon system, which
is in agreement with the observed behavior for the imaginary part of dielectric function from DFT calculations. This implies that
an enhanced imaginary part of dielectric function leads to more energy dissipation and finally less transmitted wave. The
proposed method enables us to simulate optical properties of a wide range of compounds with arbitrary geometries and
material-specific properties.
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Introduction

In recent years, numerous investigations were done to find
new materials with prominent optical properties to replace
the noble metals used nowadays. In the field of optics, most
of the researches are focused on studying the impact of added
material on optical properties of a given compound by means
of experimental methods. They include a series of
experimental-based studies from chemical or physical fabrica-
tion methods to optical characterization tools such as

spectrophotometer to measure transmittance, reflectance, and
absorbance of a compound, as the most significant quantities
to assess the improvement of optical properties [1–4].

On the other hand, for materials with complex geometries,
there are intensive limitations for experimental methods in
synthesizing the desired structure. In order to overcome the
problem, the studies focus on combining the experimental
results with computational methods. This is done by using
the response function of an engineered compound, measured
by experimental technique [5–11], as an input data for com-
putational methods such as finite-difference time-domain
(FDTD) to calculate the optical spectra through solving the
Maxwell equations for the proposed geometry.

The lack of a pure computational method, containing a
series of consecutive theoretical processes, which allows us
to simulate a wide range of compounds with arbitrary geom-
etry in an easier way, is strongly felt. In the following, we
introduce a theoretical study as a substitution to the aforemen-
tioned experimental and semi-experimental approaches, based
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on the combination of two powerful simulation techniques,
the density functional theory (DFT) calculations and FDTD
method, to make a connection between the optical response
function and the optical transmission spectrum. We show the
procedure in the form of an example for TiN compound. Our
intention is to investigate the impact of Au doping on
the optical behavior of a perforated surface plasmon
system of TiN.

We deliberately chose the intermetallic TiN, because it
seems to be a good candidate to demonstrate extraordinary
optical behavior due to its plasmonic nature besides its unique
mechanical and electrical properties [12–16]. Yet, most re-
ports on the optical properties of TiN are limited to some
experimental and theoretical studies, which contain conven-
tional structures of TiN, including thin film, nanoparticles, and
core-shell [17–20]. Therefore, more investigations are needed
to explore the possibility of having useful optical features for
arbitrary geometries.

This paper is divided into three main sections. The first part
is devoted to the ab initio calculations of Au-doped TiN com-
pound by using DFT, which includes simulation parameters
and results and discussion for electronic and optical properties
of this compound. In the second part, our method to make a
connection between DFTand FDTD is described in detail, and
the way to find required optical parameters of a material to
introduce to the FDTD software is explained. In the last sec-
tion, the DFT-simulated TiAuN compound is employed in the
Optiwave FDTD software to calculate transmission behavior
of the perforated surface plasmon system, with respect to dif-
ferent percentages of Au dopant.

DFT Calculations

Simulation Parameters

We investigate the electronic and optical properties of Ti1
−xAuxN compound using first-principle calculations. The
SIESTA package was employed in the framework of
Perdew-Burke-Ernzerhof (PBE) exchange-correlation func-
tional within generalized gradient approximation (GGA)
based on the linear combination of atomic orbital (LCAO)
pseudopotential techniques. The integration in reciprocal
space was performed over the k-point grid of 15 × 10 × 15
to describe an accurate ground state in a self-consistent
calculation.

To simulate different percentages of Au doping in Ti1
−xAuxN, we used a supercell with 16 Ti and N atoms (Fig. 1).
To optimize the structures, the force on every atom was mini-
mized to 0.002 eV/Å. Total energies were calculated with an
accuracy of 10−4 eV. Also, the optical mesh of 50 × 50 × 50was
employed to calculate the optical dielectric function for an in-
cident unpolarized electromagnetic wave.

Results and Discussion

At first, DFT was used to simulate pristine TiN with face-
centered cubic (FCC) crystal structure. Then, Ti was substituted
by Au to realize Ti1−xAuxN compound with different percent-
ages (x = 12.5 and 25). Figure 2 shows the electronic density of
states for pure TiN along with 12.5 and 25% Au-doped TiN.

It is seen that Ti 3d state plays an important role in the con-
ductivity of the TiN compound. This status can also be seen at
higher concentrations of Au doping. In fact, the region around the
Fermi energy (− 1.5 to 3.5 eV) is mainly occupied by Ti 3d state
mixed with a few N 2p states. It contains filled states below and
empty states above the Fermi energy which enable the electrons
to make transition. In addition, the diagrams show the hybridiza-
tion of Ti 3d and N 2p states in which the contribution of Au 5d
state should be added as doping level is increasing. Our presented
plot for TiN agrees well with the reported calculations [21–24].

It can be observed from Fig. 2b, c that the doping process
causes two major effects on the DOS of TiN. First, by increas-
ing the doping level, the DOS of Ti 3d state gradually de-
creases at energy interval of 2 to 3 eV and shifts to lower
energy, as some small peaks are created above the Fermi en-
ergy up to 2 eV. It implies an increase in the number of discrete
unoccupied states, which have the potential to host the excited
electrons in the transition process.

Secondly, the DOS peak around − 5 eV energy, originated
from hybridization of Ti 3d and N 2p, decreases and divides

Fig. 1 The supercell of face-centered cubic (FCC) TiN containing 16
atoms (8 Ti and 8 N atoms)
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into two peaks by increasing Au dopant. In fact, participation of
the Au 5d state in the orbital interactions caused the DOS peak
around − 5 eV to decrease and the second DOS peak to appear
at energy of − 3 eV. It is observed that by increasing the Au
dopant, the peak height around − 3 eV becomes greater, being
expected to play an important role in the optical behavior.

Hence, it can be concluded that the Au doping compressed
states and pushed them towards the Fermi energy, which leads
to an increase in the number of occupied and unoccupied
states around the Fermi energy. Two mentioned phenomena
cause a higher probability of electron transition at energy in-
terval of 1 to 3 eV, which results in more energy loss in the
optical region. In contrast, the states having shifted towards
Fermi energy reduce the probability of electron transition at
higher energies. This results in a decrease in the imaginary
part of dielectric function for energy above 4 eV.

The optical behavior of a material can be directly explained
through the dielectric function, which exhibits the response of
materials to electromagnetic field. The imaginary part of di-
electric function provides significant information about the
optical loss and light absorption, while the real part shows
the ability of material to respond in the form of dielectric
polarization to the incident electromagnetic wave.

Figure 3 shows the imaginary part of dielectric function of
Ti1−xAuxN for three doping concentrations of Au (x = 0, 0.125
and 0.25). It is in good agreement with calculated results for

TiN dielectric function by QUANTUM ESPRESSO and
VASP packages, which were reported by other researchers
[25, 26]. Since the transition of electron from lower to higher
states corresponds to energy absorption, the energy difference
between two peaks in the DOS is proportional to a particular
peak in the imaginary part of dielectric function. In other
words, the imaginary part of the dielectric function can be
calculated from the momentum matrix elements between the
occupied and unoccupied states in addition to the contribution
of intraband transitions and is given by [27]:

εimg ωð Þ ¼ εintra þ Ve2

2πℏm2ω2
∫d3k ∑

ij
j〈KijP K j〉

��� ���2

� f Kið Þ 1− f K j
� �� �

δ EKi−EK j−ℏω
� �

; ð1Þ

where P is the electron momentum operator, ℏω is the energy
of incident photon, and ∣Kj〉 and ∣Kj〉 denote filled initial state
and empty final state, respectively.

DOS is divided into several domains in order to pro-
vide a clear insight on how the Au doping can affect
the dielectric function and finally the optical properties
of TiN compound. Moreover, since most contribution of
electron transition is related to those electrons that are
around the Fermi energy, only the energy intervals near
the Fermi energy are specified here.

Fig. 2 Total and partial density of
states of Ti1−xAuxN for three
values of x. a TiN. b x = 0.125. c
x = 0.25
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By comparing Figs. 2a and 3a, it is obvious that the peak
ranged between 3 and 4 eV in the imaginary part of dielectric
function stems from the electron transition from domain 3
with occupied state to the unoccupied domain 6 as well as
transitions from domains 2 to 4 and 5 in the DOS diagram.
Also, the peak between 4.5 and 5 eV mainly corresponds to
the transitions from 1 to 4, 2 to 5, and 3 to 7. For higher energy
peaks in the imaginary part of dielectric function, electron
transitions in further domains should be considered. For in-
stance, the flat domain that ranged between 5 and 6 eV is
ascribed to the transition from domains 1 to 5, 2 to 6, and 3
to 7. What is more, the sharp peak around 6.5 eV corresponds
to the transitions from 2 to 6 and 7 and 1 to 5. It should be
noted that the DOS above domain 7 has the least contribution
in electron transition because of its small amount.

As mentioned before, by doping Au atom in the TiN, the
DOS of domain 6 reduces as some states are created above the
Fermi level in domains 4 and 5, which is expected to play an
important role in the energy loss of incident beam due to raising
the probability of interband transitions. For x = 0.125, transi-
tions from domains 3 to 4 and 5 increase that lead to a growth in
the imaginary part of dielectric function at energy range of 1.5
to 2.5 eV. It can also be seen that the peak ranged between 3 and
4.5 eV for the TiN dielectric function (see Fig. 3a) shifts to
lower energy (3 and 3.5 eV) in the case of 12.5% Au-doped
TiN (see Fig. 3b). This is due to the creation of a new peak in

the second domain of DOS, facilitating electron transitions be-
tween domains 2 and 4 with lower energy compared to the pure
TiN case. Moreover, a decrease in the imaginary part of dielec-
tric function is seen for the 12.5% Au-doped TiN at energy
range of 4.5 to 7 eV, which is attributed to the reduced DOS
peak in the domains 1 and 6. This effect can be obviously
observed by the eliminated peak around 6.5 eV for the dielec-
tric function of Ti0.875Au0.125N in comparison to pure TiN.

By increasing the concentration of Au atom to x = 0.25, the
dielectric function of Ti0.75Au0.25N undergoes significant chang-
es as it is more sensible in comparison to Ti0.875Au0.125N. The
imaginary part of dielectric function increases at energies less
than 4 eV, especially at energy range of 2 to 3 eV and 3to
3.5 eV due to more electron transitions in the DOS diagram
from domains 3 to 4 and 5 and 2 to 4, respectively (see Fig.
3c). Adding more Au atoms intensified two mentioned ef-
fects, comprising a decrease in DOS of domains 1 and 6
and an increase in DOS of domains 2, 4, and 5. Regarding
the states having been pushed towards the Fermi level, it is
reasonable to see a greater amount of dielectric function for
energies between 2 and 3 eV and 3 and 3.5 eV. In contrast,
there is a decrease in the dielectric function of Ti0.75Au0.25N
for energies greater than 4 eV compared to Ti0.875Au0.125N,
which is attributed to diminished DOS in the domains 1 and
6. The point that should be noted is to consider the optical
selection rules in all possible transitions.

Fig. 3 The calculated imaginary
part of dielectric functions for a
TiN, b Ti0.875Au0.125N, and c
Ti0.75Au0.25N compounds. The
arrows show the energies with the
most possible electron transitions
in the DOS
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As a result, by increasing the doping level of Au atom in
the TiN compound, the imaginary part of dielectric function is
divided into two parts in terms of the frequency of incident
beam. For energies less than 4 eV, the amount of dielectric
function grows that shows an increase in the energy dissipa-
tion of interacting light, while it decreases above 4 eV, which
is proportional to less energy dissipation. It implies that the
substitution of Au element in the TiN compound leads to an
improvement in the optical response within the UV region.

Connection Between DFT and FDTD

After evaluating the optical behavior of Ti1−xAuxN for different
levels of Au doping by ab initio calculations, the next section is
devoted to demonstrating a straight example that provides a clear
view on how the Au doping can affect the optical behavior of Ti1
−xAuxN compound with a given geometry. In fact, the following
section is focused on investigating the effects of atomic substitu-
tion on the optical transmission spectrum of a surface plasmon
polariton system, containing periodic arrays of holes, via
Optiwave package, where the connection between DFT calcula-
tions and FDTDmethod occurs as the main aim of this research.

To start the simulation, it is needed to define the optical
behavior of proposed compounds through specifying their
main optical parameters. The Drude-Lorentz model, which

shows the response of dispersive materials to the electromag-
netic field, is employed to interpret the imaginary part of di-
electric function. The frequency-dependent Drude-Lorentz di-
electric function is given by:

ε ωð Þ ¼ ε∞ þ ∑
j

f jω
2
p

ω2
j−ω2

� �
−iωγ j

; ð2Þ

where ωj, γj, and fj are frequency-independent oscillator reso-
nance frequencies, bandwidths, and oscillator strengths, re-
spectively. The background permittivity is described by ε∞,
and ωp is the plasma frequency.

The Drude-Lorentz model was selected because it is more
matched with experimental data in comparison to other
models. It contains Drude’s free electron model for metals in
low-frequency ranges as well as the contribution of interband
transitions. These transitions dissipate the energy of incident
beam, which appears in the form of some peaks in the imag-
inary part of dielectric function. Each individual peak is
modeled by an oscillator that absorbs the electromagnetic field
thorough resonance. Required parameters to define the optical
behavior of a matter, such as number, strength, and damping
coefficient of oscillators can be achieved through fitting the
Lorentzian peaks to the imaginary part of dielectric function.

Figure 4 depicts the Lorentzian peaks fitted to the imagi-
nary part of dielectric function of Ti1−xAuxN for three values

Fig. 4 The different components
of Lorentzian peaks (dotted dark
yellow line) fitted on the
imaginary part of dielectric
function (solid black line) for
three values of Au-doped in Ti1
−xAuxN. a x = 0. b x = 0.125. c
x = 0.25
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of Au concentrations (x = 0, 0.125, and 0.25). Since the input
data in the Optiwave package are frequency-dependent, the
dielectric permittivity is turned to a function of frequency.

To enhance the precision of fitted curves, we used 9, 8, and
10 Lorentzian peaks for Ti1−xAuxN with x = 0, 0.125, and
0.25, respectively. The plasmon frequency (ωp) was also cal-
culated byDFTmethod, being 9.47, 6.92, and 8.72 × 1015 rad/
s for x = 0, 0.125, and 0.25, respectively. As it is clear, the
fitted curve in each diagram (red square) is highly matched
with the corresponding imaginary part of dielectric function
(black solid line). This helps us to accurately simulate the
optical properties of any geometry. The fitting parameters of
each compound are listed in the Tables 1, 2, and 3.

FDTD Simulations

To investigate transmission behavior of the perforated surface
plasmon system of Ti1−xAuxN, the finite-differential time-do-
main (FDTD) method was employed via the Optiwave pack-
age. At first, a two-dimensional system, containing the Ti1
−xAuxN film with square subwavelength holes within, was
simulated on the top of a dielectric layer with a refractive
index of n = 2 (shown in Fig. 5). The thickness of the Ti1
−xAuxN film and dielectric layer was 20 and 50 nm, respec-
tively. Also, the size of square holes was the same (shown by
S), and the periodic lattice constant was identical for both x
and y directions (shown by a), which is defined as the separa-
tion distance between two successive holes.

Since the system was placed in the x-y plane, the periodic
boundary condition (PBC) was applied in the x- and y-direc-
tions, and the absorbing perfectly matched layer (APML) was
considered in the z-direction. A 30° polarized continuous
Gaussian input electromagnetic wave with time offset 4e
−15 s and half width 0.8e−15 s was selected, which propagat-
ed along the z-direction. Mesh size of 4 nm along the x-, y-,
and z-directions was used. The aim of employing the FDTD

method is to solve Maxwell equations in order to obtain the
spatial and temporal dependency of the electromagnetic
waves in each point. The process is done by applying bound-
ary conditions to the simplified discrete equations originated
from derivation formula.

Ti1−xAuxN is an intermetallic compound thus, it is expected
to show the surface plasmon polariton (SPP) properties
resulting from the coupling of the electromagnetic wave with
the electron sea at the metal-dielectric interface. The electrons
mimic the propagating component of electromagnetic wave at
Ti1−xAuxN-dielctric interface and collectively oscillate on the
x-y plane, which is known as the SPP effect. Such phenome-
non is expected to strongly influence the optical behavior
through absorbing the electromagnetic field by electrons and
reemitting it by oscillating charged particle mechanism.

By creating ordered arrays of subwavelength holes within
the Ti1−xAuxN film, other phenomena appear which directly
affect the optical transmission of the proposed structure. First,
the interaction between incident electromagnetic field and col-
lected electrons at sharp edges and tips leads to the creation of
local surface plasmon resonance (LSPR) as shown in Fig. 6b.
The LSPR indicates a collective movement of electrons which

Table 1 The characteristics of the Lorentzian oscillators containing the
resonance frequencies, oscillation strength, and damping coefficient for
TiN

Resonance ωj (10
15 rad/s) γj (10

15 rad/s) fj

1 0 0.304 1

2 0.653 1.06 0.586

3 1.261 0.875 0.063

4 1.723 0.402 0.014

5 5.272 2.260 0.567

6 6.094 0.756 0.063

7 7.404 0.819 0.234

8 8.250 1.916 0.896

9 9.760 1.883 1.400

Table 2 The characteristics of the Lorentzian oscillators containing the
resonance frequencies, oscillation strength, and damping coefficient for
Ti0.875Au0.125N

Resonance ωj (10
15 rad/s) γj (10

15 rad/s) fj

1 0 0.026 1

2 1.112 0.892 0.881

3 2.170 0.747 0.172

4 3.176 1.209 0.429

5 4.887 1.715 0.573

6 7.832 1.277 0.539

7 9.017 0.407 0.036

8 9.394 5.866 8.242

Table 3 The characteristics of the Lorentzian oscillators containing the
resonance frequencies, oscillation strength, and damping coefficient for
Ti0.75Au0.25N

Resonance ωj (10
15 rad/s) γj (10

15 rad/s) fj

1 0 0.025 1

2 0.799 1.506 0.942

3 2.174 0.604 0.039

4 3.019 1.308 0.166

5 4.109 1.341 0.323

6 5.341 1.091 0.150

7 7.642 3.497 1.615

8 8.289 0.507 0.095

9 9.231 1.020 0.267

10 10.378 1.983 1.026
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is restricted to the nanometer dimensions of sharp edges and
tips. The LSPR is known as the origin of hot spots in the field
distribution pattern that enhances the intensity of transmitted
beam [28]. Second, another effect is directly related to the
holes and their dimensions. They play a role similar to wave-
guides in transmitting the electromagnetic field, depending on
the hole dimension [29].

On the other hand, the existence of periodic arrays of
square holes inside the Ti1−xAuxN film is equal to a two-
dimensional grating system with the same lattice constant in
both directions. It causes the transmission spectrum to divide
to several resonance peaks. Each individual peak indicates a
particular mode of excited surface plasmon resonance wave-
length which is given by [30]:

λsp ¼ affiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2 þ m2

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εdεm

εd þ εm

r
; ð3Þ

where λsp is the wavelength of the excited surface plasmon
mode, a is the periodic constant of the hole array, (n, m) pair
denotes the mode’s order, and εm and εd are the response

functions of the metal and dielectric layers, respectively.
Figure 6 shows the transmission spectrum of Ti1−xAuxN-

dielectric configuration for different doping concentrations of
Au (x = 0, 0.125, and 0.25). One can clearly see the different
orders of excited surface plasmonmodes of the system from the
plot. It is obvious that an extraordinary optical transmission
(EOT) occurred at λ = 970 nm, which is a characteristic of these
types of structures. As was previously mentioned in the litera-
ture, the place of the EOT peak is directly dependent on the
geometrical parameters of the configuration, since by increas-
ing the Au doping level, it does not change [28]. It is observed
that pure TiN has the most optical transmission spectrum in
comparison to Au-doped TiN. By increasing the doping level,
the transmission approximately decreases 10% around the EOT
peak and more than 20% in the visible region. This decrease
essentially stems from the imaginary part of the dielectric func-
tion, which connects the optical behavior to structures. By com-
paring the imaginary part of dielectric function for three various
percentages of the Au atom in Ti1−xAuxN alloys (see Fig. 3), it
becomes clear that the imaginary part of dielectric function has
an inverse relation with the intensity of transmitted spectrum.

Fig. 5 Schematic picture of
simulated square array of holes
within the Ti1−xAuxN thin film on
the dielectric substrate. a indicates
the lattice constant and S is the
hole size. The thickness of the Ti1
−xAuxN film and dielectric layer
are 20 and 50 nm, respectively

Fig. 6 a The calculated optical
transmission spectrum of the
orderly perforated Ti1−xAuxN-
dielectric system for different
doping concentrations of Au. b
The electric field distribution (Ex
and Ey) accompanied with Sz at
λ = 970 nm. The dashed lines
show square holes within the Ti1
−xAuxN layer. The LSPR and
waveguide mode are clearly
observed in this picture
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More amount of dielectric function leads to lower transmission,
which indicates more energy dissipation and vice versa. In fact,
the interband transitions, which are accompanied with energy
absorption, are responsible for the dissipation.

Furthermore, it can be seen that the intensity of the transmit-
ted beam for Ti0.875Au0.125N is slightlymore than Ti0.75Au0.25N
in all Vis-IR regions. This is consistent with the results shown in
Fig. 3 for the imaginary part of dielectric functions. Since the
dielectric function of Ti0 .75Au0.25N is more than
Ti0.875Au0.125N for all energies below 4 eV, it is expected that
the Ti0.75Au0.25N will show more energy dissipation in com-
parison with Ti0.875Au0.125N. Based on this reasoning, there
should be an enhancement in the optical transmission spectrum
for energies above 4 eV by replacing the Au atomwith Ti in the
TiN compound, because increasing the doping level up to 25%
causes the dielectric function to reach its lowest amount in the
case of Ti0.75Au0.25N. In addition, the transmission of all three
compounds reaches to the same amount atλ = 400 nm,which is
considered a starting point for optical enhancement.
Nevertheless, unfortunately, due to software limitations in short
wavelengths, we are unable to show this effect.

Conclusion

In this paper, we introduced a new method to evaluate optical
properties of materials by combining first-principle calculations
and finite-difference time-domain method. We presented it by
studying the effect of Au doping on the optical behavior of TiN
in an orderly perforated surface Plasmon system. At first, density
functional theory was employed within generalized gradient ap-
proximation to calculate the electronic density of states and opti-
cal dielectric functions of Ti1−xAuxN for three concentrations of
Au dopant: x= 0, 0.125, and 0.25. Then, the imaginary part of
dielectric function, obtained from DFT calculations, was used as
an input data for the Optiwave package to simulate a surface
plasmon system which contains a two-dimensional Ti1−xAuxN
film, comprising periodic arrays of square subwavelength holes,
on top of a dielectric layer. The simulations revealed a decrease in
the optical transmission spectrum in the Vis-IR regions for x=
0.125 and 0.25, which was attributed to the increased interband
transitions reflected in the imaginary part of dielectric function at
corresponding frequency domains. This method shows to have
potential in applying to wide ranges of material to evaluate their
optical properties in arbitrary geometries.
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