
Effects of Refractive Index Variations on the Optical
Transmittance Spectral Properties of the Nano-Hole Arrays

Mehrdad Irannejad & Bo Cui

Received: 20 November 2012 /Accepted: 4 March 2013
# Springer Science+Business Media New York 2013

Abstract The 3D finite difference time domain technique
was carried out to study the optical transmission properties
of nano-hole arrays in the gold thin film supported by
materials with different index of refraction in the visible
and infrared regions. A series of perforated nano-hole struc-
tures on the gold film at different hole radius, hole depth of
100 nm, and structural periodicity of 400 nm were studied.
It was found that transmission properties (i.e., intensity,
FWHM, and resonance position) were strongly affected by
hole radius and surrounding medium index of refraction.
The maximum optical transmittance was observed as 31.9 %
in a nano-hole array of hole radius of 125 nm and refractive
index of 1.3. The maximum sensitivity of 300 nm/RIU was
obtained at index of refraction of 1.7, whereas the minimum
one was calculated as 110 nm/RIU in a nano-hole array of
hole radius of 50 nm. It was also found that on increasing
the hole radius from 50 to 125 nm, the spectral sensitivity
was decreased, whereas the index sensitivity was increased
on increasing the refractive index.
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Introduction

Optical transmission and its properties through nano-hole
arrays (NHAs) have been studied well for a decade, and
many theoretical and experimental works developed back to
1998, where the discovery by Ebbesen et al. of extraordi-
nary optical transmission (EOT) [1] through NHA in the

silver thin films, challenged the Bethe theory for diffraction
of light through a small hole [2]. Although the Bethe theory
predicts very small optical transmission through nano-holes in
thin metallic film which is proportional to (r/l)4, an enhanced
transmission up to 4 % was observed by Ebbesen [1].
Since the discovery of EOT, optical transmission enhance-
ment through NHAs in metallic films involves many
research groups in the world, and different configurations
[3, 4] have been studied theoretically and experimentally
to demonstrate transmission enhancement, EOT, and their
applications.

Surface plasmons (SPs) are collective oscillations of
metal-free electrons trapped at metal–dielectric interfaces
that are excited by incident electromagnetic field and con-
fined in the metal surface. The coupling and decoupling
phenomenon between the SP resonance evanescent waves
and the incident light through the nano-hole lead to the
multiple optical resonance peaks at higher transmission
intensity when normalized to the aperture area [1]. Hence,
SP resonance excitation, which could be controlled by
adjusting the geometrical parameters, plays a crucial role
to explain the observation of EOT [1, 5–7]. Refractive index
of the substrate material and the hole medium, hole shape,
hole radius, and structural periodicity are the main parame-
ters that affect the resonance wavelength and its intensity
[8–10]. Therefore, the EOT could be used as an active
element by considering a minimum periodicity and mini-
mum wavelength at metal–dielectric interface [1] to study
the physical and chemical properties of different materials
by monitoring the variation of refractive index [6, 11, 12].
Thus, enhanced transmission has potential application in
many different areas such as bio- and chemical sensing
[13], integrated nano- and micro-photonic, nano-photonics
device (laser and waveguides) [14], microscopy and display
technology, plasmonic photolithography [15, 16], and fluo-
rescence microscopy [17, 18].
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The transmission wavelength position and its intensity
can precisely be controlled by nano-hole shape and nano-
holes periodicity [13]. For example, in a short range
structures with small number of holes, the contribution
from the structural edges becomes more significant, lead-
ing to unusual emission patterns. Whilst the position of
the resonance wavelength can be adjusted by variation of
the periodicity independent of metal, film thickness and
hole diameter [1], however, more tunability can be
achieved by applying a magnetic field [19]. In periodic
grating plasmonic materials, Rayleigh anomalies (RAs)
and surface plasmon resonances (SPRs) from both side
of films can be interfered under certain conditions and
create highly narrow spectral features which can be de-
scribed by Fano resonance and Fano lineshape models
[20, 21]. In this paper, we report the theoretical study of
optical transmission spectra of perforated NHA structure
with different geometrical parameters and structures in
the visible and infrared regions.

Analytical Theory and FDTD Simulation

In this work, a series of perforated circular NHA structures in
gold thin film supported by substrate at different index of
refraction (Fig. 1) and hole radiuses at fix hole depth of
100 nm and structural periodicity of 400 nm were studied.
The effects of varying of hole radius and supported layer
refractive index on the energy matching and transmittance
properties of the incident light through the nano-holes square
arrays were analyzed by using 3D finite difference time do-
main (FDTD) method, which is a reliable method in solving
Maxwell's equations in dispersive media like gold and silver.

In Cartesian coordinate x, y, and z, a designated structure
consists of a cladding air layer, a gold film supported by
glass layer (Fig. 1). An air cylindrical nano-hole of radius, r,
was considered in the gold film. Each medium was specified
by relative permittivity, ε(ω). For substrate layer, ε(ω) was

assumed as n2 and the Lorentz–Drude model was employed
to describe the permittivity of gold layer [22, 23]:

" wð Þ ¼ "1 þ
XM
0

fmw2
P

wm � w2 þ iwΓm
ð1Þ

where ε∞ is the permittivity in the infinity frequency, ω and
wpð¼ 1:37188� 1016 rad=sÞ are the incident and gold plas-
ma frequencies, respectively, ωm is themth resonance frequen-
cy, and Γm is themth damping frequency which is obtained by
fitting the empirical data for real and imaginary parts of gold
permittivity over a given wavelength range of interest [23;
http://www.optiwave.com/products/gallery/optifdtd/
fdtd%20files/OptiFDTD_10_Technical_Background_and_
Tutorials.pdf].

The FDTD was carried out by using the OptiFDTD from
Optiwave Inc. The periodic boundary condition in the
x- and y-directions and anisotropic perfect matching layer
in the z-direction was used as absorbing boundary condition
to study the optical transmittance properties at normal incident
of electromagnetic wave through the NHA perforated on the
gold film which is supported by substrate layer of different
refractive indices in the range of 1.0 to 1.7. In this study, a
linearly polarized electromagnetic plane wave along y-axis
(lcenter=680 nm, time offset=0.8×10−14s, and half width=
0.1×10−14s) which propagates in the z-axis was assumed.

Result and Discussion

In general, for normal incident light, the maximum of the
spectral resonance wavelength of transmission in a square
NHA can approximately be calculated by the following
equation [20, 24]:

lmax
SP i; jð Þ ¼ Pffiffiffiffiffiffiffiffiffiffiffiffiffi

i2 þ j2
p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

"d"m
"d þ "m

r
ð2Þ

where P is the structural periodicity, εd and εm are the relative
permittivity of the surrounded dielectric and metal, and i and j
are integer numbers defining the different transmission dif-
fraction orders. Therefore, there are two sets of resonance
wavelengths associated with each surface, i.e., film/substrate
and superstrate/film (i.e., air in this study) interfaces.

The effects of varying of hole radius and substrate refrac-
tive index on the optical transmission properties at normal
incident through the circular NHAs will be discussed in the
following sections.

Different Hole Radius

The optical transmittance spectrum of the gold-perforated
circular NHAs of different hole radius in the range of

Fig. 1 A unit cell of a circular NHA perforated in the gold film
supported by substrate layer
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25–125 nm that were supported by silica substrate (n=1.5)
is shown in Fig. 2a.

In this figure, the transmission resonance wavelengths in
the range of 371 to 387 nm and 578 to 604 nm can be
assigned to the l(1, 1) and l(1, 0) of the air/film interface,
respectively. The surface plasmon resonance wavelength of
l(1, 0) of the film/substrate was observed in the range 690 to
743 nm, whereas the bulk plasmon resonance was acquired
in the range of 476 to 481 nm in the NHA [25] as listed in
Table 1. The difference between the NHA spectral reso-
nance wavelengths and those that are calculated by Eq. 2
can be attributed to the interference between the surface
plasmon resonance evanescent waves with the transmitted
light through the nano-holes [25] and the negative phase
shift due to SP scattering by air/nano-hole and nano-
hole/substrate interfaces [3].

In Table 1, the phase shift in the NHA of different hole
radiuses is also reported. As can be seen, the phase shift
related to the l(1, 0) was increased on increasing the hole

radius, whereas the phase shift related to the l(1, 1) was
decreased.

A redshift was also observed in the film/substrate reso-
nance peaks l(1, 0) on increasing the hole radius as clear in
Fig. 2a. Although, the bulk plasmon resonance was domi-
nant resonance phenomena in the NHA of hole radius of
25 nm, there was no evidence of transmission resonances as
it is evident from Fig. 2a. It is also clear that there is a
distinct minimum and maximum at 664 and 743 nm. This
might be due to the RAs and SPR interference and can be
explained by Fano resonance which is an asymmetric inter-
ference between the SPR with the incident light inside the
nano-holes [20, 21].

Figure 2b shows the electric field along z-axis of the
NHA at a hole radius of 125 nm and substrate refractive
index of 1.5 at different resonance wavelengths. As can be
seen from this figure, the electric field at 743 nm is localized
at both input (air/film) and output (film/substrate) interfaces;
however, the electric field at 604 nm was only localized at
the air/film interface. The bulk plasmon resonance was
observed at 470 nm as photonic propagation mode.

The effects of varying of hole radius on the resonance
wavelength position, full width at half maximum (FWHM),
and transmission intensity of the l(1, 0) resonance mode are
shown in Fig. 3. As can be seen from this figure, the
transmission intensity was increased linearly on increasing
the hole radius. This could be attributed to the larger amount
of transmitted light through the nano-hole and therefore
stronger coupling between the SP resonance evanescent
waves with the guided electromagnetic wave through the
hole in both input and output interfaces.

The effects of varying of hole radius in a NHA structure
on the FWHM value of the l(1, 0) resonance mode were also
shown in Fig. 3. It was found that the FWHM value was
comparable for hole radiuses of 50 and 75 nm; however, it
was linearly increased on increasing the hole radius beyond
the 75 nm and its maximum was acquired as 122.5 nm for
hole radius of 125 nm. The main reason of smaller FWHM
values in the nano-hole structure with hole radiuses of 50
and 75 nm rather than larger radiuses can be attributed to the
effects of the hole edges on the transmission spectrum and
smaller amount of light that was coupled with the SP eva-
nescent waves inside the hole structure [1, 13].

The effects of varying of hole radius on the resonance
position of the first transmission diffraction order, l(1, 0), are
also shown in Fig. 3. From this figure, it is clear that on
increasing the hole radius, the fundamental resonance position
shifts towards longer wavelengths, and by increasing the hole
radius of 100 nm, the resonance positions increased by 51 nm.
It was also found that, on increasing the hole radius to 150 nm,
the SPR transmission wavelength was shifted to 771 nm and
then saturated for larger radiuses, which is in good agreement
with that reported by Wu et.al [5].
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Fig. 2 a The transmittance spectrum at different hole radiuses and b
the Ez filed distribution at different wavelength of a circular nano-hole
array perforated in the gold film supported by silica at hole radius of
125, hole depth of 100 nm, and periodicity of 400 nm

Plasmonics



Furthermore, optical transmittance with the maximum
transmission of 26.2 % and strongest electric filed enhance-
ment were acquired at a hole radius of 125 nm at wavelength
of 743 nm which were exceeded several times larger than that
predicted by Bethe's theory [2]. Whilst the minimum trans-
mission of 0.478%was obtained at a hole radius of 50 nm and
wavelength of 690 nm in a NHA perforated in the gold film
that was supported by silica, which indicates no SP-enhanced
transmittance [26] was observed at hole radius of 50 nm on
such NHA structure.

Different Substrate Index

The effects of varying of refractive index in the range of 1 to
1.7 of the supported material (i.e., substrate) on the optical
transmittance spectra in NHA structure are compared in
Fig. 4a. As can be seen from this figure, on increasing the
substrate refractive index, the optical transmission shows a
redshift of 185 nm in the resonance peak position of the first
transmission diffracted order, l(1, 0), at the film/substrate
interface.

Table 1 The surface plasmon
resonance and phase shift of
different transmission diffraction
orders in a series of nano-hole
array with different hole radius,
hole depth of 100 nm, period of
400 nm, and substrate refractive
index of 1.5

Hole_r
(nm)

Bulk plasmon
(nm)

Film/sub-
interface

Air/film
interface

Phase shift (rad)

1, 0 1, 0 1, 1 Film/sub-interface Air/film interface

1, 0 1, 0 1, 1

50 484 690 578 387 −0.34 −0.217 −2.0

75 481 710 604 375 −0.41 −0.062 −1.90

100 476 729 604 371 −0.57 −0.062 −1.85

125 476 743 604 371 −0.68 −0.062 −1.85
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Fig. 3 The effects of varying of hole radius on the transmission peak
intensity, FWHM, and resonance peak position of the film/substrate,
l(1, 0), in a nano-hole array-perforated gold film supported by silica and
hole depth of 100 and structural period of 400 nm
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Fig. 4 The effects of varying of substrate refractive index on a optical
transmission spectra at hole radius of 125 nm and b on the FWHM of
the first surface plasmon resonance order at different hole radius of the
nano-hole array of hole depth of 100 nm and structural period of
400 nm
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As it is clear from this figure, the surface plasmon reso-
nance peak at the air/film (cladding layer/film) interface
performs a significant contribution to the transmittance
spectra at wavelength of l(1, 0)=604 and 664 nm for refrac-
tive indices of 1.5 and 1.7, respectively.

The effects of using a supporting medium with different
refractive indices in the range of 1 to 1.7 on the FWHM
values of the l(1, 0) of SPR of the NHA at different hole
radiuses in the range of 50 to 125 nm are compared in
Fig. 4b. As can be seen from this figure, the SPR transmis-
sion footprint was observed on using supported layer of
refractive index of 1.3 in a structure of hole radius of
50 nm, while on using the larger hole radius, the SPR
footprint was acquired at a lower index than 1.3.

From this figure, it is clear that the FWHM values of the
l(1, 0) of the SPR in a NHA of fix hole radius were decreased
on increasing the refractive index from 1 to 1.7. The minim
FWHM for all hole radiuses occurred when the NHA was
perforated on the substrate with a refractive index of 1.7.

It is also clear that the FWHM value of NHAs was higher
at a lower substrate refractive index and larger hole radius. It
can be seen that, on increasing the substrate index form 1.0
to 1.7, the FWHM values were reduced by 36, 55, 53, and
54 nm for the NHA with hole radius of 50, 75, 100, and
125 nm, respectively. The maximum FWHM values were
observed at free-standing film NHA (i.e., n=1) as 96 nm for
hole radius of 75 nm and were increased to 171 nm at hole
radius of 125 nm, while the minimum of 34 nm was ob-
served in a hole radius of 50 nm and increased to 117 nm at
hole radius of 125 nm.

The effects of varying of substrate refractive index on the
l(1, 0) resonance wavelength position in the NHA at different
hole radiuses are compared in Fig. 5a. As can be seen from
this figure, on increasing the substrate refractive index, the
resonance wavelength position was linearly increased by
210, 204, 191, and 185 nm in the NHA of hole radius of
50, 75, 100, and 125 nm, respectively.

It was also found that the maximum variation of the
resonance wavelength position at film/substrate interface
due to increasing the hole radius from 50 to 125 nm was
obtained as 78 nm in perforated structure on the substrate
with refractive index of 1.7. While the minimum one was
acquired as 49 nm.

Figure 5b shows the effects of the substrate refractive
index variation on the resonance intensity, in the NHA. As
can be seen from this figure, the maximum resonance inten-
sity was obtained on using a substrate with refractive index
of 1.3 and minimum one was acquired on using the substrate
index of 1.7.

This could be due to lower energy matching between the
localized electric filed at the both interfaces of the nano-hole
structure on increasing the refractive index differences be-
tween two interfaces [25]. The energy mismatching between

both interfaces becomes more significant on using larger
hole radius in the NHA as is evident in Fig. 5b. It is also
clear that the transmission intensity of the l(1, 0) SP mode
was increased on increasing the refractive index from 1 to
1.3 and then reduced to its minimum value on increasing the
substrate index of refraction to 1.7.

The effects of variation of substrate index of refraction on
the optical transmission intensity of the nano-hole structure
were reported in Table 2. As can be seen from this table, it is
clear that on increasing the refractive index of the supported
layer, the transmission intensity of the resonance wavelength
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was decreased. The maximum reduction was observed as 4 %
in the structure of hole radius of 125, while the minimum one
was obtained as 0.5 % on using the hole radius of 75 nm.

The sensitivity of a NHA depends on the dielectric constant
of the medium and the geometrical parameters of the NHA.
The sensitivity, S, at normal incidence is given by [27]:

S ¼ Δ l
Δn

¼ Pffiffiffiffiffiffiffiffiffiffiffiffiffi
i2 þ j2

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

"m
"d þ "m

� �3
s

ð3Þ

where S is the sensitivity, Δl is the resonance wavelength
shift due to refractive index change, Δn, P is the structural
period, i and j are integer numbers corresponding to the SPR
mode, and εm and εd are the relative permittivity of the metal
and dielectric. As can be seen from Eq. 3, the sensitivity of the
NHA is strongly dependent on the structural periodicity of the
NHA, the transmission diffraction order, and the relative
permittivity of the metal and the dielectric material around
the NHA as well as the resonance wavelength shift. Since the
sensitivity is inversely proportional to transmission order, the
lowest order transmission mode would be most sensitive to
the refractive index variation. The sensitivity of the NHA is
also affected by variation of the hole radius. Table 3 compares
the sensitivity of the NHA due to variation of the hole radius
which yields to the spectral wavelength shift and refractive
index variation in a NHA.

The effects of varying of the refractive index of the
substrate on the sensitivity, Sn, were increased from 454 to
499 nm/RIU on increasing the refractive index from 1 to
1.7, although it was found that for a larger index of refrac-
tion (e.g., 1.5 and 1.7) on increasing the hole radius, the
spectral sensitivity, Sr, due to the spectral wavelength shift
of the l(1, 0) was decreased. The maximum spectral sensi-
tivity was acquired as 300 nm/RIU in the NHA of hole
radius of 50 nm and substrate index of 1.7, whereas the
minimum one was 110 nm/RIU at hole radius of 50 nm and
supported layer index of 1.1. However, by using the SP
resonance dispersion equation, the maximum sensitivity of
the NHA due to refractive index changes was calculated as
499 nm/RIU at the index of 1.7.

The difference between the Sr and Sn could be attributed
to the spectral wavelength shift in the NHA due to the
variation of the hole radius, which does not consider in the
SP dispersion relation. It is clear that, on increasing the hole
radius, more light passes through the nano-hole, and there-
fore, this could affect the coupling properties between SPR
evanescent wave and light through the nano-hole.

In conclusion, the effects of the varying of hole radius
and the supported layer index of refraction on the optical
transmittance properties of the perforated NHA on the
supported gold film of thickness of 100 nm were numeri-
cally studied. It was found that transmission properties (i.e.,
FWHM, SP resonance position, and intensity) were strongly
affected by hole radius and the substrate index variation in
an array of fix hole depth and structural periodicity. In the
small hole radiuses (<50 nm), the bulk plasmon frequency
was observed as the dominant transmission peak at wave-
length of 470 to 500 nm [25], while on increasing the hole
radius, the surface plasmon resonance becomes more dom-
inant than the bulk plasmon frequency of the gold film as it
was shown in Fig. 2a.

The maximum transmission intensity of the l(1, 0) was
calculated as 31.9 % in a NHA structure of hole radius of
125 nm and substrate refractive index of 1.3, whereas the
minimum one was acquired as 0.5 % at hole radius of 50 nm
and substrate refractive index of 1.7 as reported in Table 2.

It was also observed that, on increasing the hole radius of
the NHAs, the resonance wavelength was shifted towards
longer wavelength, which is in agreement with the pervious
works [5] and confirms the validity of this study. The SP
wavelength was shifted towards longer wavelength on in-
creasing the refractive index by 185 nm. This wide range of
redshift could be promising high potential of the refractive
index sensing application, which can be tuned by changing
the hole radius of the NHA structure.

It was also reported that, on increasing the substrate index
of refraction, the FWHM values were decreased; however,
they were increased on increasing the hole radius of the NHA.
Therefore, using the substrate of high index of refraction and

Table 2 The effects of variation of the refractive index of the ambient
layer on the resonance transmission intensity (T%) in a nano-hole array
structure at different hole radius, hole depth of 100 nm, and period of
400 nm

Hole_r (nm) n
n%

1.0 1.1 1.3 1.5 1.7

125 30.2 31.0 31.9 29.2 26.2 4

100 16.8 17.8 19.6 17.2 15.5 1.3

75 5.2 5.6 6.7 5.4 4.7 0.5

50 1.1 1.1 1.0 0.6 0.5 0.6

Table 3 Spectral sensitivity, Sr, and index sensitivity, Sn, of the NHA
at different hole radius. Sr values were calculated relative to the free-
standing film NHA (n=1.0)

Hole_r (nm) Sr (nm/RIU) n Sn (nm/RIU)

1.1 1.3 1.5 1.7 1.0 454

125 150 200 222 264 1.1 460

100 130 207 234 273 1.3 473

75 150 200 246 291 1.5 485

50 110 217 268 300 1.7 499

Plasmonics



smaller hole radius in the perforated structure could increase
the sensitivity of the NHA structure.

The spectral sensitivity of 300 nm/RIU was obtained for a
NHA of hole radius of 50 nm and substrate index of refraction
of 1.7. It was also shown that the index sensitivity due to the
SP dispersion relation increased from 454 to 499 nm/RIU on
increasing the refractive index from 1.0 to 1.7.
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