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in a self-assembled nano-hole array
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In this paper, we demonstrate a theoretical and experimental study on a nano-hole array that can realize

perfect absorption in the visible and near-infrared regions. The absorption spectrum can be easily con-

trolled by adjusting the structural parameters including the radius and period of the nano-hole, and the

maximal absorption can reach 99.0% in theory. In order to clarify the physical mechanism of the absorber,

we start from the extraordinary optical transmission supported by the nano-hole array in a thin metallic

film coated on a glass substrate, and then analyse the perfect absorption in the metal–insulator–metal

structure. The surface plasmon modes supported by the nano-hole array are completely clarified and

both the FDTD simulation and waveguide theory are used to help us understand the physical mechanism,

which can provide a new perspective in designing this kind of perfect absorber. In addition, the nano-

hole array can be fabricated by simple and low-cost nanosphere lithography, which makes it a more

appropriate candidate for spectroscopy, photovoltaics, photodetectors, sensing, and surface enhanced

Raman scattering.

1. Introduction

Metallic nanostructures have attracted much attention due to
their unique ability of manipulating light–matter interaction at
the nanoscale.1–5 In general, when a beam of incident electro-
magnetic waves imprints the metal nanostructure, surface
plasmons (SPs) can be excited because of the coherent oscil-
lations of free electrons in metals which are categorized into
propagating surface plasmon polaritons (SPPs) at the metal-
dielectric interface and localized surface plasmons (LSPs)
around the metallic nanostructures.6–8 The excitation of SPs
can focus optical energy into the subwavelength region and
adjust their spectral response by engineering the shape, size,
and material of the structure as well as its dielectric environ-
ment. These characteristics make SPs play a vital role in
various scientific fields such as biological and chemical
sensors,9–11 plasmonic photocatalysts,12,13 nonlinear
optics,14,15 surface-enhanced Raman scattering (SERS),16,17

wave-guiding18,19 and energy harvesting.20–28 Energy harvesting
devices based on surface plasmons have been widely studied

because of their great scientific values and potential appli-
cations. The controllable perfect absorption properties of plas-
monic absorbers such as grating,23 nano-cubes,24 nano-par-
ticles,25 and nano-cones27 were investigated both in theory and
experiment recently.

Among various kinds of metallic nanostructures, the nano-
hole array in a thin metal film has received particular attention
since the discovery of the extraordinary optical transmission
(EOT) phenomenon by Ebbesen and co-workers in 1998.29

When the incident electromagnetic wave interacts with the
subwavelength hole array patterned in the optical thick metal
film, the transmission intensity can be several orders stronger
than the prediction of classic Bethe theory. It is generally
accepted that the surface plasmon modes propagating on both
surfaces of the metal film underlie the physics of the EOT
phenomenon.30–32 In addition to the EOT, many excellent
studies have demonstrated the role of the nano-hole array in
structural color printing or perfect absorbers.33–37 These
studies generally involve a triple-layer metal–insulator–metal
(MIM) structure with the nano-hole array patterned in the top
metal layer. SPs can be excited and adjusted by the structural
size to realize the desirable spectral characteristic. However,
these studies usually focus on the experimental optical pro-
perties because of lack of theoretical support. Further investi-
gations in theory are necessary.

In this paper, we used nanosphere lithography and the reac-
tive ion etching (RIE) method to fabricate the nano-hole array
in two different structures. Firstly, the EOT phenomenon and
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its physical origin were analysed. On this basis, perfect absorp-
tion of the MIM structure was discussed, in which a rounded
analysis of the existing SPs was discussed by the FDTD simu-
lation and waveguide theory. In addition, the nano-hole array
in the thin Ag film is fabricated by a controlled nanosphere
lithography, which has been widely exploited in the fabrication
of nanostructures, possessing advantages of a large area, low
cost, and an easy fabrication process.

2. Theory and simulation analysis

First of all, the EOT phenomenon of the nano-hole array pat-
terned in the 100 nm thickness Ag layer on the glass substrate
as shown in Fig. 1(a) was investigated. We sweep the radius r
of the nano-hole with fixed period P = 550 nm and plot the
simulated transmission as a function of r and the incident
wavelengths. Two transmission peaks marked as T1 and T2 are
evident in Fig. 1(b) in which both the locations of trans-
mission peaks T1 and T2 almost remain constant with varying
r. This is because EOT occurs when the SPP modes are excited
and the resonance wavelength of SPPs is just determined by
the array period and the angle of incident light independent of
the value of r. So we attribute the origin of transmission peaks
T1 and T2 to the excitation of SPPs by 2D grating coupling.
Fig. 1(c) shows the transmission of the 100 nm thickness Ag
layer with and without the nano-hole array, in which the two
EOT peaks T1 and T2 are located at wavelengths of 558.7 nm
and 795.4 nm.

In order to clarify the role of SPPs in the mechanism of the
EOT phenomenon, we need to calculate the dispersion
relations of the 100 nm thickness Ag film without the nano-
hole array on the glass substrate. The air, Ag layer, and glass
substrate form an insulator–metal–insulator (IMI) configur-
ation as shown in Fig. 1(a) whose dispersion relations of the
SPPs propagating at the metal–insulator interface can be calcu-
lated directly from the Maxwell equations and its boundary
conditions in a planar geometry:38,39

ε2ðwÞ
ε1ðwÞ þ

γ2ðwÞ
γ1ðwÞ

� �
ε0

ε1ðwÞ þ
γ0ðwÞ
γ1ðwÞ

� �
e2γ1ðwÞT

¼ ε2ðwÞ
ε1ðwÞ �

γ2ðwÞ
γ1ðwÞ

� �
ε0

ε1ðwÞ �
γ0ðwÞ
γ1ðwÞ

� � ð1Þ

γiðwÞ ¼ k 2 � εi � k02 ð2Þ
While in a metal film with a periodic hexagonal array of

holes, SPPs are excited by grating coupling obeying momen-
tum and energy conservation whose wave vector satisfies the
equation below:40

kspp ¼ k0 � sin θ þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4
3
ði2 þ i � j þ j2Þ

r
� 2π
L

ð3Þ

Here, εi (i = 0, 1, 2) is the dielectric constant of the air, Ag
layer, and glass substrate, respectively. The dielectric constant
of the glass substrate we used in calculation ε2 is 2.25 and T is
the thickness of the Ag layer. k0 = ω/c is the free-space wave
vector and ω is the angular frequency. θ is the angle of the
incident wave, i and j are the resonance orders, and P is the

Fig. 1 (a) Schematic of the 100 nm thickness Ag layer with the nano-hole array coated on the glass substrate. Cross-sectional view of the structure.
(b) Simulated transmission as a function of wavelength and radius r with fixed period P 550 nm for a 100 nm thickness Ag layer with the nano-hole
array coated on the glass substrate. (c) The black line is simulated transmission when r = 160 nm extracted from (b). The red line is the simulated
transmission for a 100 nm thickness Ag layer coated on the glass substrate. (d) Dispersion relationship calculated using eqn (1) and (2) for a thin Ag
film supported by a glass substrate when T is 100 nm. The two green lines indicated by kspp(1,0) and kspp(1,1) are the wave vector calculated by eqn
(3) when the period of the nano-hole array is 550 nm. (e) The relationship between period P and the wavelengths of two EOT peaks obtained by eqn
(1)–(3) and FDTD simulation, respectively.
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period of the nano-hole array. Only when k = kspp does the
energy carried by the incident electromagnetic wave can be
transferred to the SPPs propagating at the metal–insulator
interface, which is the so-called wave vector matching
condition.30

The dispersion relationships can be obtained by solving
eqn (1)–(3) in the numerical algorithm. The calculated results
are shown in Fig. 1(d). For each wave vector k, there are two
SPP modes propagating at different interfaces. The red line
near the light line for vacuum is the external SPP mode propa-
gating at the air–Ag interface, while the blue line that lies
below the light line for glass is the internal SPP mode propa-
gating at the Ag–glass interface. From eqn (3), we can calculate
the wavevector of SPP kspp(1,0) = kspp(0,1) = 1.3191269 × 107

m−1 and kspp(1,1) = 2.2847947 × 107 m−1 indicated by the
green lines for P = 550 nm, θ = 0. The three cross points C1, C2,
and C3 satisfy the wave vector matching condition k = kspp. So
the angular frequency ω can be read directly from the left
Y-axis (ωc1 = 2.451 × 1015 Hz, ωc2 = 3.623 × 1015 Hz, and ωc3 =
3.900 × 1015 Hz). Finally, the wavelengths of the EOT peaks can
be obtained λ1(1,0) = 770.0 nm, λ2(1,0) = 520.3 nm, and λ3(1,1)
= 483.0 nm using the equation λ = 2πc/ω, in which λ2(1,0) and
λ1(1,0) correspond to the simulated EOT peaks T1 (558.7 nm)
and T2 (795.4 nm). After the analysis above, the two different
transmission peaks T1 and T2 can be assigned to the (1,0) SPP
modes at the Ag–air and Ag–glass interfaces, respectively. As
shown in the theoretical calculation, there is another EOT
peak at a wavelength of 483.0 nm. However, this peak is not
obvious in Fig. 1(b) and (c) because the incident light orig-
inally passes through the hole when the diameter of the hole
has little difference with the wavelength. Therefore, we will not
discuss this EOT peak. The wavelengths of EOT peaks T1 and
T2 for different period P simulated by FDTD and calculated by
eqn (1)–(3) are shown in Fig. 1(e), which exhibits a good
conformity.

The relative magnetic field |H|2 and relative electric field Re
(Ez) distributions at the wavelengths of two transmission peaks
T1 and T2 are simulated on the X–Z plane when r is 160 nm
and P is 550 nm, which can further illustrate the SPP mode. As
shown in Fig. 2(a) and (b), the magnetic field intensity is
mainly confined at the Ag–air and Ag–glass interfaces, and the
decay length into the metal is shorter than that in the dielec-
tric medium, which indicate that the external and internal SPP
modes are excited by the incident light coupled with the nano-
hole array. One difference is that some incident light can pass
through the nano-hole directly in Fig. 2(a) because the wave-
length is not much larger than the diameter of the nano-hole.
The charge density can be deduced from the Re(Ez) distri-
butions from Fig. 2(c) and (d). At the wavelengths of two trans-
mission peaks T1 and T2, the electric field distributions appear
antisymmetric and symmetric, which indicate the bonding
and antibonding modes.41

In the previous section, we have discussed the EOT
phenomenon and its physical mechanism. Now we will
analyse the perfect absorption in the metal–insulator–metal
(MIM) structure which consists of a 150 nm thickness bottom

Ag layer, a 50 nm SiO2 layer, and a 100 nm top Ag layer with a
patterned nano-hole array as shown in Fig. 3(a). We sweep the
radius r of the nano-hole with fixed period P = 550 nm and
plot the simulated absorption as a function of r and the inci-
dent wavelength. It is evident from Fig. 3(b) that three
different modes lead to three distinct absorption peaks
marked as A1, A2, and A3 in which the location of A3 strongly
depends on the radius r and A1 and A2 are a little shifting with
varying r. For clarify, the physical mechanism of these absorp-
tion peaks and the relative magnetic field |H|2 distributions by
FDTD simulation at the cross points of 1 to 4 are shown in
Fig. 3(c)–(f ). As clearly we can see, the absorption peak A1
(552.1 nm) and the EOT peak T1 (558.7 nm) are almost at the
same wavelength approximately independent of the value of r,
and the magnetic field at point 1 is mainly bound at the air–
Ag interface similar to the distributions in the Fig. 2(a), which
implies the common origin of the excitation of (1,0) SPP at the
air–Ag interface. In Fig. 3(d), the magnetic field at point 2 is
mainly confined at the Ag–SiO2 interface indicating the SPP
propagating at the Ag–SiO2 interface. In the previous section,
we have demonstrated that the wavelength of SPPs is decided
by the period P independent of the value of r, but the absorp-
tion peaks A1 and A2 shift closer to each other, which can be
explained by the coupling between the SPP modes at the
different interfaces, so the resonance peaks have a little shift.
The magnetic field at point 3 in Fig. 3(e) is localized at both
the air–Ag and Ag–SiO2 interfaces, which indicates the hybrid
mode induced by the coupled SPP at different interfaces, while
the magnetic field at point 4 in Fig. 3(f ) exhibits a completely
different distribution that is confined and enhanced to more
than 180 times in the SiO2 gap between the two metal Ag

Fig. 2 (a) and (b) The relative magnetic field distributions at the wave-
length of transmission peaks T1 and T2 on the X–Z plane when r is
160 nm and period P is 550 nm. (c) and (d) The relative electric field Ez
and charge distributions at the wavelength of peaks T1 and T2 on the
X–Z plane when r is 160 nm and period P is 550 nm.
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layers, which are the distinct characters for the gap plasmon
(GP) mode. There is one antinode in the gap indicating that
the first order of standing wave resonance is excited by surface
plasmon. Note that for the symmetry reason only odd modes
(m = 1, 3, 5…) can be excited in the considered MIM structure
for the normal incident light. Here, we introduce the length L
of the Ag layer between two adjacent holes as shown in
Fig. 3(f ). The value of the L is a key factor for the excitation of
the GP mode, which we will discuss later. It should be noted
that we attribute the A2 mode to the SPP propagating at the
Ag–SiO2 interface rather than the third order GP mode,
because in Fig. 3(d) the magnetic field is mainly confined at
the Ag–SiO2 interface different from the distribution in
Fig. 3(f ), in which the most energy is localized in the SiO2

gap. Meanwhile, there are just two red regions in the gap,
but in the third order GP mode there must be three red
regions.

In addition, we also use eqn (1) and (2) to calculate the dis-
persion relationships of two Ag thin films spaced by a SiO2

layer as shown in Fig. 3(a). In this situation, the εi (i = 0, 1, 2)
is the dielectric constant of Ag, SiO2, and Ag, respectively. The
dispersion curves, ω (frequency) versus k, for different values
of the SiO2 thickness (T ) are plotted in Fig. 4(a). The kspp calcu-
lated by eqn (3) is indicated by the grey dashed line and their
cross points are the wave vector of SPPs, from which we can
obtain the λA2(1,1) = 602.1 nm for T = 50 nm according to the
location of the absorption peak A2 (601.0 nm). For the absorp-
tion peak A3, it is well known that the resonant modes in the

Fig. 3 (a) Schematic of the triple-layer MIM structure consisting of a periodic nano-hole array patterned in a 100 nm Ag layer, thin SiO2 layer, and
150 nm Ag layer. Cross-sectional view of the structure. (b) Simulated absorption for the MIM structure as a function of wavelength and the radius of
the hole r with fixed period P = 550 nm. The two white dashed lines indicate the locations of r = 110 nm and r = 160 nm. The numbers 1 to 4 indicate
the cross points of the dash lines and absorption peaks A1, A2, and A3. (c) and (d) The relative magnetic field distributions at the wavelengths of peaks
A1 and A2 on the X–Z plane when r is 110 nm and period P is 550 nm. (e) and (f ) The relative magnetic field distributions at the wavelength of hybrid
and A3 modes on the X–Z plane when r is 160 nm and period P is 550 nm.

Fig. 4 (a) Dispersion relationships of the MIM structure calculated
using eqn (1) and (2) for different SiO2 film thicknesses: T = 30 nm,
40 nm, 50 nm, 60 nm, and 70 nm. The grey dashed line indicated by
kspp(1,1) is the wave vector calculated by eqn (3) when the period of the
nano-hole array is 550 nm. (b) The relationship between the radius r and
the wavelengths of absorption peak A3 (P = 550 nm, T = 50 nm)
obtained by eqn (1)–(4) and FDTD simulation, respectively. (c) The
relationship between the absorption peak wavelengths and SiO2 film
thickness T when P = 550 nm, r = 110 nm. (d) The relationship between
absorption peak wavelengths and period P when T = 50 nm and r =
110 nm. The simulated and calculated results obtained by FDTD and eqn
(1)–(4), respectively.

Paper Nanoscale

19120 | Nanoscale, 2018, 10, 19117–19124 This journal is © The Royal Society of Chemistry 2018

Pu
bl

is
he

d 
on

 2
8 

Se
pt

em
be

r 
20

18
. D

ow
nl

oa
de

d 
by

 L
ib

ra
ry

 o
f 

C
hi

ne
se

 A
ca

de
m

y 
of

 S
ci

en
ce

s 
on

 5
/2

0/
20

19
 8

:1
2:

09
 A

M
. 

View Article Online

https://doi.org/10.1039/c8nr06588h


gap are formed by the interference of forward and backward
propagating waves and are determined by:42,43

2Lk þ Δϕ ¼ 2mπ ð4Þ
where k is the wave vector of the propagating surface plasmon
in the waveguide, L is the length of the gap indicated in
Fig. 3(f ), Δϕ is the phase change at the two ends of the bound-
ary, and m is the resonant order. Here, m = 1, L = P − 2r, Δϕ
can be estimated as shown in the description in ref. 42–45.
Therefore, the k can be obtained from eqn (4), and the angular
frequency ω can be read directly from the left Y-axis in
Fig. 4(a), and then the wavelength λ can be obtained by λ =
2πc/ω. The calculated resonant wavelengths of peak A3 for
different values of r when period P is 550 nm are according to
the simulated results by FDTD in Fig. 4(b). In the same way,
the relationship of absorption peaks and the SiO2 thickness
(T ) is shown in Fig. 4(c), in which the A1 mode is almost not
shifting for different T because of the excitation of the SPP at
the air–Ag interface. The calculated wavelengths of A2 and A3
modes for different T fit well with the simulated results by
FDTD. Similarly, the relationship of absorption peaks and the
period (P) is also given in Fig. 4(d). All of the results calculated
in theory and simulated by FDTD coincide well with each
other, demonstrating the rationality and validity of our theory.
The waveguide theory and FDTD simulation used here can
provide a new perspective in designing this kind of absorber.

3. Experimental validation

The nano-hole array is fabricated by the self-assembled nano-
sphere lithography, whose fabrication process is shown in
Fig. 5. The glass substrate was coated by a 150 nm thick Ag
film and a 50 nm thick SiO2 film in sequence. A close packed
PS nanosphere monolayer was prepared by the interface

method.46–48 The size of the PS spheres was reduced by oxygen
plasma using reactive ion etching (RIE) in a controlled
manner. Afterward, a 100 nm thick Ag layer was deposited ver-
tically on the non-close packed PS sphere mask. Finally, we
removed the PS nanosphere using ultrasonic cleaning in
toluene solution for 10 minutes, leading to the formation of
the nanohole array in the top Ag layer.

In this fabrication process, the period can be adjusted by
the diameter of the PS nanosphere; the diameter of the nano-
holes can be controlled by different etching times of the RIE
procedure. Fig. 6(a) shows the top-view scanning electron
microscopy (SEM) images of the PS sphere monolayer on a
large area with a magnified view. Fig. 6(b) shows the PS mono-

Fig. 5 Fabrication process flow of the nano-hole array in the metal Ag layer.

Fig. 6 (a) A large area of the close packed PS monolayer template on
the glass substrate with a magnified view. (b) Non-closed PS sphere
monolayer after oxygen plasma etching. (c) and (d) The top view of two
selected MIM samples with the same period 550 nm and different radius
r (110 nm and 160 nm).
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layer after etching. And Fig. 6(c) and (d) show two selected
samples with the same period (P = 550 nm) and different hole
radii (r = 110 nm and 160 nm), in which the nano-hole array is
in a hexagonal lattice displaying a high-quality order.

The experimental results are shown in Fig. 7. When r is
110 nm, there are three absorption peaks indicated as A1, A2,
and A3 which can be attributed to the SPP at the air–Ag, Ag–
SiO2 interfaces, and the first order gap mode, respectively. On
increasing r to the value of 160 nm, the A1 and A2 absorption
peaks overlap with each other, forming one single hybrid
mode absorption peak at a resonance wavelength of 582 nm.
And the A3 absorption peak is blue shifted obviously. The
simulated and experimental transmissions are also given in
Fig. 7(c). The pink dots are the calculated wavelengths of the
peaks, from which we can see that the results obtained by
FDTD simulation, experimental measurement, and theoretical
calculation exhibit good agreement. It should be noted that
the nano-hole fabricated by the nanosphere lithography is not
a standard cylinder and also the permittivity of Ag and SiO2

used in simulation is different from the experiment, which
result in some deviation between the experimental and simu-
lated results. But the peaks can be measured in the experiment
according to the simulation, which still demonstrate the simu-
lated analysis and theoretical calculation in the previous
section.

4. Conclusions

In conclusion, we have successfully demonstrated a MIM
perfect absorber based on surface plasmons in the visible and
infrared spectra. The surface plasmon modes including SPP,
GP, and hybrid modes supported by the nanohole array were
thoroughly clarified by both FDTD simulation and waveguide
theory, which can be used to design this kind of perfect absor-

ber. The simulated, calculated, and experimental results fit
each other well which further demonstrates the correctness. In
addition, the proposed absorber can be fabricated by a low-
cost nanosphere lithography, which makes it a more appropri-
ate candidate for many applications such as photovoltaics,
spectroscopy, sensing, and photodetectors.

5. Simulation model

The 3D finite-difference time-domain (FDTD) simulation is
performed using commercial software (Lumerical FDTD
Solutions) to investigate the optical properties of the proposed
structure, where the periodic boundary conditions are adopted
for a unit cell in both X and Y directions and perfectly
matched layers (PML) are applied in the Z direction. The per-
mittivity of Ag and SiO2 used in simulation is extracted from
the data of Palik.49 A discrete mesh with the size of 2 × 2 ×
1 nm3 is used for the top Ag layer. The thickness of the bottom
Ag layer is set to be 150 nm which is several times larger than
the skin depth so that the incident light transmission through
the structure can be completely inhibited. Therefore, the
absorption is A = 1 − R where R is the reflection. The incident
source is a linearly polarized plane wave (400 nm–1200 nm)
propagating along the negative Z direction with the E field
polarization to the X direction.

6. Experimental section

Before making the PS sphere mask, the K9 glass substrate was
ultrasonically cleaned in acetone, ethanol, and distilled water
for 30 min. The purchased PS spheres (550 nm in diameter) in
an aqueous solution (10 wt%) were mixed with an equal
volume of ethanol. A close packed PS nanosphere monolayer

Fig. 7 (a) and (b) Simulated and experimental absorption of the MIM structure with the same period P = 550 nm, different r 110 nm and 160 nm. (c)
Simulated and experimental transmission for the 100 nm thickness Ag layer with the nano-hole array coated on a glass substrate. The period P =
550 nm and r = 160 nm. The pink dots are the calculated resonance wavelengths by eqn (1)–(4).
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was prepared by the interface method.46–48 The size of the PS
sphere mask was reduced by the RIE technique using oxygen
gas (5 sccm, 30 mTorr pressure, RF power 250 W, Trion,
Phantom III RIE). The Ag layer was deposited by DC reactive
magnetron sputtering at a rate of 4.28 A s−1 with 150 W power,
1.0 Pa pressure, while the SiO2 layer was deposited by the
method of RF reactive magnetron sputtering at a rate of 0.63 A
s−1 with 80 W power and 1.0 Pa pressure. The experimental
reflection (R) and transmission (T ) are measured using a
spectrometer (PerkinElmer Lambda-1050) equipped with a
160 mm integrating sphere. The experimental absorption (A) is
calculated by subtracting the sum of normalized reflection and
transmission from unity.
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