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Theoretical realization of robust broadband
transparency in ultrathin seamless nanostructures by
dual blackbodies for near infrared light†

Lei Zhang,‡a Jiaming Hao,‡b Huapeng Ye,a Swee Ping Yeo,a Min Qiu,c Said Zouhdid

and Cheng-Wei Qiu*a

We propose a counter-intuitive mechanism of constructing an ultrathin broadband transparent device

with two perfect blackbodies. By introducing hybridization of plasmon modes, resonant modes with

different symmetries coexist in this system. A broadband transmission spectrum in the near infrared

regime is achieved through controlling their coupling strengths, which is governed by the thickness of

high refractive index layer. Meanwhile, the transparency bandwidth is found to be tunable in a large

range by varying the geometric dimension. More significantly, from the point view of applications, the

proposed method of achieving broadband transparency can perfectly tolerate the misalignment and

asymmetry of periodic nanoparticles on the top and bottom, which is empowered by the unique dual

of coupling-in and coupling-out processes within the pair of blackbodies. Moreover, roughness has little

influence on its transmission performance. According to the coupled mode theory, the distinguished

transmittance performance is physically interpreted by the radiative decay rate of the entire system. In

addition to the feature of uniquely robust broadband transparency, such a ultrathin seamless

nanostructure (in the presence of a uniform silver layer) also provides polarization-independent and

angle-independent operations. Therefore, it may power up a wide spectrum of exciting applications in

thin film protection, touch screen techniques, absorber–emitter transformation, etc.
Introduction

Since the rst time extraordinary optical transmission (EOT)1

was demonstrated by Ebbesen et al. in 1998, manipulation of
light at the nanoscale with metamaterial has captivated
increasing attention owing to potential applications in sub-
wavelength optical waveguides,2,3 optical lters,4,5 nanoscale
sensing,6–8 etc. Nowadays, extensive studies on EOT focus on
single-layer subwavelength apertures such as periodic holes9–12

or slits.13–16 Either surface plasmon polaritons (SPPs)9–12 or
Fabry–Pérot (FP) mode15,16 contributes to the transmission
performance. Nevertheless, the transmittance suffers from
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either low value or narrow bandwidth. Transmission of double
metallic grating (DMG)17–20 has thus been investigated recently,
and indicates that its transmittance can be boosted due to
coupling between two layers but its performance is sensitive to
the relative position of both layers, subjected to the interference
of evanescent waves.

It is well known that blackbodies are not only ideal absorbers
that absorb all incident electromagnetic waves, regardless of
wavelength or incident angle, but also ideal emitters that emit
energy at every wavelength isotropically. If one ideal absorber
and one ideal emitter are connected together, high trans-
mission can be anticipated. There have been lots of work done
on nearly perfect absorbers based on nanostructures of an
optically thick metallic lm with a high refractive index
spacer.21–27 It is indicated that high absorption arises from the
connement of elds in the high-index dielectric region. In
addition, two-dimensional (2D) symmetrical structures may
also be considered to remove the restrictions of incident
polarizations.

In this paper, we theoretically propose a new mechanism to
achieve high broadband transmission for near infrared light,
which is constituted by two blackbody congurations with a
thin seamless metallic layer sandwiched in the middle, as
shown in Fig. 1a. By introducing the hybridization, resonant
modes with different symmetries arise and overlap in this
Nanoscale, 2013, 5, 3373–3379 | 3373



Fig. 1 (a) Schematic of combining two blackbodies to form a transparent device. (b) Configuration of the proposed dual-blackbody transparent device and parameter
definition. (c) Transmittance against wavelength for top-half structure only (black dot line), 20 nm silver film only (red circle line), and the proposed structure (light
purple area).
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system. The coupling of those hybridized modes is controllable
through tuning the thickness of the high refractive index
spacer. Robust broadband transparency can thus be demon-
strated when these modes start to degenerate. The transparency
is a two-fold process: (1) incident energy is rst coupled effi-
ciently into the system under the circumstance of maintained
high absorption but light starts to pass through the middle Ag
layer; (2) aer pairing the blackbody with another one, broad-
band transparency is achieved by draining out the previously
absorbed energy. Furthermore, the broadband transparency is
tunable by varying geometric parameters in order to cater for
the practical needs for transparency in different wavelength
regions; and more importantly, the transmission performance
of the proposed structure is almost immune from asymmetry
and misalignment of those two blackbodies. In the presence of
the center metallic layer, there is no direct path for the light to
penetrate through those two blackbodies. It is thus counter-
intuitive to see that the initially opaque seamless Ag layer of 20
nm becomes transparent in a broadband spectrum of near
infrared light. Meanwhile, roughness also has little inuence on
the transmission performance of our proposed structure. Last
but not least, the fundamental principle of achieving,
improving and manipulating the robust transparency is
explained by coupled mode theory (CMT). This mechanism can
also be readily applied in far infrared and terahertz regimes.
Results and discussions

The proposed structure is shown in Fig. 1a, constituted by
stacking two blackbodies back-to-back. Hence there will be a
seamless Ag lm in the center of the whole conguration of Ag
nanodisk array/Al2O3/Ag/Al2O3/Ag nanodisk array. The at Ag
lm with thickness of 20 nm is almost opaque in near infrared
wavelengths by itself alone. Surprisingly, our conguration in
which the same Ag lm is situated in the center enables nearly
perfect tunneling within a specic wavelength range. On the
3374 | Nanoscale, 2013, 5, 3373–3379
other hand, a naive rule of thumb is that the thinner structure
should be more transparent since the light undergoes less
attenuation. The transmittance of our entire symmetric struc-
ture is signicantly higher than that of just half of the proposed
structure, which unveils an interesting phenomenon, i.e., the
light going through a thicker overall metallic depth and more
metal–dielectric interfaces was, counter-intuitively, less atten-
uated. In our system, the plasmon modes excited in both
metallic nanodisk arrays interact with each other by crossing
over the central seamless metallic layer, owing to the nite
thickness of the Al2O3 and Ag layers. This interaction results in
the split of the resonances: the symmetric and antisymmetric
modes. The strength of the interaction is controlled by the
thickness of the Al2O3 spacer. The upper half of the system in
Fig. 1a functions as the in-coupler when its resonant mode is
excited by incident light. In the meantime, the lower half of the
system serves as the out-coupler through which energy is re-
emitted. Therefore, the coupling strength between the blocks of
“entrance” and “exit” determines the degree of transparency of
the whole system. The absence of either building block will
result in degraded transparency.

The coupling strength is determined by the thickness of
dielectric spacer. Dependence of transmittance versus the
thickness of Al2O3 layer is investigated in Fig. 2a numerically.
Since either building block individually behaves as a black-
body absorber, high refractive-index Al2O3 spacer becomes
imperative to achieve perfect absorption.22,23 In our structure,
it also reveals that when d ¼ 0, the entire structure almost
works as an opaque Ag lm due to no indirect coupling or
exchange of energy between upper and lower layers. Even a
quite small spacer thickness will drastically raise the trans-
mittance to 0.77 at resonance. When the thickness d is equal to
5 nm, there are two resonant modes at 1176 nm and 1532 nm,
respectively. As d increases, two transmission peaks gradually
shi to shorter wavelengths and degenerate around 988 nm
when d reaches 20 nm. Remarkably, the transmittance is as
This journal is ª The Royal Society of Chemistry 2013



Fig. 2 (a) Transmittance against wavelength for structures with different
dielectric spacer thicknesses. Thickness d is in units of nm. Current densities for d¼
20 nm at wavelength 988 nm (b), and d¼ 5 nm at wavelength 1176 nm (c) and at
wavelength 1532 nm (d). Here p¼ 150 nm, t¼ 40 nm, r ¼ 60 nm and h ¼ 20 nm. Fig. 3 Contour plot of transmittance versus radius and wavelength. Here p ¼

150 nm, t ¼ 40 nm, d ¼ 20 nm and h ¼ 20 nm.
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high as 0.97 and its full-width half-maximum (FWHM) is 39%.
As discussed above, smaller d supports strong interaction
while larger d abates the interaction. Increasing d furthermore
leads to a decrease in transmittance while the resonant posi-
tion remains almost unchanged, since larger d abates the
coupling strength. Only when d is small will upper and lower
nanodisks directly interact due to their overlapping electric
elds. Therefore, both symmetric and antisymmetric modes
can be excited.28–30 To elucidate the mechanism, distributions
of current density for d ¼ 5 nm are shown in Fig. 2c and d. It is
obvious that antiparallel and parallel currents are excited in
the upper and lower nanodisks at 1176 nm and 1532 nm,
respectively. As d increases, the interaction between nanodisks
and metallic lm gradually takes over the direct coupling,
which can be treated with the image model. For d ¼ 20 nm,
only one resonant mode is excited at 988 nm, which shows
antiparallel current distribution.29,30 In the imaging model,
due to the fashion of induced charge distribution of plasmons,
only the antisymmetric mode is excited. Since the net dipole
moment of antisymmetric mode is zero, it is so-called dark
mode with respect to bright mode in the quasistatic limit.
However, it can be excited due to phase retardation.31,32 We
also simulated the evolution of transmittance with varying
radius of the nanodisk, as shown in Fig. 3. As r increases from
40 nm to 70 nm, the transmission peak exhibits a redshi
from 730 nm to 1300 nm without an obvious decrease in
transmittance as well as FWHM.

To understand the dependence of transmission on the
geometry of the proposed structure, we correlated the trans-
mittance with the decay process of system via CMT.33 Energy
exchange between incoming light and the local system is con-
nected by the radiative process of system. By manipulating the
radiative decay rate, spectroscopic properties of optical systems
can be well controlled.34 When a resonant mode is excited, its
energy will dissipate through radiative as well as absorption
decay channels. Here we dene gR as the decay rate of resonant
mode radiating into reection space where incoming light
comes from, and gT as the counterpart for transmission space.
When the light with power |s0|

2 is incident on the system, the
This journal is ª The Royal Society of Chemistry 2013
time derivative of the excited mode's amplitude a can be
expressed as33,35

da

dt
¼ iu0a� ðgR þ gT þ gaÞaþ

ffiffiffiffiffiffiffiffi
2gR

p
s0 (1)

where u0 is the resonant angular frequency and ga is the
absorption decay rate of system. By solving the above differen-
tial equation, the energy of the localized mode is found to be
a ¼ ffiffiffiffiffiffiffiffi

2gR
p

s0=fiðu� u0Þ þ ðgR þ gT þ gaÞg. One can relate the
mode amplitude with transmission by writing the outgoing
radiation as sT ¼ tDs0 þ ffiffiffiffiffiffiffiffi

2gT
p

aei4,33 where tD denotes the direct
transmission coefficient from a plain metal thin lm and 4 is
the phase difference between the coupling-in and coupling-out
processes of the resonantmode. As a result, the transmittance is
obtained:

T ¼ jsTj2
js0j2

¼
�����
tD þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4gRgT

p
ei4

iðu� u0Þ þ ðgR þ gT þ gaÞ

�����

2

(2)

Due to the metallic thin lm at the middle of our structure,
the direct transmission is very small, i.e. tD � 1. Then, at
resonance u ¼ u0, eqn (2) can be simplied to be T ¼ 4gRgT/(gR

+ gT + ga)
2. Obviously, transmission can be enhanced by mini-

mizing absorption rate or increasing radiative rate. Note that
absorption rate is mainly material dependent.36,37 On the other
hand, radiative decay is mainly geometry dependent.34,38

Therefore tuning geometric dimensions can easily manipulate
the transmittance. Since gR and gT occupy the equivalent
positions in eqn (2), the transmittance should be the same
regardless of which side the incidence comes from. By
assuming ga ¼ 0, it is straightforward to see that transmittance
T reaches the maximum when gR ¼ gT. Therefore, a symmetric
structure provides higher transmittance.

In Fig. 2a, we can conclude that radiative decay dominates
the energy dissipation because the transmittance is 0.97 at d ¼
20 nm. As the thickness of Al2O3 spacer varies both radiative
decay rate gR and gT vary accordingly. When d is smaller than 20
nm, strong direct coupling of the upper and lower nanodisk
arrays splits the transmittance spectrum into two peaks. The
Nanoscale, 2013, 5, 3373–3379 | 3375



Fig. 4 Transmittance, electric field magnitude (contour) and Poynting vectors
(white arrows) at resonance in the presence of misalignment between top and
bottom particles with distance D along x-axis. (a) and (b) for perfectly aligned
structure. (c) and (d) for misalignment D ¼ p/15. (e) and (f) for misalignment D ¼
p/6. (g) and (h) for misalignment D ¼ p/3. (i) and (j) for misalignment D ¼ p/2.
Here p ¼ 150 nm, t ¼ 40 nm, d ¼ 20 nm, r ¼ 60 nm and h ¼ 20 nm.
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radiative decay rate of each mode should be small, recognized
from their transmittance spectra. For d ¼ 20 nm, both modes
degenerate and thus FWHM gets its maximum. When d goes
beyond 20 nm, weaker coupling strength leads to a decrease in
radiative decay rate and then transmittance consequently starts
to decrease. In addition, radiative decay rate is highly geometry
dependent. As shown in Fig. 3, the transmission band gets
broader as r increases. The larger the radius is, the stronger
radiative decay is, which leads to higher transmittance. As a
result, high transmission requires a large radius.

As far as fabrication is concerned, accurate alignment and
perfectly identical dimensions of upper and lower nanodisk
arrays are very challenging to meet, if not impossible. In fact,
our conguration automatically overcomes this problem which
used to be regarded inevitable. The central seamless silver plays
a signicant role in interconnecting the in-coupler (upper half)
and out-coupler (lower half). This two-fold process can be
considered as two sequential processes, via the central silver
lm as a “buffer”. Hence, as long as these two blocks function
individually, the lateral positioning is no longer important.
Fig. 4a, c, e, g and i show the transmittance spectra when there
is a misalignment between top and bottom nanodisks. Here the
geometric parameters are xed at p ¼ 150 nm, r¼ 60 nm, t¼ 40
nm and h ¼ 20 nm. By continuously shiing the center of the
lower nanodisks, even at a shied distance of D ¼ p/2, the
transmittance and FWHM are only affected a little (0.93 and
27% respectively). From the point view of CMT, although there
is a misalignment, the decay rate gR or gT does not change due
to the same geometry of the nanoparticles. As a result, the
transmittance almost remains unchanged. This performance
differentiates from themechanisms developed in ref. 17 and 18,
in which transmittance spectra will be sensitively degraded by a
lateral misalignment.

As shown in Fig. 4b, aer energy is coupled into the system
from the upper layer, it passes through the buffer in the center
(the seamless Ag lm), ows downward, and automatically
couples out from the open slits of the lower array, regardless of
the position of those open slits. Fig. 4d, f, h and j show the
Poynting vectors for center-to-center distance D ¼ p/15, p/6, p/3
and p/2, respectively. Nomatter howmuch the bottom nanodisk
array laterally deviates from the center of the top array, energy
always passes through the middle lm, ows through the
bottom nanodisks, and then emits. Therefore, the misalign-
ment has little impact on energy ow in our system, and
transparency becomes stable and robust, which is important for
practical applications. On the contrary, in ref. 17 and 18,
evanescent waves emanating by those nanoparticles of the
upper layer interfere with each other within the dielectric
spacer. If destructive interference happens at the position
facing the open slits of the lower array, transmittance will be
suppressed. Therefore, their transmittance is inevitably
dependent on the relative positions of lower and upper layers.

In what follows, we study the effect of geometric asymmetry
on the transmittance. As shown in Fig. 5, we x the parameters
of the upper layer and change the corresponding parameters of
the lower layer. Positive (negative) value means the geometric
parameter of the upper layer is larger (smaller) than its
3376 | Nanoscale, 2013, 5, 3373–3379
counterpart of the lower layer. Fig. 5a shows the simulated
transmittance spectra for heights of lower nanodisk ranging
from 0 to 80 nm while keeping that of the upper one at 40 nm.
For Dt ¼ 40 nm, i.e. no lower nanodisk, although incident
energy can be well absorbed by top layer, it is hard for energy to
re-emit without the lower blackbody. Therefore the trans-
mission is suppressed. When Dt¼ 20 nm, transmittance boosts
up to 0.94 since the channel for energy to radiate out is created.
This journal is ª The Royal Society of Chemistry 2013



Fig. 5 Transmittance for asymmetric structures by varying parameters in the
lower layer: height of nanodisk (a), thickness of Al2O3 spacer (b), and radius of
nanodisks (c), respectively. Dt, Dd and Dr are in unit of nm. Light purple area
represents the transmittance of symmetric structure. Positive (negative) value
means that the corresponding parameters of upper layer are larger (smaller) than
that of lower layer. Here p ¼ 150 nm, t ¼ 40 nm, d ¼ 20 nm and h ¼ 20 nm.

Fig. 6 Transmittance for different polarization angles at normal incidence (a)
and oblique incident angles with electric field polarized in x–z plane (b). Insets
show polarization and incident angle configurations, respectively. Here p ¼ 150
nm, t ¼ 40 nm, d ¼ 20 nm, r ¼ 60 nm and h ¼ 20 nm.
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The transmission is maximized when it is symmetric, as
described by the light purple area. The larger discrepancy of
nanodisks between upper and lower layers makes the trans-
mittance even lower. This can be interpreted by CMT that
symmetric structure has the same gR and gT, which leads to a
higher transmittance. Fig. 5b shows transmittance spectra with
xed thickness of upper Al2O3 spacer and different thicknesses
of lower spacer. A similar trend is observed, i.e., larger
discrepancy, lower transmittance. When Dd ¼ 10 nm, another
peak occurs at 1156 nm, which is caused by stronger coupling at
the lower layer. Since the thickness of the upper Al2O3 is 20 nm,
the coupling strength between upper and lower layers is not as
strong as that for the symmetric structure with 10 nm thick
Al2O3. Fig. 5c shows the transmittance spectra for different
radius of lower nanodisk and with 60 nm for upper nanodisk. It
is found that even though the radius of the lower nanodisk is
8% larger or smaller, the transmittance is also as high as 0.93
and FWHM is 40%. We also examine the inuence of roughness
on the transmission performance of our proposed symmetric
structure. It is found that even though roughness �5 nm is
considered, the transmittance only decreases to 0.89 and
FWHM remains almost unchanged.

In addition, since the circular nanodisks possess rotational
symmetry along the z-axis, the transmittance is independent on
the incident polarization. As shown in Fig. 6a, at normal inci-
dence, transmittance spectra stay unaffected for different
polarization directions. Our proposed structure is also quite
exible in the incident angle. By xing electric eld oscillation
in the x–z plane, transmittance spectra at different angles are
shown in Fig. 6b, which is consistent with ref. 22. Moreover,
we also simulate the transmittance by taking into account
This journal is ª The Royal Society of Chemistry 2013
roughness (not shown here). The transmittance performance is
very stable even though the root-mean-square of roughness is as
large as 5 nm.

In a previous paper, a ve-layer structure was studied to
enhance the forward emission of ZnO,39 where the enhanced
forward emission arose from an excitation of nonradiative
surface plasmons (SPs) at the metal–ZnO interface and a
following excitation of radiative SPs within a metal–insulator–
metal (MIM) structure. The energy transfer from nonradiative
SPs to radiative ones was achieved with the interfacial rough-
ness. However, in our mechanism, there are two radiative
modes supported at both upper and lower halves of the
proposed structure, which is distinct from ref. 39. The high
transmission with broad bandwidth is realized through
controlling their coupling strength by tuning the thickness of
dielectric layers.
Conclusions

In summary, we have proposed a new mechanism to achieve
broadband transparency at near infrared by exploiting two
back-to-back blackbodies with a thin seamless metallic layer
sandwiched in the center. The transparency is attributed to the
hybridization of plasmon modes in upper and lower layers.
Nanoscale, 2013, 5, 3373–3379 | 3377
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Through tuning the thickness of the Al2O3 layer, nearly perfect
transmittance is achieved with FWHM 39%, when these
hybridized modes degenerate. Furthermore, the transparency
band is also tunable in a large range by varying the radius of
metallic nanoparticles. More importantly, no obvious degrada-
tion in transmittance or FWHM arises, no matter how serious
the misalignment between upper and lower layers is. Fortu-
nately, it shows a good tolerance to asymmetry in thickness of
the high refractive index spacer and the height of nanodisk. And
also the roughness has an almost negligible inuence on
transmission performance. Therefore, a robust transparency is
indeed realized. The fundamental principle of achieving,
improving and manipulating the robust transparency is
explained by coupled mode theory. A large radiative decay rate
of the system is in favor of optimizing the transmission
performance.
Method

The transmission spectra and distribution of electric eld
magnitude were performed by means of LUMERICAL, a
commercial nite-difference time-domain (FDTD) code. If there
is no specic instruction, a plane wave polarized along x-axis
was used as incidence (see the denition of coordinates in
Fig. 1b). The distributions of current density in Fig. 2b–d were
calculated with CST MICROWAVE STUDIO soware based on
the nite integration technique (FIT). Electric permittivity of
silver40 and Al2O3 (ref. 41) were taken from experimental data.
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