
482

C
O

M
M

U
N

IC
A
TI

O
N

www.MaterialsViews.com
www.advopticalmat.de
 Manipulation of Asymmetric Transmission in Planar Chiral 
Nanostructures by Anisotropic Loss  

    Zhaofeng     Li     ,*     Mutlu     Gokkavas    ,   and     Ekmel     Ozbay     *  
  Nonreciprocal transmission plays a fundamental role in infor-
mation processing. Stimulated by the successful application of 
the electrical diode that shows nonreciprocal response in elec-
tric circuits, considerable effort has been devoted to the study 
of nonreciprocal propagation of light. One way of achieving 
nonreciprocity in optics is to use a magneto-optical medium 
that breaks the time-reversal symmetry by introducing a set of 
antisymmetric, off-diagonal dielectric tensor elements. [  1  ]  The 
other way is to use a nonlinear medium. [  2,3  ]  Apart from thes 
two conventional methods, it has been demonstrated that non-
reciprocal light propagation can be realized by the breaking of 
parity-time symmetry with complex optical potentials. [  4,5  ]  The 
main idea of the above implementations is to make the light 
propagate through the media in different manners for oppo-
site propagation directions. Meanwhile, there were attempts to 
achieve asymmetric but still reciprocal transmission by using 
conventionally isotropic, linear, and lossy or lossless materials. 
For instance, the asymmetric transmission of linearly polarized 
waves can be realized by using diffractive nonsymmetrical volu-
metric gratings based on photonic crystals or metals, [  6  ]  using 
nonsymmetrical two layered metallic structures, [  7  ]  using non-
symmetrical metallic gratings supporting surface plasmons, [  8  ]  
and using dielectric gratings. [  9  ]  The asymmetric transmission 
of circularly polarized waves has been demonstrated at normal 
incidence by using a multilayered structure [  7,10  ]  and by using a 
planar chiral structure (PCS) consisting of single layer of meta-
atoms. [  11–17  ]  For many of these structures, [  7,9–17  ]  asymmetric 
transmissions are realized due to the different transmissions 
in the cross-polarized components, while the transmissions 
of co-polarized components remain the same because of the 
reciprocity of the materials. Among these structures, the PCS 
is a special one. First, it is a simple, two-dimensional planar 
structure that is easy to fabricate. Second, in contrast to a three-
dimensional structure in which loss is not an important factor 
for the realization of asymmetric transmission, [  7  ]  a PCS must be 
simultaneously anisotropic and lossy to achieve the asymmetric 
transmission of circularly polarized waves. Although many of 
the previous reports have studied the infl uence of anisotropy 
of the geometric structures on the asymmetric transmission 
realized in PCSs, [  11–17  ]  the infl uence of loss was only mentioned 
empirically or qualitatively and was far from clarifi ed. 
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 Here, we study a typical PCS composed of two sets of gold 
split ring resonators (SRRs), and analyze the mechanism of 
asymmetric transmission by using an optical lumped element 
(OLE) model. We have obtained, for the fi rst time, a formula 
that quantitatively relates the asymmetric transmission to the 
factor of loss and, more strikingly, we fi nd that it is the ani-
sotropy of loss, instead of the whole loss, that is crucial for 
achieving the asymmetric transmission. According to the for-
mula, we demonstrate numerically and experimentally that the 
asymmetric transmission can be manipulated by changing the 
anisotropy of loss. 

  Figure    1  a shows the schematics of the PCS under study. 
It is composed of two sets of gold SRRs with different sizes 
arranged periodically in a square lattice. Contrastingly, all of 
the PCSs reported previously were composed of SRRs with 
the same dimension. [  18–20  ]  The SRRs stand freely in vacuum 
(or air). In accordance with the defi nition of a PCS, the whole 
structure cannot be superimposed on its in-plane mirror image 
(refl ected by a mirror perpendicular to the plane of the struc-
ture) unless it is lifted from the plane. [  11–13  ]  The periodic con-
stants of the PCS in the lateral directions are  a x   =  a y   = 540 
nm and, therefore, the structure does not diffract the incident 
light wave with operation wavelengths ranging from 1.0  μ m to 
2.0  μ m in the present study. The thickness of the gold wires is 
50 nm, which is much smaller than the operation wavelength 
so that the structure can be seen as a planar metamaterial for 
normally incident light waves.  

 SRRs are popular building blocks of metamaterials and have 
been studied intensively. [  21–24  ]  The low-frequency resonance of 
SRRs can be well modeled by series resistor–inductor–capacitor 
(RLC) circuits at infrared and lower frequencies. [  22,25  ]  There 
exists a coupling effect between the SRRs oriented in the  x  and 
 y  directions around resonant frequencies. [  18–20  ]  The RLC reso-
nance of an individual SRR [  22  ]  mainly consists of a magnetic 
dipole (  μ  ) in the direction that is normal to the plane of the SRR 
and an electric dipole ( p ) along the direction of the gap of the 
SRR, [  25,26  ]  as indicated in Figure  1 b. Since the electric dipoles 
of the SRRs oriented in the  x  and  y  directions are perpendic-
ular to each other, there is no coupling effect between them. 
On the other hand, the magnetic dipoles of all the SRRs are in 
the same direction ( z  direction) and, therefore, they can couple 
to each other magnetically. By treating all the resonators as a 
whole metafi lm and combining it with transmission line theory, 
circuit models with lumped element parameters have been suc-
cessfully used to analyze metamaterials working at terahertz 
and infrared regions. [  27,28  ]  Here, we also use an OLE model to 
describe the infrared light wave propagation through the PCSs. 

 In Figure  1 a, when a right-circularly polarized (RCP, +) wave 
or a left-circularly polarized (LCP, –) wave is incident in the  +z  
direction, the transmitted wave will possess both RCP and LCP 
mbH & Co. KGaA, Weinheim Adv. Optical Mater. 2013, 1, 482–488
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      Figure 1.  (a) Schematics of the planar chiral structure under normal inci-
dence of right-circularly polarized light waves. A unit cell is marked with 
white box. The periodic constants in the  x  and  y  directions are  a x   =  a y   = 
540 nm. (b) The defi nitions of the geometrical parameters for the two 
different SRRs used in this article. The bottom of (b) shows the electric 
and magnetic dipoles corresponding to the RLC resonance of the SRRs. 
(c) The optical lumped element model corresponding to the planar chiral 
structure of (a). 
waves, since the eigenstates of PCS are elliptically polarized 
waves. Therefore, the total transmission intensity for RCP or 
LCP waves incident in the  +z  direction is T+z
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While the Lorentz Reciprocity Lemma requires that t+z
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is a nonzero value, which means an asymmetric transmis-
sion for RCP waves traveling in the  +z  and  –z  directions. At 
the same time, for LCP waves, the asymmetric transmission is 
just the opposite of RCP waves,�− = −�+ . For the purpose of 
clearness and conciseness, in the present report, we will only 
consider the case of RCP waves. 

 Figure  1 c shows the equivalent OLE model for the PCS of 
Figure  1 a. In the model, the two sets of SRRs are described 
by two coupled, lumped-element RLC oscillators behaving 
together as a boundary with complex impedance. The SRRs ori-
ented in the  x ( y ) direction have three lumped-element param-
eters  R  1  ( R  2 ),  L  1  ( L  2 ) and  C  1  ( C  2 ). Four segments of semi-infi nite 
transmission lines, having appropriate intrinsic impedances 
 Z  0 , are used to mimic the free space through which the light 
waves propagate. In order to mimic the reversed polarization 
phenomena for light propagation in the opposite directions of 
the PCSs, the mutual magnetic inductance is artifi cially set to 
be  M  and – M  for waves incident in the  +z  and  –z  directions. 
Basic circuit analysis techniques can be used to derive the 
transmissions when there are incident waves with  x  and/or  y  
polarizations. Subsequently, transmissions of circularly polar-
ized waves can then be calculated from the results of two lin-
early polarized waves ( t xx  ,  t yx  ,  t yy  , and  t xy  ). [  14  ]  Assuming a time 
dependence of eiTt , the electric fi elds of RCP and LCP waves 
are defi ned as E± = (1/

√
2)E0(x̂ ± i ŷ)  . By changing the base 

vectors, the complex transmission coeffi cients of linear polari-
zations can be converted into the transmission coeffi cients of 
circular polarizations.

t++
t+ −t− +
t−−)

=
1

2

txx + tyy − i (txy − tyx) txx − tyy + i (txy + tyx)
txx − tyy − i (txy + tyx) txx + tyy + i (txy − tyx)
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(1)

       Therefore, after some trivial treatment, the asymmetric 
transmission for an RCP wave is obtained based on the OLE 
model as follows,
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     Where the denominator  D  depends on the parameters of all the 
lumped-elements,
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      where i = √−1  , and   ω   is the circular frequency of the wave. 
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      Figure 2.  (a) The maximum absolute values of the asymmetric trans-
missions in the whole operation frequency range (� Δ  + � max ) as a function 
of parameters of  R  1  and  R  2  while keeping the other parameters as  L  1  = 
 L  2  = 7.8 × 10 −13  H,  C  1  =  C  2  = 7.5 × 10 −19  F, and  κ  = 0.09. (b) The value of 
� Δ  + � max  as a function of log ( L  2 / L  1 ) and log ( C  2 / C  1 ) while keeping the other 
parameters as  R  1  = 69  Ω ,  R  2  = 30  Ω ,  L  1  = 7.8 × 10 −13  H,  C  1  = 7.5 × 10 −19  F, 
and    κ   = 0.09. The peak value (0.0674) is at (0.36, –0.36). (c) The value 
of � Δ  + � as a function of frequency and the magnetic coupling coeffi cients 
  κ   while keeping the other parameters as  R  1  = 69  Ω ,  R  2  = 30  Ω ,  L  1  =  L  2  = 
7.8 × 10 –13  H, and  C  1  =  C  2  = 7.5 × 10 –19  F. 
 From Equation  (2) , one sees that the asymmetric transmis-
sion crucially depends on the parameter  M ,  R  1 , and  R  2 . If there 
is no magnetic coupling effect (M = 0  ) or no loss in the struc-
ture (R1 = R2 = 0  ), the asymmetric transmission will vanish. 
Furthermore, even when the structure is lossy and the magnetic 
coupling effect exists, asymmetric transmission still vanishes 
under the condition (R1 = R2 �= 0  ). Therefore, being lossy is a 
necessary condition, but not a suffi cient condition, for an ani-
sotropic PCS to show asymmetric transmission. The last con-
clusion has never been illustrated in previous studies. From 
Equation  (2) , it is clear that the magnetic coupling effect  M  and 
the anisotropy of loss ( R  1  –  R  2 ), instead of the whole loss, are 
crucial for achieving asymmetric transmission for the PCSs of 
Figure  1 a. Therefore, we can manipulate the asymmetric trans-
mission by changing the anisotropy of loss and the magnetic 
coupling coeffi cient. Additional discussions on Equations  (2)  
and  (3)  can be found in Section 1 of the Supporting Information. 

 In order to see the dependence of the asymmetric transmis-
sion on the lumped element parameters in more detail, the 
numerical calculations of Equation  (2)  are carried out. How-
ever, before that, we need to know the approximate ranges in 
which the values of the lumped-element parameters ( M ,  R  1 , 
 L  1 ,  C  1 , etc.) lie. Firstly, by referring to earlier studies, [  25,26  ]  we 
fi nd a typical value of 0.09 for the magnetic coupling coeffi cient
6 = M/

√
L 1 L 2  . In the OLE model, we have simplifi ed the res-

onance of the SRRs into electric and magnetic dipoles. How-
ever, the real resonant modes of the SRRs (especially SRRs with 
large sizes) may deviate from that of the ideal dipoles, and this 
may affect the magnitude of   κ  . Additionally,   κ   is also related to 
the distances between the SRRs. Secondly, for the parameters 
of  R  1 ,  L  1 , and  C  1 , etc., we obtain them by fi tting the results of 
the OLE model to the curves of the simulation results of one set 
of SRRs. The simulations were performed based on a commer-
cial fi nite-integration time-domain algorithm, and the details of 
the simulations can be found in the Supporting Information. 
From the fi tting results (see Section 2 of the Supporting Infor-
mation), we get typical values of  R  = 69  Ω ,  L  = 7.8 × 10 −13  H, 
and  C  = 7.5 × 10 −19  F. Now we are free to adjust the parameters 
( R  1 ,  L  1 ,  C  1 ,  R  2 ,  L  2 ,  C  2 , and   κ ) in reasonable ranges to see what 
condition is more suitable to obtain asymmetric transmission 
for the PCSs. 

 According to Equations  (2)  and  (3) , we numerically calculated 
the maximum absolute values of asymmetric transmissions in 
the whole operation frequency range (|�+|max ) for different sit-
uations.  Figure    2  a shows the results of |�+|max  as a function of 
different  R  1  and  R  2  while setting the other parameters as  L  1  = 
 L  2  = 7.8 × 10 −13  H and  C  1  =  C  2  = 7.5 × 10 −19  F. It is seen that 
asymmetric transmissions always exist except for on the line of 
 R  1  =  R  2 . This implies that even when the two sets of SRRs have 
the same inductance and capacitance, asymmetric transmission 
can still exist as long as symmetry of loss parameters (resist-
ances) are broken. |�+|max  reaches high values near the regions 
( R  1  = 0,  R  2  = 250  Ω ) and ( R  1  = 250  Ω ,  R  2  = 0). Figure  2 b shows 
the results of |�+|max  as a function of log( L  2 / L  1 ) and log( C  2 / C  1 ) 
while setting the other two parameters as  R  1  = 69  Ω ,  R  2  = 30  Ω , 
 L  1  = 7.8 × 10 −13  H and  C  1  = 7.5 × 10 −19  F. It is clearly seen that
|�+|max  reaches the highest value at the point where log( L  2 / L  1 ) = 
0.36 and log ( C  2 / C  1 ) = –0.36. At this point, the resonance fre-
quencies of the two sets of SRRs are equal and the quality 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag Gm
factors ( Q = XL/R  ) of the two sets of SRRs are also equal. For 
both Figure  2 a and b, the parameter   κ   is set to be a typical value 
of 0.09. [  25,26  ]  Figure  2 c shows the results of |�+|   as a function 
of frequency and the magnetic coupling coeffi cients   κ   while 
keeping the other parameters as  R  1  = 69  Ω ,  R  2  = 30  Ω ,  L  1  = 
bH & Co. KGaA, Weinheim Adv. Optical Mater. 2013, 1, 482–488
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      Figure 3.  (a) Schematics of the planar chiral structures with a substrate. (b) The corresponding OLE model in which the substrate with impedance 
 Z  s  is included. 
 L  2  = 7.8 × 10 −13  H and  C  1  =  C  2  = 7.5 × 10 −19  F. It is seen that the 
values of |�+|   reaches the maximum when   κ   is around 0.14. 
When   κ   is larger than 0.14, a higher value of   κ   will result in a 
lower value of asymmetric transmission. More detailed discus-
sions on the effects of   κ   on the asymmetric transmission can be 
found in Section 3 of the Supporting Information.  

 In order to verify the above theoretical works, we designed 
and fabricated two PCS samples (Sample I and II) via e-beam 
lithography and lift-off method. The details of fabrication and 
measurement procedures can be found in the Experimental 
Section. For the PCS samples of experiments, due to the exist-
ence of the substrate, the corresponding OLE model is a little 
different from that of Figure  1 c.  Figure    3   shows the schematics 
of the PCS with a substrate and the corresponding OLE model 
in which we inserted a segment of transmission line with a 
length of 0.33 mm and impedance of  Z  s  = 215.77  Ω  to mimic 
the function of the sapphire substrate. During the calcula-
tions with the OLE model, we fi rst obtain the lumped element 
parameters by fi tting curves to the experimental results of  t xx  ,  t yy   
and  t yx  . Then, by using these lumped element parameters, we 
calculate the transmission curves of RCP waves and the asym-
metric transmissions.  

 A scanning electron microscopy (SEM) image of Sample I 
is shown in  Figure    4  a, which has two sets of SRRs of similar 
mean resistance (the ratio of the mean resistance of the big 
SRR to that of the small SRR is approx. 0.9). The SEM image 
of sample II is shown in  Figure    5  a, which consists of one set 
of thin SRRs and one set of fat SRRs. Intuitively, the fat SRRs 
have much smaller mean resistance than that of the thin SRRs. 
The gold SRRs are fabricated on sapphire substrates. The sub-
strates have a thickness of 0.33 mm and a refractive index of 
1.746 at the wavelength of 1.55  μ m. [  29  ]  The gold SRRs have 
a thickness of 50 nm. Along with the experiment results, we 
also did simulations. The bottoms of Figure  4 a and  5 a show 
typical unit cells of the structures for the experiments and 
simulations. The permittivity of the gold in the infrared spec-
tral regime was described by the Drude model with plasma 
frequency   ω   p  = 1.21 × 10 16  rad/s, and the damping constant 
  ω   c  = 6.93 × 10 13  rad/s. [  30  ]  During the simulations, in order to 
© 2013 WILEY-VCH Verlag GmAdv. Optical Mater. 2013, 1, 482–488
include the randomly distribution of the dimensions of the fab-
ricated SRRs, a super-cell composed of a 6 × 6 array of SRRs 
with different sizes was adopted. [  31,32  ]  We assumed a Gaussian 
distribution for the width and length of the area surrounded by 
the SRRs, and the standard deviations were set to be 15 nm for 
both the width and length. The averaged sizes of the SRRs can 
be found in the captions of Figures  4 a and  5 a. In Section 4 of 
the Supporting Information, we show the simulation results of 
the structures with two sets of random sized SRRs compared 
with that of the structures with two sets of uniform sized SRRs.   

 All the results of experiments, simulations and OLE models 
are shown in Figures  4 b–e and Figures  5 b–e. 

 Figures  4 b and  5 b show the transmission curves for  t xx   and 
 t yy  . It is seen that, for each sample, the resonant frequencies of 
two sets of SRRs differ by approx. 25 THz. Figures  4 c and  5 c 
show the transmission curves for RCP incident waves propa-
gating in the  +z  and – z  directions. Figures  4 d and  5 d show the 
transmission curves for  t yx  . Figures  4 e and  5 e show the asym-
metric transmissions for RCP waves. For the purpose of com-
pleteness, we also calculated the eigenstates of light waves for 
the structure of Figure  5 a at the frequency of the maximum 
value of asymmetric transmission. They are indeed two co-
rotating elliptical polarization eigenstates [  11  ]  (see Figure S5 in 
Section 5 of the Supporting Information). The lumped ele-
ment parameters for sample I (Figure  4 ) are ( R  1  = 201  Ω ,  L  1  = 
7.65 × 10 −13  H, and  C  1  = 7.68 × 10 −19  F), ( R  2  = 262  Ω ,  L  2  = 7.18 × 
10 −13  H, and  C  2  = 6.37 × 10 −19  F), and   κ   = 0.05. The lumped ele-
ment parameters for sample II (Figure  5 ) are ( R  1  = 48  Ω ,  L  1  = 
3.38 × 10 −13  H, and  C  1  = 1.90 × 10 −18  F), ( R  2  = 146  Ω ,  L  2  = 8.23 × 
10 −13  H, and  C  2  = 6.08 × 10 −19  F), and   κ   = 0.07. From the results 
shown in Figures  4  and  5 , it can be seen that the simulation 
results are qualitatively in good agreement with the experiment 
results in the whole frequency range. While for the results based 
on the OLE model, good agreements with the experimental 
results are found in the lower frequency ranges (below approx. 
240 THz) for the transmission curves of  t xx  ,  t yy  , (Figures  4 b and 
 5 b) and RCP waves (Figures  4 c and  5 c). The large discrepancies 
in the higher frequency ranges are mainly due to the existence 
of higher frequency resonances. [  22  ]  Nonetheless, the results of 
485wileyonlinelibrary.combH & Co. KGaA, Weinheim
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      Figure 4.  (a) Scanning electron microscopy image of the planar chiral structures with similar 
mean resistances for the two sets of SRRs. The bottom of (a) shows the enlarged views of 
typical unit cells for experimental and simulation structures. The averaged dimensions for the 
structure of simulation: h 1  = 138 nm, w 1  = 165 nm, h 2  = 110 nm, w 2  = 132 nm, b 1  = 58 nm, 
m 1  = 43 nm, b 2  = 49 nm, m 2  = 38 nm, t = 50 nm, and  a x   =  a y   = 510 nm. (b) The spectra 
the OLE model are in good agreements with 
the results of simulations and experiments 
for the curves of  t yx   (Figures  4 d and  5 d) and 
asymmetric transmissions (Figures  4 e and 
 5 e) in the whole frequency range, except 
for a slight frequency shift. This means that 
although the higher frequency resonances 
can dramatically affect the transmission 
curves of  t xx  ,  t yy  , and RCP waves in the higher 
frequency regions, they contribute very little 
to the results of cross-polarized transmis-
sion and asymmetric transmissions in the 
interested frequency range. In comparing the 
results of Figure  4 e with Figure  5 e, it is seen 
clearly that sample II that is composed of fat 
and thin SRRs can indeed provide enhanced 
asymmetry of transmission. 

 Although it has been stated in previous 
studies [  11–13  ]  that the addition of a substrate 
has negligible effect on the asymmetric trans-
mission, it is still instructive to have a check. 
In Section 6 of the Supporting Information, 
we show the simulation results for the PCS 
(Samples I and II) with and without a sub-
strate. It is seen that the addition of a sub-
strate can really change a little the magnitude 
of the asymmetric transmissions, but this 
small effect does not affect the main argu-
ments of the present report. 

 It is noteworthy that if higher frequency 
resonances are included in the OLE model, 
the agreement between the OLE model and 
the simulation and experiment results may 
become better. However, the curve fi tting 
process will require much more effort. In 
the present report, we only applied the sim-
plest model, and even the simplest model 
can serve as a good approximation for real 
structures for the evaluations of asymmetric 
transmissions. It is noticed that the planar 
chirality studied in the present report can be 
regarded as intrinsic structural chirality. [  33  ]  
Structural two-dimensional chirality can also 
arise from oblique incidence onto an achiral 
pattern, and this is called extrinsic structural 
chirality. It was demonstrated that asym-
metric transmission can also be observed for 

of transmission intensity  t xx   and  t yy   of experiment 
and simulation results, and the fi tting results to the 
experimental spectra based on the OLE model. (c) 
The spectra of transmission intensity of experiment 
and simulation results for RCP waves, and the calcu-
lated results based on the OLE model. (d) The trans-
mission intensity  t yx   of experiment and simulation 
results, and the fi tting results to the experimental 
spectra based on the OLE model. (e) The asym-
metric transmission intensity  Δ  +  of experiment and 
simulation results for RCP waves, and the calculated 
results based on the OLE model. 
heim Adv. Optical Mater. 2013, 1, 482–488
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      Figure 5.  Please see the caption for Figure  4 . The dimensions of the PCS structure shown here 
in (a) are: h 1  = 189 nm, w 1  = 243 nm, h 2  = 128 nm, w 2  = 146 nm, b 1  = 104 nm, m 1  = 90 nm, 
b 2  = 59 nm, m 2  = 45 nm, t = 50 nm, and  a x   = a y   = 510 nm. 

Adv. Optical Mater. 2013, 1, 482–488
a lossy structure that shows extrinsic struc-
tural chirality. The present study also inspires 
the investigation of the role of loss in the 
underlying mechanism of asymmetric trans-
mission that is related to the structures with 
extrinsic structural chirality. 

 In conclusion, by using an optical lumped 
element model, we studied a typical planar 
chiral structure that shows asymmetric 
transmissions at infrared frequencies for 
circularly polarized light waves at normal 
incidence. The OLE model gave us a deep 
insight into the physical mechanism of the 
asymmetric transmission that is related to 
the planar chiral structures. It is understood 
that asymmetric transmission of the planar 
chiral structure is crucially related to the ani-
sotropy of loss. By changing the anisotropy 
of loss, the asymmetric transmission can be 
effectively manipulated. Based on the quanti-
tative results of the OLE model, we proposed 
an optimized planar chiral structure con-
sisting of fat and thin SRRs and obtained an 
enhanced asymmetry in transmission. Both 
our simulation and experiment results are in 
good agreement with the results of the OLE 
model. The improved understanding of the 
underlying mechanism of the asymmetric 
transmission that is related to the anisotropy 
of loss will apparently benefi t future metama-
terial designs involving dissipations.  

  Experimental Section 
  Structure Fabrication : The planar chiral structures 

are fabricated via e-beam lithography and lift-off 
method. After a standard cleaning process, 
the 0.33 mm-thick sapphire (Al 2 O 3 ) substrate 
(size 6 mm by 6 mm) was then covered with a 
120-nm-thick layer of high resolution positive resist 
(polymethyl methacrylate) via spin coating. The 
sample was baked at 180   °  C for 90 s, then spin-
coated with aquasave and rebaked at 90   °  C for 30 s 
to prevent charging during the next step of e-beam 
exposure. E-beam lithography was carried out by 
using Raith’s eLiNE nanolithography system. The 
process of e-beam lithography included the design 
of the exposure structures and dose tests to fi nd 
optimum conditions. After e-beam lithography, 
it was the step of development. The next step 
was metallization, and the sample was coated 
with a 50 nm-thick gold fi lm via electron-beam 
evaporation. The fi nal steps were the lift-off and the 
inspection by a scanning electron microscope. All 
structures had a total area of 100 × 100  μ m. 

  Optical Characterization : Transmission spectra 
were measured with a Fourier-transform infrared 
spectrometer (Bruker Vertex 70 V, tungsten lamp) 
combined with an infrared microscope (Bruker 
Hyperion 2000, 15× Cassegrain objective, NA = 0.4, 
487wileyonlinelibrary.comheim
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thermoelectric-cooled MCT detector, infrared polarizer). For the data 
in Figures  3 d and  4 d, the incident light was circularly polarized by a 
superachromatic quarter-wave plate, while detection of the transmitted 
light was polarization insensitive. The measured spectra were 
normalized with respected to a bare sapphire substrate.  
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