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Transparent Metals for Ultrabroadband Electromagnetic 
Waves
 Bulk metals, such as gold, silver and copper, are all naturally 
opaque to light due to the large mismatch of refractive index 
between the metals and dielectrics. Making metals transparent, 
which could lead to various fascinating applications, has long 
been pursued. Recently by developing structured materials, it 
is possible to design the electromagnetic properties of materials 
beyond the nature. For example, in the structured metals, the 
excited free electrons may induce surface plasmons (SPs) [  1  ]  or 
spoof surface plasmons (SSPs) in the long-wavelength regime, [  2  ]  
which are essentially the collective surface charge density waves 
and propagate along slit or hole walls, nanowires, channels, 
etc. When the propagation is terminated by the geometric 
boundaries, SPs can be converted back into light, contributing 
to extraordinary transmission of light through the structured 
metals. [  3–10  ]  Besides, engineered metallic structures have been 
used as building blocks [  11  ]  to construct metamaterials, [  12  ]  which 
offer the possibilities for superlenses, [  13  ]  negative refractive 
indices, [  14  ]  high indices of refraction, [  15  ]  and many other fansci-
nating phenomena and applications. However, these artifi cial 
structures have some common drawbacks. One is the narrow 
transmission bandwidths that typically appear as discrete res-
onant peaks, which allows the device working only at several 
specifi c frequencies. The other is the low transmission effi -
ciency for thick materials. Nowadays, people are struggling to 
expand the working bandwidth and increase the transmission 
effi ciency for applications. For example, both Huang et al. [  6  ]  and 
Alu et al .  [  7  ]  proposed that metallic gratings consisting of narrow 
slits can become transparent for extremely broad bandwidths 
under oblique incidence, which is associated with the excitation 
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of SPs (or SSPs). Recently, Subramania et al. [  8  ]  theoretically 
studied broadband funneling of light via ultrasubwavelength 
channels, and such channels signifi cantly create non-resonant 
metallic platform possessing broadband transparency features. 
Nevertheless, no experimental work has been conducted so far 
to make metal panels highly transparent and antirefl ective, par-
ticularly for white light. 

 In this communication, we demonstrate for the fi rst time 
with experiments that metallic gratings consisting of narrow 
slits can become non-dispersively transparent for terahertz 
(THz) waves. The broadband optical transmission is verifi ed for 
the structured metals with thickness within the range of half 
a wavelength, and the high transmission effi ciency is in fact 
insensitive to the metal thickness. Furthermore, this approach 
can implement transparent metals nearly over the entire spec-
trum ranging from the radio frequency to the visible. The inves-
tigations provide a guideline to develop many novel devices, 
including transparent conducting panels, white-beam polar-
izers, broadband metamaterials, and antirefl ective solar cells. [  16  ]  
Particularly, broadband transparent metal panels may play 
important roles in THz regime (10 11  to 10 13  Hz). It is known 
that the THz technology [  17–21  ]  is widely applied in information 
and communications technology (ICT), biology and medical 
sciences, homeland security, and so on. Our fi ndings provide 
a novel design for transparent conducting panels with simulta-
neously desired electrical and optical performance, which may 
signifi cantly benefi t the ICT. 

 The one-dimensional metallic grating shown in  Figure    1  a 
is one of the simplest metallic structures, where  d ,  W , and   τ   
denote the grating period, the slit width, and the grating thick-
ness, respectively. Using the rigorous coupled-wave analysis 
(RCWA) [  22  ,  23  ]  and fi nite-difference time-domain (FDTD) [  24  ]  cal-
culations, one can fi nd that within a certain angular range of 
oblique incidence, the metallic grating can become transparent 
in the entire long wavelength regime for transverse magnetic 
(TM) polarization. For example, Figure  1 b shows the calculated 
transmission through gold gratings with grazing incidence 
angle   θ    =  84 ° . The gratings indeed become highly transparent 
for all wavelengths   λ    >   d  (1  +  cos  θ  )  ≈  2 d . The unusual trans-
parence phenomenon occurs within a certain angular range 
around   θ    =  84 ° . Meanwhile, the top grating surfaces become 
completely anti-refl ective. These results are surprising and 
counterintuitive. Particularly for   λ    >  >   d , one might think that 
the incident wave could not resolve the details of the slit struc-
tures and should only see a homogeneous opaque metal aver-
agely diluted by the slit gaps.  

 At the microscopic level, however, the metallic grating has 
rich physics. As illustrated in Figure  1 a, the incident electric 
mbH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 1980–1986
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     Figure  1 .     Light transmission through 1D metallic gratings with oblique 
incidence geometry. a) Schematic of light tunneling by moving electrons 
on the surfaces and slit walls. Note that for   λ    >   d (1  +  sin  θ  ), the scat-
tered waves along directions other than the forward transmission ( T  0 ) 
and specular refl ection ( R  0 ) directions are all evanescent (denoted by gray 
rays). b) Transmittance of TM-polarization light calculated for gold grat-
ings with period  d   =  0.5 mm, slit width  W   =  0.05 mm, and thicknesses 
  τ    =  0.43 and 1.1 mm, at   θ  f    =  84 °  as specifi ed by equation ( 1 ). The inset 
shows the transmission variation in the shorter-wavelength range, where 
the sharp transmittance dips correspond to Wood anomalies satisfying 
 d (1  +  sin  θ  )  =   n λ   ( n   =  1,2,3, … ). TM polarization. Red and blue curves cor-
respond to the cases of   τ    =  0.43 mm and   τ    =  1.1 mm, respectively.  
fi eld  E  in   e i ω t   (  ω   is the circular frequency of the incident wave) 
illuminates both the top surface  AB  and part of the slit wall,  BP , 
and drives free electrons there to move as surface charge density 
waves. These waves propagate continuously on the wall  PD , but 
are stopped at corner  D  to form high-density charges that oscil-
late with  e i ω t   and emit the transmitted wave ( T  0 ). The transmis-
sion effi ciency reaches the maximum at the incidence angle [  6  ] 

 θ f ≈ arctan (d/W − 1)   (1)    
 Note that charge accumulation also occurs at corner  A , from 
which the emitted wavelets offset the specularly refl ected wave-
lets from surface  AB  to minimize the overall refl ection. 

 To experimentally realize transparent metals, we have pre-
pared different metallic gratings with varied geometries for 
transmission measurements in the THz frequency band, where 
© 2012 WILEY-VCH Verlag GmAdv. Mater. 2012, 24, 1980–1986
the metals are highly conductive with negligible Ohmic loss. 
 Figure    2  a shows the optical image of one of the gold grating. 
The measurements are carried out with an Ekspla THz real-time 
spectrometer, as schematically shown in Figure  2 b. The time-
domain signal  E ( t ) of the polychromatic THz pulse transmitted 
through the grating with different incident angles   θ   are shown 
in Figure  2 c. Obviously, the grating is partially transparent at 
all the incident angles, but the signal amplitude increases as 
  θ   is approaching 68 ° , indicating that the overall transmission 
effi ciency of the grating increases at high incident angle for the 
incident THz pulse. It is known that the strongest and nearly 
fl at white-beam transmission can occur only for   λ    >    λ   WD1  with 
oblique incidence, and   λ   WD1 (  θ  )  =   d (1  +  sin  θ  ) is the wavelength 
where the fi rst-order Wood anomaly occurs. Subtracting these 
shorter-wavelength contributions from the Fourier transform of 
the signals in Figure  2 c, we obtained the average transmission 
effi ciency ( T L  ) curves in Figure  2 d for long wavelengths from 
1.05 to 1.5 mm. Here  T L   increases remarkably from 28% at   θ    =  
0 to 80% around   θ    =  68 ° . The maximum transmission angle 
  θ    ∼  68 °  in fact agrees well with   θ  f     =  66.8 °  predicted by Equa-
tion ( 1 ) for the air void fi lling ratio  W / d   =  0.3.  

 The transmittance spectra  T  0 (  λ  ) obtained from Figure  2 c by 
Fourier transformation are shown in Figure  2 e. For compar-
ison, we illustrate also in Figure  2 e the corresponding spectra 
calculated by the RCWA method. These computations were 
also verifi ed by FDTD calculations with a pulsed incident beam. 
The calculated maximum transmittance is nearly 100% due 
to the negligible Ohmic absorption of the grating. The meas-
ured maximum transmittance is, however, about 83%, which 
could be caused by the imperfections of the grating, such as 
the surface roughness and the fl uctuation of the slit width. 
Despite of the attenuation of the strength, the major features of 
the measured spectra are in good agreement with the calcula-
tions (Figure  2 e). The transmittance dip marked by the arrow 
corresponds to the fi rst-order Wood anomaly at   λ   WD1 (  θ  )  =   d (1  +  
sin  θ  ), which correctly shifts from  d  toward 2 d  by increasing   θ  . 
For normal incidence   θ    =  0 ° , the transmission peaks are known 
as Fabry-Perot (FP) resonance peaks occurring at   λ  N    =  2  τ  / N  
 +   Δ   N  , where  N   >  0 is an integer and  Δ   N   is the redshift of the 
peak. [  4  ,  25–27  ]  Here for   θ    =  0 ° , the second-order FP peak ( N   =  2) 
is partially truncated at   λ   WD1 . Beyond the FP resonance ranges, 
the transmission is very low (particularly for thick gratings). 

 For oblique incidence, Figure  2 e shows that the long-
wavelength transmission gradually increases as   θ   is increased. 
For   θ    =  68 ° , the transmittance becomes nearly constant for 
  λ    >    λ   WD1 , with  T  0   ∼  83% and 99% for the measurements and 
calculations, respectively. Our THz spectrometer only covers 
the wavelength range between 0.3 and 1.5mm, yet RCWA 
calculations show that the nearly fl at transmission at   θ    =  68 °  
in Figure  2 e extends to the radar wave band, similar to the 
curves in Figure  1 b. The fl at  T  0  curves have little change in 
the range 67 °   <    θ    <  72 ° . Limited by our experimental setup, 
we are not able to measure the transmission for   θ    >  75 ° . So in 
the last panel of Figure  2 e we only present the calculated trans-
mission spectra for   θ    =  75 ° , 80 ° , and 85 ° , from which one can 
see that the long-wavelength transmittance drops when   θ    >  75 ° . 
Therefore, the angular range 67 °   <    θ    <  75 °  is the maximum and 
nearly fl at transmission range for the current grating, which is 
close to the prediction of Equation ( 1 ). 
1981wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  2 .     Measurements and calculations of TM-polarization light transmission through a gold grating. a) Optical image of the grating. The insert 
shows the cross section.  d   =  0.5 mm,  W   =  0.15 mm, and   τ    =  0.34 mm. b) Schematic of the experiment setup. EMT: THz emitter. DET: THz detector. 
The dashed-line box is a nitrogen purging box. c) Time-domain THz transmission signals for different incident angles. d) Average transmission effi -
ciency for 1.05 mm  ≤    λ    ≤  1.5 mm. e) Comparison of the measured and calculated transmission spectra. Note that the regime where broadband fl at 
transmission occurs is for the wavelengths larger than   λ   WD1  marked by black arrow.  
 By measuring the optical spectra of oblique incidence from 
  θ    =  0 to   θ    =  72 ° , we obtain the angular transmission spectra and 
the dispersion map of the gold grating shown in  Figures    3  a and 
Figure  3 c, respectively. It is evident that the maximum trans-
mission appears around   θ    =  68 ° , as marked by the dashed lined 
in Figure  3 a. Broadband high transparency indeed occurs in the 
range 67 °   <    θ    <  72 °  (as shown in Figures  3 a and  3 c). Therefore, 
we confi rm that metallic gratings become highly transparent 
for broadband long wavelengths with oblique incidence.  
982 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag 
 To verify further the broadband transparency of structured 
metals, we examine another grating with the same lattice 
parameter as previous one but with different thickness,   τ    =  
0.22 mm. The measured angular transmission spectra and the 
dispersion map of this grating are illustrated in Figures.  3 b 
and  3 d, respectively. The maximum transmission still appears 
around   θ    =  68 °  (as marked in Figure  3 b), and high broadband 
transparency is preserved (as shown in Figures  3 b and  3 d). 
Comparing with the fi rst sample, here only the fi rst-order FP 
GmbH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 1980–1986
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     Figure  3 .     Experimentally measured angular transmission spectra of the gold gratings with period  d   =  0.5 mm, slit width  W   =  0.15 mm, but a different 
thickness( τ ): a)  τ   =  0.34 mm; b)  τ   =  0.22 mm. The black dashed lines in (a) and (b) indicate the maximum transmission angles. Experimentally meas-
ured dispersion maps of the two gratings: c)  τ   =  0.34 mm; d)  τ   =  0.22 mm. Black dotted lines in (c) and (d) represent light cone lines, white dotted 
lines in (c) and (d) show the position of Wood anomaly.  k  //   =  2  π   sin  θ  /  λ   is the in-plane wave vector, and  k g    =  2  π  / d  is the reciprocal lattice vector. Here 
incident angle   θ   ranges from 0 degree to 72 degree. Color bar shows the measured transmission intensity.  
peak appears for normal incidence, whereas all other FP peaks 
fall below   λ   WD1  (as shown in  Figure    4  a) because of the smaller 
thickness   τ   of the second sample. The  T  0  curves for small inci-
dent angles   θ   are different from their counterparts in Figure  2 e. 
However, the nearly fl at transmission spectra of the two grat-
ings at   θ    =  68 °  (to see Figure  4 b and Figure  2 e) are very sim-
ilar in the long-wavelength range   λ    >    λ   WD1 . These experiments 
indicate that the broadband transmission is insensitive to the 
grating thickness   τ ,  and it is irrelevant to the FP resonance that 
sensitively depends on the thickness. More examples are given 
in the Supporting Information.  

 The microscopic mechanism of light transmission through 
the slits with the assistance of free electron oscillation can be 
understood as follows. For the scenario of normal incidence and 
FP resonance, the charge distribution of the second grating at 
a specifi c time is calculated and shown in Figure  4 c, where the 
charge densities at the four corners reach the maximum. Con-
tinuously temporal distributions of charge densities and elec-
tric fi elds for normal incidence can be found in Movie S1 in the 
Supporting Information. The incident electric fi eld  E  in  drives 
the movement of free electrons on the top surface  AB , and the 
electrons are trapped at corners  A  and  B  to form an oscillating 
dipole  P   a  .  P   a   emits a wavelet inside the slit, which excites the 
free electrons on the slit walls and forms downward-propagating 
SPs. When the SPs reach the bottom, the charge movement 
© 2012 WILEY-VCH Verlag GmAdv. Mater. 2012, 24, 1980–1986
is discontinuous at corners  C  and  D , inducing another oscil-
lating dipole  P   b  . Thereafter, SPs are bounced backward to the 
upper surface to interfere with  P   a  . Thus,  P   a   and  P   b   eventually 
form FP resonance under the condition  N  λ   ≈  2 τ , where  N   >  0 
is an integer and  λ  is the wavelength of the incident light. [  6  ]  
The wavelets emitted from the periodic dipoles  P   b   along the 
forward direction form the transmitted beam. In the scenario 
that FP resonance condition is not satisfi ed,  P   a   and  P   b   interact 
destructively, hence no strong transmission takes place. [  25  ]  The 
FP resonance makes it possible to use the grating as a wire grid 
polarizer, [  28  ]  but such effects depend on the grating thickness. 

 For the oblique incidence, as illustrated in Figure  1 a, the inci-
dent beam directly illuminates part of the slit wall ( BP ), thus 
applies a vertical driving force  e  E   w   on the electrons on the slit 
wall ( e  denotes the charge per electron) that can signifi cantly 
facilitate electron movement (i.e., propagation of SPs) on the 
walls. In particular, when the total forces exerted on  AB  and  BP  
are balanced, the electrons can move smoothly around corner 
 B  without charge accumulation. Then the charge waves formed 
on  AB  and  BP  may propagate continuously on the unillumi-
nated wall  PD  to the bottom. With this balanced-force condition, 
the tendency for SPs to be bounced back is almost completely 
suppressed by the force  e  E   w  . Subsequently, the FP resonance 
does not occur at the optimal incidence angle   θ  f   and the electrons 
move continuously on the entire surfaces  AB  and  BD , resulting 
1983wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  4 .     Measurements and calculations of TM-polarization light transmission through the gold grating: a)   θ    =  0 ° ; b)   θ    =  68 ° . Instantaneous charge 
distribution calculated at: c)   λ    =  0.62 mm and   θ    =  0 ° ; d)   λ    =  1.2 mm and   θ    =  68 ° . In the grating,  d   =  0.5 mm,  W   =  0.15 mm, and   τ    =  0.22 mm.  

     Figure  5 .     Dependence of the optimal fl at transmission angle   θ  f   on the 
ratio  W / d . a) Comparison between the fl at transmittance curve at   θ  f     =  87 °  
and the normal-incidence transmittance curve.  W   =  25  μ m,  d   =  0.5 mm, 
  τ    =  2.5 mm. b) Dependence of   θ  f   on  W / d  calculated by RCWA and Equa-
tion ( 1 ). Note that these two curves are almost completely independent 
of the grating thickness   τ  .  
in strong light transmission through the slits (see Ref. 6). In 
the THz band, this picture is exactly verifi ed by the charge dis-
tribution in Figure  4 d, where high charge accumulation does 
occur at corners  A  and  D  but is nearly absent at corner  B  under 
the balanced-force condition. The emission of the transmitted 
light from the charge oscillation is illustrated more clearly by 
temporal distributions of charge densities and electric fi elds in 
Movie S2 of the Supporting Information. Therefore, we suggest 
that SP excitation occurs only on the active surface  AB  and  BP . 
Once the SP is excited in the balanced-force condition, the SPs 
can freely propagate on the slit wall  PD  towards the bottom if 
the Ohmic loss of the metals is negligible. This explains why 
the fl at transmission process is insensitive to the grating thick-
ness, as demonstrated above. Thus, broadband extraordinary 
transmission can occur through extremely thick gratings. For 
instance, our calculations show that the nearly fl at transmittance 
 T  0  remains above 70% when   τ    =  10 cm (about 100 times larger 
than the wavelength) and  W / d   =  0.3 in the THz band. 

 As indicated by Equation ( 1 ), the optimal incidence angle   θ  f   
for broadband transparence strongly depends on the air void 
fi lling ratio  W / d . In our experiments, this has been verifi ed from 
gratings with different ratios  W / d  (see the Supporting Informa-
tion). As another example,  Figure    5  a shows the calculated fl at 
transmittance spectrum of a thick gold grating with a small ratio 
 W / d   =  0.05, where the optimal incident angle   θ  f     =  87 °  obtained 
from RCWA calculations satisfi es Equation ( 1 ) quite well. Com-
paring with the normal-incidence spectrum, the extraordinary 
transmission ( > 90%) is remarkable in terms of the extremely 
narrow slits (compared with  d  and   λ  ) and the large thickness 
  τ    =  2.5 mm.  

 Figure  5 b shows the dependence of   θ  f   on the ratio  W / d  cal-
culated from Equation ( 1 ) and RCWA, respectively. In general, 
the curves show that   θ  f   decreases with increasing  W / d , which 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag Gm
is consistent with our experiments. For  W / d   ≤  0.1, the results 
from Equation ( 1 ) and RCWA are in agreement near perfectly, 
bH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 1980–1986



www.advmat.de
www.MaterialsViews.com

C
O

M
M

U
N

IC
A
TIO

N

as illustrated in Figure  5 a and Figure  1 b as examples. But for 
large  W / d ,   θ  f    predicted by Equation ( 1 ) is generally smaller than 
that from RCWA calculations. However, note that for each  W / d , 
the nearly fl at transmission can occur within a fi nite incident 
angular range (from  ∼ 1 °  for  W / d   ≤  0.1 to  ∼ 10 °  for  W / d   >  0.5). 
In Figure  5 b, each point on the   θ  f   curve obtained from RCWA 
represents the center of this angular range. Taking this fact into 
account, one may see that the discrepancies between the two 
curves are not signifi cant. Therefore, although Equation ( 1 ) is 
not always rigorous, it still captures the microscopic mecha-
nism underlying the broadband transparence phenomenon. 

 With the assistance of surface plasmons, metallic gratings 
become non-dispersively transparent to broadband electro-
magnetic waves for oblique incidence. However, the oblique-
incidence geometry illustrated above may be inconvenient for 
technological applications, as mentioned by Subramania et al. 
in Ref. 8. To solve this problem, an alternative approach is to 
use the oblique grating illustrated in  Figure    6  a to achieve broad-
band transparency under normal incidence. Based on the force-
balance condition, [  6  ]  the optimal oblique angle of the grating 
can be achieved as follows. The total force applied on the upper 
surface by the incident electric fi eld  E  in  can be expressed as  F u    =  
( eE  in  cos  ϕ  )  aI u  , where  I u    ∝  cos  ϕ   is the effective photon density 
incident on the surface  BA . The total force exerted on the illu-
minated slit wall  BP  is  F w    =  ( eE  in  sin  ϕ  ) l w  I w  , where  l w    =  [( d /cos  ϕ  ) 
 −   a cos  ϕ  )]/sin  ϕ   is the length of the illuminated wall  BP  and  I u    ∝  
sin  ϕ   is the photon density incident on the wall. The balanced-
© 2012 WILEY-VCH Verlag GAdv. Mater. 2012, 24, 1980–1986

     Figure  6 .     Comparison between transmission through oblique and regular 
gratings under normal incidence. a) Schematic of the oblique grating. 
b,c) Top-view optical micrographs of the oblique (  φ    =  32 ° ) and regular 
(  φ    =  0 ° ) gratings, respectively.  d   =  0.56 mm,  a   =  0.3 mm, and   τ    =  1.95 mm. 
The top-view period (red scale bar) of the oblique grating in (b) is  d /
cos  φ    =  0.66 mm while in (c) the period is 0.56 mm. d,e) Measured and 
calculated normal-incidence transmission spectra of the two gratings.  
force condition requires  F u    =   F w  . It follows that the optimal 
oblique angle   ϕ  f   should obey

 a(1 + tan φ f )
/

(1 + tan2 φ f ) = d tan φ f   (2)     

 For an oblique grating with lattice parameters  a   =  0.3 mm 
and  d   =  0.56 mm, Equation ( 2 ) predicts   ϕ  f    =  32 °  for broadband 
high transmission with normal incidence. 

 To verify the transparent of oblique gratings under normal 
incidence, we fabricated two thick gratings with the lattice 
parameters  a   =  0.3 mm and  d   =  0.56 mm, one with an oblique 
angle of   ϕ    =  32 °  and the other with   ϕ    =  0 (regular grating), as 
shown in Figures.  6 b and  6 c, respectively. Figures  6 d and  6 e 
show the experimentally measured normal-incidence (  θ    =  0 ° ) 
transmission spectra and the corresponding FDTD calculations 
of these two gratings, respectively. Apparently, the spectra of 
the two gratings are quite different from each other although 
the gratings have the same effective ratio  W / d   =  0.464. Note 
that the horizontal period of the oblique grating becomes  d /
cos  ϕ    =  0.66 mm. Consequently, the fi rst-order Wood anomaly 
shifts to   λ   WD1   =  0.66 mm from 0.56 mm for the regular grating. 
Comparing with that of the regular grating, the FP effect of the 
oblique grating is signifi cantly suppressed above   λ   WD1 . There-
fore, the average transmission effi ciency in the long-wavelength 
range   λ    >    λ   WD1  is much higher than that of the regular grating. 
In particular, the transmittance tends to be fl at in the range 
0.7 mm  <    λ    <  1.0 mm in Figure  5 d with the maximum transmit-
tance close to 100% (for   τ    =  1.95 mm), despite that the FP effect 
is not completely suppressed for   λ    >  1 mm. Therefore by tuning 
the ratio  W / d  and the   ϕ   angle of the oblique grating, high broad-
band transmittance can be realized for normal incidence. 

 In conclusion, we have demonstrated in this communication 
that metallic gratings with narrow slits can become highly trans-
parent for extremely broad bandwidths with oblique incidence 
or with normal incidence for oblique gratings. The broadband 
optical transmission is verifi ed for the structured metals with 
thickness within the range of half a wavelength, and the high 
transmission effi ciency is insensitive to the metal thickness. 
In particular, thick metal gratings possess both advantages of 
extremely high-effi ciency transmission and high-performance 
electrical properties, which may have many potential applica-
tions in information and communications technology and 
other fi elds. Currently the experiments are carried out in THz 
band, yet continuous and nearly unitary transmission can be 
achieved in the broadband frequency ranging from visible light 
to radio wave. Our observations demonstrate a simple yet effi -
cient way to make broadband transparent metals, based on 
which more complicated applications on antirefl ection solar 
cells and stealth technologies, for example, can be anticipated. 
The physics underlying the shown phenomena may also shed 
new light on widening the bandwidths and increasing of the 
effi ciency of more complicated structured materials, including 
sonic artifi cial materials. 

  Experimental Section 
  Fabrication Methods for the Structures : The grating patterns are 

designed by the software (AutoCAD, 2007), and transferred onto both 
sides of an aluminum plate via photochemical reaction. The uncoated 
1985wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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 parts of the aluminum plate are then removed by chemical etching on 

both sides in order to construct normal gratings. Finally, to protect 
aluminum plates and enhance the conductivity of the grating surface, 
3  μ m-thick gold fi lms are coated on all the surfaces (including the slit 
walls) by magnetron sputtering. The oblique grating is assembled with 
metallic strips. The metallic strips are fi rst achieved by cutting the 
normal gratings. Then, the strips are fi xed at the desired angle (  ϕ    =  32 ° ) 
with certain period. 

  Optical and Structure Characterization : The measurements are carried 
out with an terahertz (THz) real-time spectrometer (EKSPLA/THz, 
Lithuania), where the femtosecond pulsed laser beam is split by a 50:50 
splitter into two beams, one as the reference beam and the other directed 
along an optical delay line. The latter then illuminates the THz emitter 
to produce the THz pulse, which is TM polarized before the grating. The 
emitter and detector are two photoconductor antennas. By scanning the 
delay line, we obtain the time-domain signal  E ( t ) of the polychromatic 
THz pulse transmitted through the grating with respect to the reference 
laser pulse. Afterwards, the transmission spectrum is obtained from the 
Fourier transform of  E ( t ) for   λ   from 0.3 to 1.5 mm, and the measured 
spectra are normalized with respect to the transmittance spectra of 
air. Carrying out fi ne measurements of the optical spectra at oblique 
incidence from   θ    =  0 to   θ    =  72 °  with steps of 1 ° , we experimentally 
obtain the angular transmission spectra and the dispersion map of the 
gold grating.  
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