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A metamaterial structure consisting of a one-dimensional metal/air-gap subwavelength grating is investigated for
optical antireflection for a germanium surface in the infrared regime. For incident light polarized perpendicularly
to the metal grating lines, the metamaterial exhibits effective dielectric properties, and the Fabry–Perot-like
resonance results in the elimination of the reflection and the enhancement of optical transmission. It is
found that the subwavelength grating metamaterial antireflection structure does not require a deep-
subwavelength grating period, which is advantageous for device fabrication. Optical transmittance as high as
93.4% with complete elimination of the reflection is shown in the midwave infrared range. © 2015 Optical

Society of America
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1. INTRODUCTION

Metamaterials are artificial materials consisting of subwave-
length metal-dielectric structures. Because the feature sizes of
metamaterials are smaller than the wavelengths of interest, a
metamaterial can be treated as a spatially averaged homo-
geneous material with effective electromagnetic properties de-
termined by the structure and compositions of the unit cell
[1,2]. Metamaterials can be engineered to have electromagnetic
properties that cannot be found in nature. Various metamate-
rial properties, such as negative refractive index [3], high refrac-
tive index [4], and optical magnetism [5], have been reported
for controlling electromagnetic waves. One kind of metamate-
rial that exhibits highly anisotropic electromagnetic properties
has been extensively investigated recently [6–14]. This type of
metamaterial is called “hyperbolic material.” A hyperbolic
metamaterial has dielectric-like properties in one direction
and metallic properties in orthogonal directions, or vice versa.

In this paper, we investigate a hyperbolic metamaterial
structure for optical antireflection coating on the germanium
substrate surface in the midwave infrared regime. The hyper-
bolic metamaterial consists of a one-dimensional (1D) metal/
air-gap subwavelength grating. The metal/air-gap subwave-
length grating exhibits dielectric material properties for polari-
zation perpendicular to the grating lines. By changing the fill
factor and the period of the grating, the effective dielectric
constant can be designed. Optical wave interference in the

dielectric-like metamaterial can reduce optical reflection and
enhance optical transmission, similar to traditional quarter-
wave dielectric layer antireflection coatings. In a traditional
quarter-wave antireflection coating, the index of refraction
of the dielectric layer is required to match the square root of
the product of the refractive indices of the substrate material
and the incident region. The quarter-wave dielectric antireflec-
tion coating forms a single-mode Fabry–Perot optical cavity. At
the resonant wavelength, reflection can be completely sup-
pressed and transmission can be enhanced. For IR antireflec-
tion applications, the choice of dielectric materials is limited
because not all dielectric materials are transparent in the infra-
red regime. In addition, dielectric materials with matched
refractive indices for quarter-wave antireflection coatings do
not always exist in nature. Recently, a strategy of using meta-
material surfaces for antireflection has been reported to over-
come the index-matching requirement in the terahertz and
infrared ranges [15–17]. The structured metal thin films pro-
vide designer optical reflection coefficients that can cause de-
structive interference in the reflection region. In this paper, we
investigate an alternative approach for achieving antireflection
by engineering the effective dielectric constant of a hyperbolic
metamaterial to reduce the reflection. In contrast to the two-
dimensional (2D) antireflection coating structure, the antire-
flection coating structure in this paper is a 1D structure that
consists of only one metamaterial layer between air and the
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substrate. Furthermore, the feature size of the 1D structure is
not in the deep-subwavelength regime, which is advantageous
for fabrication.

2. SUBWAVELENGTH METAL GRATING
METAMATERIAL FOR ANTIREFLECTION

The antireflective metamaterial is made of a 1D subwavelength
gold metal grating on a germanium substrate. The schematic of
the metamaterial structure is shown in Fig. 1. The metal grating
has a subwavelength period of Λ, a metal grating linewidth of
w, and a height of h. The fill factor of the metal grating lines is
defined as f � w∕Λ. Therefore, the width of metal grating
lines can be written as a � Λf , and the width of the air-gaps
can be written as b � Λ�1 − f �.

When the period of the subwavelength grating is much
smaller than the wavelength, the effective electric permittivities
in the x, y, and z directions can be approximately obtained
from the following equations [18]:

1

εxx
� f

εm
� 1 − f

εair
; (1)

εyy � εzz � f εm � �1 − f �εair: (2)

We calculated the effective electric permittivities versus wave-
length for a fill factor of 0.53 and plotted the results in Fig 2. In
Fig. 2(a), it can be seen that εxx falls in the range from 2.143 −
0.0020j to 2.128 − 0.0003j in the wavelength range from 2 to
10 μm. Real parts of εyy and εzz have negative values, as seen in
Fig. 2(b); thus the 1D grating behaves as a hyperbolic meta-
material with dielectric-like properties in the x polarization and
metallic properties in the y and z polarizations; i.e., Re�εxx � > 0
and Re�εyy� � Re�εzz � < 0, over a wide spectral range.

Equations (1) and (2) are valid in the deep-subwavelength
period regime. For periods not in the deep-subwavelength re-
gime, we can calculate the effective permittivity by solving the
Bloch wave equation [18]. The dispersion relation between
Bloch wave number K , period Λ, and wave numbers k1x
and k2x is given in the following equation [18]:

cos�KΛ� � cos�k1xa� cos�k2xb�

−
1

2

�
ε2k1x
ε1k2x

� ε1k2x
ε2k1x

�
sin�k1xa� sin�k2xb�: (3)

In the above equation, the Bloch wave number K is the
Bloch wave propagation constant in the x direction. ε1 and
ε1 are the electric permittivities of gold and air, respectively.
For the wave propagating in the −z direction, the Bloch wave
vector K is zero. In Eq. (3), k1x and k2x can be written in terms
of β in the following equations, where β is the Bloch wave
propagation constant in the −z direction:

k1x �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε1

�
ω

c

�
2

− β2

s
; k2x �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε2

�
ω

c

�
2

− β2

s
: (4)

We numerically solved Eq. (3) for β. Then we plotted
�β∕k0�2 versus the wavelength for different subwavelength gra-
ting periods. k0 is the wave number in free space. �β∕k0�2 is the
effective electric permittivity of the metamaterial. The effective
permittivities are shown in Fig. 3. Effective permittivity in the x
direction in Fig. 2(a) is shown again for comparison, labeled as
the approximation in Fig. 3. In Fig. 3(a), the real part of the
effective permittivity approaches the value of Eq. (1) as the
period approaches the deep-subwavelength regime. When
the period increases in the subwavelength regime, the real part

Fig. 1. Schematic of 1D metal subwavelength grating metamaterial
structure on a germanium substrate. Incident light is polarized in the x
direction and propagates in the −z direction. The period of the grating
is Λ, the metal linewidth is w, and the height is h.

Fig. 2. Effective electric permittivities of a deep-subwavelength
metal grating (a) in the x direction and (b) in the y and z directions.
The fill factor of the grating is 0.53. (a) Effective permittivity in the x
direction. (b) Effective permittivity in the y and z directions.
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of the effective permittivity decreases, approaching 1. As shown
in Fig. 3(b), as the period decreases and approaches the
deep-subwavelength regime, the imaginary part of the electric
permittivity also decreases and approaches the value of
the deep-subwavelength regime given by Eq. (1), except for the
period of 400 nm. We also observed that the imaginary part of
the electric permittivity decreases as the period increases
over 200 nm.

Optical transmittance and reflectance from the antireflective
metamaterial structure were calculated for various structure
parameters using finite-difference time-domain (FDTD)
simulations with a commercial software code (Lumerical
Solutions, Inc.). First, transmittance and reflectance versus
wavelength were calculated for different metal fill factors with
a fixed grating period of 400 nm and a fixed grating height of
1100 nm. Incident light is polarized in the x direction and
propagates in the −z direction. The optical constants of gold
and germanium were taken from Ref. [19]. Figure 4(a) shows
a 2D plot of the transmittance versus wavelength (horizontal
axis) and fill factor (vertical axis). Transmittance values higher
than 90% are encircled by a white dashed line. The maximal
transmittance is 93.2% for a fill factor of 0.53 at 4.66 μmwave-
length. Figure 4(b) shows a 2D plot of reflectance versus wave-
length (horizontal axis) and fill factor (vertical axis).

Reflectance values lower than 3% are also encircled by a
white dashed line. The minimal reflectance is essentially zero

(0.005%) for a fill factor of 0.57 at 4.53 μm wavelength. When
the fill factor is 0, there is no metal and transmission and
reflection occur at the boundary of germanium and air. As
the fill factor increases, the real part of the electric permittivity
in the x direction remains positive and increases from zero
while the imaginary part of the electric permittivity is small.
Increasing the fill factor enhances optical wave interference
in the structure, causing destructive interference in the reflec-
tion region. For fill factors in the range from 0.45 to 0.72,
reflectance is lower than 3.0%. Correspondingly, when the fill
factor falls between 0.42 and 0.64, transmittance is higher than
90%. As the fill factor approaches 1, the metamaterial turns
into a uniform gold film that has zero transmission and high
reflection. Thus, the optimal fill factor range for high transmis-
sion (>90%) and low reflection (<3%) is between 0.45
and 0.64.

Next, we calculated the transmittance and reflectance for
different grating periods by fixing the fill factor at 0.53 and
the grating height at 1100 nm. Calculation results are shown
in Fig. 5. The maximal transmittance of 93.4% occurs for a
grating period of 460 nm at the wavelength of 4.57 μm. A min-
imal reflectance of 0.3% occurs for the grating period of
390 nm at the wavelength of 4.66 μm. Transmittance higher
than 90% and reflectance lower than 3% are encircled with
white dashed lines in Figs. 5(a) and 5(b), respectively. It can
be seen that there is a large range of grating periods, from
180 and 680 nm, for which antireflection can occur. This
implies that hyperbolic metamaterial antireflection does not

Fig. 3. (a) Real part of εxx and (b) imaginary part of εxx effective
permittivity of the metamaterials for periods of 20, 50, 100, 200, and
400 nm and a fill factor 0.53, along with the deep-subwavelength
effective permittivity.

Fig. 4. (a) Transmittance and (b) reflectance versus fill factor and
wavelength. Period is 400 nm, and grating height is 1.1 μm.
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require a deep-subwavelength grating period. Although the
maximal transmittance occurs at 460 nm, longer period up
to 680 nm can also be considered for easier fabrication.
This property is very desirable for fabricating antireflective
metamaterial coatings.

Finally, we calculated transmittance and reflectance as a
function of grating height by fixing the fill factor at 0.53
and the grating period at 400 nm. The results are shown in
Fig. 6. It can be seen that the peak transmission wavelength
scales linearly with the grating height. The linear dependence
of the peak transmission wavelength on the height of the gra-
ting suggests the occurrence of Fabry–Perot optical cavity in-
terference. Lower and higher bands correspond to the first and
second Fabry–Perot resonance modes. Because the first mode
exhibits higher transmission and wider bandwidth, the first
mode is preferable for antireflection. The peak transmission
wavelength is approximately four times the grating height;
i.e., the antireflective metamaterial layer thickness is about
one quarter of the free space wavelength. The maximal trans-
mittance was found to be 93.2% at 1110 nm grating height at
4.71 μmwavelength. The minimum of the reflectance is almost
zero (0.06%) at a grating height of 2.13 μm at 9.37 μm
wavelength. The second-order optical resonance enhanced
transmission can also be seen in Fig. 6, which occurs for thicker
grating layers.

To show the polarization selectivity, transmittance and
reflectance from a 1D grating structure with a fill factor of

0.53, a period of 400 nm, and a grating height of 1100 nm
were calculated for both x- and y-polarization incidence.
Transmittance and reflectance for x and y polarizations are
plotted in Fig. 7. For the x polarization, the 1D grating has a
maximal transmission and a minimal reflection at 4.71 μm. For
the y polarization, the 1D structure has zero transmittance and
a constant reflectance of 98%, which is due to the effective met-
allic property of the metamaterial grating in the y direction.

The results obtained by FDTD simulations were compared
with the results calculated from optical wave interference theory
using the effective optical constants εxx shown in Fig. 2 for nor-
mal incidence. The height of the gold grating was chosen to be
1100 nm, and the fill factor was chosen to be 0.53. The grating

Fig. 5. (a) Transmittance and (b) reflectance versus wavelength for
different grating periods. The fill factor is 0.53. The height is 1.1 μm.

Fig. 6. (a) Transmittance and (b) reflectance versus height of the
grating and wavelength. The period is 400 nm, and the fill factor
is 0.53.

Fig. 7. Transmittance and reflectance versus wavelength for x and y
polarizations. The fill factor is 0.53. The period is 400 nm. The height
is 1100 nm.
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period was chosen to be 50, 100, 200, and 400 nm, respec-
tively. For calculations with the optical wave interference
theory, the grating period does not matter because the electric
permittivities do not change with the grating period. However,
for FDTD simulations, the results vary with the period.

Figures 8(a) and 8(b) show the transmittance and reflectance
versus wavelength, calculated with the optical wave interference
theory (the solid line) based on the effective medium theory
and FDTD simulations (dashed lines). It can be seen that as
the grating period decreases, FDTD simulation results are
red-shifted and approach the result of the optical interference
theory with effective medium material constants. This makes
sense because the calculation of the effective electric permittiv-
ity assumes that the period is deeply smaller than the wave-
length. Thus, the period needs to be very small to closely
match the result of optical interference theory. However, it
is interesting to find that the optimal antireflection structure
does not require a deeply small subwavelength period. Finite
subwavelength period gratings provide better antireflection
in the 3–6 μm range than deeply small subwavelength period
gratings. This property is very significant for fabricating anti-
reflection metamaterial coatings, because it is usually techni-
cally challenging to fabricate deeply small subwavelength
period metal gratings.

To further understand the enhanced transmission through
the finite period metal grating structure, we calculated the elec-
tric field (Ex and Ez components) and magnetic field distribu-
tions (Hy) at the peak transmission wavelength of 4.66 μm for a
gold grating structure of 400 nm period, 0.53 fill factor, and

1100 nm height. Figures 9(a) and 9(b) show the electric field
profiles of the Ex and Ez components normalized to the electric
field amplitude of the incident wave. Figure 9(c) shows the
magnetic field profile of the Hy component normalized to
the magnetic field amplitude of the incident wave. It can be
seen that the incident light is coupled to the propagating sur-
face plasmon–polariton wave in the air-gaps of the metal gra-
ting. The surface electrical currents on both sides of the metal
grating walls oscillate in opposite directions. Propagating sur-
face plasmon wave resonance enhanced transmission through
subwavelength narrow metal slits has been discussed earlier
in [20–22]. Here, the electric dipoles induced on the dielectric
substrate provide a short to the surface plasmon electric current
oscillations on the sides of the metal grating walls. Therefore,
the metal slits on the dielectric surface support a magnetic res-
onance at a lower frequency than that of metal slits without
a dielectric substrate. The magnetic resonance couples the
plasmon–polariton energy to the transmission side of the gra-
ting. The coupling between the surface plasmon–polariton
wave and the dipoles on the dielectric surface forms the mag-
netic resonance mode. The electric displacement currents on
the side walls of the metal slits and the germanium substrate
surface are indicated by the red arrows in Fig. 9(c). The reso-
nance frequency depends on the geometry of the metal grating
and also the dielectric constant of the dielectric substrate. Here,
the resonance wavelength is about four times the metal grating
height. We also calculated light transmission through the same
metal grating structure without the germanium substrate. It
was found that the magnetic field enhancement is in the middle
of the metal grating and the maximal transmission occurs at a
shorter wavelength of 2.6 μm.

We also calculated the angular dependence of the transmit-
tance and reflectance from an antireflective metamaterial
grating structure with grating period of 400 nm, fill factor
of 0.53, and height of 1.1 μm. Figures 10(a) and 10(b) show
the transmittance and reflectance versus wavelength and angle
of incidence in the y–z plane. Figures 11(a) and 11(b) show the
transmittance and reflectance versus wavelength and angle of
incidence in the x–z plane. It was found that good performance
antireflection occurs within an incident angle range from 0° to
16° (transmission greater than 90%) and from 0° to 12° for
reflection smaller than 3%. The performance of antireflection

Fig. 8. (a) Transmittance and (b) reflectance versus wavelength for
gratings of period 50, 100, 200, and 400 nm, compared to the trans-
mittance and reflectance calculated by using the effective medium of
the structure.

Fig. 9. Normalized electric field profiles of (a) Ex and (b) Ez
components at the peak transmission wavelength. (c) Normalized
magnetic field profile of Hy component at the peak transmission
wavelength.
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degrades as the angle of incidence increases due to the
plasmon-coupled optical wave interference inside the thick
dielectric-like metamaterial layer.

3. SUMMARY

In this paper, a metamaterial structure consisting of a 1D
subwavelength metal/air-gap grating was investigated for anti-
reflection coating for germanium substrate. The 1D structure
metamaterial functions as an effective dielectric in the polari-
zation direction perpendicular to the metal grating lines with
designer electric permittivity. The plasmon-coupled optical
wave resonance in the metamaterial structure results in com-
plete elimination of the reflection and enhancement of trans-
mission. It is found that it is not necessary for the grating period
to be deeply smaller than the wavelength for achieving antire-
flection. The thickness of the subwavelength grating metama-
terial antireflection coating is approximately a quarter of the
free space wavelength. The antireflection performance is sensi-
tive to an increase of the angle of incidence. Sensitivity to the
angle of incidence can be advantageous for imaging systems in
which unwanted stray light needs to be rejected.

Air ForceOffice of Scientific Research (AFOSR) (12RY05COR,
15RYCOR159); National Science Foundation (NSF)
(1158862).

W. Kim acknowledges support from the Alabama Graduate
Research Scholars Program. J. Hendrickson acknowledges the
support from the U.S. Air Force Office of Scientific Research
(AFOSR) under LRIR nos. 12RY05COR and 15RYCOR159.

REFERENCES

1. D. R. Smith and D. Schurig, “Electromagnetic wave propagation in
media with indefinite permittivity and permeability tensors,” Phys.
Rev. Lett. 90, 077405 (2003).

2. D. R. Smith, D. C. Vier, T. Koschny, and C. M. Soukoulis,
“Electromagnetic parameter retrieval from inhomogeneous
metamaterials,” Phys. Rev. E 71, 036617 (2005).

3. D. R. Smith, W. Padilla, D. Vier, S. Nemat-Nasser, and S. Schultz,
“Composite medium with simultaneously negative permeability and
permittivity,” Phys. Rev. Lett. 84, 4184–4187 (2000).

4. M. Choi, S. H. Lee, Y. Kim, S. B. Kang, J. Shin, M. H. Kwak, K.-Y.
Kang, Y.-H. Lee, N. Park, and B. Min, “A terahertz metamaterial with
unnaturally high refractive index,” Nature 470, 369–373 (2011).

5. Y. A. Urzhumov and G. Shvets, “Optical magnetism and negative
refraction in plasmonic metamaterials,” Solid State Commun. 146,
208–220 (2008).

6. Z. Jacob, L. V. Alexkseyev, and E. Narimanov, “Optical hyperlens:
far-field imaging beyond diffraction limit,” Opt. Express 14, 8247–
8256 (2006).

7. J. Yao, Y. Wang, K.-T. Tsai, Z. Liu, X. Yin, G. Bartal, A. M. Stacy, Y.-L.
Wang, and X. Zhang, “Design, fabrication and characterization of
indefinite metamaterials of nanowires,” Philos. Trans. R. Soc. A
369, 3434–3446 (2011).

8. X. Yang, J. Yao, J. Rho, X. Yin, and X. Zhang, “Experimental
realization of three-dimensional indefinite cavities at the nanoscale
with anomalous scaling laws,” Nat. Photonics 6, 450–454 (2012).

9. A. Poddubny, I. Iorsh, P. Belov, and Y. Kivshar, “Hyperbolic
metamaterials,” Nat. Photonics 7, 948–957 (2013).

10. V. Drachev, V. A. Podolskiy, and A. V. Kildishev, “Hyperbolic meta-
materials: new physics behind a classical problem,” Opt. Express
21, 15048–15064 (2013).

11. J. Sun, J. Zeng, and N. M. Litchinitser, “Twisting light with hyperbolic
metamaterials,” Opt. Express 21, 14975–14981 (2013).

12. P. Shekhar, J. Atkinson, and Z. Jacob, “Hyperbolic metamaterials:
fundamentals and applications,” Nano Converg. 1, 14 (2014).

13. Y. Guo, W. Newman, C. L. Cortes, and Z. Jacob, “Applications of
hyperbolic metamaterial substrates,” Adv. Optoelectron. 2012,
452502 (2012).

Fig. 10. (a) Transmittance and (b) reflectance versus wavelength
and angle of incidence in the y–z plane.

Fig. 11. (a) Transmittance and (b) reflectance versus wavelength for
different angles of incidence in the x–z plane.

Research Article Vol. 32, No. 7 / July 2015 / Journal of the Optical Society of America B 1397



14. E. E. Narimanov, H. Li, Y. A. Barnakov, T. U. Tumkur, and
M. A. Noginov, “Reduced reflection from roughened hyperbolic
metamaterial,” Opt. Express 21, 14956–14961 (2013).

15. H.-T. Chen, J. Zhou, J. F. O’Hara, F. Chen, A. K. Azad, and A. J.
Taylor, “Antireflection coating using metamaterials and identification
of its mechanism,” Phys. Rev. Lett. 105, 073901 (2010).

16. H.-T. Chen, J. F. Zhou, J. F. O’Hara, and A. J. Taylor, “A numerical
investigation of metamaterial antireflection coatings,” Int. J. THz Sci.
Technol. 3, 66–73 (2010).

17. B. Zhang, J. Hendrickson, N. Nader, H.-T. Chen, and J. Guo,
“Metasurface optical antireflection coating,” Appl. Phys. Lett. 105,
241113 (2014).

18. P. Yeh, Optical Waves in Layered Media (Wiley, 2005), Chap. 6.
19. E. D. Palik, Handbook of Optical Constants of Solids I (Academic,

1985), Part II.
20. J. A. Porto, F. J. Garcia-Vidal, and J. B. Pendry, “Transmission

resonances on metallic gratings with very narrow slits,” Phys. Rev.
Lett. 83, 2845–2848 (1999).

21. S. Astilean, P. Lalanne, and M. Palamaru, “Light transmission through
metallic channels much smaller than the wavelength,” Opt. Commun.
175, 265–273 (2000).

22. J. Weiner, “The electromagnetics of light transmission through sub-
wavelength slits in metallic films,” Opt. Express 19, 16139–16153
(2011).

1398 Vol. 32, No. 7 / July 2015 / Journal of the Optical Society of America B Research Article


