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A subwavelength array of holes in a metal film residing on a silicon photonic crystal exhibits very sharp
resonant absorption modes and extraordinary thermal emission. We developed a rigorous electromagnetic
theory of subwavelength emitters based on the scattering matrix approach. Simulations exhibit a resonant
absorption and emission when the photonic crystal is present, in good agreement with measurements. Diffrac-
tion resonances are found within the silicon photonic crystal. These combine with the extraordinary transmis-
sion through subwavelength hole arrays to generate resonant absorption in subwavelength arrays of metallodi-
electric photonic crystals. There is enormous enhancement of fields within the holes for resonant emissive
modes.
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I. INTRODUCTION

Subwavelength arrays of holes in metal films have re-
cently attracted enormous scientific interest following the
discovery of enhanced transmission of light through such
periodic arrays.1 For incident light of wavelength �, a hole in
a metallic sheet cannot sustain propagating modes for hole
diameters less than �� /2. Experimental and theoretical stud-
ies have interpreted the enhanced transmission2,3 to be due to
generation of surface plasmons on the metal-dielectric inter-
faces. Others have argued for multiple diffraction effects.4,5

Such subwavelength arrays have great potential for novel
applications to imaging and optics. Photonic crystals6 have
been extensively studied for wide-ranging applications to
light manipulation in optics and optical communications.

I. Puscasu et al.7 and M. Pralle et al.8 recently discovered
that subwavelength hole arrays have extraordinary sharp
thermal emission that substantially modify the black-body
spectrum. By combining a photonic crystal �PC� with the
subwavelength hole array in a metal, a narrow resonant ab-
sorption was created, leading to a narrow band thermal emis-
sion at a wavelength � near the lattice spacing a. Remark-
ably, when the subwavelength metal array resides on a
uniform substrate, no resonant absorption or emission is ob-
served. We provide a rigorous explanation for these unex-
pected results using a comprehensive electromagnetic theory
of the optical properties. Such subwavelength emitter arrays
have immense potential for a new class of infrared sensors of
gases and toxic species. If narrow band thermal emission can
be tuned to optical wavelengths, remarkable energy efficient
incandescent sources can be achieved offering great promise
for energy-efficient lighting.

More recently, it has been observed7 that triangular lat-
tices offer a narrower absorption/emission than the previous
square lattices.8 Previously, the spectral control of thermal
emission was achieved by periodic etching of pyramidal pits
in a Pt-coated silicon wafer9 to increase the thermal emission
intensity at 2–2.5 �m. Recently, by introducing a periodic
one-dimensional microstructure into the polar SiC wafer, a

thermal emissive infrared source was fabricated that was re-
markably coherent over large distances with radiation in nar-
row well-defined directions.10 This is based on the generation
of surface phonon polaritons in the polar material.10

Infrared emitters: Simulation and measurement

The emissive structure developed by I. Puscasu et al.,7

utilized n-silicon wafers coated with a thin Pt layer �thick-
ness d1�0.1 �m; see Fig. 1�. A triangular lattice of holes
was fabricated by standard photolithography and deep reac-
tive ion-beam etching. The lattice spacing �a�, hole radius �r�,
and etching depth d3 were varied systematically. At small
etch depths �d3�0.1 �m�, holes are in the metal. For deeper
etches in the silicon, there is a hole array in the metal mesh
residing on a two-dimensional �2D� silicon photonic crystal

FIG. 1. �Color online� Schematic of subwavelength structure in
side view, showing metal coating, silicon photonic crystal and sub-
strate, with the thicknesses of the layers displayed. The top view of
the experimental structure is shown in the top right.
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with the same triangular symmetry. We focus on the a
=4.2 �m lattice since measurements on a=3.4–6.2 �m pro-
duced similar results. For r=0.25a=1.05 �m, a subwave-
length hole array was formed for ��4 �m.

The reflection �R� and transmission �T� of these structures
were measured with high resolution Fourier transform infra-
red spectroscopy �FTIR�.7 The absorption A=1−R−T. The
measured transmission �T� is close to 0, and the calculated
transmission in this paper is less than 0.006. Hence T�1
and A�1−R. An absorption peak is then equivalent to a
reflectance minimum. If the substrate was thinned away to
zero, the reflection minima would correspond to a transmis-
sion peak as in the subwavelength arrays.1–3

To understand the unexpected emission, we developed a
rigorous scattering matrix �S-matrix� theory.11 The structure
is divided into slices along z. In each slice, the dielectric
function ��r� is a periodic function of the planar coordinates
�x ,y�. Hence, the dielectric function and its inverse is ex-
pressed as a Fourier expansion with coefficients ��G� or
�−1�G�. In the triangular lattice, the lattice vectors are A1

=a�1,0�, A2=a�1/2 , �3/2� with reciprocal lattice vectors
G1= �2� /a��1,−1/ �3�, G2= �2� /a��0,2 / �3�.

In the metal layer

��G� = ����� + f�1 − �����		G,0 + f�1 − �����
2J1�Gr�

Gr
.

The air filling fraction f =�r2 / ��3a2 /2� and � is the fre-
quency. The E and H fields are expanded in Bloch waves,

Ek�x
,z� = �
G

EG�z�ei�k+G�•x
 .

The transfer matrix11 is diagonalized to obtain the eigen-
modes of both polarizations within each layer. Continuity of
the parallel components of E and H at each interface, lead to
the scattering matrices Si of each layer. A standard recursion
algorithm12 combines the scattering matrices of each layer
into the scattering matrix S for the entire structure, from
which we simulate the reflection and transmission.

We utilize the Drude form ���� of Pt incorporating ab-
sorption, fitted to the experimentally measured ����.13 We
obtained very similar results with the interpolated experi-
mental �-dependent ���� for Pt. For Si, we utilize �=�1

+ i�2, with �1=11.7 a value reasonable throughout IR wave-
lengths. By fitting measured reflection and transmission
through silicon wafers without metal coatings,14 we found a
weak absorption �2=0.02 was needed to account for mea-
surements.

In the metal, ��G� has significant Fourier components for
large holes �r /a=0.25� and strongly damped components for
smaller holes. Convergence for most frequencies were ob-
tained by N�G�=535 plane waves ��G � 
14�2� /a�� for r /a
=0.25, and matrix sizes �2N�G�� of 1070. Higher conver-
gence was achieved at selected frequencies using N�G�
=757. Larger holes with r /a=0.35, necessitate using N�G�
=757 for a large portion of the frequency range. For smaller
holes �e.g., r /a
0.25� or for all-dielectric structures conver-
gence is faster, and was achieved with N�G��271.

II. RESULTS

To understand the complex multilayer metallodielectric
PC, we conceptually divide it into simpler components. We
then understand the optical properties of the composite struc-
ture. We first simulated a freestanding metal mesh and find
�Fig. 2� a deep resonance near ��a, where the transmission
T�1, the reflectance R�0 in agreement with the enhanced
transmission in subwavelength hole arrays. The transmission
is more than four times the predicted classical transmission
�0.22� for air holes with this area. For smaller holes, the T
peak remains at ��a, but becomes narrower and weaker,
and the enhancement factor increases further. The hole array
selectively filters a narrow band of wavelengths around �
�a to pass with enhanced transmission. The enhanced trans-
mission in the triangular lattice is similar to previous results
with square lattices.1–5,14 We have examined in detail the
origin of the enhanced transmission mode,15 and find that the
enhanced transmission in freestanding metal mesh is due to a
diffraction of the incident wave. Constructive interference
between the reflected evanescent surface waves and the inci-
dent field occurs at the resonant frequency of the transmis-
sion maximum. The calculation will be described
separately.15

We now analyze the full structure with the thin �0.1 �m�
Pt coating covering the photonic crystal �depth d3� on a thick
�d4=372 �m� Si wafer. A thin oxide �thickness 0.1 �m�
separates the metal and silicon. The calculated normal reflec-
tance �Fig. 3� shows a deep minimum at ��4 �m with a
weaker longer � minima at 10.7 �m. The transmission
through the thick wafer is below 0.006 at all wavelengths
and is not shown. The main resonance contains a sharp sub-
minima near 4.25 �m ���a�. The wavelengths of the Pt-
semiconductor surface plasmon �SP� �Ref. 16� �Fig. 3� are
shown for the effective dielectric ��eff=9.27� appropriate for
the air filling fraction �23%� of the Si PC. The dip near
11 �m varies as ��efffor different filling ratios and can be
identified with the �i=1, j=0� Si-Pt SP. The �3,0� Si-Pt SP
occurs within the main minima. The main resonance is con-
trolled by the metal-air enhanced transmission mode. For �

a, the specular R has lower values �R=0.5–0.6� than non-
specular R �Fig. 3� due to diffraction.

FIG. 2. �Color online� Calculated reflectance �R� and transmis-
sion �T� of a subwavelength triangular lattice of holes of radius
r /a=0.25 in a thin Pt layer of thickness 0.1 �m at normal
incidence.
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Remarkably, when the subwavelength hole mesh in the
metal layer resides on a uniform Si-substrate, the reflectance
�Fig. 3� exhibits only a weak dip near ��a. From calcula-
tions, we verified that PC depths exceeding �4 �m give
similar results as d3=8 �m. The depth effect on the reso-
nance saturates after 4 �m.

Similar calculated spectral features �Fig. 4� occur for off-
normal incidence ��=10° � where the main resonance red-
shifts to 4.5 �m �for p polarization�. The reflectance oscilla-
tions occur due to multiple reflections within the layered
structure. The measured reflectance for this structure for �
=10° �Fig. 4� was obtained with an FTIR spectrometer. Cal-
culations agree well with measurements, except for a shift,
including the deep minimum �R�0.1� at ��a, the long �
minimum near 10.5 �m the high R at long � and the lower R
for �
a. The calculated absorption A=1−R−T, has a prin-
cipal peak at ��a. The calculated emission is the black-

body Planck function modulated by the absorption. At tem-
peratures typical of experiment �625 K�, we calculate a
normal emissivity �Fig. 5�, centered at a wavelength � just
less than a, with magnitude just below the black-body emis-
sion. The theoretical emission spectrum agrees well with
measurement.

Dependence on the hole radius

We have systematically studied the dependence of the op-
tical properties on the hole radius and found considerable
insight into the underlying mechanisms. It is well known that
cylindrical apertures allow a propagating TE11 mode below
a cutoff wavelength �11=3.42r ��3.6 �m for our geometry
with r=0.25a�, below which the holes partially transmit as
seen in Fig. 3. It is essential that the holes be of subwave-
length dimension with the condition that the cutoff wave-
length for propagating modes be smaller than the lattice
spacing �a�. If the hole radius increases, the wavelength cut-
off �11 increases, and the apertures are subwavelength when
�11
a or r /a
0.29 �for cylindrical apertures�. When r /a
�0.29 additional wave-guide modes transmit through the
apertures leading to a much broader reflection minimum, and
the structure is no longer in the subwavelength regime. Al-
ternatively, for smaller hole radius the wavelength cutoff �11
becomes shorter. To understand further the mechanism of
enhanced absorption, we have simulated the optical behavior
for structures with holes of different sizes. For small holes
�r /a=0.20�, the reflectance minimum at ��a is present but
weaker in magnitude with R�0.4 at the minimum. This
leads to a narrow but weaker intensity absorption peak, so
that the emission from this structure is considerably lower
than the black-body value. Decreasing hole radii leads to
narrower but shallower reflection minima. For still smaller
r /a, the reflectance minimum decreases in size further, and
the reflectance approaches a high featureless value as ex-
pected for the limiting case of a smooth metal film. For
r /a=0.25, the reflectance minimum is narrow and R is �0.1
at the minimum leading to a deep absorption that translates
into a narrow and strong emission peak. The wavelength of
the absorption minimum does not appreciably change with
hole radius for these small holes �r /a�0.25�, since the reso-
nance is controlled by the porous metal mesh.

FIG. 3. �Color online� Calculated specular reflectance �R� at
normal incidence photonic crystal of d3=8 �m on the subwave-
length metal mesh of thickness d1=0.1 �m. The entire structure
resides on a thick �372 �m� Si wafer. Also shown �bars� are the
positions of the surface plasmon modes for a metal-dielectric inter-
face with effective dielectric constant of 9.27 of the patterned Si-
layer. The dotted line shows the reflectance when there is no pho-
tonic crystal �d3=0�, i.e., a uniform silicon substrate. The
transmission through the silicon wafer is below 0.006 at all wave-
lengths and is not shown in the graph.

FIG. 4. �Color online� Calculated off normal specular reflec-
tance ��=10°, 
=0°� in p polarization for the d3=8 �m structure,
compared to measured p-polarized specular reflectance �dotted
line�. The calculated reflectance from a patterned silicon wafer
�without the metal coating� and with a=4.2 �m is shown in the
inset.

FIG. 5. Calculated emission in the normal direction at T
=625 K for the structure with a photonic crystal of depth d3=8 �
on a subwavelength metal mesh, compared with the expected black-
body curve �dotted line�.
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As the holes are made larger r /a=0.30, the reflectance
minimum broadens significantly and there is considerable
absorption in the range of 5–7 �m. The reflectance is domi-
nated by multiple reflectance oscillations throughout this
wavelength range. For still larger radius �r /a=0.35�, the en-
tire reflectance feature broadens into a single feature with
considerable multiple reflectance oscillations. The transmit-
ted waveguide mode is now at 5 �m, indicative of the dip
near 5 �m �Fig. 6, r /a=0.30�. We find the value of r/a�0.25
to be very close to the optimum radius that ensures both high
absorbance and emittance as well as a narrow absorption
profile.

The long wavelength reflectance minimum varies from
10.7 �m �r /a=0.25� to 9.2 �m �r /a=0.35�. The wavelength
of this feature scales linearly with the effective refractive
index �neff� of the silicon photonic crystal. This behavior is
consistent with this feature arising from the metal-
semiconductor surface plasmon mode at the silicon-metal in-
terface.

To understand the role of the PC we calculated the reflec-
tance of the 2D PC without the metal overlayer, for propa-
gation along z for different values of the hole radius r /a. In
the limit of vanishing hole radius, the reflectance approaches
the featureless value of �0.3 expected for a smooth dielec-
tric film. For small hole radius �r /a=0.15–0.20�, the reflec-
tance is featureless �Fig. 7� with typical values of R
�0.2–0.25. For larger holes with r /a�0.25, we find weak
but significant reflectance dips near ��a where R�0.15,
lower than typical reflectance values of 0.2–0.25 in the
2–7 �m range. The fitted curves �Fig. 7� illustrate weak but
significant reflection minimum for r /a�0.25. For larger
holes �r /a=0.3–0.35�, there is an overall decrease of the
reflectance around ��a, accompanied by strong oscillations
from multiple reflection effects. The silicon photonic crystal
behaves similar to a two-layer material with a smaller effec-
tive refractive index �neff� in the upper layer of thickness
8 �m, on top of the much thicker silicon substrate �n
=3.42�. The 8 �m thickness and neff control the multiple
reflection oscillations.

III. DISCUSSION

At the resonances, for p-polarized incident waves, calcu-
lated E field intensities for the full structure at the top surface
�Fig. 8�a�� show sharp maxima at the rim of the holes with
large enhancements exceeding the incident field at these
maxima. Fields are weaker near the center of the hole. For
the �=4.25 �m subpeak, the field is dipolar, consistent with
a diffraction mode in the subwavelength hole array in the
metal. The reasoning here is that we examined the fields of
the enhanced transmission mode �Fig. 3� of the hole array in
the metal layer and found a very similar field distribution as
in Fig. 8�a�. The high fields at the hole edges extend from the
top surface to the bottom of the metal layer. The diffractive
contributions to the fields of the enhanced transmission case
are discussed below.

We consider the r /a=0.25 case in particular, in which the
silicon PC exhibits a weak reflectance minimum at ��a
�Fig. 7�. The PC diffracts5 a guided mode along z �perpen-

dicular to the layer�, with the modal field in the silicon PC
having maxima at the edges of the holes along x �the direc-
tion of a crystal lattice vector�, and appreciable in the Si
regions away from the holes �Fig. 8�b��. The symmetry of the

FIG. 6. Calculated normal reflectance of the subwavelength hole
array in a metal layer, on the photonic crystal �Fig. 1� as a function
of hole size with r /a varying from 0.20 to 0.35. All other param-
eters in the structure are kept the same as the photonic crystal case
in Fig. 3 �including the depth d3=8 �m and d4=372 �m�.
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field is due to the incident wave being polarized along the x
axis, and this mode is sixfold rotationally degenerate. There
is no guided mode for a uniform substrate.

The diffraction resonance in the silicon PC for r /a=0.25
has a field distribution of similar symmetry as in the metal
layer, and matches well with the extraordinary transmission
resonance of the subwavelength hole array in the metal.
These two resonances couple to guide the incoming mode
into the PC. Since the PC weakly absorbs, this mode is ab-
sorbed within the Si-PC and the substrate. Thermal emission
is the reverse process where the spontaneous emission of
photons within Si emerges from the surface of the metal
mesh at the resonance ��a. This mechanism differs from
directive thermal emission from three-dimensional �3D� me-
tallic PCs.17–20

The radius of r /a=0.25 allows the guided mode to dif-
fract through the silicon PC. Although larger holes also allow
a guided mode in the PC �Fig. 6�, the porous metallic grid
now supports propagating wave-guide modes for holes that
are larger than r /a=0.29. There is considerable transmission
through the porous metallic layer for r /a�0.29, and a broad
reflection feature and consequently broad absorption feature
emerges. The emission from such a structure is no longer a
narrow band, as is the case for the subwavelength lattice with
r /a=0.25. Hence, the value of r /a=0.25 is close to the op-
timum geometry for a enhanced transmission mode through
a subwavelength array that can be coupled to a guided mode
in the underlying silicon PC. These numerical results provide
insight into the modes expected in this structure and account
for most of the numerical and experimental results. More
rigorous treatments of thermal radiation coupled to photonic
crystal modes19,21 have recently been developed.

The low order k=0 photonic bands occur at ��neffa
�3a, or at wavelengths much longer than the resonant emis-
sion region, and are therefore not connected with the ob-
served emission. We have briefly considered different � sub-
strates. We find that small decreases in � leave the resonant
absorption mode near ��a, while the long wavelength re-
flectance minimum �10.7 �m for Si substrates and r /a
=0.25 in Fig. 3� moves to lower wavelengths scaling as neff
similar to the effect found for larger holes �Fig. 6�. This
supports the conclusion that this long wavelength mode is a
metal-semiconductor surface plasmon mode. As � is weak-
ened, the guiding of modes within the substrate also de-
creases. In the limit of �→1, the guiding mode vanishes as it
must. However, the limit �→1 is the limit of a thin metal
mesh surrounded by air—exactly the result of Fig. 2. This
�→1 limit produces a deep reflectance minima and strong
transmission maxima �as in Fig. 2�. However, there is no

FIG. 7. �Color online� The calculated reflectance from a pat-
terned silicon wafer �without the metal coating� with a=4.2 �m
and for different values of the hole radius r /a=0.15 to 0.35. For
clarity, each curve is offset upward by 0.2. Solid lines in the top
three curves are fits.

FIG. 8. �Color online� �a� Electric field intensities plotted at the
surface of the metal layer, at the resonant wavelengths of 4.25 �m,
showing large field enhancement at the hole boundaries. �b� E field
intensity just below the surface for the resonant mode through the
silicon PC without the metal layer at ��4.46 �m.
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absorbance in the �→1 limit. This is why small decreases in
� do not change much the reflectance dip near ��a, al-
though the absorption is weaker since transmission through
the metal mesh also increases. Further experimental and
simulation studies are needed to quantify the semiconductor
substrates. It should be noted that the metal-dielectric SPs
change position with changing �, so that individual emission
peaklets occur at different �, affording an alternate way to
tailor the fine features of the emission spectrum.

The resonant emission at ��a is controlled instead by the
metal mesh. By analyzing the evanescent fields, we inferred
that the enhanced transmission is caused by the constructive
interference of evanescent diffracted reflected waves with the
incident field at the top surface of the metal mesh. These
evanescent reflected fields do not contribute to the reflec-
tance of the structure, since reflectance arises from propagat-
ing modes. For the wavelength � just larger than a, the dif-
fracted evanescent waves constructively couple with the
incident field, causing the extraordinary transmission through
the holes. At wavelengths away from the resonance, the con-
structive interference effect no longer occurs. The phase of
the diffracted wave is controlled by the spacing between
holes and not the hole radius. This is why the wavelength of
the resonance is controlled by the hole spacing and not af-
fected much by the hole radius. More numerical results will
be presented separately15 to quantify these conclusions. This
constructive interference effect controlling the enhanced

transmission is independent of the underlying substrate, but
must couple to guided modes in the photonic crystal under-
neath.

IV. CONCLUSIONS

We developed a rigorous scattering-matrix theory of light
guidance and emission that can be achieved by coupling a
subwavelength array with a photonic crystal, with resonant
reflectance minima and emission peaks. The enhanced trans-
mission mode of the subwavelength array of holes in a metal
film is guided and absorbed in a photonic crystal with weak
absorption. The photonic crystal below the subwavelength
metal grid is essential for a strong resonance and high emis-
sivity. Emissive modes have field enhancements at the hole
perimeters. Such subwavelength grids have extensive appli-
cations for spectroscopic sensors and photon recycling for
thermophotonics.
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