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ABSTRACT

This report presents an overview of our study on the optical transmission and thermal light emission properties of sub-
wavelength hole arrays fabricated in a square lattice with 4 |im periodicity. The structures were fabricated in thin
aluminum (Al) films on silicon (Si) substrates using conventional photolithography. The spectra were obtained using a
Fourier transform infrared spectrometer with a port for an external cryostat configured for thermal emission
measurements. The perforated films showed extraordinary transmission bands in the mid-infrared spectral range, which
could be well explained as due to light coupling to surface plasmon-polaritons on the two film interfaces. We fitted the
transmission spectra and calculated the absorption spectra of these structures using a model for the dielectric response
that utilizes an effective plasma frequency determined by the individual holes, as well as several resonant modes
associated with the reciprocal vectors in the lattice structure factor. We found that the thermal emission spectrum from
the perforated films followed the transmission spectrum characteristics, rather than the obtained absorption spectrum; in
apparent contrast to Kirchhoffs law of radiation. We conclude that the perforated films behave as radiation filters,
where the thermal emission radiation is suppressed in the frequency range outside the transmission resonant bands in the
spectrum.
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1. INTRODUCTION

Collective excitations of the electronic density on a surface of smooth metallic film lead to surface plasmon polaritons
(SPP). Light is does not couple to SPP on such films, because conservation of energy, E and momentum, k cannot be
obeyed simultaneously [1]. On a (E, k) plot, the SPP dispersion curve lies below that of electromagnetic waves in
vacuum. Also metallic films whose thickness is greater than the optical skin depth are opaque to light at frequencies
below the bulk plasma frequency. However, in a metallic film that is perforated with two-dimensional (2D) periodic
array of holes that forms a 2D metallo-dielectric photonic crystal, the periodicity allows for grating coupling of the SPP
light to lightSPP, which results in resonantly enhanced transmission bands, also referred to as ‘anomalous transmission’
or ‘extraordinary optical transmission’ (EOT). The EOT phenomenon was discovered approximately a decade ago in
groundbreaking work by Ebbesen et al. where the optical transmission through a perforated Al film in the visible/near-
infrared spectral range was measured [2]. This work launched a large number of experimental and theoretical studies on
perforated metal films with subwavelength hole arrays or ‘plasmonic lattices’ having both periodic [2-20], aperiodic [21-
25], and even fractal [26] structures. The intense interest in the EOT phenomenon is partially due to potential wide-
ranging applications in near-field microscopy [27], optoelectronics [28, 29], and biosensing [30], Most of the
experimental work to date has dealt with EOT in the visible, near-infrared and THz spectral ranges. It has been
recognized [15, 23] that the resonant transmission bands have different properties in these two spectral ranges, since the
SPP attenuation is much larger in the visible spectral range. However, relatively few EOT studies have been performed
in the mid-infrared (MIR) spectral range [16, 31]. The MIR range is particularly interesting since the SPP attenuation is
still low in this range; and in addition commonly available MIR spectrometers may be used without the necessity of
sophisticated experimental tools such as those needed in the THz range.
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Approximately at the same time of the discovery of EOT through plasmonic lattices, it was suggested that thermal
emission radiation from a metallic array should be very different from the well-known Planck blackbody emission
spectrum [32], Specifically the calculated emission spectrum was found to be strongly affected by resonances in the
optical spectra. This work has initiated a number of investigations aimed at studying the modification of the thermal
emission spectrum from 3D metallic photonic crystals [33-42], where strong changes in the emission spectrum compared
to metals have been observed. Also a controversy was recently noticed, where the claim that the thermal emission
efficiency of 3D metallic photonic crystals is larger than that of a blackbody was challenged [40, 41], So far most of the
studies of thermal emission from photonic structures have been performed using 3D photonic crystals [32-42], However
2D photonic crystals might also change the photonic density of states (DOS) of the heated metals and consequently alter
the thermal emission spectrum. In particular, it is not clear whether perforated metallic films in the form of a 2D
plasmonic lattice that show EOT are sufficiently strong photonic crystals that their thermal emission spectrum can be
modified.

In this work, we report our studies of the optical transmission and thermal emission spectra from subwavelength hole
arrays fabricated in square lattice symmetry with 4 (im periodicity in aluminum (Al) thin films. We found the existence
of EOT resonances and anti-resonances (AR) in the MIR spectral range, which can be well explained by light coupling
to SPP excitations. From the EOT spectrum, we calculated the effective dielectric function and the corresponding
absorption spectrum of the perforated metal films using a recently suggested model. In this model, the individual holes
determine the effective plasma frequency, whereas the reciprocal vectors in the lattice structure factor determine the
resonant modes. We found that the absorption spectrum of the perforated film exhibits an inverse optical modulation of
the transmission spectrum; namely absorption peaks (dips) replace transmission dips (peaks) in the spectrum. We also
found that the thermal emission from the perforated film is modified compared to that of an un-pattemed film. Although
the obtained changes in the emissivity spectrum are small, the overall thermal emission spectrum is still strongly altered,
primarily because the hole array structure acts as a radiation filter, where the emission is suppressed outside of the
resonant EOT bands. This optical filtering is characteristic of weak photonic crystals, where the photon DOS in the
heated metal film is weakly modified by the perforated interfaces, suggesting weak coupling between the SPP
excitations on the metal/dielectric interfaces and the MIR photonic states inside the metal film.

2. EXPERIMENTAL

Al films were deposited on Si substrates using an e-beam evaporator with a thickness of about 300 nm. The hole array
structure with square lattice symmetry were then fabricated using standard photolithographic processes. After patterning
the photo-resist, the periodic hole array pattern was transferred onto the underlying metal films by a reactive ion-etching
method. The fabricated hole array lattice constant was 4 (im with hole diameter 0f2.46 |im (Fig. 1 inset). To characterize
the spectral response of these metallo-dielectric arrays we used a Fourier Transform infrared (FTIR) spectrometer. The
optical transmission spectrum, T(co) in the MIR spectral range was measured through the hole arrays at normal incidence
and then was normalized by the transmission spectrum of a bare Si substrate in the same spectral range. The Al film is
opaque in the MIR spectral range, and thus the obtained anomalous transmission bands are due to the individual holes in
relation with interference resonances from light coupling to SPP on the two Al film interfaces [2],

The experimental setup for measuring the thermal emission spectra from the heated metallic films was properly
configured to minimizing background emission that might interfere with the main thermal emission spectrum from the
sample (Fig. 2). This was achieved by mounting the samples in a liquid nitrogen cooled vacuum chamber that was
pumped down to approximately 10'5Torr. The sample was mounted on a NiCr wire heating coil and subsequently heated
to a temperature T ~ 600K. The thermal emission radiation passed through a KBr cryostat window, and was fed into an
external port of the FTIR spectrometer for spectral analysis. A KBr beam-splitter and a DTGS-MIR photodetector were
used for the MIR signal detection. This photodetector/beam-splitter combination has a fairly flat spectral response in the

MIR spectral range from 4 to 20 (im.
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3. RESULTS AND DISCUSSION

3.1 Extraordinary transmission spectra

As seen in Fig. 1 the transmission spectrum, T(co) from the fabricated perforated metallic films contains a broad
enhanced transmission band starting from ~ 400 cm™], as well as several resonant transmission bands (indexed 1 to 5),
each followed by a respective anti-resonance dip on the high frequency side that are due to the hole array lattice
periodicity [2, 11]. Similar EOT features have been obtained previously in T(co) in the visible [2] and THz [11, 23]
spectral ranges through perforated metal structures with appropriate lattice constants that match the resonant
wavelengths. These EOT resonances have been explained by a model that involves SPP coupling to light on the
perforated metal surfaces [2]. A modification of this model [43] is described below.

An incident light that impinges on a smooth metallic surface at normal angle cannot excite SPP excitations, as these
excitations can exist only in the transverse magnetic mode on such a metallic surface [1]. However the periodically
spaced holes on the metallic surface allow for grating-coupling between the incident light and SPP excitations on the two
film interfaces. The conservation of quasi-momentum in this case is usually written as [2],

KP=kxtmux£nuy @)

-1 271
where .k‘].: (—A )sin0 is the component of the incident light wave-vector in the plane of the hole array, and L}( ar}d u

- . . . f2 ) i
are the primitive reciprocal lattice vectors. For a square lattice we have wJ =\u — ; where ao is the lattice

constant of the hole array structure, and m, n are integers. From the conservation of energy we get for the SPP wave-
vector, kspp on a smooth metallic film

@

spp
C yemca) + a2

where Em{co) and Sd are the respective dielectric constants of the metal film and substrates; Si or air. At normal

incidence and for Bm» Ed Eqgs. (1) and (2) can be reduced for obtaining the wavelengths, Xnin of the AR’s features in
T(co) spectrum, as following:

AMIN = |, (3)
Vm +n

The AR in T(co) can then be assigned to SPP modes with specific n, m integer parameters associated with the two
interfaces, as seen in Fig. 1. The four AR modes (or Wood’s anomalies [2, 11]) for the Al/Si interface, and the single
mode for the Al/air interface are summarized in Table I, and compared with the theoretical values based on Eq. (3),

where £dfor Si was taken from known literature tables. The agreement between the experimental and theoretical >nin
values is remarkable, showing that the SPP model works very well in the MIR range, butfor the AR frequencies rather
than the resonant peaks in T(co); this is in contrast to the EOT bands in the visible range, where the SPP attenuation has
to be taken into account. Nevertheless we believe that in order to assign the resonant EOT peaks in T(00), and get further

insight into the nature of the SPP excitations on a perforated metallic film, one must use the ‘actual’ form of en{co), as
opposed to using the metallic dielectric function from a standard database of an un-patterned bulk metal.
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We recently proposed to determine the ‘effective’ dielectric constant, Br(ca) for perforated metallic films using an
‘effective plasma frequency’ model [43] and adopt this model here. The dielectric function errco) used in our calculation
was in the following form:

( =2~ !
vp

1- .
02+iya§

where z,_ is the high-frequency dielectric constant; 0)p is the ‘effective’ plasma frequency related with the individual

holes; coT corresponds to the frequency minima (or AR) in T(co); coL is an effective ‘longitudinal frequency’ for the
resonant mode that is used here to determine its oscillator strength, Sj (or Rabi frequency) in £mco), given by Sj =
(collcox)21; and yj corresponds to the respective damping constant. Eq. (4) has both plasmon (first two terms), and
resonant modes (third term) characteristics. The effective plasma term comes from the individual, uncorrelated holes in
the perforated metal; it does not contain resonances and thus fits the broad band enhanced transmission in T(co) that
starts at ~ 400 cm'L In contrast, the ‘resonant modes’ term in Eq. (4) is related to the structure factor (or periodicity) of
the underlying hole arrays [23], where cot is the AR frequencies. In the case of zero damping and flat ‘plasmon
response’, the term describing the resonant modes characteristics leads to a modified Lyddane-Sachs-Teller (LST)
relation [44]. Eq. (4) is a generalization of the plasma dielectric function (first two terms), and a LST-type dielectric
function, £i1st(w) (last term in Eqg. (4)), which was used before for describing the optical properties of doped polar
semiconductors [45-47]. At temperatures higher than the ‘freeze-on impurity’ temperature, such a dielectric response
contains a plasma term due to the free carriers released by the dopant impurities; in addition to polar phonons with
longitudinal optical (LO) and transverse optical (TO) modes that are given by coLand cot, respectively.

Table 1. The anti-resonant SPP modes in the T(co) spectrum associated with the two interfaces of the perforated Al film, namely Al/Si
and Al/air. The calculated AR frequencies were obtained using Eq. (3) and Ed from tables. The uncertainties in the values of the
experimental AR frequencies are also given.

Interface SPP Mode AR experimental AR calculated frequencies
frequencies (cm-1) (cm)
Al/Si (1,0) 756 (+5) 722
1 1 1073 (*15) 1021
(2,0) 1560(£50) 1445
(2,2 2150 (+50) 2045
Allair (1,0) 2600(£50) 2500

The optical transmission spectrum was calculated using srco) from Eq. (4), and fit to the experimental spectrum using a
least squares fitting procedure. In the fitting the resonant coT were fixed at the AR frequencies, and were taken directly

from the experimental T(co) spectrum, whereas the plasma parameters 00p and y were fit to the broad continuous

transmission band in the spectrum. The other parameters, such as sx, and the respective a), and y for the individual
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resonant modes were left free. We focus our attention to the two lower frequency resonant modes, namely (1,0) and (1,
1) SPP modes associated with the Al/Si interface, that are close to the maximum in the thermal emission spectrum at
moderately high metal heating temperature. For purposes of the fitting procedure, we only fit these two resonant modes,
while the contribution to enfo)) of the other resonant modes at higher frequencies was embedded in the z, parameter. The
calculated T(co) spectrum based on the ‘best fit’ parameters given in Table Il is shown in Fig. 3 in comparison with the
experimental T(co). The good agreement obtained between the two T(co) spectra validates the model for £n{co) used here.
Also the real (Re[sn{co)]), and imaginary (Im[En{co)]) components of the dielectric constant spectra calculated based on
the ‘best fit’ parameters are shown in Fig. 3 inset. It is seen that for each resonant mode Im[sm{co)] shows a narrow
maximum at a frequency that corresponds to the middle of the resonant feature in Re[sm(0})]. This response comes from
the well-known Kramers-Kronig (KK) relation between the real and imaginary en{co) components, and thus validates our
calculation method.

Table 2. The ‘best fit’ parameters for the calculated T(co) spectrum of the Al perforated film (Fig. 3(a)) using the effective dielectric
function, e(a>) calculated from Eq. (4) with two resonant modes. The various parameters are defined in Eq.(4) [see text].

Eal 0 p (H2) Y(Hz) Q. (H2) ol2 (Hz) T(Hz) Yz (Hz)

31 24.6 x 1014 10.1 X104 125 x 10'4 15.4 x 1014 17.6 x 1012 39.7 x 1012

In addition we also calculated the absorption spectrum, a(co) of the hole array structure from the obtained dielectric
function with the ‘best fit parameters’ using the expression a = colm[n((0)]/c; where Im(n) is the imaginary component
of the refractive index, and was calculated from the fitted enfco) above, and c is the speed of light. The obtained a(co)
spectrum is plotted together with T(co) in Fig. 3(b). It is apparent that the resonant contribution to a(co) are opposite in
sign compared with those in T(co). The a(a) spectrum shows maxima at the AR frequencies and minima at the resonant
frequencies in T(co). This is in contrast to the situation in the visible range where it was shown [12] that a(co) and T(co)
shows similar resonant features, where maxima in a(co) corresponded with maxima in the EOT spectrum.

3.2 Thermal emission Spectra

In order to eliminate the system spectral response as well as any optical loss during the thermal emission measurements,
we computed the hole array normalized emissivity spectrum, E(a) from the directly measured emission spectrum,
En(co). E(co) was obtained by dividing the hole array emission spectrum by the emission spectrum, £d0j) of an un-
patterned metal film having identical thickness and measured at the same heated metal temperature. The procedure we
adopted is described below:

E h (co) = S{qji)Z(cd) D (co)

Em (co) = F((d)£{co)D (co) 5)

M (")

In Eq. (5) £/(co) represents the optical propagation loss as thermal emission passes through the spectrometer and reaches
the photodetector, and D(co) represents the combined optical window and photodetector/beam-splitter spectral response.
We note that the Planck distribution function, K(@>, T) for blackbody radiation emission, which is presumably the same
for the heated perforated and un-perforated films at the same temperature, is readily taken into account by this
procedure. Consequently it is no longer a factor in the analysis below.
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The normalized emissivity spectrum £(co) of the Al hole array obtained following the procedure described in Eq. (5) is
shown in Fig. 4(a). £(co) contains several emission bands, but the modification of the perforated film emissivity
spectrum compared to that of an un-perforated film is quite small. This is apparent in Fig. 4(a), where the modification
of the emissivity spectrum is seen to be around the value 1. In addition, none of the emissivity bands corresponds to
resonances found in the absorption spectrum (Fig 4(b)). In fact, E(co) better fits T(a>) rather than a(co) (see Fig. 1). For
example, the lowest peak in E(co) is observed at about 650 cm'l, close to that of the lowest peak in T(co). However this
emissivity band is out of phase (opposite) from that in a(co), which shows an anti-resonance rather than a peak at ~ 700
cm'L This is close to the peak in E(co) rather than a dip.

In order to ensure that the transmission and absorption spectra are considered at the correct temperature, we measured
T(co) of the hole array at different sample temperatures (Fig. 5). It is seen that T(co) does not change much with the
temperature. This validates the conclusion that E(co) more closely resembles T(co), even when the high sample
temperature needed for the radiation emission is taken into account.

From Kirchhoffs law, the emission spectrum of a body (or a surface) in thermal equilibrium is equal to the absorbance,
A(co) weighted by the blackbody distribution spectrum K(co, T) at the temperature T of the measurement, such that [48]

E{co,T) = A(co)K{co,T) ©6)
where A'(co, 7) is given by the expression
ha>3 fico
Ko T)= " @
nlci
\e

where h is the Planck constant and kB is the Boltzmann constant. In Eq. (6) the effect of the photonic DOS of such a
complex structure are fully captured through /f(co). Since E(m) does not resemble a(co), there appears to be a violation of
Kirchhoffs law given in Eq. (6). The apparent violation of Kirchhoffs law may arise from the fact that the response of
our system is not in thermodynamic equilibrium [41]. Specifically, there is a temperature gradient across the sample film
that is maintained at steady state conditions that is established by the heat flow. However, the fact that a(co) differs from
£(co), while T(co) and £(co) are closely related suggests that this is not the case here.

We thus conclude from the similarity between the emissivity and transmission spectra that the hole array structure
behaves as a radiation filter, where the emissivity is suppressed outside the EOT resonant bands. In order to verify this
hypothesis we calculated from the measured spectra an effective ‘transfer function’, G(co) using the ratio between the
obtained E(co) and a(co) spectra (see Fig. 6). The close similarity between G(co) and T(co) measured at the same
temperature supports our conclusion. The emissivity spectral characteristics of the hole array is indeed affected
compared to an un-perforated film, but primarily through a modification induced by the transmission spectrum.
Therefore, we conjecture that in perforated metallic films, there exist weak coupling between the MIR photon DOS in
the metal and the SPP excitations on the metal interface.

The obtained modified emission G(co) and its similarity with T(cn) that is seen here are analogous to the
photoluminescence (PL) spectrum of a light source or chromophores embedded inside a weak 3D photonic crystals that
has stop bands but lacks a complete photonic band-gap. In such photonic crystals, the refraction index contrast between
the constituent materials is not large enough to considerably alter the photon DOS. The PL spectra in weak 3D photonic
crystal opals infiltrated with dye molecules or rc-conjugated polymers were measured previously [49], where stop-bands
in the emission spectra were clearly observed. In that work it was concluded that due to the weak influence of the
underlying photonic crystal over the photonic DOS, then the modified PL spectrum was mainly induced by the
transmission through the opal, rather than modification of the photon DOS. In our case too, the SPP excitations on the
metal interfaces do not considerably alter the MIR photon DOS of the thermal radiating element, but mainly act as a
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radiation filter [50] to the slightly modified emissivity spectrum.

It is worth noting, however that the ability of a stronger 3D photonic crystal to modify the absorption and thermal
emission may indeed enhance the performance of lasers, detectors [51], solar cells, and infrared thermal image control
[52], These applications may therefore justify further investigations of non equilibrium thermal emission from meta-
materials [53].

4. CONCLUSION

In conclusion, we measured the extraordinary optical transmission spectrum through a sub-wavelength hole array on an
optically opaque Al film in the MIR spectral range. The transmission spectrum contains both resonances and anti-
resonances optical features superposed on a smooth continuous band, and is well explained using the model of light
coupling to SPP excitations on the two film interfaces. The effective dielectric response function of the hole array was
calculated using a generalized form of a LST-type dielectric function that describes the resonant modes in the presence
of an effective plasma frequency due to the individual holes. From the fitted dielectric response we calculated the
absorption spectrum and found that it contains optical features that are opposite in phase to the resonant bands in
transmission, in contrast to the obtained spectra in the visible spectral range.

The thermal emission spectrum measured from the hole array was found to have a close correspondence with the
transmission spectrum, whereas the calculated absorption spectrum differed significantly. Further extraction of the
effective ‘transfer function’ and a comparison with the transmission spectrum led us to conclude that such hole array
structures behave as radiation filters by suppressing the emission outside their transmission bands. We thus conclude that
plasmonic lattices cannot strongly modify the thermal emission spectrum, in contrast to what was expected previously.
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Figure 1 The optical transmission spectrum of an Al hole array (plasmonic lattice) at normal incidence. The arrows and labeled
indices represent the surface plasmon modes associated with the different dielectric interfaces of the plasmonic lattice, namely, the
substrate (Si) and air, respectively; the frequencies are given in Table I. The inset shows an optical microscope image of the plasmonic
lattice sample, where the lattice constant a = 4 (.im and aperture diameter D = 2.46 fxm are assigned.
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Figure 2 Schematic diagram of the thermal emission measurement setup. The sample is mounted on a NiCr wire heating coil and
placed in a vacuum chamber supported by a long ceramic post that is connected to a liquid-nitrogen-cooled cold stage and heated to a
temperature of about 600K during the measurement. The thermal emission spectrum is measured via an external port of a FTIR

spectrometer.
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Figure 3 (a) A comparison between the experimental and calculzgtgd transmission spectra using e,,(co) calculated via Eq. 4 with the
best fitting parameters given in Table Il. The inset shows the corresponding calculated real and imaginary components of the
dielectric response e,,(@). (b) The calculated absorption spectrum compared with the experimental transmission spectrum T (to).
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Figure 3 (a) A comparison between the experimental and calculated transmission spectra using e, («) calculated via Eq. 4 with the
best fitting parameters given in Table Il. The inset shows the corresponding calculated real and imaginary components of the
dielectric response s,,(&). (b) The calculated absorption spectrum compared with the experimental transmission spectrum T(ci).
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Figure 4 (a) The normalized emissivity spectrum E (w) of the plasmonic lattice sample using the procedure described in Eq. 5.
(b) Comparison between the E(co) and a(co) spectra.
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Figure 5 Transmission spectra of the Si-supported Al hole array measured at normal incidence at temperatures of 324 and 608 K.
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Figure 5 Transmission spectra of the Si-supported A! hole array measured at normal incidence at temperatures of 324 and 608 K.
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Figure 6 The transfer function G(co) (dashed line, right scale) calculated from the emissivity and absorption spectra shown in Fig.
4(a) compared with the measured T\a) spectrum at the same temperature of the thermal emission experiment (full line, left scale).
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