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Metallic thermal emitters consisting of two layers of differently structured
nickel gratings on a homogeneous nickel layer are fabricated by soft
lithography and studied for polarized thermal radiation. A thermal emitter in
combination with a sub-wavelength grating shows a high extinction ratio,
with a maximum value close to 5, in a wide mid-infrared range from 3.2 to
7.8 um, as well as high emissivity up to 0.65 at a wavelength of 3.7um. All
measurements show good agreement with theoretical predictions. Numerical
simulations reveal that a high electric field exists within the localized air
space surrounded by the gratings and the intensified electric-field is only
observed for the polarizations perpendicular to the top sub-wavelength
grating. This result suggests how the emissivity of ametal can be selectively
enhanced at a certain range of wavelengths for a given polarization.
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1. Introduction

Thermal radiation (TR) properties of materials have been rigorously studied because of the
importance of TR in various scientific and practical applications. Recently, periodic
microstructures including photonic crystals have been shown to enable tuning of the spectral
distribution of TR [1-5]. Furthermore, polarization properties of TR can be tuned by planar
gratings [6,7], photonic crystals [8] and elongated nano-heaters [9]. These controls of spectral
and polarization properties of TR are potentialy very important especialy for
thermophotovoltaic devices. Tailoring the TR properties of the emitter to match the
conversion characteristics of the photovoltaic cell [10] has the potential to greatly increase
energy conversion efficiency. Moreover, the polarized TR source can also be extended to
biological [11,12] and chemical applications as many chemical substances have linear-
dichroic absorption [13]. Although highly polarized TR is simply possible by a flat metallic
surface at grazing emergence [14] or even by using a polarizer with a conventional
incandescent source, a major portion of supplied energy is inevitably wasted. In contrast, as
the micro-structured polarized thermal-emitter (PTE) enables the polarized TR by selective
radiation and naot by filtering, the supplied energy can be used for desired TR with less loss.

Recently we found that TR from a layer-by-layer metallic photonic crystal with a
homogeneous back-plane is not only spectraly enhanced but strongly polarized [16]. In this
paper, we experimentally investigate variations of the layer-by-layer structure to be used as a
PTE. The variations consist of two metallic grating layers having different periodicities; one
of the gratings has sub-wavelength periodicity. In the experiment we observe that the PTE
demonstrates a high extinction ratio close to 5 as well as a high emissivity in a mid-infrared
range from 3 um to 5 um. As the range is tunable by adjusting structural parameters, the
designed PTE will be very useful for improving the conversional efficiency of
thermophotovoltaic devices.

2. Experiment

We fabricated three different layer-by-layer structures using the two-polymer microtransfer
molding technique [5,17]. The scanning electron microscope (SEM) images of fabricated
PTEs are shown in Fig. 1 with schematic illustrations of the structures. The PTEs are made of
three components, two different gratings, “A” and “B”, and a homogeneous back-plane, “C”.
The grating “A” consists of rods, 1.1 um wide and 1.2 um high, with 2.6 pm of rod-to-rod
spacing and the grating “B” consists of rods, 0.6 um wide and 0.4 um high, with 1.0 um of
rod-to-rod spacing. One grating layer is perpendicular to the other and a monolithic and
homogeneous nickel back-plane is usually added. We label the PTEs according to the order of
the layers, as AAC (Fig. 1(a)), BAC (Fig. 1(b)), and ABC (Fig. 1(c)). In this study, we use the
previously reported structure, AAC [16] as a reference. Each PTE is mounted on a heated
copper block in ahigh vacuum chamber (~10° torr). Detailed information on the experimental
setup is described in our previous report [5]. TR from PTE is collected at the surface normal
angle with an acceptance angle of 5° and directed into a Fourier transform infrared
spectrometer (Magna 760, Nicolet) then passed through a linear infrared polarizer (Spectra-
Tech Inc.). A commercial blackbody source (M335, Mikron Infrared, Inc.) is used as a
calibration source. The polarization angle of TR is set as zero when it is paralel to the
orientation of atop grating layer as depicted in the schematic of Fig. 1.
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type-ABC

Fig. 1. SEM micrographs of the PTEs are shown with their diagrams of structures. The CPEs
have three different configurations, (a) two identical gratings of “A”; (b) and (c) two different
gratings of “A” and “B” with opposite orders of stacking. The polarization angle of TR is aso
graphically depicted.

The TR from the PTEs at a temperature of 800K is measured for two orthogonal
polarization angles, parallel and perpendicular to the orientation of the top grating layer. The
temperature of the PTE is determined to maximize the TR signals in the frequency range of
interest. The measured TR power of each PTE is shown in Fig. 2 and all the three PTEs show
very different TR characteristics. The BAC shows a single broad-peak only for a polarization
angle of 90° while the AAC has sharp peaks for each polarization. In contrast the ABC has
only minor peaks. The two adjacent peaks of the AAC in Fig. 2(a) are explained by
degeneracy breaking in resonance modes of two identical gratings by interacting each other.
Additionally the two-fold symmetry of each grating is still kept after stacking them, which is
distinguishable from the 4-fold symmetry of atwo-dimensiona square lattice.
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Fig. 2. Measured TR spectra of the PTEs at 800 K for the two polarization angles, parallel (red)
and perpendicular (green) to the orientation of a top grating layer. (a) type-AAC; (b) type-
BAC; (c) type-ABC. TR of ablackbody at the same conditionsis plotted together (dashed).

The TR spectra yield corresponding emissivity spectra appear in Fig. 3(a). The measured
wavelength range is divided into two regimes, resonance and non-resonance, as the measured
TR characteristics are very different in the two regimes. In the non-resonance regime, the
emissivities of 90°-polarization are observed to be higher than those of 0°-polarization for all
PTEs. This is qualitatively explained by considering the top grating layer as a wire-grid
polarizer. Since the transmission axis of the top grating layer is parallel to 90°-polarization
angle, the TR from the second layer can contribute to the emissivity, in contrast to the TR of
0°-polarization. However, in the resonance regime when the wavelength of TR is comparable
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to the feature size of the PTEs, the emissivity of 0°-polarization can be higher due to

resonance effects.
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Fig. 3. (8) Measured emissivity spectra of the PTEs with (b) theoretically simulated absorptivity spectra.
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Fig. 4. The extinction ratio deduced from the measured spectral emissivities of the PTEs.
Dashed lines represent that the dominant polarization is inverted, compared to that of the non-
resonance regime.

It is interesting to compare the AAC and BAC as this can show how the emissivity can be
tuned by changing the top layer from the grating “ A” to the grating “B”. We observed that the
spectral emissivity of BAC is drastically changed from that of AAC in the resonance regime
while they are ailmost identical in the non-resonance regime. The emission peak of AAC for
0°-polarization at 3.5um has disappeared and the other peak of AAC for 90°-polarization at
3.0um is shifted to 3.7um for BAC. In addition to the shift, the width of the peak of AAC is
broadened, approximately 5 times in full-width-at-half-maximum (FWHM), from FWHM of
0.42 pum to FWHM of 2.0 um, where the FWHM is defined with a half emissivity,
%(gp ke — E10um) + Eroum where Epesic and Em A€ the values of emissivity at the peak and at a

wavelength of 10um, respectively. We note that an efficient polarized thermal emitter needs
to have both a high emissivity and a high degree of polarization simultaneously. As the
backplane boosts emissivity significantly at resonance wavelengths, the backplane makes the
emitters more practical. Improved mechanical stability of the gratings at high temperature and
convenience in attachment of the emitter to a heat source are other benefits of abackplane.
The absorptivity spectrum for each PTE is numerically calculated in Fig. 3(b) using a
plane-wave-based transfer-matrix-method [18, 19]. In the calculation, reflectivity for normal
incidence is calculated and subtracted from unity to yield absorptivity as the transmittance of
the PTEs is zero due to the homogeneous back-plane “C”. The calculated absorption spectra
using the published optical parameters of nickel [20] show good agreement with the measured
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emissivity spectra. The remaining minor deviations may be attributed to the difference in
optical parameters of electroplated nickel used in the experiment from the published data and
the temperature dependency of nickel [21]. As the simulated absorptivity represents the
emissivity reasonably well, we will use the simulation for further analysis.

From the measured spectral emissivities, an extinction ratio, emax/ emin, iS plotted in Fig. 4,
where g and epin are the maximum and the minimum emissivities between the polarizations.
The BAC shows an exceptionally high extinction ratio in the resonance regime, compared to
the other two PTEs and the ratio approaches 5 at around 4 um. Moreover, the dominant
polarization is consistent in both resonance and non-resonance regimes while the dominant
polarizations for the AAC and the ABC are reversed in the resonance regime. The electric-
field (E-field) profiles of the BAC are numerically calculated for both polarizations to explain

its high extinction ratio in Fig. 5.
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Fig. 5. E-field profiles of two unit-cells of the BAC structure are calculated at the wavelength
of the peak for both polarizations (a) parallel and (b) perpendicular to the orientation of the top
grating “B”. The magnitudes of the eectric field are normalized to that of the incident wave
and depicted in different color scales to show the intensified electric field clearly. The arrows
show the electric-field directions of incident waves in the calculations. The changes in
absorptivity spectra as functions of (c) the height and (d) the periodicity of the grating “A” are
also calculated. The insets are the shift of peaks versus variation in height or periodicity of the
grating “A”, respectively. The color of each marker is same as that of absorptivity spectrum.

As seen in Fig 5(a), the sub-wavelength grating “B” reflects the incident wave polarized
paralel to its rods (6=0°) and the magnitude of E-field outside is close to that of a non-

structured nickel surface given by 1++/R, where Ris reflectivity of nickel (~0.91 at A=3.5um
[20]). This means that grating “B” functions as a wire-grid polarizer. For the other
polarization (6=90°) in Fig. 5(b), a very high E-field exists within an air space surrounded by
the two gratings, “A” and “B”. The magnitude of the E-field in the middle of the air space is
close to 6, in the other words, the enhancement in energy density is 9 times higher than the
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possible enhancement by a flat metallic surface of the same material. We believe that the high
E-field indicates a slowed group velocity for this range of wavelengths leading to
enhancement of absorption. Figures 5(c) and 5(d) show the absorptivity spectra for the
polarization (6=90°) as functions of the height, h, and periodicity, a, of the grating “A”. The
absorptivity is not very sensitive to the layer height in the interested wavelength region. When
the original height (1.2 um) is changed +200 nm, for example, spectral absorptivity is almost
unchanged and the peak position shifts only £25 nm, as shown in the inset of Fig. 5(c). In
contrast, in Fig. 5(d), the absorptivity spectrum shifts as much as £260 nm for the same
amount of change, 200 nm, in the periodicity of the grating “A”. This shows that the air
volume surrounded by the two gratings is more critical than the vertical air-gap between the
top grating “B” and the back-plane “C”. Figure 5(d) also show that the maximum value of the
absorptivity increases as the periodicity is decreased. This trend is aso the same for the
periodicity of thetop grating “B”.

3. Conclusion

We fabricated metallic thermal emitters, consisting of two different nickel gratings on a
homogeneous nickel layer, where one of the gratings has sub-wavelength periodicity. The
metallic structure can enhance the emissivity of nickel in a certain range of wavelengths with
a high degree of polarization. Our numerical simulations show that a high E-field is localized
in the air space surrounded by the gratings for a specific polarization. We believe that the high
E-field is induced by a polarization-sensitive group velocity and this isthe major origin for the
spectral enhancement of emissivity. Because the control of both spectral emissivity and
polarization in thermal radiation is enabled, highly optimized therma emitters for TPV and
sensing applications are achievable.
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