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ABSTRACT: Although losses in plasmonic films can be
detrimental for optoelectronics, they can be exploited to create
novel thermal emitters. Surface plasmon polaritons that are
thermally excited on a heated metal surface can be converted
to photons with useful properties. We demonstrate highly
tailored thermal emission from tungsten and molybdenum
films patterned with a series of circular concentric grooves (i.e.,
a bull’s eye). At 900 °C our structures emit an infrared beam
normal to the film that is spectrally narrow (tens of
nanometers) and highly directional (~2° angular divergence).
The peak wavelength (3.5 pm) can be tuned with groove
periodicity. To enhance the thermal stability of the structures,
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we add a thin layer of HfO,. Such devices, with their simple design and low thermal mass, provide interesting incandescent light

sources for various applications.
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S urface plasmon polaritons (SPPs) are hybrid electron—
photon waves that exist on a metallic interface.’ By
patterning the metal, the propagation of SPPs can be controlled
and manipulated.2 In particular, SPPs can concentrate electro-
magnetic fields to volumes well below the diffraction limit of
light.3’4 Thus, patterned metallic films have been explored for
nanophotonics.” This is motivated in part by the facile
conversion of SPPs to photons and vice versa. However,
significant energy can be lost in plasmonic devices due to ohmic
resistance in the metal. While this is typically a disadvantage, it
can sometimes be beneficial. For example, according to
Kirchhoff's law, the emissivity of a structure is equal to its
absorptivity.”” Thus, if plasmonic losses enhance the optical
absorption of a metallic film at specific wavelengths, this can be
used to tailor its thermal-emission spectrum. This effect has
been explored by heating specifically structured films.*~'" SPPs
that are thermally generated on the interface of such structures
can then be converted to photons. (Surface phonon polaritons
on polar surfaces have also been studied for this effect.'”'?)
The resulting modified thermal emission has potential use in
thermophotovoltaic devices”'* or as novel incandescent light
sources.>™"” In the latter case, because plasmonic devices are
typically thin with low thermal mass, SPPs can be thermally
excited over the entire device or on a selected region with very
little power.

-4 ACS Publications  © 2016 American Chemical Society 494

To explore such devices, we previously considered'® whether
a common plasmonic structure, a bull’s eye,'”~** could provide
a useful thermal emitter. We predicted that this structure, which
consists of a series of equally spaced circular concentric grooves
on a metallic surface, could lead to a highly directional
monochromatic source of infrared light. According to our
simulations, the grooves can act as a diffraction grating for
thermally excited SPPs on the interface, causing photons to be
emitted from the surface. Due to the circular symmetry, only
the emission normal to the surface of the bull’s eye should be
strong. The peak wavelength in the normal direction should be
close to the period of the grooves for first-order SPP diffraction.
We referred to this effect as thermal beaming in analogy to
optical beaming, which has been observed for visible light
transmitted through a central aperture of a silver bull’s eye.'’

However, the predicted thermal beamin% has not yet been
confirmed by experiment. The simulations'® treated idealized
structures and neglected structural deterioration or oxidation
that may occur in real materials at elevated temperatures.”
Thus, it is unclear whether thermal beaming from bull’s eyes is
achievable in practice and, if so, how directional and
narrowband the emission can be. Here, we address this by
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Figure 1. (a) Scanning electron micrograph of a W bull’s eye, tilted 60° from normal. The entire structure has a diameter of ~2.1 mm and contains
300 circular concentric grooves. (b) The structural parameters of the bull’s eye: the period is 3.52 ym, the grooves are 1.76 ym wide by 180 nm deep,
and the W layer is 160 nm thick. (c) Schematic of the experimental setup for measuring thermal-emission spectra. The diameter of each of the pin

holes is ~2.3 mm.

examining thermal emission from refractory bull’s eyes. When
heated to high temperatures, we indeed observe a highly
directional and spectrally narrow beam of infrared light. The
emission spectrum in the normal direction shows a single peak
at a wavelength nearly identical to the period of the bull’s eye,
as predicted. The emission has a line width of tens of
nanometers at 3.5 ym and decays rapidly as the emission angle
is tilted from normal. Due to their directionality, such sources
exhibit interesting optical coherence, as previously dis-
cussed.'”"® Furthermore, we demonstrate the thermal stability
of these structures during beaming by adding a protective oxide
layer on the outer metallic surface. Therefore, we confirm that
simple heating of a metallic bull's eye can provide a novel
source of highly directional narrowband radiation. Such
structures may be useful in various applications, such as
molecular sensing and in situ temperature measurement.

B RESULTS AND DISCUSSION

To realize thermal beaming, a material is needed that can
withstand elevated temperatures, be patterned, and support
SPPs at the target wavelength for the emission. The latter
requires the real part of the dielectric function to be smaller
than —1 at this wavelength.26 To satisfy these conditions,
tungsten (W) and molybdenum (Mo) are promising
candidates. Both have high melting temperatures (3422 and
2623 °C, respectively), they support SPPs at wavelengths
longer than ~1 um,”” and they are inexpensive materials. Thus,
with these metals, we followed our previous theoretical
treatment'® and designed structures targeting an emission
wavelength of 3.5 pm. The exact geometry was optimized by
numerical simulation to obtain a highly directional narrowband
beam with large emissivity.

W and Mo bull's eyes were fabricated by the following
procedure. Circular concentric grooves were patterned on
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silicon substrates via photolithography and reactive-ion etching
(RIE). Then, a W or Mo layer was deposited on these
patterned substrates by dc magnetron sputtering. The fill factor
of the bull’s eye, defined as the ratio of the width of the ridge to
the period of the grooves, was adjusted to about 0.5 by tuning
the process parameters of the photolithography. The depth of
the grooves was controlled by varying the duration of the RIE.
Detailed experimental conditions are provided in the
Supporting Information.

Figure la shows a typical fabricated W bull’s eye. It contains
300 circular concentric grooves with a period of 3.52 + 0.01
um; the diameter of the entire structure is ~2.1 mm. The
groove dimensions are described in Figure 1b. In general, the
surface morphology of plasmonic structures plays a significant
role in determining the loss of SPPs including the ohmic loss
and unwanted scattering."”**” We characterized the surface of
our films via atomic force microscopy (AFM). The flat areas
next to the bull’s-eye patterns were scanned; the surfaces in the
patterned regions were assumed to be comparable. Figure S1 in
the Supporting Information contains AFM images of the W and
Mo films. Both films exhibited surfaces with a root-mean-square
(RMS) roughness below 1.5 nm. We note that the bull’s eyes
could also have been prepared by direct patterning of metallic
layers. However, since the etch rate in polycrystalline films is
nonuniform, with this approach, the patterned grooves would
be much rougher (RMS roughness of ~10 nm), as we
previously demonstrated.”

To measure the thermal-emission spectrum, the apparatus
depicted in Figure lc was used (see also Figure S2 in the
Supporting Information). The sample was placed on a resistive
heater in a heating chamber (Linkham Scientific, TS1500),
which was mounted so that it could be tilted or translated. The
emission was directed with mirrors through pinholes into a
Fourier-transform infrared (FTIR) spectrometer (Bruker,
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Figure 2. Thermal-emission spectra of a W bull’s eye at 900 °C. The structural parameters were as in Figure 1b. (a) Measured thermal-emission
spectra at various tilt angles (6) from normal. The collection angle of the emission spectrum was +0.1° and a carbon pellet was used to calibrate the
emissivity. (b) Calculated thermal-emission spectra vs . The dielectric function of W at 900 °C was employed. (c) Angular dependence of the
emissivity at the peak wavelength. (d) Comparison of the emission spectra initially and after 12 h at 900 °C. The measured and calculated emission

spectra for a flat W film at 900 °C are also shown.

Vertex 80). Using the red laser beam coming from the
interferometer in the spectrometer, the optics were aligned and
the position and tilt angle of the sample adjusted. The
atmosphere in the heating chamber was evacuated with a
turbomolecular pump, and the sample was heated. The
pinholes in the beam path were set to obtain a collection
angle of +0.1°.

Figure 2 shows the thermal-emission spectra of our W bull’s
eye at 900 °C. The emission spectra were measured at various
tilt angles (@) from normal (Figure 2a). To calibrate the
emissivity, each emission spectrum was normalized by that of a
reference emitter (pelletized carbon nanopowder), which was
assumed to be a blackbody. The bull’s eye exhibited a sharp
emission peak in the normal direction. The peak was at 3.532
um, nearly identical to the period of the structure (3.52 + 0.01
um), and its full-width-at-half-maximum (fwhm) was 30 nm,
giving a quality factor (Q = 4/A1) of 118. As the sample was
tilted, the peak split and the emissivity decreased rapidly. Since
the bull's eye couples SPPs to only p-polarized light, the
maximum emissivity of the structure should be ~0.5. As shown
in Figure 2a, the emissivity of the peak for the normal angle
(0.54S) was slightly above this value, due to the background
emissivity of W.

Calculated emission spectra for the same W bull’s eye at
various tilt angles were obtained via numerical simulation, using
the experimental structural parameters listed in Figure 1b and
the dielectric function of W for 900 °C.*" We assumed that the
bull’s eye is much larger than the coherence length of the SPPs.
This allowed effects due to the center and finite size of the
structure to be neglected (see below). In this case, the bull’s eye
could be approximated as a series of linear gratings oriented
around the center, and the absorptivity of these gratings
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averaged.'® From this, the emissivity of the bull’s eye could be
estimated according to Kirchhoff’s law.%” As seen in Figure 2b,
the calculated results were highly consistent with experiment.
The calculated emission spectrum at & = 0 (normal) showed a
single emission peak at 3.552 ym with a fwhm of 40 nm. When
the sample was tilted, this emission peak split and decreased in
emissivity, as observed in experiment.

The angular dependence of the emissivity at the peak
wavelength is shown in Figure 2c. The measured and calculated
spectra for normal emission showed a maximum emissivity of
0.545 at 3.532 um and 0.547 at 3.552 pm, respectively. The
fwhm angular divergence (A#) of the emission peak for the
measured and calculated emission spectra was estimated as 1.4
and 1.2°, corresponding to a SPP coherence length (Lgpp = 4/
A0) of 145 and 170 pm, respectively. The size of the bull’s eye
(2.1 mm) is much larger than these values, consistent with our
assumption above. The difference in the measured and
calculated coherence length is presumably due to structural
imperfections and discrepancies between the experimental
dielectric function and the literature values assumed (see also
next paragraph).

Figure 2d shows the emission spectra of the bull’s eye initially
and after 12 h at 900 °C. After heating, the emission peak had a
fwhm of 35 nm and shifted to 3.535 pm, indicating a peak
broadening and red shift after thermal treatment. This change
resulted from a deterioration of the W structure at elevated
temperatures, as shown below. Figure 2d also includes the
emission spectrum for a flat W film at 900 °C. Our flat W had
larger emissivity than that calculated from the published
dielectric function.”’ It is known that metallic films of the
same element can exhibit different optical properties depending
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Figure 3. Scanning electron micrographs of a W bull’s eye before and
after heating. The surface of a ridge in the bull’s eye (a) before and (b)
after 12 h at 900 °C. (c) Magnified view of a cracked region and (d) a
wider view of the bull’s-eye pattern after 12 h at 900 °C. The bull’s-eye
pattern is maintained, but many cracked regions are observed.

on the deposition conditions due to chan%es in porosity, surface
roughness, grain boundaries, and so on.””*%**

Figure 3a,b shows the surface morphology of a ridge in the W
bull’s eye before and after heating, respectively. The initial size
of the grains was around 20 nm, consistent with our AFM data
(Figure Sla in the Supporting Information). However, after
heating at 900 °C for 12 h, the grains grew to ~100 nm. This is
detrimental because it can result in surface roughening and
structure deformation. Another issue is the difference in
thermal expansion between the W layer and the underlying
silicon substrate. Indeed, stress at high temperatures caused
cracks at some locations of the W bull’s eye (Figure 3c,d).

Moreover, if the temperature is high enough, even small
amounts of oxygen in the heating chamber can oxidize the
metal surfaces, leading to deterioration of the thermal emission.
Such oxidation was observed, especially for Mo bull’s eyes.
Even at 600 °C, the surface morphology changed significantly
(Figure S3 in the Supporting Information) and the sample
turned yellow, indicating oxidation.**** This occurred not only
at the surfaces but throughout the film due to the volatility of
molybdenum oxide at high temperatures.” Thus, SPPs could
no longer be excited after oxidization, prohibiting plasmonic
thermal emission.

The thermal stability of high-temperature photonic struc-
tures, particularly photonic crystals, has been heavily stud-
ied.”>*>~*" Enhanced stability has been demonstrated by metal
alloying or by adding a thin protective coating. To improve the
stability of our bull’s eyes, we followed the latter approach,
introducing an oxide layer on the metal surface. Due to its high
thermal stability, hafnium oxide (HfO,) was chosen. Atomic
layer deposition (ALD) was utilized, which can provide a
uniform and continuous HfO, layer with an accurately
controlled thickness.””*> An 11 nm thick HfO, layer was
deposited on the metal surface, and the thermal stability of the
bull's eye was then re-examined. Figure 4 shows the HfO,-
coated bull’s eyes after heating. Even after 24 h at 900 °C, the
W and Mo structures (including their grain sizes) has hardly
changed (Figure 4ab). This indicates that the HfO, layer, in
addition to preventing oxidation, can suppress grain growth.
Because small grains (with their many grain boundaries) can
presumably better accommodate thermal stresses, grain growth
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Figure 4. Scanning electron micrographs of HfO,-coated W and Mo
bull’s eyes after 24 h at 900 °C, including magnified (a, b) and wider

views (c, d) of the W and Mo structures, respectively. The HfO,
thickness was 11 nm.

can lead to cracks. HfO, is also a hard material, which can help
suppress the expansion of the metallic layer. As a result, the
HfO,-coated bull’s eyes can maintain their morphology at high
temperatures for extended periods (Figure 4c,d).

Figure S presents emission spectra for the HfO,-coated W
bull’s eye at 900 °C. The spectra versus tilt angle (Figure Sa)
exhibited similar behavior to those of the bare W structure
(Figure 2a). However, with the HfO, coating, the peak was
broader (fwhm of 58 nm and Q of 61). This broadening is
expected due to the decreased propagation length of SPPs on
W with a high-dielectric layer such as HfO,." This also leads to
an increase in the angular divergence (fwhm of 2.1°) and a
decrease in the SPP coherence length to 97 um (Figure Sc).
These changes were also observed in the calculated emission
spectra (Figure Sb,c); the calculated emission peak broadened
(fwhm of 57 nm) and its angular divergence increased (1.5°).
However, the introduction of the HfO, layer greatly improved
the thermal stability of the structures. Even after 12 h at 900 °C
(Figure 5d), the HfO,-coated W bull’s eye exhibited the same
emission spectrum with no peak shift.

The HfO, coating also enhanced the thermal stability of our
Mo structures. While a bare Mo bull’s eye could not support
SPPs even at 600 °C due to oxidation, the HfO, coating
allowed tailored plasmonic thermal emission at 900 °C (Figure
6a). Compared to the HfO,-coated W structure, the HfO,-
coated Mo bull’s eye showed a slightly narrower emission peak
(fwhm of SS nm and Q of 65). In addition, the angular
divergence was smaller (1.4°), giving an SPP coherence length
of 145 pm (Figure 6c). The thermal stability of the HfO,-
coated Mo bull’s eye was confirmed by heating at 900 °C for 12
h (Figure 6d). Based on these results, the HfO,-coated Mo
bull’s eye can also provide an interesting infrared source.

Because the dielectric function of Mo at high temperatures is
not available, we utilized the room-temperature values”’ and
simulated the expected emission spectra (Figure 6b). Behavior
similar to that observed in experiment was obtained, but the
calculated results showed a narrower peak and smaller
emissivity. SPP losses should increase with temperature,
which is consistent with the broadening observed in experi-
ment.

In general, these results show that bull’s eyes can produce a
directional narrowband source of thermal emission. However,
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Figure S. Thermal-emission spectra of a HfO,-coated W bull’s eye at 900 °C. The structure had a fill factor of 0.52, a groove depth of 180 nm, a
period of 3.52 ym, and an 11 nm HfO, coating. (a) Measured thermal-emission spectrum at various tilt angles (¢) from normal, collected as in
Figure 2a. (b) Calculated thermal-emission spectra vs €. The dielectric function of W at 900 °C was employed and the dielectric constant of HfO,
was approximated as 4 without an imaginary component. (c) Angular dependence of the emissivity at the peak wavelength. The measured and
calculated spectra at € = 0 show a maximum emissivity of 0.610 at 3.559 ym and 0.538 at 3.563 um, respectively. (d) Comparison of the emission
spectra initially and after 12 h at 900 °C. The measured emission spectrum for a flat W film covered with the HfO, layer at 900 °C is also shown.
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Figure 6. Thermal-emission spectra of a HfO,-coated Mo bull’s eye at 900 °C. The structure had a fill factor of 0.54, a groove depth of 180 nm, a
period of 3.52 ym, and an 11 nm HfO, coating. (a) Measured thermal-emission spectra at various tilt angles (¢) from normal, collected as in Figure
2a. (b) Calculated thermal-emission spectra vs 6. The dielectric function of Mo at room temperature is employed and the dielectric constant of HfO,
is approximated as 4 without an imaginary component. (c) Angular dependence of the emissivity at the peak wavelength. The measured and
calculated spectra at & = 0 show a maximum emissivity of 0.492 at 3.554 ym and 0.299 at 3.563 ym, respectively. (d) Comparison of the emission
spectra initially and after 12 h at 900 °C. The measured emission spectrum for a flat Mo film covered with the HfO, layer at 900 °C is also shown.

we note that due to the finite emissivity (~0.2) of W and Mo in HfO, coating. Thus, their efficiency (in terms of the amount of
the infrared, these devices also emit weakly in other directions desired emission vs the total emission) is low. This could
and wavelengths. This effect is slightly worse for films with the perhaps be improved by reflecting non-normal output to reheat
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the device. Alternatively, the effect could benefit from use of
another plasmonic material with lower emissivity. Metals such
as Ag or Au would provide this property. Unfortunately, they
do not exhibit a sufficiently high melting point. Thus, W and
Mo were chosen as the best compromise (for the same reasons
they are used in incandescent light bulbs). We also note that in
spectroscopic applications one often uses incandescent sources
(e.g, quartz-tungsten-halogen bulbs) by filtering their output
with a monochromator to select wavelength and direction. The
efficiency of this process is also extremely low. One benefit of
the bull’s eye structure is that a narrowband source can be
produced without a monochromator. Nevertheless, enhancing
the efficiency of the bull’s eye is an ongoing research goal.

B CONCLUSION

We have demonstrated that bull’'s-eye thermal emitters can
generate a highly directional narrowband beam of infrared light.
This thermal beaming can be achieved simply by heating the
bull’s eye to excite SPPs. Due to the circular symmetry of the
structure, the beam is emitted in the normal direction with a
small angular divergence. The experimental results for W and
Mo bull’'s eyes are highly consistent with theoretical
predictions. Furthermore, a HfO, layer on the metal surfaces
successfully prevents the deformation and oxidation of the
metal structures, resulting in enhanced thermal stability. While
here we have targeted 3.5 ym emission, the bull’s eye is tunable
with the periodicity of its grooves. The effect only requires that
the metal is plasmonic at the desired wavelength and stable at
the operational temperature. Because these devices are thin
metallic films with low thermal mass, this temperature can be
achieved by local resistive heating or by placing the structure in
a hot environment. Consequently, such bull’s eyes can provide
novel incandescent light sources for various applications.
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