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ABSTRACT: A hybrid structure that supports the coupling of a cavity
mode and a Tamm plasmon (TP) mode is demonstrated as a spectrally
selective thermal emitter for the mid-infrared spectral range. Unlike
conventional TP structures, the presented hybrid structure contains an
optical cavity sandwiched between the distributed Bragg reflector (DBR)
and the metallic mirror of a typical TP structure. In simulation, the TP-cavity
hybrid structure exhibits a strong peak (absorptance = 0.993) in the
absorption spectrum with a high quality factor (Q = 135), and this
absorptance peak can exist over a wide range of resonance wavelengths by
adjusting the cavity thickness. Moreover, the hybrid structure shows a small
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polarization dependence (for incident angles less than 30°, the resonance wavelength of TM and TE differ by less than 2 nm)
and a shift of less than 20 nm in the absorptance peak wavelength for incident angles between 0° and 8°. The absorptance peak
of the hybrid structure is stronger and sharper than that of a pure TP structure made from the same materials, which has a
maximum absorptance of 0.898 and Q-factor of 28, and a Fabry—Perot cavity structure topped with a S nm Au layer, which has a
maximum absorptance of 0.899 and Q-factor of 25. Upon heating, a strong and narrow bandwidth thermal emittance peak is
observed with a maximum emittance value of 0.90 and a Q-factor of 88 at a wavelength of 4.731 um. This easy-to-fabricate and
high-performance infrared thermal emitter is ideal for applications where narrowband infrared light sources are required.

KEYWORDS: plasmonic thermal emitter, mid-infrared, Tamm plasmon, optical cavity

he mid-infrared (mid-IR) spectral range, which contains

the characteristic absorptions of organic molecules and
gas molecules, is useful in a large variety of applications
including biosensing” and the detection of toxic gases.”
Conventional broadband light sources have been used in the
past as mid-IR light sources; however, in recent years the need
for narrowband light sources in sensing systems has generated a
lot of interest in the development of narrowband emitters. For
the visible range, light emitting diodes (LEDs) serve as
monochromatic light sources, but LEDs cannot be extended to
the IR range, as they offer limited power in the IR range.” As an
alternative, quantum cascade lasers (QCLs) have been
investigated, though their relatively high cost’ necessitates
that other low-cost emitters be developed.

One of the alternative approaches is to employ surface
plasmons (SPs) to enhance the properties of thermal
emitters.””"" Surface plasmons are coupled collective electron
oscillations and electromagnetic field oscillations that can be
excited at the interface between certain metals and dielectric
materials.'””> The two main varieties of SPs, namely, surface
plasmon polaritons (SPPs) and localized surface plasmon
resonances (LSPRs), have both been applied to thermal
emitters. Thermal emitters based on SPPs produce sharp
emission peaks, but suffer from a strong angular dependence
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and a weak emittance at high temperatures as a result of the
increased losses in the metal at higher temperatures decreasing
the intensity and sharpness of the SPP resonance.”” In contrast,
thermal emitters based on LSPRs have strong but broad
emission peaks.”” Structures that rely on a combination of
SPPs and LSPRs have been investigated to alleviate these
drawbacks;'”"" however, it has been fairly challenging for SP-
based emitters to simultaneously realize thermal emission with
high emittance, narrow bandwidth, and small angular and
polarization dependence. Moreover, these reported SP-based
emitters rely on 2D/3D patterned nanostructures,’ " the
fabrication of which involves advanced and costly micro/
nanofabrication steps.

The need for complex nanostructures to excite surface
plasmon resonances is a result of the large in-plane wave vector
of surface plasmon modes. Recently, a new form of plasmon
that can have a zero in-plane wave vector, the Tamm plasmon
(TP), has been shown to exist at the interface between a
metallic mirror and distributed Bragg reflector (DBR). Having a
zero in-plane wave vector means that TPs can be excited by
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light propagating in free space without the need for
nanostructures to couple the light."” Similarly, TPs excited by
thermal oscillations can be out-coupled from a TP device,
producing strong thermal radiation at the TP resonance
wavelength, without the need for complicated nanostructures
on the device.

Since the theoretical proposal of TP as a new form of SP,
TPs have been implemented in a variety of devices, includin,
photodetectors,M’b electrical emitters for the visible range,m’1
and thermal emitters for the infrared range.'®'’ Having a
narrow emission bandwidth in addition to being simple to
fabricate makes TP structures suitable as narrowband thermal
emitters. The first TP-based thermal emitter designs relied on
emission through the metal film of the TP structure; however,
the need for thin metal films resulted in a significant amount of
absorption that decreased the emittance peak and increased the
background emission, thus reducing the Q-factor of the
devices.'® Recently, a TP-based thermal emitter that relies on
emission from the DBR side of the TP structure was
demonstrated using a Si/SiO, DBR on a thick metal film."
Emission from the DBR side was found to be more efficient
than emission from the metal side for mid-IR applications. A
variety of devices have also been proposed and demonstrated
that rely on slight modifications to the typical TP structure
(consisting of a DBR and a metal layer). TP structures
incorporating an optical cavity/microcavity have been used for
the study of light—matter interaction,'”?® and TP structures
with a thicker DBR layer adjacent to the metal layer have also
been investigated.' !

In this work, we demonstrate a narrowband thermal emitter
by inserting an optical cavity between a Ge/SiO,/Ge DBR and
a Au film of a typical TP structure. The design relies on
emission from the DBR side of this TP-cavity hybrid structure.
The coupling between the cavity mode and the TP mode of the
hybrid structure results in a sharper absorptance peak than
achievable using a pure TP structure (without cavity). At the
resonance wavelength of the coupled mode, the Au film and
top DBR trap light effectively in the cavity, resulting in near
unity absorptance. The electric field intensity is significantly
enhanced in the optical cavity and a high Q-factor is achieved.
In addition, the resonance wavelength of the hybrid structure
can be shifted along the DBR stop band simply by varying the
cavity thickness, making a wide range of emission wavelengths
easily obtainable. Furthermore, the resonance wavelength of the
hybrid structure shows a small polarization dependence
(resonance wavelength difference between TM and TE is less
than 2 nm when incident angle is lower than 30°), and a less
than 20 nm shift in the absorptance peak wavelength when the
incident angle is smaller than 8°. Upon thermal excitation of
the hybrid structure at a temperature of 150 °C, the hybrid
structure shows an emittance peak of 0.90 with a Q-factor as
large as 88 at the same wavelength as the reflectance dip
observed at room temperature. In addition, the hybrid structure
has a low background emission, with the ratio between the
emittance peak and the background emittance being approx-
imately 45. The Q-factor and the peak to background ratio of
the TP-cavity hybrid structure exceed those of many recently
reported SP- or TP-based thermal emitters.””""'*' A relatively
small polarization dependence as well as a low background
emission render this hybrid structure superior to SPP-based
thermal emitters.”” The outstanding optical properties and high
emittance of this easy-to-fabricate hybrid structure makes it a
promising candidate for use in a variety of mid-IR applications.

As shown in the inset of Figure la, the hybrid structure
consists of a SiO, optical cavity sandwiched between a Ge/
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Figure 1. (a) Simulated reflectance (black solid curve) and
absorptance (red solid curve) spectra for the designed hybrid structure
under normal incident light, with fg, = 311 nm, f50, = 925 nm, fee, =
1972 nm, and t,, = 100 nm. The schematic diagram of the hybrid
structure is shown in the inset. (b) The simulated absorptance varying
with light wavelength and cavity thickness £, under normal incident
light, other layer thicknesses are kept constant and the same as in (a).
The horizontal dashed line across Points B, C, and D indicates the
cavity thickness used in (a), the vertical dashed line indicates the left
edge of the DBR stop band, and the three dashed curves indicate
different orders of cavity modes. The simulated electric field
distributions of Points A (e = 0 nm, 1 = 5265 um), B (f,y =
1972 nm, A = 5.265 pm), C (t iy = 1972 nm, 4 = 4.500 pm), D (£ iy
=1972 nm, 4 = 3.400 im), and E (te,ie, = 3945 nm, 1 = 5.265 um) are
shown in (c), and the inset for Point A is the electric field of a bare
Ge/Si0,/Ge DBR at the same wavelength as Point A.

SiO,/Ge DBR structure on top and a Au film underneath. The
DBR at the top of the structure is made of alternating layers of
Ge and SiO,. These two materials were chosen to provide a
large refractive index contrast (ng, = 4.02 and ngn, = 1.45, at a
wavelength of S ym), as a large index contrast results in the
DBR having a spectrally wide stop band (about 6.4 ym) and a
high reflectance.”” The thickness of each DBR layer is set to
make each layer having an optical thickness of one-quarter the
targeted emission wavelength. On the other side of the optical
cavity, a highly reflective yet slightly absorbing Au film acts as
both the high-temperature source of radiation and one of the
cavity mirrors (the DBR being the other). Since the structure is
dedicated to mid-infrared applications, a 100 nm Au layer is
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thick enough to be opaque for the range of relevant
wavelengths.

The far-field reflectance and absorptance of the structure are
investigated using the rigorous coupled wave analysis (RCWA)
technique (DiffractMOD, Rsoft Design Group, Ossining,
U.S.A.). The near-field electric field distribution is examined
using the finite-difference time-domain (FDTD) technique
(FullWAVE, Rsoft Design Group, Ossining, U.S.A.). The
complex permittivity of Au is approximated using the Drude-
Lorentz dispersion model.”> The refractive indices of Ge and
SiO, are modeled according to literature values.”** In Figure
la, the reflectance and absorptance spectra are shown for
normal incidence with g, = 311 nm, t50, = 925 nm, fe, =
1972 nm, and t,, = 100 nm (here ¢, and t,, are the thicknesses
of the Ge and Au layers, respectively, tg, is the thickness of the
SiO, layer in the DBR, and f,, is the thickness of the SiO,
cavity). The absorptance spectrum reveals a sharp and strong
absorptance peak (corresponding to a reflectance dip). The
maximum of the absorptance peak is as high as 0.993, and the
absorptance peak has a Q-factor of 135. At an off resonance
wavelength of 6 um, the hybrid structure has a low absorptance
of 0.002, a value which is even lower than the absorptance of a
semi-infinite Au mirror (calculated to be about 0.014 at the
same wavelengthzs). According to Kirchhoff’s law, the
emittance of a planar surface is equal to its absorptance,”®
and therefore, this structure is expected to show not only a
sharp and strong emission peak, but also a low background
emission.

Figure 1b shows the simulated absorptance under normal
incidence as a function of wavelength A and cavity thickness
teavity (Other thicknesses being kept constant). £, = 0 (ie., no
cavity) indicates a pure TP condition, whose resonance
condition can be described by'?

"DBR A ~ 1 (1)

where rppp is the reflection coefficient of a wave incident on the
DBR from just after the Au layer, and r,, is the reflection
coefficient of the wave incident on the Au film from the DBR.
For a cavity thickness of ., = 0, a pronounced TP resonance
at Point A (Figure 1b) occurs within the stop band of the DBR.
To the left of Point A, there are some additional weak peaks
resulting from leaky TP resonances in the side bands of the
DBR (see Figure S in the Supporting Information).

If an optical cavity is inserted between the DBR and the Au
film, the TP mode resonance condition equation must be
revised to consider the phase change of the light as it
propagates one round trip in the cavity. This phase change is

25102 cavi iy
equal to 27[%. As a result, the resonance condition of the

TP mode can be expressed as

rDBRrAuei(4”nSiOZtcaviry)/’1 ~1 ®)

As te,y is increased from zero, the wavelength for this new
hybrid resonance condition red-shifts as can be seen to the right
of Point A in Figure 1b. The phase shift induced by the cavity
thickness makes it possible to select the wavelength of the
resonance through changing the cavity thickness. In addition to
the TP resonance of the structure, the cavity has its own
resonance modes described by,

tcavity = ml/aniOZ (3)

When the cavity thickness is increased sufficiently enough to
excite one of these modes within the stop band of the DBR, a

coupled TP-cavity resonance that results in strong constructive
interference within the cavity and a large absorptance (Point B)
is obtained. The three white dashed curves shown in Figure 1b
indicate conditions for different orders of the cavity modes, as
described by eq 3. It is evident from the good overlap between
the strong absorptance lines and the cavity modes, as shown in
Figure 1b, that the high absorptance is a result of a strongly
coupled TP-cavity mode.

The near-field behavior of the hybrid structure is investigated
at five points (Points A—E in Figure 1b). Points B, C, and D
have the same cavity thickness as each other (tCaviry = 1972 nm),
corresponding to the thickness used in Figure 1a; and Points A,
B, and E have the same wavelength as each other. Point A, in
which no SiO, cavity is present, represents a standard TP
resonance within the stop band of the DBR. The electric field
distribution at Point A, shown in Figure Ic, reveals a standing-
wave pattern inside the DBR with an antinode at the upper side
of the DBR and a node at the lower side. The electric field
intensity has a maximum at the first Ge/SiO, interface and
decays toward both the Au film and the Ge/air interface. In
contrast to the TP resonance of Point A, a bare DBR at the
same incident wavelength possesses a node at the upper side
and an antinode at the lower side of the DBR, and the electric
field decreases going from the upper side to the lower side, as
shown in the inset for Point A in Figure lc. The difference in
phase between the bare DBR and the TP mode is related by the
excitation of the TP, and allows the DBR to transmit light to
the DBR/Au interface despite its normal mirror-like reflectance.

By inserting an optical cavity into the TP structure of Point
A, the hybrid structure of Point B can be obtained. The strong
resonance at Point B is a result of the coupling between the TP
mode and the first order mode of the cavity (m = 1 in eq 3), as
suggested by the similarity between the resonance dispersion
and the mode dispersion (Figure 1b). The electric field
distribution of Point B (Figure 1c) has, in addition to the
standing-wave pattern inside the DBR typical of a TP mode, a
very pronounced standing-wave pattern in the cavity. This
allows energy to be trapped in the cavity, and results in a high
absorptance peak Q-factor of 135 at Point B. This high Q value
compares favorably with the Q = 34 obtained for the pure TP at
Point A. Point C represents the properties of the background of
the absorptance spectrum in Figure la and has a low
absorptance and a high reflectance. The electric field
distribution of Point C reveals the DBR behaving as a mirror
(node at the top and antinode at the bottom). This means that
most of the light is reflected back at the top layer of the DBR
and is not absorbed in the Au. A portion of the light that is
transmitted through the DBR is reflected by the bottom Au
layer, and a very low intensity standing-wave between the DBR
and the Au film is seen. The constructive interference between
the light reflected by the different interfaces results in Point C
having a reflectance larger than even an opaque Au mirror.

Points D and E both exhibit a second order standing-wave
within the cavity as a result of the fact that they are both along
the resonance line formed by the coupling of the second order
cavity mode and the TP mode. Point D, however, has a much
lower intensity, because Point D lies at the edge of the DBR
stop band, where the DBR reflectance is imperfect (see Figure
S1 in the Supporting Information). Here, the coupled TP-cavity
mode is leaky, and as such the resonance is weak and broad. In
contrast to Point D, Point E falls within the DBR stop band and
the coupling condition can be fulfilled (see Figure S1). This
results in Point E having a high absorptance (absorptance =
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0.993) with a high Q-factor (Q = 211). The coupling of the TP
and cavity modes is also clearly observable in Figure lc for
Point E, where a second order standing-wave pattern with a
large intensity is observed. The Q-factor of the coupled mode
can be increased by using higher orders of the cavity mode, but
to simplify the fabrication process, the coupled mode around
Point B is studied throughout the rest of this work.

It is noted that by varying the thickness of the cavity, the
wavelength of the strong coupled mode can be adjusted
between 4.0 and 7.5 pm, as seen in Figure 1b. Therefore, the
hybrid structure makes it possible to obtain a resonance
wavelength in a wide range of wavelengths simply by adjusting
the optical cavity thickness. It is envisaged that electro-optical
materials could be used to control the effective optical thickness
of the cavity and achieve a tunable emitter.

For structures used in narrowband thermal emission, angular
and polarization dependence should be characterized. The
simulated absorptance spectra for different incident angles (6)
of transverse magnetic (TM-) polarized light are shown in
Figure 2a. For TM-polarized incidence, resonance wavelength
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Figure 2. (a) Simulated absorptance spectra for TM-polarized light for
varying incident angles (6 = 0°, 5°, 10°, 15°, and 20°) at Point B in
Figure 1. (b) Difference between the center wavelength of the
absorptance peaks for TM and TE polarizations as a function of 6 (6
varies S° for each point).

shifts 8 nm for 6 increasing from 0° to 5°. When the incident
angle changes from normal to about 8°, the absorptance shows
a decrease by 50% at the wavelength of the normal incidence
peak (and peak wavelength blue-shifts by 20 nm). See Figure
S2 for a comparison of the angular dependence of the pure TP
structure, cavity structure, and the hybrid structure. The
wavelength difference (A1) between the absorptance peaks of
the TM and the transverse electric (TE) polarizations for
varying @ is shown in Figure 2b (see Figure S3 for TE-polarized
absorptance spectra for varying 8). From this, it is clear that the
absorptance peaks for TM- and TE-polarized light exhibit very
little wavelength difference as @ varies from 0° to 30° (the
difference is within 2 nm).

In Figure 3, the absorptance spectra of two hybrid structure
designs are compared to the absorgtance spectra of TP
structures and Fabry—Perot cavities.””** Figure 3a shows the
absorptance spectra for a TP structure with a 3-layer Ge/SiO,
DBR and a S-layer Ge/SiO, layer DBR, where the high-index
Ge layer is in contact with the Au film as necessary to meet the
TP resonance condition.”'”*” The 3-layer DBR corresponds
to the same hybrid structure studied in Figure 1b when £, is
zero. Point A from Figure 1b is labeled in Figure 3a. From
Figure 3a, it is evident that the absorptance peak bandwidth
shrinks as an addition DBR period is added; however, the
intensity of the absorptance peak diminishes. The S-layer DBR
has a lower transmittance, which allows light to be effectively
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Figure 3. (a) Absorptance spectra of the 3-layer and S-layer DBR TP
structures (black and green solid curves). (b) Absorptance spectra of
Au/SiO,/Au cavity structure with different t,, (thickness of surface
Au). (c) Absorptance spectra of the 3-layer and S-layer DBR hybrid
structures (black and green solid curves). Points A and B are the same
points as in Figure 1.

confined in the TP mode and contributes to the structure
having a higher Q-factor. The reduced absorptance intensity is a
result of the reduced coupling of the incident light to the TP
mode at the DBR/Au-film interface. For the TP to be excited,
incident light must penetrate through the DBR and reach the
DBR/Au-film interface. Since the TP mode is within the stop
band of the DBR, the incident light is initially reflected at the
DBR/Air interface and only propagates in the DBR as an
evanescently decaying wave. As the thickness of the DBR is
increased by adding an additional period, the intensity of light
that can reach the DBR/Au-film interface and excite the TP
mode is also reduced. This results in less light being coupled
from free space to the TP mode and a smaller TP absorptance
peak for the structure.

Figure 3b shows the absorptance spectra for a Fabry—Perot
cavity structure with different thicknesses for the top Au layer
(teap)- The thicknesses of the cavity and the bottom Au layer are
kept constant and are t ., = 1972 nm and t,, = 100 nm,
respectively (the same as the hybrid structure for Point B of
Figure 1b). As the top Au layer thickness is increased, the
resonance bandwidth and intensity become smaller. A thicker
Au top layer has a higher reflectance, which improves the light
confinement and results in a higher Q-factor, but since the Au
layer transmittance is lower, less light can enter the cavity and
resonate, resulting in a smaller absorptance. For this reason, it is
difficult to obtain a Fabry—Perot cavity that has both a large
absorptance peak and a small bandwidth.

The absorptance spectra for a hybrid structure with a 3-layer
DBR and a hybrid structure with a 5-layer DBR are shown in
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Figure 3c. Both hybrid structures exhibit an absorptance
spectrum similar to the TP structures, suggesting that the
absorptance is related with the TP resonance; however, their
absorptance peaks are narrower than both the TP structures
and the Fabry—Perot structures. The coupling of the cavity and
TP mode in the hybrid structure results in a more stringent
excitation condition for the coupled mode, and thus, a sharper
resonance. Moreover, the Q-factors of the hybrid structures are
enhanced over the TP structures as a result of the cavity’s
ability to store a large amount of energy.

The TP-cavity hybrid structure was fabricated on a Si
substrate using an RF-magnetron sputtering system (CFS-4ES,
Shibaura Engineering Works Co., Ltd., Yokohama, Japan). The
target dimensions of the structure were the same as the
structure of Figure la. First, a Ti adhesion layer (10 nm thick)
was deposited on the Si substrate. Subsequently, Au layer was
deposited. Then, an additional Ti layer of S nm was sputtered
on top of the Au layer. Afterward, the SiO, optical cavity and
the Ge/SiO,/Ge DBR structure were deposited. The
dimensions of the fabricated structure were measured by
scanning electron microscopy (SEM) as tg, = 298 nm, fgo, =
982 nm, t i, = 1693 nm, and f,, = 106 nm, and the inset to

the right of Figure 4a shows the SEM cross-section image of the
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Figure 4. (a) Experimental (black solid curve) and numerical (gray
dashed curve) results for the nonpolarized reflectance spectrum of the
fabricated sample with g, = 298 nm, t50, = 982 nm, f.,, = 1693 nm,
ta, = 106 nm, and € = 0°. Scanning electron microscopy cross-section
view of the fabricated structure is shown in the inset. (b) Measured
reflectance spectra of the hybrid structure for a TM-polarized incident
light with 6 = 0°, 5°, and 10°. A TP structure with a Ge/SiO,/Ge DBR
(3-layer DBR TP structure) was also fabricated (tg, = 282 nm, tg0, =
886 nm, and f,, = 106 nm), and a comparison between the reflectance
of the TP structure (gray curve) and the hybrid structure (black solid
curve) is shown in (c).

fabricated structure. The reflectance spectrum of the sample
was measured with plane-wave-incidence produced by FT-IR
spectrometer (VIR-300, JASCO, Tokyo, Japan; see Figure S4
for detailed information about the optical setup used for
reflectance measurements), and calibration was done with a Au
mirror (see Figure SS). The measurements were performed
with a spectral resolution of 4 cm™', which corresponds to 10
nm when the wavelength of interest is 5 ym. The measured and
simulated spectra are in good agreement, as shown in Figure 4a.

The measured reflectance spectrum shows a dip at a wavelength
of 4.733 um, with a full width at half-maximum (fwhm) of 45
nm, a Q-factor of 104 (simulated Q-factor with fabricated
dimensions is 122), a dip value of 0.085, and a near unity
background reflectance (0.991 at a wavelength of 6 yum). The
reflectance spectra of the hybrid structure for near-normal
incidence angles were measured with TM-polarized incident
light. As shown in Figure 4b, the initial position of the dip at
the wavelength of 4.733 um in the reflectance spectra shifts by
only 6 nm when 6 is varied from 0° to 5°. The peak shifted an
additional 10 nm when 6 varied was further increased from 5°
to 10°. In order to verify that the coupled TP-cavity mode
performs better than a pure TP mode, a TP-based structure
with a Ge/SiO,/Ge DBR on an Au film was also fabricated and
characterized. The dimensions of the fabricated TP structure
(measured by SEM as tg, = 282 nm, {5, = 886 nm, and t,, =
106 nm) are different from those of the hybrid structure due to
minor fabrication problems. The measured reflectance dip of
the TP structure has a Q-factor of 27 under normal incident
light (simulated Q-factor with fabricated dimensions is 28). See
Figure S6 for detailed information on the TP structure. The
reflectance spectra of the TP structure and the hybrid structure,
as seen in Figure 4c, clearly show that the hybrid structure
possesses a much narrower bandwidth than the pure TP
structure.

According to Kirchhoff’s law, the emittance of an object is
equal to its absorptance for a given wavelength, incident angle,
and polarization.”® Based on this, a structure that has a strong
and narrow absorptance peak should also have a strong and
narrow emittance peak. The structure whose reflectance
spectrum is shown in Figure 4a showed a strong and narrow
reflectance dip, and it is expected that this peak will give rise to
a narrowband and high-emittance peak in the structure’s
emittance spectrum. To measure the thermal emission of the
TP-cavity hybrid structure, the sample was heated up to 150 °C
using a heating stage (UH200CV, SPLEAD Corp., Tokyo,
Japan). Emission from the sample was measured through the
external port of an FT-IR spectrometer (VIR-300, JASCO,
Tokyo, Japan) with a collection angle of —8° < 6 < 8°. A
carbon soot film was deposited on a Si substrate to act as a
blackbody reference. The surface temperature of the hybrid
structure was measured using a K-type thermocouple equipped
with a surface temperature probe (IK-500, AS ONE Corp.,
Osaka, Japan). The temperature of the carbon soot surface was
measured using an infrared radiometer (Heitronics KT19.82,
Heitronics, Wiesbaden, Germany; deviation about +0.6 °C at
150 °C). Figure Sa shows the measured emission spectrum of
the hybrid structure for a surface temperature of 150 °C,
together with the emission spectrum of the carbon soot layer
(blackbody reference) at the same temperature. The emittance
spectrum of the tested sample can be calculated from its
measured emission spectrum using a normalization procedure
with the blackbody spectrum as a reference. The emittance € is
calcul;;tleldq)0 following the approach described in the liter-
ature:”” "

Es(4, T) — E(4, T)
EB(/L T) - EEz(/I; T) 4)

e(4, T) =

where Ej is the estimated emission of a perfect blackbody, Eg is
the measured sample emission, Eg; is the environmental
emission of the sample, Eg, is the environmental emissions of
the blackbody, and T is the surface temperature used.
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Figure S. (a) Emission spectrum of the hybrid structure for a surface
temperature of 150 °C (black), and the emission spectrum of the
blackbody reference at the same temperature (gray). Dips seen in the
blackbody emission spectrum at around 4.25 and 6.00 um are due to
absorption by ambient CO, and H,0O, respectively. (b) Calculated
emittance spectra of the fabricated sample at different temperatures.
The absorptance (1 - reflectance) spectrum (red dashed curve) of the
structure at 150 °C is shown as a reference. (c) Comparison between
the emittance of the TP structure (gray solid curve) and the hybrid
structure (black solid curve).

Emittance spectra of the hybrid structure at different surface
temperatures (50, 75, 100, 125, and 150 °C) are shown in
Figure 5b. The absorptance spectrum for the sample at room
temperature, (1 - reflectance), is also shown for comparison.
The calculated emittance of the sample for a temperature of
150 °C reaches up to 0.90 at 4.731 pm, with a Q-factor as high
as 88 and a low background emittance (about 0.02 at
wavelength of 6 um) in the vicinity of the emittance peak.
The ratio between the emittance peak and the background
emittance (about 45), and the Q-factor of this structure are
larger than any other values reported for SP-based thermal
emitters,® 1819 including TP-based thermal emitters. 18,19
The peak in the emittance spectrum is found to be slightly
weaker and broader than the observed absorptance peak at
room temperature, and the background of the emittance
spectrum is found to be slightly stronger than the observed
absorptance spectrum. These slight deviations from the
observed absorptance are attributed to the averaging of the
emittance spectrum over the FT-IR collection angle (+8°) and
to the increased loss factor of the Au and SiO, layer at elevated
temperatures. As the surface temperature decreases from 150 to
75 °C, the maximum emittance remains relatively constant,
ranging from 0.88 to 0.90; the Q-factor slightly increases from
87.5 to 88.3; and the emittance peak blue-shifts by 7 nm. These
small changes in the emittance peaks are likely caused by
thermal expansion of the layers and/or variations in the optical
properties with temperature. At a low temperature of 50 °C,
due to the weak intensity of thermal emission (proportional to
T*), noise in the measurement, especially around the CO,
absorption window (about 4.25 um), becomes significant in
comparison to the emission intensity. The pure TP structure
exhibits an emittance peak (with a Q-factor of 22) broader than
the hybrid structure at 150 °C, as shown in Figure 5(c). In
summary, by inserting a cavity between the DBR and the Au
film of a standard TP structure, a hybrid structure sustaining a

coupled TP-cavity mode that has a low background emission
and a high Q-factor was obtained.

A hybrid TP-cavity structure consisting of an optical cavity
sandwiched between a DBR and a Au film was proposed as a
narrowband and high-emittance thermal emitter. Through
studying the near-field and far-field behaviors of the hybrid
structure, it was found that the coupling of the TP mode of the
Au film and DBR, and the cavity modes of the optical cavity
results in the hybrid structure having a sharp and large
reflectance dip in the mid-IR. The fabricated hybrid structure
was found to have a strong mid-IR emittance (0.90 at 4.731
um), with a high Q-factor (Q = 88) and a low background
emittance (0.02), when heated to 150 °C. This performance
exceeds the performance of similar TP-based emitters and
demonstrates the potential of the hybrid TP-cavity structure.
The incorporation of tunable optical cavities in the future may
pave the way for high-performance, narrowband and tunable
mid-IR thermal emitters.
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