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Dynamic Thermal Emission Control Based on Ultrathin
Plasmonic Metamaterials Including Phase-Changing
Material GST

Yurui Qu, Qiang Li,* Kaikai Du, Lu Cai, Jun Lu, and Min Qiu

Dynamic thermal emission control has attracted growing interest in a broad
range of fields, including radiative cooling, thermophotovoltaics and adaptive
camouflage. Previous demonstrations of dynamic thermal emission control
present disadvantages of either large thickness or requiring sustained
electrical or thermal excitations. In this paper, an ultrathin (�0.023λ, λ is the
emission peak wavelength) metal-insulator-metal plasmonic
metamaterial-based zero-static-power mid-infrared thermal emitter
incorporating phase-changing material GST is experimentally demonstrated
to dynamically control the thermal emission. The electromagnetic modes can
be continuously tuned through the intermediate phases determined by
controlling the temperature. A typical resonance mode, which involves the
coupling between the high-order magnetic resonance and anti-reflection
resonance, shifts from 6.51 to 9.33 μm while GST is tuned from amorphous
to crystalline phase. This demonstration will pave the way towards the
dynamical thermal emission control in both the fundamental science field and
a number of energy-harvesting applications.

1. Introduction

The ability to control thermal emission contributes to a
wide range of applications including radiative cooling,[1–3]

thermophotovoltaics,[4–10] and adaptive camouflage.[11–13] Plas-
monic nanostructures have unique potentials in the control of
thermal emission. Thanks to high resonance-enhanced Joule
loss in plasmonic nanostructures, they have strong absorp-
tion that can be engineered by smart geometric designs and
thereby can be used to control thermal emission according
to Kirchhoff’s law. To date, several plasmonic nanostructures
have been used to statically control thermal emission includ-
ing gratings,[14–16] metal-insulator-metal (MIM) structures,[17–27]

metallic bull’s eye.[28,29] Such plasmonic nanostructure-based
thermal emitters are ultrathin because metallic nanostructures
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can effectively concentrate light into
nanoscale and thermal radiation thereby
occurs in a size smaller than the free-
space wavelength of radiation. However,
they can only offer a static thermal emis-
sion control without flexible tunability.
Several strategies to dynamically en-

gineer thermal emission have also been
investigated. (1) By electrically tuning
intersubband absorption in quantum
wells and carrier density in graphene,
the emissivities of mid-infrared ther-
mal emitters based on photonic crys-
tal slabs[30] and graphene resonators[31]

can be dynamically tailored, respectively.
For the photonic-crystal-slab-based ther-
mal emitter, the peak emission wave-
length based on an intersubband transi-
tion is untunable because two quantized
energy levels in the conduction band
of quantum wells are fixed. The thick-
ness of the photonic-crystal slab-based

thermal emitter is as large as 2 μm (�0.2λ, λ is the emission
peak wavelength). For the graphene-resonator-based emitter, the
emissivity can only be tuned in a small range from 0 to 3% when
carrier density increases from 0.1 × 1013 cm−2 to 1.2 × 1013

cm−2. (2) By mechanically controlling the distance between the
top metamaterial pattern and the bottom metallic film through
applying heat, the thermal emission in micro-electro-mechanical
systems can be tunable.[32] It is difficult to tune the peak wave-
length in such structures, and the emissivity can only be tuned
in a limited range from 50% to 80% when the temperature in-
creases from 293 K to 623 K. The thickness of the whole structure
is as large as 2 μm (�0.4λ) in order to suspend top metamate-
rial pattern above the ground plane. (3) By thermally controlling
the phases of phase-changing materials like Ge2Sb2Te5 (GST)[33]

and VOx[34] at different temperatures, tunable thermal emission
can be realized based on multilayer structures. The peak wave-
length tuning is dependent on the thickness of GST or VOx and
the thermal emitters thus present comparatively low design flexi-
bility. In addition, the VOx is volatile and thus requires sustained
power to maintain its phases, which leads to large power con-
sumption. There has yet to emerge a viable solution to realize ul-
trathin thermal emitters with dynamic low-power-consumption
thermal emission control.
In this paper, an ultrathin plasmonic thermal emitter is experi-

mentally demonstrated to dynamically control thermal emission
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with low-power-consumption. The ultrathin feature is achieved
by adopting the MIM plasmonic metamateirals, in which the
emission wavelength can be controlled by the geometric size of
top metallic particles without sacrificing the total device thick-
ness. The dynamic low-power-consumption control is imple-
mented by incorporating zero-static-power phase-changing ma-
terial Ge2Sb2Te5 (GST), which has been applied in various
energy-efficient switchable photonic devices.[33,35–44] The whole
structure shows a total thickness of 550 nm (�0.023λ), which is
well below the subwavelength scale. A typical resonance mode,
which involves the coupling between the high-order magnetic
resonance and anti-reflection resonance, shifts from 6.51 to 9.33
μm while GST is tuned from amorphous to crystalline phase.
This ultrathin plasmonic nanostructure combined with zero-
static-power phase-changingmaterial paves a new way to dynam-
ically control thermal emission.

2. Materials and Methods

2.1. Fabrication of GST-Based Thermal Emitter

A 100-nm-thick Au film and subsequently a 350 nm GST film
are deposited on silicon substrate by magnetron sputtering. A
1.5-μm-thick photoresist (AR-P 5350) is then spun onto the GST
film and baked for 5 minutes at 105 °C. The photoresist is ex-
posed to define the nanohole array by photolithography using
Double Sided Mask Aligner System (MA6–BSA). The photore-
sist is then developed in 1:6 AR 300–26/ DI water followed by
rinsing in DI water. After development, a 100-nm-thick Au film
is then deposited onto the sample by magnetron sputtering. The
Au absorber is realized after lift-off by ultrasonic processing in
acetone for 1 minute.

2.2. Optical Measurements

The emitted spectra are measured by a Fourier transform in-
frared spectrometer (FTIR) with a room-temperature doped
triglycine sulfate (DTGS) detector. The black soot is generally
regarded as a perfect reference owing to its high wavelength-
independent emissivity. Here the black soot reference is made
by firing a rectangular stainless steel slice with a candle and its
emissivity is assumed to be 0.97. The as-deposited GST alloy is
at the amorphous phase and an annealing process at 160°C on a
hot plate is applied to get the crystalline GST in this paper. The
thermal emitter is fixed on a heating stage with a temperature
range of 0–300°C. The baking temperature is read out from heat-
ing stage display, which is around 9°Chigher than temperature of
the sample surfacemeasured by a thermocouple. In the following
experimental results, temperature refers to baking temperature.

2.3. Numerical Simulations

Finite-difference time-domain method (FDTD Solutions v8.13,
Lumerical) is used to compute the optical responses of the MIM
thermal emitter. The relative permittivity of gold is obtained from
Palik’s handbook.[45] The relative permittivities of GST (2.5-15
μm) are obtained experimentally from the fabricated GST films

(Fig. S1), and the permittivities used in simulation (2.5-25 μm)
are obtained by fitting experimental permittivities based on
multi-coefficient models (MCMs) in FDTD Solutions. According
to Kirchhoff’s law of thermal radiation, the thermal emissivity of
the sample is equal to its absorptivity, so the simulated emissiv-
ity is replaced by the simulated absorptivity. All of the simulated
results are obtained under the normal incidence.

3. Results and Discussion

3.1. Thermal Emissivities of aGST and cGST MIM Thermal
Emitter

The schematic of the tunable ultrathin MIM plasmonic thermal
emitter is depicted in Figure 1(a), and Figure 1b presents cor-
responding scanning electron microscope (SEM) images. The
thicknesses of the bottom gold film, the intermediate GST film
and the top gold nanodisks of the fabricated MIM thermal emit-
ter are 100 nm, 350 nm and 100 nm, respectively. The total thick-
ness is 550 nm, which equals to around 0.023λ (λ is 23.78 μm
for the fundamental magnetic resonance). The array periodicity
is 5 μm, and the diameter of the nanodisks is 2.8 μm. The total
dimension of the nanostructure arrays is 9 × 9 mm2. The as-
deposited GST is at the amorphous phase (termed as aGST). An
annealing process above 160°C on a hot plate is applied to get
GST at the crystalline phase (termed as cGST) (inset in Figure
1(a)). The experimental and simulated emissivities are obtained
at normal incidence. The electric field E, the magnetic field H
and the wave vector k are at x, y and z directions, respectively, as
shown in Figure 1(a).
The emissivities of the MIM thermal emitter at normal inci-

dence are investigated in experiments (Figure 2(a)) and simula-
tions (Figure 2(b)). For the aGST MIM emitter, several resonant
emission peaks can be seen in the experimental emissivity spec-
trum. The emission peaks at 23.78 μmwith an emissivity of 0.70
and 8.66 μm with an emissivity of 0.70 correspond to the funda-
mental magnetic resonance (the magnetic field pattern is shown
in the inset of Figure 2(b)) and the third-order magnetic reso-
nance, respectively. There are two overlapping resonances peak-
ing at 6.26 μm and 5.85 μm, respectively. Both peaks have the
emissivity of around 0.9. For the cGST MIM emitter, only one
broad emission peak locating at 8.71 μm with an emissivity of
0.73 can be identified (Figure 2(a)). The spectral range of the
DTGS detector used in this experiment is 2.5-25μm, and the fun-
damental magnetic resonance shift beyond this range when GST
is tuned from amorphous to crystalline phase. Therefore, in the
following analysis of the emission evolution process, we focus on
other resonant modes. The measured peak emissivities are gen-
erally lower than the simulated ones for both aGST and cGST
thermal emitters, especially for the long wavelength (> 7 μm).
This may be caused by the rough disk boundaries owing to the
imperfection in fabrication and the error in fitting experimental
permittivities based on multi-coefficient models (MCMs).

3.2. Mode Analysis

To unveil the physics behind the different peaks of the aGST
MIM emitter, the field patterns for the aGST MIM emitter are
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Figure 1. (a) A schematic of and (b) an SEM image of the fabricated ultrathin MIM plasmonic thermal emitter incorporating phase-changing material
GST. The MIM thermal emitter is composed of the bottom gold film, the intermediate GST film and the top nanodisks. Inset: amorphous to crystalline
phase transition for the phase-changing material GST.

Figure 2. (a) and (b) are experimental and simulated thermal emissivities of the MIM thermal emitter. The black and red lines are for the aGST and
cGST phases, respectively. Inset: The field pattern of the fundamental magnetic resonance. The colormap represents the amplitude of magnetic field.

further investigated (Figure 3). The simulated emissivity of the
aGST MIM emitter is fitted by multiple Lorenz curves. The fit-

ting Lorenz function is L (x) = L 0 + A0
π

1
2 �

(λ−λ0)2+( 12 �)
2 . It has the

maximum at λ = λ0 and � denotes the full width at half maxi-
mum (FWHM).
The emissivity of the aGST MIM emitter is fitted by four

Lorenz curves, representing four main resonant modes (Mode
Ⅰ to Mode Ⅳ). The peak wavelengths of four resonant modes
are 8.70 μm, 6.51 μm, 5.86 μm and 5.28 μm, indicated by A,
B, C and D (Figure 3), respectively. The four colormaps rep-
resent the magnetic field component Hy, which is perpendic-

ular to cross section xz at the corresponding peak wavelength.
There is a good agreement between the black curve which rep-
resents the simulated emissivity, and the pink curve which rep-
resents the cumulative fitting curves of the four main resonant
modes.
The magnetic field of Mode Ⅰ is confined to the intermediate

GST film between the top Au nanodisks and bottom Au layers,
signifying that a typical three-order magnetic resonance is gen-
erated. The magnetic fields of Mode Ⅱ, Mode Ⅲ and Mode Ⅳ
are not only confined to the intermediate GST film between the
Au top nanodisks and bottom layers, but also in the interface
between the GST film and the bottom film (known as
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Figure 3. Multiple Lorenz fitting of the simulated aGST MIM emitter emissivity. A-D represent the peak wavelength of different resonant modes of the
aGST MIM emitter. The colormaps represent the magnetic field component Hy. The positive Hy is represented by the plus sign (+), and the negative
Hy is represented by the minus sign (−).

anti-reflection resonance). These three peaks (B, C and D) cor-
respond to the hybrid modes which involve the coupling be-
tween the high-order magnetic resonances and anti-reflection
resonances between the GST film and the Au bottom film. Mag-
netic field components (Hy) of four resonance modes are sym-
metric with respect to x = 0 plane at normal incidence.

3.3. Evolution of the Modes through the Intermediate Phases

The crystallization temperature of GST is around 160°C. In or-
der to explore evolution of the different resonant modes through
the intermediate phases, The MIM thermal emitter is baked at
1°C step from 160°C to 175°C to get different GST intermedi-
ate phases. The baking time is 1 min for each temperature, and
temperature rising time is 20s and another 40s is for emission
spectrum measurement. The emissivities of the MIM thermal
emitter are measured at corresponding baking temperatures. In
Figure 4(a), the emissivities of the MIM emitter at several inter-
mediate GST phases are represented. As temperature increases,
many GST crystalline nuclei are formed at first and then numer-
ous crystals gradually joint together to form the crystalline struc-
ture at crystallization temperature. The GST film in the interme-
diate phases consists of different proportions of amorphous and
crystalline molecules, and the effective permittivity εe f f λ of such
GST film can be estimated by effective-medium theories[47] based
on the Lorentz-Lorenz relation[40,46,48]:

εe f f (λ)− 1
εe f f (λ)+ 2

= m× εc (λ)− 1
εc (λ)+ 2

+ (1− m) × εa(λ)− 1
εa(λ)+ 2

m denotes the crystallization fraction of the GST film ranging
from 0 to 100%, εc (λ) and εa(λ) are the permittivities of GST in

the crystalline and amorphous phases. Simulated resonances are
matched with the measured resonances by changing the crystal-
lization fraction of GST from 0% to 100%.
The simulated emissivities at intermediate phases are fitted by

multiple Lorenz curves to explore the evolution of each resonant
mode. In Figure 4(b), all the four resonant modes red-shift as
temperature grows, indicating that the real part of the refractive
index of the GST spacer film increases. When the GST film is
fully crystallized (crystallization fraction from 0% to 100%), the
Mode I redshifts from 8.70 μm to 12.78 μm. The Mode Ⅱ andⅢ
shift from 6.51 μm to 9.33 μm and from 5.87 μm to 7.93 μm,
respectively. The Mode Ⅳ redshifts from 5.28 μm to 6.05 μm
when the crystallization fraction increases from 0% to 50%, and
vanishes at crystallization fraction of 70%. The bandwidths and
emissivities for each resonant mode at different crystallization
fractions are extracted from Lorenz fitting curves (Figure 4(c) and
(d)). The bandwidths of all four resonant modes increase as GST
crystallization fraction grows (Figure 4(c)) because the GST gets
more lossy at higher crystallization fraction (Figure S2). Specially,
the bandwidth of Mode 1 increases sharply after the crystalliza-
tion fraction of 70%. The emissivities of Mode I, Mode Ⅲ and
ModeⅣ decrease as crystallization fraction grows. With crystal-
lization fraction increasing, the emissivity of Mode Ⅱ slightly in-
creases first and then gradually decreases. TheMode Ⅱ is the res-
onant mode with non-optimal coupling at aGST phase, and goes
through the optimal coupling with the highest emissivity at 30%
crystallization. The emissivity then decreases with crystallization
fraction increasing from 30% to 100%.
The reamorphization of GST can be achieved by thermal

annealing at a temperature above 640°C followed by a sharp
cooling, and the phase transition process takes several seconds.
The reamorphization is not demonstrated here because the 100-
nm-thick Au film exhibits a melting point of around 300°C. If
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Figure 4. Evolution of different resonant modes through the intermediate phases. (a) Experimental results of continuously tuning emissivities of the
MIM thermal emitter at different baking temperatures. (b) Simulated emissivities of the MIM thermal emitter at corresponding crystallization fraction.
The simulated emissivities at intermediate phases are fitted by multiple Lorenz curves. Extracted (c) bandwidths and (d) emissivities of the four resonant
modes versus crystallization fraction.

the gold is replaced by refractory metals (such as W and Mo),
the GST-based MIM thermal emitter can be reversibly switch-
able. In addition to thermal annealing, the reamorphization of
the GST can also be realized using laser pulses[35,38,49–51] or elec-
trical stimulations.[52] The typical switching time for electrical
stimulation is several nanoseconds.[52] By using laser pulses, the
switching time can be several nanoseconds[35] or even reduced to
tens of femtoseconds.[50]

4. Conclusions and Outlook

In conclusion, an ultrathin plasmonic thermal emitter with dy-
namic thermal emission control ability is experimentally inves-
tigated. The ultrathin thermal emitter has the thickness of 550
nm (�0.023λ), which is well below the subwavelength scale.
The dynamic zero-static-power control is achieved by incorporat-

ing phase-changing material GST. The emissivities, bandwidths
and peak wavelengths can be continuously tuned by control-
ling the temperature that determines the crystallization fraction
of GST. Except for the thermally tunable GST, the phase tran-
sitions of GST can also be induced by electrical[37,52] or optical
excitation,[35,38,42,49–51] demonstrating potentials in ultrafast mod-
ulation of GST based matematerials. This ultrathin plasmonic
metamaterials-based thermal emitter paves the way towards the
dynamic thermal emission control in fundamental science and
can significantly benefit a number of applications, including ra-
diative cooling, thermophotovoltaics and adaptive camouflage.
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