ORIGINAL PAPER

www.lpr-journal.org

Spatially Resolved Dynamically Reconfigurable Multilevel

Control of Thermal Emission

Ziquan Xu, Qiang Li,* Kaikai Du, Shiwei Long, Yang Yang, Xun Cao, Hao Luo,

Huanzheng Zhu, Pintu Ghosh, Weidong Shen, and Min Qiu

Spatially resolved dynamically reconfigurable control of thermal emission has
comprehensive implications for fundamental science and technological
applications, such as thermal camouflage and adaptive radiative
heating/cooling. Materials and systems that can spatially control thermal
emission with dynamic reconfigurability, simple manufacturability, and a large
dynamic range have not been explored, so far. Here, a spatially resolved
thermal emission control platform consisting of three components

(a VO, material with phase transition hysteresis, a thermal photonic device
with a field-optimized planarized structure, and an optically controllable
patterning system) is built and validated. This platform presents excellent
merits such as spatially resolved control of thermal emission, multilevel (up to
nine levels) emission control with a large dynamic range of the emissivity
modulation (0.19 for the insulating phase and 0.91 for the metallic phase)

1. Introduction

Control over the thermal emission of
a thermal photonic device is funda-
mental to its application in energy-
harvesting and information fields, in-
cluding thermal management (radiative
heating/cooling!’™ and thermophoto-
voltaics®®),  molecular sensing,*1¥
thermal infrared (IR) sources,[!-1
and thermal camouflage.'’2% Thermal
emission, which is radiative electro-
magnetic energy outflow due to the
thermal motion of charged particles, is
determined by Planck’s law of black-
body radiation. For switchable spectral

over a broad bandwidth (814 pm), and robust reconfigurability. The results
demonstrate potential applications in the field of thermal photonics for

information and energy harvesting.
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control of thermal emission, devices
that integrate the intrinsic electrical/
optical/thermal properties of materials
such as semiconductors,'?1-23 low-
dimensional materials,*?*%!  phase
transition materials,'#2631 and  field
optimizing structures like cavities,'®?”] metasurfaces,?!2¢3% and
quantum wells*2223] are being utilized.

Compared to spectral control, spatially resolved control of
thermal emission is much more challenging yet crucial for in-
formation applications, such as thermal camouflage,’ com-
bat identification,?” and IR target simulation.**l Passive metal
metasurfaces can achieve switchable spatially resolved modula-
tion of thermal emission by spatially arranging units with dif-
ferent emission properties but can hardly be dynamically re-
configured owing to the fixed geometric parameters.?**! In ad-
dition, microelectromechanical-system-based IR emitter arrays
or digital mirror devices can achieve spatially resolved thermal
emission control but require electrical, thermal, or mechanical
actuators to independently control each pixel, increasing the
manufacturing complexity.?>3¢37] Moreover, a transducer con-
sisting of a metallic black on a thin polymer substrate can convert
avisible image into an IR image through localized optical heating
and thermal emission.*® Similarly, active metasurfaces incorpo-
rating a photosensitive ZnO layer can be used to spatially modu-
late the emissivity by optically controlling the carrier concentra-
tions with masks; however, such devices exhibit a low dynamic
range of the emissivity modulation (~0.12 in the 7.5-14 pm wave-
length range).?! Therefore, spatially resolved dynamically recon-
figurable control of thermal emission for practical applications
remains elusive.
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Here, we report a spatially resolved and dynamically recon-
figurable thermal emission control platform. A light stimulated
phase transition enables the spatial control of thermal emission.
Meanwhile, hysteresis in the phase transition process of VO, is
further explored to obtain up to nine emissivity levels with the
same device. In addition, the planar cavity structured device ex-
tends the working wavelength range to the entire second atmo-
sphere transparent window (8-14 pm), while the dynamic range
of the average emissivity remains large (6.8 dB, 0.19-0.91).

2. Experimental Section

2.1. Calculation and Simulation

The transfer matrix method was used to calculate the electric
field distribution and optical absorptance inside the device. In
the calculation, the refractive indices of VO, were derived from
refs. [39,40]. The refractive indices of the other materials used in
calculation are available in Sections S1 and S2, Supporting In-
formation. To obtain the maximum temperature that the VO,
film could achieve under the illumination of a laser beam, light-
induced heating was calculated with the solid heat transfer mod-
ule of COMSOL Multiphysics. In the heat simulation, the absorp-
tion rate along the depth direction of the device was used to define
the heat source. Meanwhile, the lateral electric field distribution
was defined as a Gaussian distribution to model the Gaussian
laser beam. The heat transfer coefficient, heat conductivity, and
heat capacity of the materials used in the simulation are available
in Section S3, Supporting Information.

2.2. Fabrication of the Device

{Au} was thermally evaporated onto a single-side polished and
undoped silicon substrate. ZnS and TiO, were electrically evap-
orated. TiO, was deposited below and on top of the ZnS layer as
barrier layers to protect the ZnS at high temperatures. The VO,
layer was fabricated by combining a reactive magnetron sput-
tering system and a postannealing process. V,0; (99.95%) tar-
gets (diameter of 4 inches) were used for the fabrication of VO,
and the deposition procedure was carried out using an integrated
lock-load system. An initial pump-down process was executed to
reach the original pressure of 5.0 X 10~* Pa for the deposition
chamber. Then, {Ar} (99.99% pure) gas and {Ar} (97%) and O,
(3%) mixed gases (99.99% pure) with an {Ar}/({Ar}+0O,) propor-
tion of 4.0 were introduced into the atmosphere, while the pres-
sure of the chamber was maintained at 6 mTorr when the total
gas flow was approximately 50 sccm. Sputtering then took place
at a power of 200 W to deposit the amorphous VO,. Finally, a
postannealing process was carried out at 430 °C and =6 Torr for
5 min in a vacuum furnace to obtain the VO,.

2.3. Thermal Patterning

The laser source for patterning was a 405 nm continuous wave
(CW) laser diode module. The “ON” and “OFF” states of the laser
were controlled by a gate voltage. The modulation rate of the laser
was 1kHz. This laser was mounted on an X-Y positioning system
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driven by stepper motors. The average laser power was controlled
by the duty cycle (the output duration in each period, see Sec-
tion S3, Supporting Information). In binary patterning (bilevel
emissivity control), the duty cycles were set to 0% and 100% for
low- and high-emissivity patterning, respectively. In grayscale
patterning (multilevel emissivity control), the duty cycles were
set between 0% and 100% depending on the grayscale value of
each pixel. The heating stage was maintained at 67 °C during the
writing process.

2.4. Emissivity Measurement

Measurements of the thermal emissivity were performed with
a Fourier transform infrared (FTIR) spectrometer (Bruker Ver-
tex 70) with a deuterated lanthanum-a-alanine doped triglycine
sulfate (DTGS) detector. In the measurement, references were
indispensable to obtain the absorptance / emissivity. In the mid-
IR range, a wafer coated by an optically thick gold layer could be
regarded as a total reflector whose reflectance is unity. A gold-
coated wafer was baked on a candle flame for 5 min to deposit
black soot. Such black soot was expected to have a wavelength-
independent emissivity value between 0.95 and 0.98 in the mid-
IR rangel®®*! and the emissivity of the black soot was assumed
to be 0.96 in this work. During the measurements, the de-
vices and black-body references were mounted on a computer-
controlled heating stage (Bruker A540 emittance adaptor). In the
experiment, the thermal emission spectra of the samples and
black-body references were measured for various temperatures
as I (4, T) and Igp(4, T), respectively. The emissivity (4, T) of
the device was calculated by e, = I (4, T)/Iz(4, T). For the aver-
age emissivity in the wavelength range of 8-14 pm, ¢,,, (T) was
calculated using Equation (1)

avg.(
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2.5. Thermal Emission Characterization

A thermal camera (FLIR S65, resolution of 320 x 240) was used
for the characterization of the spatially resolved multilevel con-
trol (Figure 4). For a 60° oblique view, a 36-mm wide-angle IR
lens was mounted for large-area imaging. For a normal view, an
extra close-up lens was mounted for close imaging with a higher
resolution. A spot thermal camera (FLIR TG165, resolution of
80 X 60) is used for the characterization of the thermal emission
during the heating and cooling processes (Figure 2c).

3. Simulation and Experimental Results

3.1. Thermal-Photonic Device with Switchable Emissivity States

The combination of a reversible phase transition material and
a field optimization structure provides a simplified but efficient
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Figure 1. Reconfigurable thermal photonic device. a) Schematic and a scanning electron microscopy (SEM) image of the cross section of the device. The
scale bar is 400 nm. b) Measured absorptance (solid lines with marks) /emissivity (solid lines) and calculated absorptance (dashed line) in the mid-IR
region. The red and blue lines correspond to metallic and insulating VO,, respectively. c) Calculated normalized electric field distribution (left) and
volume absorption rate (right) for normal plan wave incidence. The high- and low-emissivity states of the device correspond to metallic and insulating

VO,, respectively.

way to realize emissivity switching, which also exhibits reconfig-
urability and a large contrast between the two states. The struc-
ture of the device is illustrated in Figure 1a. The inclusion of
the VO, material with a phase transition is of vital importance
for dynamically reconfigurable thermal emission control because
it exhibits an apparent change in the complex refractive index
13940 during the phase transition in the mid-IR wavelength range.
This phase transition can also be reversed under certain con-
ditions. The adoption of a photonic structure planarized with
field optimization guarantees the maximization of the emissiv-
ity dynamic range, while the fabrication process remains sim-
ple. The whole planarized structure consists of a VO, top layer,
a lossless spacer (TiO,/ZnS/TiO,), and a highly reflective bot-
tom metal layer (Au). The VO, layer is placed on the top of the
spacer layer to maximize the overall absorption/emission in the
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8-14 pm atmospheric window when VO, is in the metallic phase.
The lossless spacer together with the highly reflective Au layer
can minimize the absorption/emission when VO, is in the in-
sulating phase to ensure a large dynamic range of the emissiv-
ity modulation. In the fabrication process, the amorphous VO,
is first sputtered with V,0; targets and subsequently postan-
nealed in O,/{Ar} atmosphere to form VO, (see Section 2.2
for more details). The two TiO, layers act as protection layers
to avoid the decomposition or oxidization of the ZnS layer.*s
The thickness of each layer, which is optimized for a large con-
trast in the emissivity between the two phases of VO, (insulat-
ing and metallic phases, which are termed insulating VO, and
metallic VO,, respectively), is 50 nm / 30 nm / 850 nm / 30
nm / 100 nm from top to bottom (see Section S1, Supporting
Information).
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The absorptance and emissivity spectra of the thermal emit-
ter for both the insulating VO, and metallic VO, phases are cal-
culated with the transfer matrix method* and measured by an
FTIR spectrometer (Figure 1b). The measured absorptance and
emissivity agree well with each other as predicted by Kirchhoff’s
law of thermal radiation. The difference between the calculated
absorptance and measured absorptance/emissivity for the insu-
lating VO, device can be attributed to the temperature difference
(20 °C for the insulating VO, parameters used in the calculation
and 55 °C for the experiment, which is chosen for a better signal-
to-noise ratio in the thermal emission measurement). During
the insulator-to-metal transition of VO,, the average emissivity
of the device in the second atmospheric window (8-14 pm) in-
creases drastically from 0.19 to 0.91. Meanwhile, the peak emis-
sivity reaches ~1 at a wavelength of 10 pm for metallic VO,.

To unveil the physics behind this sharp contrast in the emis-
sivity between the insulating VO, and metallic VO, samples,
the normalized electric field distribution, volume absorption rate
(Figure 1c), and specific absorptivity in each layer (Figure S3c,
Supporting Information) are further investigated. The electric
fields are quite weak at the Au surface because of the z-phase shift
corresponding to reflection. Due to the existence of an approxi-
mately A/4n-thick spacer layer, the electric fields are enhanced
in the VO, layer in both phases. Due to the resistive loss in the
layered structure, the power dissipation density along the normal
direction (W m~) can be expressed as [+4°]

w(z) = 1/20¢ge] |E(2)|° (2)

where , &), and €’ are the angular frequency of the incident
light, vacuum permittivity, and imaginary part of the relative
complex permittivity, respectively. By normalizing this power dis-
sipation density with respect to the time-averaged incident energy
flow, the optical absorbance is derived as

2

w(z) "

r

az) = e

T <ExH> = Zoweot

G)

where Z, = |E|/|H]| is the impedance of free space and E,, is the
amplitude of the incident electric field in the calculation. The de-
vice exhibits a much lower volume absorption rate with low-loss
insulating VO, than with lossy metallic VO,. Most of the absorp-
tion occurs in the VO, layer for both the insulating and metallic
phases (97.7% and 80.7% at A = 10 um, respectively, see Section
S1, Supporting Information). With the increase in optical loss
during the insulator-to-metal phase transition, an ~4.5-fold in-
crease in the volume absorption rate in the VO, layer is expected
according to the calculation (Figure Slc, Supporting Informa-
tion), which is in good agreement with the measured emissivity.
As shown by the calculated absorptance and measured emissiv-
ity, this thermal photonic device can guarantee a large dynamic
range of emissivity control.

3.2. Multilevel Thermal Emission Control with Phase Transition
Hysteresis

In addition to low- and high-emissivity states, the intermedi-
ate states!*® and the dynamic process of phase-transition-related
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phenomena also have great significance for achieving multilevel
and reconfigurable thermal emission control. The emissivity of
the device is further measured for both the heating and cooling
processes between 40 °C and 100 °C (Figure 2a). At low tem-
peratures (< 53 °C), VO, is in the insulating phase, and the de-
vice exhibits a low emissivity across the measured spectral range.
In contrast, a high emissivity can be obtained at high tempera-
tures (> 79 °C), where VO, is in the metallic phase. In particu-
lar, the maximum emissivity approaches unity at a wavelength
of 10 pm at high temperatures (black dashed lines in Figure 2a).
The emissivity changes drastically during the heating (from 69 °C
to 80 °C) and cooling (from 80 °C to 53 °C) processes, where
the insulator-to-metal and metal-to-insulator phase transitions
of VO, occur, respectively. From the derived average emissivity
in the 8-14 pm wavelength range at different temperatures (40—
90 °C) (Figure 2b), hysteresis in the temperature dependent emis-
sivity during the heating and cooling progress can be explicitly
observed. This hysteresis behavior is similar to that for other pa-
rameters (e.g., the sheet resistance and transmittancel*’)) during
the phase transition in VO,. Due to this hysteresis, two emissivity
states corresponding to the two VO, phases are allowed at a fixed
temperature in the hysteresis region (shaded area in Figure 2b).

The hysteresis behavior provides an avenue for attaining
bilevel emissivity control through a specific temperature control
path. For instance, the device first shows a low average emissiv-
ity for insulating VO, at T} = 53 °C (state I, in Figure 2b, ¢,
= 0.16). When the device is heated to T, = 69 °C, the average
emissivity increases slightly (state I, in Figure 2b, €, = 0.20), and
the insulator-to-metal phase transition of VO, is just initiated.
Once the device is further heated to T; = 80 °C, the emissivity
rapidly increases to a higher value (state M; in Figure 2b, ¢, =
0.90), indicating the metallization of the VO, layer. At the begin-
ning of the cooling process, the average emissivity remains at a
higher value even when the temperature is decreased to T, = T,
= 69 °C (state M, in Figure 2b, ¢, = 0.89), indicating that the
VO, remains in the metallic phase. In this way, T, and T, can
be regarded as the lower and upper temperature limits that allow
bilevel control of the emissivity at a fixed temperature. Thermal
images of the device (for states I;, I,, M;, and M,) and the black
soot are recorded (Figure 2c). At the same temperature (T, = T,
=69 °C), the thermal emission intensity of the device for metal-
lic VO, (M,) is close to that of the black-body reference, while
the thermal emission intensity for insulating VO, (1) is close to
that of the metallic background (aluminum heat plate) with a low
emissivity.

In addition to bilevel control of the emissivity, multilevel con-
trol can be achieved with multiple phase transition hysteresis via
a specific temperature control path. The aforementioned temper-
ature range for the hysteresis loop is between T; (= 53 °C) and
T; (= 80 °C), where VO, is in the insulating and metallic phases,
respectively. By controlling the peak temperature (T,) in the heat-
ing process below T, (=80 °C), intermediate states (an emissivity
between ¢, and ¢,) at temperature T, can be obtained. To con-
firm the existence of such intermediate states at temperature T,,
the thermal emission intensity and emissivity of the device in
different hysteresis loops are measured by controlling the peak
temperature Tp (72°C, 74 °C, 76 °C, 78 °C, and 100 °C) in dif-
ferent heating—cooling loops. From the averaged thermal emis-
sion intensity and emissivity in the 8-14 pm wavelength range
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Figure 2. Temperature-based thermal emission control. a) Measured temperature-dependent emissivity spectra during the (left) heating and (right)
cooling processes. The emissivities at a wavelength of 10 pm are marked with dashed lines. b) Measured temperature-dependent average emissivity
(8-14 ym) during the heating and cooling processes. The red and blue marks correspond to the data points collected during the heating and cooling
processes, respectively. The shaded region indicates the temperature range that allows two different emissivities at a same temperature. The solid disks
in red represent the emissivity states I, I, My, and M, during the heating and cooling processes. c) Thermal images of the device and the black soot
reference for states I, I,, My, and M,. Two thermal emission states, a high-emissivity state (M,) and a low-emissivity state (/,), can be obtained for the

device at the same temperature (T, = T, = 69 °C). The scale bar is 5 mm.

(Figure 3a,b), six different levels can be distinguished from the
five hysteresis loops in the phase transition region. For example,
at T, (= 69 °C), six average emissivity states (0.19, 0.38, 0.55, 0.72,
0.81, and 0.91) corresponding to different temperature control
paths can be obtained. Therefore, these controllable phase tran-
sition hysteresis loops enable multilevel control of the emissivity
at one temperature, thus providing the possibility for spatially re-
solved multilevel emissivity control.

3.3. Spatially Resolved Multilevel Thermal Emission Control

Spatially resolved dynamically reconfigurable control of the ther-
mal emission with phase transition hysteresis is demonstrated
with an optically controllable platform. The light-induced heat-
ing generated with the laser writing system allows spatial control
of the localized temperature via control of the incident energy. Ac-
cordingly, the intermediate states in the phase transition hystere-
sis of VO, can be spatially controlled, enabling spatially resolved
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control of the thermal emission. A schematic of the experimen-
tal system for spatially resolved dynamically reconfigurable emis-
sion control is shown in Figure 4a. The whole system consists
of a heating stage for temperature control, a thermal camera for
thermal imaging, a gate controlled laser for light-induced heat-
ing, and moving arms for positioning. In the experiment, a 405
nm wavelength laser diode is chosen as the laser source (~70%
absorption by the device at this wavelength, see Section S2, Sup-
porting Information). The temperature of the heating stage is set
to 68 °C as a temperature bias to obtain a large dynamic range
of emissivity control. The peak temperature of VO, is tuned with
laser pulses with different durations. The spatially resolved ther-
mal emission control is recorded with a focal-plane array thermal
camera with a spectral response range of 8-14 pm. An oblique
view (~60°) is chosen for the thermal camera, because the normal
view is blocked by the laser module during the writing process.
The normal view is only used during the erasing process.

A binary pattern (the logo of Zhejiang University) is written
to demonstrate the bilevel thermal emission control. The corre-
sponding binary digital mask (inset of Figure 4 b—i) is used to
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Figure 3. Control of multilevel thermal emission. a) Measured
temperature-dependent average radiation intensity (8-14 pm) of
the device and the black soot reference. Multiple phase transition
hysteresis loops are realized with different peak temperatures T, (72 °C,
74 °C, 76 °C, 78 °C, and 100 °C). b) Measured temperature-dependent
average emissivity (8—14 pm) of the device.

switch the laser output so that the VO, phase transition can be
triggered by the laser illumination. The thermal images of the
pattern (Figure 4 b-ii,b-iv, normal and oblique views, respectively)
clearly demonstrate spatially resolved thermal emission. The ra-
diant temperature T,, which is derived from the thermal image,
can be used to quantify the emission intensity. From the extracted
radiant temperature increase (AT,) after the patterning (Figure 4
b-iii), a maximum increase of 7 °C is obtained, demonstrating an
enhanced thermal emissivity after the patterning. When the de-
vice is removed from the heating stage to allow natural cooling,
the thermal patterns fade away in ~9 s, during which the VO,
returns to the insulating phase (Figure 4 b-iv to -vi, see Videos
S1 and S2, Supporting Information). The erased patterns do not
appear even if the device is placed back on the heating stage.
Grayscale patterns (a checkerboard pattern and “panda” im-
ages) are further written to demonstrate multilevel thermal emis-
sion control. As demonstrated above, the multiple levels of the
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thermal emissivity require control of the peak temperature T,
in different hysteresis loops. However, the duration of the laser
pulse is tuned to control the peak temperature T, of VO, (see Sec-
tion S3, Supporting Information). For the checkerboard pattern
(Figure 4c), each row of squares is written by laser pulses with
different durations defined by the grayscale pattern (inset of Fig-
ure 4c). The patterned squares among different rows display dif-
ferent radiation temperatures (T,). To quantitatively characterize
the multilevel emission control, the mean and standard deviation
values of T, of the patterned squares in the same row are extracted
and analyzed. A comparison among different rows demonstrates
nine-level thermal emission control (Figure 4c). For the “panda”
thermal image (Figure 4d), the device vividly reproduces the orig-
inal image (inset of Figure 4d), demonstrating the flexibility of
this platform for spatially resolved multilevel emission control.
The viewing angle is large for the thermal images of this ther-
mal photonic device. The thermal “panda” image remains distin-
guishable for various viewing angles (6 = 0°, 30°, and 60°) (Fig-
ure 4d). Itis also noted that all three patterns (the logo of Zhejiang
University, the checkerboard pattern and the “panda” images) are
written and characterized on the same sample sequentially and
no apparent performance degradation in the emissivity modu-
lation is observed, which demonstrates the stability in terms of
repeated cycling for the material/device in this platform. (see Sec-
tion S4, Supporting Information).

4, Discussion and Conclusion

Several issues related to the material and device/system perfor-
mance of this platform are discussed as follows. 1) Regarding
the temperature for the maximum range of the emissivity modu-
lation and the temperature range for the multilevel modulation,
the former is primarily determined by the phase transition tem-
perature, while the latter is mainly determined by the tempera-
ture range in which the phase transition hysteresis occurs. The
device in this work exhibits a phase transition hysteresis loop
that is 15 °C in width and centered at 68 °C. The width of the
phase transition hysteresis loop can be engineered from =~ 3°C
to ~ 30°C by controlling the VO, deposition conditions!*® or ad-
justing the buffer layers,*! while the phase transition tempera-
ture can also be varied from ~20 °C to ~70 °C by defect engi-
neering in the VO, layer.5% More flexibility in the working tem-
perature could be possible by employing a specific modification
in the deposited VO, layer. 2) Regarding the writing and erasing
speeds, the videos provided in the Supporting Information show
that the patterns are written with a line speed of ~10.8 mm s!
and erased in ~9 s. Since the phase transition response of VO, is
less than a picosecond, ! the bottlenecks of the operating speed
in this system are the slow positioning speed during the writing
process and the slow natural heat conduction and convection dur-
ing the erasing process. The temporal responses of this platform
could be optimized with a high-performance positioning system
and augmented cooling conditions. 3) Regarding the spatial res-
olution, the demonstrated feature size in the spatial patterning
is 400 pm (the linewidth of the Zhejiang University logo in Fig-
ure 4b), which can be considerably reduced with dedicated focus-
ing and positioning. 4) Regarding the overall contrast ratio, for
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Figure 4. Multilevel thermal emission control. a) Schematic of the spatially resolved thermal emission control platform. b) i)—iii) Writing and iv—vi) erasing
of the bilevel thermal images (Zhejiang University logo; reproduced with permission, copyright Zhejiang University). i)iii) are the thermal images before
and after writing and the change in the radiant temperature, respectively. c) Multilevel thermal emission control with phase transition hysteresis. Different
rows in the checkerboard are written by 1 kHz laser pulses with different duty cycles (defined by the grayscale pattern, inset of Figure 4c). The mean
and standard deviation values of the radiation temperatures of the patterned squares in the same row are extracted, demonstrating nine-level thermal
emission control. d) Multilevel thermal “panda” images for different viewing angles (6 = 0°, 30°, and 60°). The scale bars are 1 cm.

the low-emissivity state, low-loss mirrors such as dielectric thin
film stacks can be used to minimize the emissivity.

In summary, a new type of spatially resolved dynamically re-
configurable thermal emission control platform, which consist
of a VO, material with phase transition hysteresis, a planarized
thermal photonic structure with field optimization, and an opti-
cally controllable patterning system, is developed and validated
in this work. This type of control of thermal patterns retains

Laser Photonics Rev. 2020, 14, 1900162

1900162 (7 of 9)

many key capabilities of optical patterns, yet the spatially resolved
dynamically reconfigurable emitters are, in principle, different
from passive reflective/transmissive devices.l?l The thermal pat-
terns are active radiation sources that obey the Stefan-Boltzmann
law, so an external light source is not required. In addition, the
presented systems feature state-of-the-art spatially resolved ther-
mal emission control technologies. Moreover, the materials and
devices in this platform have been intrinsically designed for high

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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reconfigurability and simple manufacturability. Therefore, this
spatially resolved dynamically reconfigurable thermal emission
control platform may facilitate information-related applications
such as IR camouflage and thermal data storage and is expected
to stimulate new possibilities for modern thermal management
technologies toward an energy-efficient future.
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