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Spatially-Segmented Colored Radiative Cooler
With Angle-Robustness
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Abstract—Conventional radiative cooling devices are white or
silver in color to achieve high reflectance in the solar spectral range.
However, a versatile color that can be applied to the radiative cooler
is required for practical application. To determine the boundary
between coloration and cooling performance, the reflectance in
the visible range should be fine-tuned. Here, this paper presents
a spatially-segmented colored radiative cooler (SSCRC), which
is a 2-dimensional micro-patterning of colored areas, with angle-
robustness. By using the metal-insulator-metal (MIM) optical res-
onator incorporating high refractive index dielectric (i.e., TiO2),
the SSCRC shows consistent coloration in a wide-angle ranging
up to 70°. In addition, the spatial segmentation introduced in the
colored radiative cooler coordinates the relationship between solar
absorption and vivid coloration. We perform the systematic designs
in terms of spectrum, thermal analyses, and color coordinates.
Finally, experimental demonstrations confirm the theoretical re-
sults on the coloration/cooling performance of SSCRC during the
daytime.

Index Terms—Angle robustness, colored cooler, metal-insulator-
metal, optical resonator, radiative cooling.

I. INTRODUCTION

IN EVERY industry, the demands on eco-friendly technolo-
gies have been significantly increased owing to rapid cli-

mate change worldwide. The world has struggled to minimize
carbon-emission produced from conventional technology, for
releasing global warming. In this situation, radiative cooling
technologies have been highlighted as one of the next-generation
cooling systems. As radiative cooling does not require external
energy consumption, the carbon-emission is near zero [1]–[9].
The brilliant advances in radiative cooling have offered various
types of coolers such as films [10], paints [11], [12], woods [13],
textiles [14], and windows for buildings [15], [16], vehicles [17],
[18], solar cells [19]–[21], and even wearable devices [22].
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Fundamentally, the cooling potential of radiative coolers pro-
portionally increases to a surface area covered by the cooler
[23]. Thus, radiative cooling needs a wide installation space to
maximize the cooling performance. For example, in buildings,
the cooler is traditionally installed on a rooftop, but the side-wall,
which occupies most of the buildings, is also an option to
maximize the cooling potential. Recently, directional control
of heat emission that can be adjustable for the side-wall cooling
has been highlighted [24], [25]. However, the high reflectivity in
common radiative coolers seriously hinders using the side-wall
because the reflected sunlight can damage adjacent buildings,
walking pedestrians, and ecosystems [26]–[28]. For addressing
this challenge, colored radiative coolers which consider aesthetic
purposes should be developed and optimized. Previously, several
groups reported various types of colored radiative coolers such as
metal-insulator-metal (MIM) resonator [29], one-dimensional
photonic structure [30], multi-grating structure [31], textile [32],
and optical film [33], but there is still room for improvement
in angle-robustness and solar absorption. In particular, since
solar absorption determines the relationship between cooling
and coloration, the fine-tunability of solar absorption is required.
However, the strategy for this has been barely studied so far.

In this paper, we propose a spatially-segmented colored ra-
diative cooler (SSCRC) with angle-robustness to release the
burden of this challenging work. The SSCRC is composed of 2-
dimensional micro-patterned metal-insulator-metal (MP-MIM)
structures to adjust the areal fraction of colored and uncol-
ored domains. Polydimethylsiloxane (PDMS) encapsulates the
structures for broadband emission in the infrared (IR) region
[19], [20]. The simple configuration of SSCRC (i.e., MIM and
PDMS) accompanies with the facile and affordable fabrication.
We investigated the resonance condition in the MIM structure
to establish angle-robustness. The optical and thermal analyses
also reveal the relationship between coloration and solar absorp-
tion. Based on the theoretical results, we fabricated the samples
with vivid colors. Moreover, outdoor field tests confirm the cool-
ing features which are estimated from the thermal equilibrium
equation [5].

II. RESULTS AND DISCUSSION

A. Concept of the Spatially-Segmented Colored Radiative
Cooler With Angle-Robustness

The proposed SSCRC is depicted in Fig. 1(a). The SSCRC
shows a wide-angle tolerant and saturation tunable color with
an MP-MIM. The saturation directly controlled by MP-MIM
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Fig. 1. (a) Schematic of spatially-separated colored radiative cooler (SSCRC) including micro-patterned metal-insulator-metal (MP-MIM) resonator. By
controlling the filling fraction of the TiO2 layer, the reflectance within the solar spectrum is tuned. The dashed line separates the cooling area and heating
area. (b) Magnified structural view and scanning electron microscope (SEM) image. The PDMS layer (100 μm) serves as a broadband emitter. The MIM structure
consists of top Ag (20 nm)-TiO2(35–85 nm)-bottom Ag (100 nm) layer. The SEM image represents a magenta sample. (c) Calculated reflectivity spectra and color
bar of the MIM as a function of TiO2 thickness and wavelength. Each dashed line represents reflectivity spectra of the subtractive color (yellow, magenta, and
cyan). (d) Photograph of the fabricated colored radiative cooler as a function of TiO2 cavity thickness. (e) Simulated absorptivity spectra from the visible to the
far-infrared wavelength of magenta cooler (upper). Measured absorptivity spectra of yellow, magenta, and cyan cooler through the ultraviolet-visible-near infrared
(UV-VIS-NIR) spectrophotometer and Fourier-transform infrared spectrometer (FT-IR).

enables determining the boundary of heating/cooling perfor-
mance. Fig. 1(b) displays the unit cell in the cross-sectional
view of the SSCRC and scanning electron microscope (SEM)
image of the fabricated sample. The PDMS of 100 µm emits
thermal radiation through the broad IR spectral range due to
the high extinction coefficient of PDMS in that region [19].
The Fabry-Perot resonator incorporates a TiO2 cavity inserted
between two thin Ag layers (top Ag: 20 nm and bottom Ag:
100 nm). By tunning the thickness and a filling fraction (FF) of
the TiO2 cavity, the resonant wavelength and reflectivity of the
colored cooler are controlled independently. Thus, it is possible
to control hue and saturation finely. The SEM image indicates
the fabricated sample of magenta color (i.e., TiO2 of 55 nm).

Fig. 1(c) represents the simulated reflectivity spectra and color
bar of the MIM resonator as a function of TiO2 cavity thickness
and wavelength. By increasing the cavity thickness, the dip of
reflectance is red-shifted (i.e., toward the longer wavelengths)
linearly. In Fig. 1(c), the three dashed lines represent the cavity
thicknesses corresponding to primary subtractive colors (yellow:
35 nm, magenta: 55 nm, and cyan: 70 nm). To prove the calcu-
lated result, the photographs of the fabricated samples are shown
in Fig. 1(d). The representative samples of primary subtractive
color are marked by dashed lines with each color.

The cooling temperature (Tcool) for the radiative cooler is
calculated by the thermal equilibrium equation (1) [5].

Prad (Ts)− Psun − Patm (Tamb) + hc (Ts − Tamb) = 0.
(1)

where Prad(Ts) is the radiation power of the cooler at a tem-
perature of sample (Ts), Psun is the incident solar power,
Patm(Tamb) is the absorbed power by incident atmospheric

radiation at ambient temperature (Tamb), and hc(Ts − Tamb) is
the non-radiative heat exchange term including conductive and
convective powers, where hc is non-radiative heat exchange co-
efficient. From the (1), the conventional radiative cooler should
provide high reflectance within the solar spectrum and thermal
emission in IR spectral region including the atmospheric window
(i.e., 8–13 µm).

The upper of Fig. 1(e) shows the simulated absorptiv-
ity/emissivity spectrum of magenta-colored cooler (i.e., TiO2

of 55 nm). Due to its sharp solar absorption induced by the
MIM resonator [29], [34], the cooler shows the designed color
with minimal heat gain. Additionally, the encapsulated PDMS
radiates heat to outer space through the transparent atmospheric
window noted by sky transmission in the graph. The lower of
Fig. 1(e) presents measured absorptivity/emissivity spectra of
yellow, magenta, and cyan (i.e., TiO2 of 35, 55, and 70 nm,
respectively). The fabricated SSCRCs show absorptivity peaks
and emissivity spectra which are well-matched with the simula-
tion results.

B. Angular Tolerant Characteristics in SSCRC

The phase shift during a single round-trip within the Fabry-
Perot cavity is given by the sum of two reflections and propa-
gation phase shift [34]–[37]. Thus, the resonance condition is
given by (2).

φr21 + φr23 + φprop = 2mπ. (2)

where φr21 and φr23 are the phase shift induced by the internal
reflection at the interface between metal and insulator, φprop

is the propagation phase shift originated from the optical path
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Fig. 2. (a) Schematic of Ag-TiO2-Ag (MIM) resonator and phase shift of incident light. The total reflection coefficient is defined as the amplitude ratio of Er

to Ei. (b) Calculated total phase shift (φtotal), which is derived from the total reflection coefficient. Due to the negligible total phase shift variation depending on
the incident angle in the TiO2 cavity, the resonator exhibits an angle invariant characteristic. (c) Resonant wavelength shift (Δλ = λ0-λ) as a function of incident
angle, λ0 is the resonant wavelength at normal incidence. The two-color bar represents hue variation corresponding to each incident angle in MIM containing SiO2

and TiO2 cavity, respectively. (d) Contour maps of calculated reflectivity spectra of unpolarized incident light (left) and measured reflectivity spectra (right) for
the magenta resonator. (e) Photographs of the CMY coolers taken from viewing angles 10° to 70°.

difference, and m is a positive integer. Many previous works
demonstrated the phase shift is compensated and resonance
condition is sustained even at a large incident angle in a high
refractive index cavity [34], [35].

Fig. 2(a) exhibits the schematic of the MIM resonator. The
light enters with the angle of incidence (θ) and undergoes phase
shift including the two reflections and propagation phase shift.
The amplitude of incident and reflected light are denoted by Ei

and Er, respectively. We calculate the total phase shift (φtotal)
from the total reflection coefficient r (3), which is defined as
the ratio of the reflected amplitude to incident amplitude, to
investigate angle-robustness in the MIM.

φtotal = tan−1 (Im {r} /Re {r}) . (3)

whereφtotal is the total phase shift, r is a complex total reflection
coefficient, Im{r} is imaginary part of the total reflection coef-
ficient, and Re{r} is real part of the total reflection coefficient.
Fig. 2(b) shows the two total phase shifts that occur in the high
refractive index (i.e., TiO2) and low refractive index (i.e., SiO2).
The two cavities emanate the same magenta color; however, each
cavity thickness is different due to the difference in refractive
index. In the TiO2 cavity, the initial phase is kept at the overall
incident angle (i.e., the maximum phase shift is 8° at the incident
angle of 50°) whereas the SiO2 cavity shows abrupt phase change
in the range of 10–50°. The maximum phase shift is 48° at the
incident angle of 60°.

The resonant wavelength shifts to satisfy the resonance condi-
tion which is modified by different angles of incidence. Fig. 2(c)
exhibits the difference of resonant wavelength between a normal
incidence and an oblique incidence (Δλ = λ0−λ, where the λ0

is the resonant wavelength at a normal incident angle). Same

with the result in Fig. 2(b), the TiO2 cavity shows an angle-
independent characteristic with a small resonant wavelength
shift. The wavelength decreases by 34 nm until the incident
angle of 70° in the TiO2 cavity (Fig. 2(c); bottom). However,
the SiO2 cavity shows a large resonant wavelength shift (i.e.,
the difference of resonant wavelength is 107 nm at the incident
angle of 70°) Additionally, the calculated color representation
corresponding to each cavity and incident angle is illustrated in
Fig. 2(c) (upper). The resonant wavelength is blue-shifted (i.e.,
toward the shorter wavelengths) as the incident angle increase
from 10° to 70°. Thus, the hue is changed from magenta to
yellow.

For accurate comparison with the fabricated cooling device,
a numerical calculation of the reflectivity spectra of magenta
at various angles was performed under the unpolarized light
(Fig. 2(d); left). Then, the angular insensitive characteristic
was measured and confirmed using a variable-angle specu-
lar reflectance accessory (VARSA) for the angle of 15–65°
(Fig. 2(d); right). The measured reflectivity spectra depending
on the viewing angle are well-matched with the calculated result.
The photographs of the fabricated samples with subtractive
primary colors (cyan, magenta, and yellow; CMY) illuminated
by different oblique angles of incidence are shown in Fig. 2(e).
The initial colors are sustained even at a large viewing angle
(70°).

C. Half-Tone Coloration for Radiative Cooling Based on
Spatially-Segmented Colored Areas

The total solar intensity during the daytime is near 1000 W/m2

[19]. Due to the strong solar irradiation, despite the minimal loss
of visible reflectance, the color disturbs that the temperature of
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Fig. 3. (a) Color representations of SSCRC as a function of filling fraction (FF). The half-tone color of orange (i.e., TiO2 of 40 nm) is chosen to investigate
the reflectivity variation and cooling temperature with FF variation. The PDMS encapsulation is not presented here. (b) Photographs (left), microscope images
(middle), and magnified schematics (right) of the SSCRC with different FF. In the low FF of the TiO2 cavity, the saturation of the sample is also decreased. (c)
Measured reflectivity spectra of the SSCRC. By controlling the FF, reflectivity is tuned. (d) Calculated cooling temperature (Tcool = Tamb-Ts) of the selected
half-tone colored cooler with a variation of FF. The dashed black line indicates the temperature of ambient (Tamb). To accurately compare with practical situations,
the non-radiative heat exchange coefficient (hc) is set to 10 W/m2/K. From the result in Fig. 3(c) and (d), by tunning the reflectivity within visible spectral range,
the sub-ambient cooling performance can be achieved during the daytime.

the device drops below ambient temperature. Therefore, most
colored radiative coolers are limited as near-ambient cooling.
Consequently, to achieve both coloration and sub-ambient cool-
ing temperature, it is needed that control for solar reflectance
more in the visible range. The solar reflection of the SSCRC is
directly controlled by the filling fraction of the TiO2 dielectric
layer.

Fig. 3(a) illustrates color representations of SSCRC as a
function of filling fraction of TiO2 layer. The hue of the SS-
CRC is preserved, however, the saturation is tuned with the
filling fraction. The half-tone sample (i.e., TiO2 of 40 nm)
is chosen to discriminate with other CMY-colored samples.
Fig. 3(b) displays the photographs, microscope images, and
magnified schematics of fabricated half-tone colored coolers
with FF of 100% (Fig. 3(b); upper), 75% (Fig. 3(b); middle),
25% (Fig. 3(b); lower), respectively. The area covered with
the TiO2 insulator layer in FF of 25% is replaced by the Ag
metal layer in FF of 75%. Thus, we fabricated the two samples
with different FF by using the same shadow mask. As the FF
of MIM area in SSCRC decreases from 100% to 25%, the
reflectivity in the visible spectral range increase without the
resonant wavelength shift (Fig. 3(c)). The simulated cooling
temperature ( Tcool = Tamb − Ts) as a function of the filling
fraction is shown in Fig. 3(d). In lower than FF of 60%, the cool-
ing temperature is over zero (i.e., the temperature of cooler below
the ambient temperature). To contemplate practical conditions,
the cooling temperatures are calculated with hc of 10 W/m2/K.
The simulated result implies that the cooler can be applied to
sub-ambient cooling during the daytime.

D. Cooling Performance of SSCRCs With Primary Colors and
Halt-Tone Colors

The outdoor measurement setup was placed on a rooftop at
Gwangju Institute of Science and Technology (GIST), South Ko-
rea, to investigate the cooling performance of SSCRCs (Fig. 4(a)
and (b)). The wooden frame is covered with Aluminum (Al)
foil, which served as a parasitic heat shield by reflecting the
sunlight. The samples are placed on a polystyrene block, which

was wrapped by Al foil and supported by a clear acrylic box. The
detailed information about the setup is given in the previously
published research paper [5], [29]. In Fig. 4(b), the left-side
samples (cyan, magenta, yellow, and black) represent the hue
variation group and the right-side samples (half-tone with FF of
100%, 75%, 50%, and 0%) represent saturation variation group.

As expected, the black emitter, which absorbs most of the
visible light, shows the highest temperature compared to the
CMY sample. Among the CMY-colored coolers, the yellow (i.e.,
TiO2 of 35 nm) shows a higher temperature compared to other
samples (magenta, cyan) (Fig 4(c); middle). It originates from
the high and wide absorptivity in the visible spectral range as
shown in Fig. 1(e). However, despite the vivid color covering
the whole area of the cooler, the average temperature differences
(ΔT = Ts − Tamb) are 1.4 °C (cyan), 1.9 °C (magenta), and
2.2 °C (yellow) during the daytime. Therefore, they maintains
the near-ambient temperature, but still heating status.

Fig. 4(d) indicates the measured data of half-tone-colored
coolers. As decreases the FF value, the cooling performance is
increased. The temperature of the full FF (i.e., TiO2 of 40 nm; FF
of 100%) cooler is similar to the CMY-colored cooler, however,
the temperature of the lower FF sample is below that of the
100% FF sample (Fig. 4(d); middle). Notably, the FF of the
25% sample shows the temperature below ambient temperature.
The average temperature differences (ΔT ) are 1.5 °C (FF of
100%), 0.5 °C (FF of 75%), and -1.2 °C (FF of 25%) during
the daytime (Fig. 4(d); lower). The experiment is maintained
for over 6 hours during which period the average solar power
exceeded 683 W/m2 (Fig. 4(c) and (d); upper). The measurement
result demonstrates the SSCRC can be applied to sub-ambient
cooling by controlling the reflectance within the solar spectrum.

III. MATERIALS AND METHODS

A. Fabrication of the SSCRC

The bottom Ag of 100 nm was deposited using electron beam
evaporation (KVE-E2000, Korea Vacuum Tech Ltd, Korea) on
sing-side polished silicon (100) wafer. After forming the bottom
Ag layer, the hexamethyldisilane (HMDS) was spin-coated at
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Fig. 4. (a) Schematic and (b) photograph of the measurement setup on the rooftop. (c) Temperature measurements obtained from the measurement setup with
hue variation (CMY) group and (d) saturation variation (FF variation) group during the six hours. The top of Fig. 4(c) and (d) represent the solar irradiation during
the measurement. The middle of Fig. (c) and (d) indicate the temperature of various colored coolers, and black emitter, compared with the ambient air temperature
during the daytime. The bottom of Fig. 4(c) and (d) show the difference between the sample temperature and ambient air temperature (ΔT = Ts-Tamb) of each
group (hue and saturation), respectively.

5000 rpm for 30 sec and annealed on a hot plate at 110 °C for 1
min to increase the adhesion of positive photoresist (PR; AZ5214
E, MicroChemicals, Germany). The PR was deposited by spin
coating at 5000 rpm for 30 sec and soft baked on a hot plate at
110 °C for 70 sec. Next, the sample was exposed under 365-nm
ultraviolet (UV) light for 12 sec with a pre-patterned mask ac-
cording to FF. After the photolithography, the PR was developed
by immersion in a developer (AZ-MIF-300, MicroChemicals,
Germany) for 1 min. The post-baking process was performed
to harden the patterned PR on a hot plate at 110 °C for 2 min.
Last, the residual PR was removed by acetone. For the TiO2

cavity formation, different rate of electron beam deposition was
adapted according to the sample color (i.e., 0.2 Å/s ∼ 0.8 Å/s).
After forming the TiO2 cavity, a 20-nm-thick Ag was deposited
by electron beam evaporation. Next, The PDMS which was
mixed with an agent: base ratio of 1:10 is degassed before spin
coating on the MIM structure. The spin coating condition is
800 rpm for 30 sec to form 100-μm-thick PDMS. Finally, the
fabricated sample was annealed on a hot plate at 110 °C for 2 min.

B. Optimization and Numerical Simulation

The optical characteristics including reflectance, absorbance,
and transmittance are simulated using commercial software
(Diffract MOD, RSoft Design Group, Synopsys, USA) based
on the rigorous coupled-wave analysis (RCWA). The cavity
thickness and FF are also optimized by the RCWA simulation
method. The silvery and colored areas in SSCRC are considered
in the simulations to reflect the effect of patterning. To calculate
the optical efficiency of the proposed photonic structure, a square
grid size of 0.1 nm was used in the RCWA simulation. Complex
refractive index and material dispersion were also considered
to obtain a reasonable output. The complex refractive indices
of TiO2 and PDMS were obtained from previous research [38],

[39]. The Drude model was used for considering material dis-
persion of the Ag layer.

The cooling temperature was estimated from the obtained
emissivity spectra through the RCWA and thermal equilibrium
equation calculated by MATLAB (MathWorks Inc., USA).

IV. CONCLUSION

In this paper, we introduced a spatially-segmented colored
radiative cooler for angle-robust coloration and sub-ambient
cooling performance. In order to reduce the color variation by
viewing angle, our structure consists of the high refractive index
cavity (TiO2) in the optical resonator, which can minimize the
variation of total reflection phase shift. The proposed SSCRCs
emanate diverse color changes in terms of hue and saturation
values by the variation of cavity thickness and FF, respectively.
In addition, the PDMS, which emits the heat through the broad
IR spectral region, is coated on the sample and enables the
temperature of the samples to keep near-ambient air temperature.

The simulated results demonstrate that resonant wavelength
in MIM including the TiO2 cavity is kept under a wide incident
angle (70°). Thus, the high index cavity more preserves its
normal incident color than the low index cavity (i.e., SiO2)
at a large viewing angle. The fabricated samples exhibited the
subtractive primary colors (CMY), optimized by the numerical
simulation method, regardless of viewing angle.

For fine tunability between cooling and coloration, we in-
troduced spatially-segmented MIM resonator to control the
reflectivity. We also confirmed the direct relationship between
reflectivity and FF for the cavity through the measurement and
color variation. The numerical calculation of cooling tempera-
ture shows that the SSCRC can achieve sub-ambient cooling by
controlling the FF.
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Outdoor measurement proved the cooing performance of the
fabricated SSCRCs in a real situation. The subtractive primary-
colored coolers showed near-ambient cooling. The heating tem-
perature compared with ambient air was under 6 °C in the
yellow sample during the daytime. However, the half-tone-
colored samples demonstrated sub-ambient cooling during the
daytime. The maximum cooling temperature was 2.4 °C at the
half-tone colored sample with an FF of 25%. Consequently, our
research provides a new way to control the coloration/cooling
performance for radiative cooling.
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