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ABSTRACT
In the field of mid-infrared (m-IR) applications, a need exists to control thermal radiation from metal-insulator-metal (MIM)

metasurfaces without any additional optical components. Here, we introduce the metalens concept for radiation control from

MIM metasurfaces. A finite-difference time-domain (FDTD) simulation is used to design the radiative metasurface to focus its

thermal radiation. Electron-beam lithography is implemented to fabricate a 5-mm-diameter radiative metalens. Experiments to

measure the thermal radiation frommetasurfaces validate the focusing performance of the metalens by direct measurement of the

3D spatial distribution of thermal radiation. These findings form the basis for engineering metasurfaces for focusing thermal

radiation and can be applied in areas such as gas sensor design, semiconductor device cooling, and energy harvesting.

1 | Introduction

Thermal radiation from a metal-insulator-metal (MIM) metasur-
face is a promising and efficient light source in the mid-infrared
(m-IR) range. However, the thermal radiation emitted from the
MIM metasurface produces light that spreads at �120∘. For non-
dispersive infrared absorption (NDIR) applications, the infrared
light should be efficiently guided to the m-IR detectors. If thermal
radiation spreads at 120∘, most of the radiated energy becomes
lost for the detectors, even though their photothermal energy
conversion efficiency could be close to 100%.

A simple resolution of this problem is to introduce an optical lens
in the m-IR system. Materials such as Si, CaF2, sapphire (up to
λ � 5 μm), and ZnSe can be used for the optical components at
m-IR wavelengths. However, micromachining and fabricating
micro-optical elements from these materials are challenging
because of the brittle nature of the crystals. In addition, these
materials have a high refractive index of n= ð2 � 3Þ, which
makes fabricated lenses, mirrors, or any other optical elements

less efficient because of the high reflection losses in the m-IR
range. Indeed, reflection from the polished surface (in air)
R= ½ðn− 1Þ=ðn+ 1Þ�2 � 0.3 is estimated for a refractive index
of n= 3.5 (Si). Therefore, it is necessary to realize the focusing
function without any optical components, that is, focusing
should be provided by a free surface.

Antireflective coating can reduce the reflection loss. However, in
the m-IR wavelength region, broadband antireflective coating is
realized only by complex multiple coatings such as Ge (high
refractive index), ZnS (middle refractive index), YF3 (low refrac-
tive index), and Y2O3 (adhesion layer) [1]. Such antireflective
coatings make fabrication complex.

Another way to control thermal radiation is to use metals for
MIM metasurfaces. A metalens is a diffractive optical element
that can control the wavefront by the transmission phase shift
of each meta-atom [2–16]. These studies show the use of trans-
parent dielectric materials and transparent focusing apertures,
but the metalens concept should be applied not only to the
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transparent metalenses but also to reflective or radiative materi-
als. The basic idea to focus thermal radiation from the surface is
suggested by the design of the Fresnel lens and Fresnel zone plate
(FZP). In the case of MIM metasurfaces, the ability to control the
phase of thermal radiation would provide focusing at the
designed focal length.

In this study, we developed a metasurface that realizes perfect
absorption (no reflectance) and, hence, efficient thermal radia-
tion focused using a MIM metalens. The metal structure of
the metalens has a Cr absorption layer and MIM sandwich on
top: a 100 nm Au film, 100 nm SiO2, and 50 nm-thick Au micro-
discs. We demonstrated realization of spectrally narrow thermal
radiation using the coupling between the plasmon resonance of
the disc pattern and the continuous metal film of the MIM meta-
surface. Such coupling can be utilized in applications such as
NDIR gas sensors.

Figure 1 illustrates the concept of thermal radiation generated by
conventional and metalens-MIM metasurfaces. With phase con-
trol, an arbitrary focal length can be set where the detector is
placed. The light-detection efficiency becomes higher for the
focused radiation in the m-IR range.

2 | Experimental: Design, Fabrication, and
Characterization

2.1 | Theory and Design of the Radiative
Metalens

Themetalens concept is based on the phase pattern of the Fresnel
lens or FZP. The Fresnel lens is a spherical lens divided into con-
centric areas. It has a sawtooth cross-section; hence, the phase
ramps are used to reduce the thickness of the lens. This is still
a refraction-type lens. When the thickness of the Fresnel lens
evolves into binary transmission and nontransmission flat seg-
ments, that is, of a cocentric lens, it becomes a FZP, which is
a diffractive optical element. A metalens has grayscale phase
ramps in a ring pattern based on the Fresnel lens design.

Both transmission and reflection types of metalenses have been
studied previously [7, 17].

The proposed radiative metalens has no transmission characteris-
tics because of its MIM structure. The proposed radiative metalens
was designed using the same approach as that used for transparent
metalenses based on a pattern of meta-atoms. First, a single meta-
atom was simulated using the finite-difference time-domain
(FDTD) method (FDTD; Ansys-Lumerical). Because it is not pos-
sible to simulate the thermal radiation phase by FDTD, the reflec-
tion phase was used instead. The absorption of the MIM
metasurface was analyzed from the reflection spectra, which were
used to account for the amplitude and phase changes. The direc-
tion z was set as the direction of propagation of the incident light,
and the lateral size of the meta-atom in the x and y directions was
set to 3 μm. The boundary conditions in the x, y, and z dimensions
were set as perfectly matching layers (PMLs). The mesh was set as
auto nonuniformwith an accuracy of 1 because of the limitation of
simulation memory.

The phase map for Fresnel lens realization is [3]

Δϕ x, yð Þ=ϕ x, y, λð Þ−ϕ 0, 0, λð Þ= −
2π
λ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2 + y2 + f 2ð Þ
q

− f

� �

(1)

where ϕ is the phase, λ is the wavelength for which the phase
pattern is designed, and f is the focal length. Equation (1) is
derived from the spherical lens condition, and the Fresnel lens
shape is converted to the phase shift.

By using the spherical lens equation, the meta-atoms were arranged
into a 2D array. The number of concentric circles N strongly
depends on the focal length, f , and the total diameter of the
metalens, for example, N = 119 ( f = 5 mm), 81 ( f = 7.5 mm),
and 62 ( f = 10 mm) in this study.

The complete metalens structure was simulated by FDTD.
Because of the memory limitation of the simulation system,
the allowed maximum for manageable memory and calculation
time requirements was 100 × 100 × 100 μm3 with accuracy

FIGURE 1 | Schematic illustration of thermal radiation from (a) a conventional MIM metasurface and (b) a radiative-metalens metasurface. The

black-body radiation is generated by the applied energy (heating) Δ to the MIM metasurface. The angular distribution of the Lambertian black-body

radiator surface is cos θ; θ is the angle between the surface normal and the direction of observation.
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setting 1, which is the nonuniform mesh setting. The usual ray-
tracing method was used for the full metalens simulation. With
those settings, the performed calculations for the focal length
structures for f from 5 to 10mm were within a reasonable simu-
lation time (less than 3 days per metalens).

The challenge for the FDTD design of a metalens is calculation of
the thermal radiation phase Therefore, the phase of the reflected
light was extracted by implementing an external dipole light source.

2.2 | Fabrication of the Radiative Metalens

A 2D array of meta-atoms was converted to a lithography stan-
dard GDSII file [18]. The pattern of disc meta-atoms was exposed
using an electron (e-) beam drawing system onto the sample. The
sample was layers of 200 nm of Au deposited on a Si substrate
with 150 nm of SiO2 deposited on top; a 5 nm Cr layer was used
as the adhesion layer between gold and SiO2. The e-beam draw-
ing was performed on the EB resist (AR-P 6200, ALLRESIST),
which had a thickness of 400 nm when spin coated at
4000 rpm on the SiO2 substrate. The metasurface of disc meta-
atoms was exposed and developed for subsequent deposition
of 50 nm of Au on a 5 nm Cr adhesion layer. After lift-off, the
final MIM pattern or Fresnel lens was obtained. This is the stan-
dard fabrication method for MIM metasurfaces.

The MIM metasurface must be large enough to measure thermal
radiation. We designed the metasurface over a 5-mm diameter.
The focal length f was set to 5, 7.5, and 10mm for the fabricated
samples.

2.3 | Measurement of Thermal Radiation

Thermal radiation was measured using a lab-assembledmeasure-
ment setup. A schematic illustration of the setup is shown in
Figure 2. The piezoheater was fixed onto an x, y, z triaxis stage.
The stage and heater were covered with aluminum foil to remove
the thermal radiation noise from the other parts of the system.
Only the metasurface sample had an exposure opening in the Al
screen for measurements. The radiative metasurface sample was
fixed onto the heater with thermally conductive paste. The

radiation was collected using a reflection lens (Thorlabs,
LMN15X-UVV, 15×, numerical aperture NA= 0.3, focal length
13.3 mm, and back-focal length of infinity).

3 | Results and Discussion

3.1 | Numerical Modeling of the Phase Range

Figure 3a shows the optical reflection spectra simulated by FDTD
for different disc diameters. The simple square lattice of a single
meta-atom was used for simulations. The x and y spans of the sim-
ulation region were set to 3 μm, and the maximum disc diameter
was 2.8 μm. If the disc diameter becomes 3 μm, it connects to a
neighboring disc according to the periodic boundary conditions.
Such a condition is incompatible with the proposed metasurface
design of individual meta-atoms and was not investigated.

When the disc diameter changed from 1.6 to 2.0 μm, a strong
change in the phase of reflected light of λ= 5 μm wavelength
occurred. Therefore, this range was simulated with increased res-
olution using disc diameter increments of 0.02 μm. Figure 3b
shows the reflected light phase ϕ and reflectance R spectra versus
disc diameter. More than 2π phase change occurred in the wave-
length region from 1.0 to 3.0 μm. The strongest phase change Δϕ
was at the strong plasmon resonance region of disc diameters
from 1.4 to 1.8 μm. The reflection phase was obtained using
S-parameters in the FDTD simulation [19, 20]. In the series of
meta-atom (disc) simulations, an almost 2π reflected phase
change was obtained using a disc diameter in a narrower range
from 1.3 to 2.4 μm. The inflection point of the sigmoid shape was
matched to the minimum reflection near the 1.8 μm disc diame-
ter (Figure 3b).

Figure 4a shows the optical phase pattern of a spherical metalens
obtained from Equation (1) . In Figure 4b, the complete metalens
simulation design for the focal length was set to 75 μmwith a disc
array region of 100 μm in cross section. Simulation results
showed that reflected light was focused at�70 μm from the meta-
surface, confirming the expected behavior of the metalens.

Next, the radiative metalens structures were simulated for ther-
mal radiation performance. Figure 4b,c show the large-area

FIGURE 2 | Optical setup of the assembled radiation measurement system using an x, y, z stage, reflection objective lens, and compact FTIR

spectrometer.
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FDTD simulation of reflection using the full metalens array. The
simulation size was nearly at the limit of our workstation’s capa-
bilities. The results show that the reflection light was focused at
�70 μm from the surface, which agrees with the designed value
and validates the design. To experimentally demonstrate thermal
radiation focusing, the focal length and diameter were increased.

3.2 | Numerical Modeling of Chromatic
Aberrations

Characterization of chromatic aberration is essential for under-
standing the optical performance of a metalens. FDTD simula-
tions were performed to monitor the electric-field distribution
in the x-z plane across five wavelengths from λ = 4.0 to 6.0
μm (Figure S1). The focal length decreased from the design value
of 75 μm (at λ = 5.0 μm) to 60 μm at λ = 5.5 μm and 55 μm at λ =
6.0 μm. From these trends, the focal points for 4.0 and 4.5 μm

were expected to fall outside the simulation window. Minor
intensity spots within the simulation domain are attributed to
higher-order diffraction. Unlike conventional refractive lenses,
where chromatic aberration is driven by material dispersion (typ-
ically resulting in longer focal lengths and longer wavelengths),
the chromatic response of this radiative metalens was dictated by
the interplay between the wavelength and the phase character-
istics of the meta-atoms, as formulated by Equation (1) .

Figure S2 shows the focusing performance evaluated by FDTD
simulations by transitioning from a plane wave to a Gaussian
beam. Utilizing Ansys Lumerical FDTD software, the full-width
at half-maximum (FWHM) of the Gaussian source was system-
atically varied. A plane wave is physically equivalent to a
Gaussian wave with an infinite FWHM. Hence, the results for
sufficiently large FWHMs should converge with those of
plane-wave excitation. In this analysis, the FWHM was varied
between one, two, and three times the dimensions of the
FDTD calculation domain. Even at a FWHM of three times

(a) (b)

FIGURE 3 | (a) Reflection spectra of meta-atoms with disc diameters from 1.0 to 2.8 μmwith a step of 0.1 μm (upper panel) and 1.6 to 2.0 μmwith a

smaller 0.02 μm step (lower panel). (b) Plot of the phase (upper panel) and reflectance R (lower panel) from the meta-atom at λ= 5 μm wavelength.

FIGURE 4 | (a) Reflection phase mapping calculated using the spherical lens equation, Equation (1) . The focal length was set to f = 75 μm.

(b) GDSII file pattern of nano-disc mapping with a 100 × 100 μm2 region; lens diameter D = 100 μm. (c) Reflection jEj-field image of the axial

cross-section simulated with FDTD using the calculated GDSII files; λ = 5 μm. The f -mumber f # ≡ f =D � 75=100 = 0.75, which corresponds to

the numerical aperture NA= 1=ð2f #Þ= 0.67.
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the domain size, the intensity profile remained slightly nonuni-
form between the center and the boundaries; nevertheless, the
focusing efficiency remained comparable to that of the plane
wave. However, a progressive decline in focusing efficiency
was observed as the FWHM decreased. This trend indicates that
the meta-atoms located near the center of the metalens exert a
dominant influence on the overall emission and focusing
characteristics.

The focal length f of a FZP is given by the following expression

f =
r21
λ

(2)

where r1 represents the radius of the innermost zone, f is the
focal length, and λ denotes the wavelength. Since the focal length
is inversely proportional to the wavelength, it decreases as the
wavelength increases. This behavior, which is consistent with
our simulation results, is opposite to that of conventional refrac-
tive lenses. In terms of the Abbe number, this lens can be char-
acterized as having a negative Abbe number. While the
aforementioned equation describes only the relationship
between the diffraction wavelength and the focal position, a stan-
dard FZP would concentrate light with uniform intensity across
wavelengths, provided the diffraction efficiency remains con-
stant. However, the metalens demonstrated in this study utilizes
a focusing phenomenon based on plasmonic resonance and
phase shifts. Figure S1b shows the reflection phase shifts
and reflection intensities at wavelengths of 4.0, 4.5, 5.0, 5.5,
and 6.0 μm. These plots correspond to the results shown in
Figure 3 evaluated at different wavelengths. According to these
results, the phase coverage remains nearly constant across the
wavelengths investigated. However, the reflection intensity
and its FWHM vary. At a wavelength of 4 μm, the reflection
intensity is higher compared to 5 μm, suggesting superior radia-
tion characteristics. Nevertheless, due to its narrow FWHM, only
a limited number of structures can achieve such performance.
Conversely, at 6 μm, the radiation uniformity is high due to
the broad FWHM, but the high reflectivity results in low overall
emissivity.These variations occur because the dielectric thickness
of the metasurface is optimized for a wavelength of 5 μm; conse-
quently, the radiation and collection efficiencies decrease at
other wavelengths. Thus, the resonance-based radiation-control
metasurface acts as a spatial filter where intensity decreases out-
side the target wavelength despite the presence of chromatic
aberration. This filtering effect represents a significant advantage
of the proposed metalens structure.

3.3 | Numerical Modeling of Metalens Focusing
vs. Phase and Structure Coverage Ranges

In the design of our MIM structures, a phase range coverage (full
range was 2π) of �90% was shown to yield excellent light collec-
tion. Determining a specific phase range required to maintain
high metalens performance is critically important. Therefore,
the focusing conditions using FDTD calculations were performed
by varying the phase coverage from −π to π. Two distinct meth-
ods were used to reduce the phase coverage range from 90% and
quantify the lens performance. First, the asymmetric reduction
method was used, retaining phases starting from the π side
and deleting them from the −π side to step down the coverage

range to 80%, 70%, and so on. Second, the symmetric reduction
was used, retaining phases symmetrically on both the positive
and negative sides, centered around the phase of 0. The data from
these numerical investigations are summarized in Figures S3
through S5. Figure S3 shows the schematics of the method for
retaining phases from π and the electric-field intensity distribu-
tion jEj in the x-z plane for the phase coverage ranging from 90%
to 50%. Figure S4 shows the schematics for the symmetric reduc-
tion method (centered at 0 rad) and the corresponding jEj distri-
butions for occupancy rates from 90% to 50%. Performance at low
phase coverage showed a decrease in jEj at the focal point; how-
ever, the focusing was maintained. Consequently, the phase cov-
erage was further reduced to 10%. In the symmetric reduction
model, focusing disappeared at 10% phase coverage range. In
the structure-retaining phases from π, which were defined as
asymmetry, focusing was still observed at 10% and disappeared
only when the phase coverage fell to 6% or lower. The plotted
results of these findings are shown in Figure S5, which also
includes the CAD diagrams used for the FDTD calculations.
These diagrams reveal that the physical arrangement of the metal
nanostructures differs between the two methods. When the data
were replotted by converting “phase coverage range” to “struc-
ture coverage range,” the results suggest that light collection van-
ished when the structure coverage fell below �5%.

Across all simulated metalenses, the design that retained struc-
tures on the π side of the phase exhibited higher light-collection
efficiency, because the −π side consisted of structures with small
disc diameters, whereas the π side contained structures with
larger discs. Consequently, retaining phases on the π side resulted
in a larger surface area and volume of gold than with the sym-
metric method. This effect likely improved light-collection effi-
ciency by balancing the radiation and scattering efficiencies.

3.4 | Numerical Modeling of Metalens Spectral
Performance

Figure S6 shows the reflection spectra at the focal plane. For con-
ventional meta-atoms, the reflectance typically ranges from 0 to 1
(0%–100%), however, in metalens-MIM structures designed for
light focusing, values exceeding 100% are observed at the focus
point at some wavelengths. For instance, in the symmetric struc-
ture with a phase coverage of 10%, where focusing was no longer
observed, the reflectance remained below 1. A significant differ-
ence between the results for the symmetric and asymmetric
structures was observed in the reflectance behavior at 4 and
5.5 μm: Although a decrease in reflectance was observed at these
wavelengths in the asymmetric structure, it was absent in the
symmetric structure. By this logic, this result suggests that the
asymmetric structure failed to achieve focusing near 4 and
5.5 μm. In contrast, the symmetric structure exhibited values
exceeding 1 even at these wavelengths, indicating that some
degree of focusing characteristics wasmaintained even at this focal
plane. As shown in Figure S5, the asymmetric structure achieved a
focal field intensity at 50%–70% phase coverage that surpassed the
intensity observed at 90% coverage, specifically reaching a maxi-
mum at 60%. Conversely, in the symmetric structure, the electric-
field intensity at the focus decreased monotonically with respect to
the phase coverage. At 90% phase coverage, no reduction was
observed at 4 μm, whereas values below 1 were observed near
6 μm. As the phase coverage decreased to 60%, the reduction near

Small Structures, 2026 5 of 9

 26884062, 2026, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sstr.202500695 by V

ilnius U
niversity, W

iley O
nline L

ibrary on [05/05/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



the 4 μm wavelength became more pronounced. This enhance-
ment of the spectral dip at 4 μm is considered to contribute to
the improved focusing efficiency at a wavelength of 5 μm.

3.5 | Fabricated Metalenses

Figure 5 shows the GDSII CAD design of the radiative metalens
with focal lengths of 5, 7.5, and 10mm, and the mask for the
metalens of final diameter 1 mm to highlight the concentric
structure. As the focal length increases, the diameter of the con-
centric circles also increases. The structures were fabricated
using the e-beam definition of the pattern into AR-P 6200 resist.
The metalens was defined by a disc of meta-atoms forming the
Fresnel lens, where a single zone had a 2π span of the phase across
it. The entire metalens was successfully generated for the designed
1mm-sized area in GDSII format. For the experimental measure-
ments of thermal radiation, a still-larger metalens area is required.
The size from 1mm according to the phase Equation (1)
was extended to the 5mm phase mapping with the final number
of concentric rings N = 119 (f = 5 mm), 81 ( f = 7.5 mm), and
62 ( f = 10 mm).

Figure S7 shows scanning electron microscopy (SEM) micro-
graphs of the fabricated metasurface, highlighting the structural
configuration of a single period of the outer ring. Although the
architecture incorporated a full 2π phase coverage, the SEM
images confirm high-fidelity fabrication within this region.
The observed diameters of the circular resonators deviated from
the design parameters by only 10–50 nm, demonstrating high
fabrication precision with a dimensional tolerance of less than
0.5%. The measured reflection spectra for the 2π phase range

at the central portion are presented in Figure S8. The objective
of this study was to modulate the emission phase by varying the
disc diameters of the meta-atoms. Ideally, a discrete meta-atom
designed for a zero-emission phase should exhibit a reflectance
dip approaching zero at a wavelength of 5 μm. However, because
modifying the structural dimensions inherently shifts the reso-
nant center wavelength, the collective reflection spectrum
becomes an ensemble average of the individual spectra from
meta-atoms of varying sizes. Consequently, the minimum reflec-
tance degraded to�60%, resulting in a corresponding decrease in
emissivity from the ideal unity (perfect emission). It is further
inferred that the emissivity fluctuated among individual meta-
atoms. These suboptimal characteristics led to a reduction in
the overall focusing efficiency. We anticipate that significantly
higher focusing efficiencies could be achieved if the phase could
be modulated independently while maintaining a uniform 100%
emissivity across all constituent meta-atoms.

3.6 | Focusing of Radiative Emission From the
Metasurface: Experimental Verification

Figure 6 shows the experimentally measured radiation pattern
obtained using the setup shown in Figure 2. The central region
with the white-saturated region inside the color map is where the
maximum intensity was located. The regions indicated in white
represent peak intensities of�42. While the dynamic range of the
measurement equipment is sufficient for these levels, displaying
peak positions in red within the standard colormap would hinder
visual discrimination. Therefore, to enhance clarity, the upper
limit of the colormap was set to 40, and values exceeding this

FIGURE 5 | GDSII file of the radiative metasurface with f = 5, 7.5, 10 mm for the 1 mm-diameter design (top row). Optical micrographic images of

fabricated metalenses; an e-beam was used to define the final size meta-lenses of 5-mm diameter (middle row). Phase mapping using the spherical lens

equation, Equation (1) (bottom row). The number of concentric phase rings is N= 119, 81, and 62, respectively.
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threshold are rendered in white. The position of the intensity
maxima agreed closely with the designed focal point values
f = 5, 7.5, and 10mm. The spot size of x and z was 1.5/4.2 mm
for f = 5.0 mm focal length, 1.9/2.4 mm for f = 7.5 mm, and
1.6/3.1 mm for f = 10 mm. However, the light focusing at
λ = 5 μm was found to be extended over the region 1 × 2mm2

near the focal position. This result was partially caused by a spec-
trally broad illumination spectrum over Δλ � 700 nm with a
favorable phase condition for good focusing (Figure 3). The nor-
mal MIMmetasurface, which had a uniform meta-atom size, was
also measured for thermal radiation pattern for the reference.
The result is shown in Figure S9, showing that focusing was
not observed from the uniform MIM metasurface. The focusing
efficiency was evaluated by comparing the gain coefficient of the
focal peak intensity relative to the radiation intensity of a flat
MIM surface. As shown in Figure S9, a 1.54-fold increase (from
27.5 to 42.5) was observed experimentally. Additionally, a back-
ground radiation value of�20 was measured, suggesting that the
actual focusing gain may be higher than the calculated value. In
contrast, FDTD simulations showed a 7.78-fold increase (from
0.80 to 6.25). This discrepancy is attributed to the fact that the
simulation evaluates changes in reflection, whereas the experi-
ment measures thermal radiation. Regarding thermal radiation,
the metasurface optimized for 5 μm exhibits high radiation effi-
ciency across the entire structure, although it lacks inherent
directivity. Improving the overall radiation efficiency is therefore
directly linked to enhancing the focusing efficiency.

3.7 | Influence of Coherence on Focusing by a
Metalens

In this experiment, focusing of radiation from the MIM surface
by a metalens was confirmed. However, the question remains
whether the thermal radiation from the metasurface was coher-
ent, because thermal radiation, including blackbody radiation, is
inherently incoherent. To assess the effect of coherence on the
metasurface radiation, FDTD calculations were performed using
a plane-wave source, that is, all meta-atoms were in-phase for
illumination and reflection. This condition implies a coherent
light-metasurface interaction. However, it is reasonable to con-
sider a situation in which the thermal radiation from each
meta-atom is not in the ideal coherent state (in-phase).
Indeed, thermal radiation based on black-body emission is

known as a source of incoherent light. It has been reported that
the transmission type of a metalens can focus an incoherent light
source [7]. Therefore, it is essential to know how the coherence
affects the performance of a Fresnel meta-lens fabricated with a
MIM metasurface.

Figure 7 shows the FDTD simulation of the full metalens, which
was defined by an array of 760 meta-atoms. Each meta-atom had
either a dipole or total-field scattered-field (TFSF) light source.
These two types of light sources provide an approach to defining
the local excitation. The other sources, such as plane wave or
Gaussian, would require expansion of the simulation region to
be the same as the FDTD domain, which is prohibitively expen-
sive because of memory requirements. All dipole sources have
the same polarization, but the radiation phase is random. The
TFSF sources have random polarization and are all in the same
phase.

The optical phase was randomly modified from 0 to Δϕ, where
Δϕ= 60∘, 120∘, 180∘. In the case of coherent interaction, the phase
distribution was at 0∘ and the results for the dipole and TFSF
were well matched. By design, the light was focused along the
axial extension from 60 to 80 μm. The focusing intensity
decreased with an increase in the randomness of the polarization
and phase (bottom row in Figure 7). Interestingly, the focusing
performance remained even for the 0°–120∘ randomness in the
phase distribution. On the other hand, it almost disappeared
for the 0°–180∘ condition. These results corroborate that a focus
still exists even if the source is not entirely coherent.

Studies on transparent (at visible spectral range) electrically
conducting films reported that metalenses work with laser
(coherent) as well as LED (incoherent) illumination [7]. The rela-
tionship between the degree of randomness and electric-field
intensity at the focus is illustrated in Figure 8. In the range of
randomness for the 0°–120∘ phases, the focal intensity decreased
slightly but remained above 80%. When randomness was beyond
150∘, however, the intensity dropped abruptly. Despite the linear
fit shown in Figure 8, the actual data exhibited an oscillating
downward trend (not captured by the sparse data sampling
shown in Figure 8). This fluctuation likely depends on the spe-
cific phase values assigned to individual structures. Although a
more precise assessment using mean and variance from various
phase configurations is necessary for a comprehensive analysis,
the present results sufficiently demonstrate the overall trend.

FIGURE 6 | Experimental thermal radiation mapping of intensity at the focal region (along the propagation direction) for the metalenses with focal

length f = 5, 7.5, and 10mm at λ= 5 μm. The scale bar is jEj; focal cross-section maps were measured over 7 × 14 points using the setup shown in

Figure 2. The central region with the white-saturated area inside the color map is where the maximum intensity was located.
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4 | Conclusion and Outlook

In this study, we experimentally demonstrated focusing of thermal
radiation using a Fresnel metalens formed using a MIM metasur-
face. FDTD simulation results reveal that focusing existed even at
not entirely coherent conditions of the emitting surface. However,
the focusing was most efficient for coherent (in-phase) radiation.
These findings form the basis for the engineering of metasurfaces
for focusing thermal radiation. Such surfaces can perform at anti-
reflection (perfect emitter) conditions and, consequently, have the
function of thermal radiation extraction.

The proposed method of thermal radiation extraction by focus-
ing using engineered surface textures can prove useful for the
IR wavelength-specific light sources in gas sensors, harvesting
of thermal energy, antiradar in defense applications, and radi-
ation cooling, especially for semiconductor devices such as
CPUs, GPUs, and storage memory banks operating at elevated
temperatures.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Supporting Fig. S1: (a) Chromatic abberration of
MIM metalens. The X–Z field image from 4 to 6 μm wavelength. Light
propagation direction is along z-axis. (b) Phase and reflection plot at
wavelength of 4.0, 4.5, 5.0, 5.5, 6.0 μm. Supporting Fig. S2: Focusing
behavior of plane wave and Gaussian beam illumination. The focusing
becomes stronger when FWHM of the Gauss beam has increased. The
FWHM = 3D condition is almost same as the plane wave excitation;
D is the beam diameter. Supporting Fig. S3: Focusing behavior with
different phase coverage range and with asymmetry coverage range.
Supporting Fig. S4: Focusing behavior with different phase coverage
range with a symmetric phase coverage. Supporting Fig. S5:
Focusing field intensity with asymmetric and symmetric phase coverage
and their corresponding CAD design used for FDTD simulations.
Supporting Fig. S6: Reflection intensity (in arb. units) obtained at
the focal length at different phase coverage ranges: asymmetric and sym-
metric. Supporting Fig. S7: SEM image of a segment of fabricated metal-
ens. The disk diameters were below ±20 nm precision from the designed
size. Small white dots are caused by dust that was attached to the surface
during measurements. Supporting Fig. S8: Optical Reflection (normal-
ised) spectra of a metalens that include disks for the full phase coverage
range from 0 to 2π. Supporting Fig. S9: Comparison of radiation patterns
from the uniform MIM metalens and uniform MIM metasurface with
experiments (top-row) and FDTD simulations (bottom-row).

Small Structures, 2026 9 of 9

 26884062, 2026, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sstr.202500695 by V

ilnius U
niversity, W

iley O
nline L

ibrary on [05/05/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense


	Focused Thermal Emission From a Radiative Metasurface
	1. Introduction
	2. Experimental: Design, Fabrication, and Characterization
	2.1. Theory and Design of the Radiative Metalens
	2.2. Fabrication of the Radiative Metalens
	2.3. Measurement of Thermal Radiation

	3. Results and Discussion
	3.1. Numerical Modeling of the Phase Range
	3.2. Numerical Modeling of Chromatic Aberrations
	3.3. Numerical Modeling of Metalens Focusing vs. Phase and Structure Coverage Ranges
	3.4. Numerical Modeling of Metalens Spectral Performance
	3.5. Fabricated Metalenses
	3.6. Focusing of Radiative Emission From the Metasurface: Experimental Verification
	3.7. Influence of Coherence on Focusing by a Metalens

	4. Conclusion and Outlook


