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1. Introduction

Near-unity broadband photonic metamaterial
absorber for thermoelectric energy harvesting
in Space

Mikita Marus,
Remo Proietti Zaccaria

 Nikolay Lyapunov,® Aliaksandr Hubarevich,®
*® and Shu-Jen Wang*?

Spaceborne power systems must operate reliably for decades with minimal maintenance. Thermo-
electric generators (TEGs) are intrinsically suited to long-lived missions, but their output remains
constrained by available thermal gradients and the limitations of bulk thermoelectric materials. Here, we
introduce a photonic metamaterial (PtMM) coating concept that amplifies the thermal gradient available
to a TEG by converting incident AMO solar irradiance into strongly localised photothermal energy on the
TEG hot side. We design, optimise, and numerically characterise two metal-insulator—metal PtMM geo-
metries — nanocross (NC-PtMM) and nanosquare (NS-PtMM) - using standard thin-film materials.
The optimised NC-PtMM achieves near-unity peak absorptance (x~99%) and >95% average absorptance
across the visible band, with strong field confinement at the resonator/spacer interface that
concentrates dissipated power. Coupled electromagnetic—thermal simulations quantify (i) steady/quasi-
steady temperature localisation under continuous irradiation and (i) the intrinsic non-equilibrium
photothermal response under ns-scale pulse trains used as a transient probe. The designs are effectively
polarisation-insensitive at normal incidence; NS-PtMM is included as a manufacturability-motivated
reference geometry, while detailed NS-PtMM optimisation is left for future work. The material stack (Cr,
AlLOs, Al/SIO,, and an optically thick Ag ground plane) is compatible with standard microfabrication
routes, and we outline a Space-qualification screening matrix (atomic oxygen exposure, radiation/TID,
and thermal-vacuum cycling). Overall, the results establish a practical pathway toward metamaterial-
augmented thermoelectric harvesting for compact Space platforms (e.g., CubeSats and landers)
and motivate related photothermal coating concepts for spacecraft thermal management and hybrid
PV-TEG harvesting.

RTGs deliver reliable power but rely on limited isotopic resources
and complex regulatory/handling constraints.” These limitations

Long-lived, maintenance-free electrical power is a foundational
requirement for many classes of Space missions - from deep-
space probes and long-duration lunar platforms to distributed
sensor nodes and long-lived small satellites."™ Photovoltaics
(PV) and radioisotope thermoelectric generators (RTGs) cur-
rently provide the bulk of civil and scientific space power, but
both approaches face practical constraints. PV systems suffer
from angle-dependent insolation, degradation in harsh radia-
tion environments, and limited performance far from the Sun.’?
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motivate complementary approaches that combine simplicity,
durability, and scalable integration with existing spacecraft
architectures.

Thermoelectric generators (TEGs) are attractive in this con-
text because they provide solid-state conversion between a
thermal gradient and electricity, have no moving parts, and
allow for decades of operation with minimal maintenance.®®
In Space settings, TEGs are already deployed in RTGs, and there
is growing interest in using thermoelectrics for non-isotopic
thermal harvesting (e.g., waste-heat recovery, environment-
driven thermal differentials, and various hybrid architectures
for CubeSats).">"*> Nevertheless, achievable power densities
from conventional TEGs remain limited by (i) the magnitude
of available temperature differences at the TEG hot and cold
interfaces, and (ii) intrinsic material trade-offs (Seebeck coefficient
vs. electrical/thermal conductivity) that limit the figure-of-merit, ZT,
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of bulk thermoelectric materials.****

Continued progress in
material chemistry improves ZT, but many missions would
benefit from strategies that increase the accessible thermal
gradient without requiring the development of new thermo-
electric chemistries."

Metamaterial (MM) and metasurface absorbers offer such a
strategy.'®'® Metal-insulator-metal (MIM) and related meta-
surface designs offer a near-complete control of reflectance,
transmittance, and absorptance via subwavelength patterning.'®>>
From the perspective of power for Space, MM absorbers can be
engineered to concentrate incident electromagnetic power into
ultrathin volumes, while being mechanically simple. This
concentration can be tailored to the top side of a TEG hot-
plate, producing locally enhanced temperature at the hot con-
tact and therefore increasing the effective AT the TEG can
harvest - all without changing the thermoelectric leg materials
or module architecture.”® Seminal demonstrations and reviews
establish the underlying design rules (impedance matching,
resonant field localization, MIM Fabry-Pérot/meta-cavity engi-
neering) and practical implementation methods.

Recent theoretical and experimental work directly connects
MM absorbers to thermoelectric enhancement.’>** Optics-
thermal coupling studies show that MIM absorbers and plas-
monic metasurfaces can produce strong localised heating that
propagates into conventional thermoelectric legs, increasing
the harvested voltage and power under uniform irradiance
conditions.”**” A growing number of publications demon-
strate improved photo-thermoelectric response when an MPA
(metamaterial perfect absorber) or metasurface is used as the
photon-to-heat interface.>® ! These studies indicate that prop-
erly designed metamaterials can increase usable thermal gra-
dients even when illuminated by broadband solar spectra
relevant to Space (AMO).

Operating in Space strongly constrains the choice of materials
and fabrication methods.***® Space-facing coatings must with-
stand thermal cycling, UV exposure, charged-particle radiation,
and, in low-Earth orbit, atomic-oxygen erosion.***° Therefore,
designs that use materials and processes already established in
semiconductor and aerospace manufacturing - for example,
Al, Cr, Ag, Ni, common dielectric spacers (Al,03, SiO,), and
industry-standard lithography or templated deposition techni-
ques - reduce development risk and accelerate qualification for
flight.>” These practical considerations make MM augmenta-
tion a realistic near-term option for boosting TEG performance
in Space missions.

In this work, we propose a MM coating concept for flight-
ready TEG modules aimed at long-duration platforms (for
example, CubeSats and planetary landers) that substantially
increases the thermal gradient available to a thermoelectric leg
under AMO illumination. The designs are intentionally con-
strained to industry-proven thin-film materials and standard
microfabrication workflows to facilitate rapid translation to
module-level testing and Space qualification. We present the
design rules, full-wave absorptance spectra, interface-resolved
field maps, volumetric Joule heating distributions, and transient
electromagnetic-thermal coupling that together establish the
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nanocross PtMM (NC-PtMM) and nanosquare PtMM (NS-PtMM)
as practical photothermal coatings for TEG augmentation.
We also report fabrication feasibility and recommended
Space-qualification testing to support translation to flight.

2. Structure design and methods
2.1 Design rationale

e Use a MIM photonic metamaterial (limited by three to five
layers) enabling impedance matching to free space and strong
field localisation (meta-cavity/Fabry-Pérot type behaviour).'®*%**

e Prioritise broadband absorptance across 300-2000 nm
(visible & NIR-I/II) to capture the majority of AMO spectral
power (~1361 W m~ 2 integrated).****

e Limit stack complexity (<5 layers) and choose constituent
materials common in semiconductor fabs (Cr, Al, Al,0;, Ag,
Si0,, etc.) to enable CMOS-compatible scale-up.*%*>*°

2.2 Structure and parameters of the PtMM absorbers

We investigate two metal-insulator-metal (MIM) photonic
metamaterial absorbers: a nanocross photonic metamaterial
(NC-PtMM) and a nanosquare PtMM (NS-PtMM). The designs
comprise a patterned top metal resonator, an Al,O; dielectric
spacer, and a multilayer reflective ground stack (Al/SiO,/Ag).
The unit-cell geometry is defined by the period p, resonator
dimensions (L, w for nanocrosses; a for nanosquares), and the
edge-to-edge gap g. The unit-cell geometries of NC-PtMM and
NS-PtMM are illustrated in Fig. 1 and 2, respectively, and
summarized in Table 1.

The corresponding layer stacks (materials and thicknesses)
used in all simulations are listed in Table 2. Unless otherwise
stated, the Ag ground plane is optically thick (t4, > 100 nm), so
transmission is negligible (T ~ 0), and absorptance is deter-
mined primarily by suppression of reflectance via impedance

Fig. 1 Proposed nanocross photonic metamaterial (NC-PtMM) nano-
structure for increasing the thermal gradient across TEGs. Nanocross
structure consists of an ultra-thin Cr layer over an Al,Oz spacer. Ground
plane consists of Al, SiO,, and Ag. Unit-cell geometry and material stack
are described in Tables 1 and 2, respectively.

Phys. Chem. Chem. Phys., 2026, 28, 11034-11045 | 11035
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Fig. 2 Proposed nanosquare photonic metamaterial (NS-PtMM) nanos-
tructure for increasing the thermal gradient across TEGs. The NS structure
consists of an ultra-thin Ni layer over an AlLbO3z spacer. Ground plane
consists of Al, SiO,, and Ag. Unit-cell geometry and material stack are
described in Tables 1 and 2, respectively.

matching and resonant dissipation in the top resonator/spacer
region.

While NC-PtMM attains superior peak and broadband
absorptance, the simpler square/tiled resonator NS-PtMM is
expected to provide a distinct set of practical benefits for
(i) technology translation, (ii) scale-up, and (iii) Space
qualification.*****”>1 The square geometry reduces litho-
graphic and process complexity: features are straight-edged
and orthogonal (no multi-directional nanofabrication toler-
ances), single critical dimension control is sufficient to tune
resonance position, and unit-cell symmetry permits the use of
higher-throughput patterning approaches (photolithography,
nanoimprint, interference lithography, and template methods)
with relaxed resolution requirements. These attributes trans-
late into higher fabrication yield, lower mask cost, and
improved uniformity across large-area substrates. From a
device reliability perspective, the square array produces a more
spatially uniform absorptance and heating profile (fewer con-
centrated electromagnetic hot-spots), reducing local thermal
stresses that can accelerate material degradation under thermal
cycling and radiation exposure in Space.’”>® Therefore,
although NS-PtMM is less efficient in absolute absorptance
per unit area, it is expected to provide manufacturability,
robustness, and reduced sensitivity to dimensional error for

Table 1 Unit-cell geometry (NC-PtMM and NS-PtMM)
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large-area, low-cost, or flight-ready implementations where
repeatability, qualification risk, and cost are primary concerns.
Conceptual comparison between high-efficiency PtMM and
high-deployability NS-PtMM is presented in Table S1.

Having defined the unit-cell geometry, quantities, and mate-
rials reported in this work (Fig. 1, 2 and Tables 1, 2), we next
describe the numerical workflow used to obtain the optical
response and the coupled photothermal dynamics.

2.3 Optical absorptance and impedance matching

The spectral absorptance is defined as

A(A) =1 - R(2) — T(4),

where R(4) and T(%) are reflectance and transmittance under
plane-wave illumination. With an optically thick Ag ground
plane (t,z > 100 nm; Table 2), transmission is negligible
(T ~ 0) and A(X) = 1 — R(1). Where layer-resolved absorption
is discussed, we report the fractional absorbed power in each
layer obtained from the volumetric loss density in the electro-
magnetic simulation. Near-unity absorptance A(4) is achieved
by designing the metasurface impedance Zpys to match free
space impedance Z,, minimising reflection:

Zpma (L) — Zy
Zpma(A) + Zy

2
R(J) =

Fabry-Pérot resonance condition (dielectric spacer)

_ 2mnd cos 0,

o= 7 , resonance for 0 = m.

2.4 Joule heating and transient thermal response

The electromagnetic solver yields the volumetric absorbed
power density Q(r, ) [W m~?], which is used as the heat source
term in the time-dependent heat-transfer model:
1 1
0(r,2) = SR, 2) x E*(r, 1)} = 30| E(, 2)P,

which is used as the heat-source term in the time-dependent
heat equation

oT
pergy = V- (V) +0(r,0)

with Q(r, ¢) obtained by spectrally weighting Q(r, 1) with AMO0
irradiance and applying temporal envelopes corresponding to
the illumination scenario (steady or pulsed). See Methods/SI
for details.

Parameter Symbol NC-PtMM (Nanocross) NS-PtMM (Nanosquare)
Period (pitch) P 360 nm 400 nm

Cross span (tip-to-tip) H 300 nm —

Cross arm half-length (centre-to-tip) L 150 nm (= H/2) —

Cross arm width w 60 nm —

Square side length a — 250 nm

Gap (edge-to-edge) g 60 nm (=p — H) 150 nm (=p — a)

Total stack thickness excluding bottom Ag D 230 nm 230 nm

1036 | Phys. Chem. Chem. Phys., 2026, 28, 11034-11045
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Table 2 Material stack and thicknesses

NC-PtMM (Nanocross) NS-PtMM (Nanosquare)
Layer (top to bottom) Material Thickness Material Thickness
Patterned resonator Cr tm = 20 nm Ni tm = 20 nm
Primary spacer Al,O5 s =100 nm Al,O5 s =100 nm
Ground sublayer 1 Al ta = 10 nm Al ta = 10 nm
Ground sublayer 2 SiO, tsio, = 100 nm Sio, tsioz = 100 nm
Ground plane (optically thick) Ag tag = 100 nm Ag tag = 100 nm

Total thickness (excluding Ag) —

2.5 Materials, manufacturability, and Space-compatibility

The metamaterial designs presented deliberately use materials
and thicknesses compatible with standard micro-/nano-fabri-
cation sequences and with aerospace surface-coating practice.'®®
Top resonators were chosen from commonly used thin-film
metals (Cr, Ni, Al, Ag), while the dielectric spacer materials are
standard oxides (Al,O3, SiO,) available via atomic layer deposition
(ALD) or sputtering. These choices enable the use of industry-
standard processes (e-beam or nanoimprint lithography, thermal
evaporation or sputter deposition, lift-off, and templated deposi-
tion such as AAO masks) and simplify scale-up and qualification.
The selection also aligns with Space-material practice: Al and its
oxide, Cr, Ni, and Ag are well documented in spacecraft hardware
(structural and optical coatings), and the space environment
concerns (thermal cycling, UV/radiation, atomic oxygen) can be
addressed through coating thickness control, passivation, and
standard testing protocols. Using these common materials
reduces integration risk relative to exotic chemistries and accel-
erates the pathway to flight qualification.>

Fig. 3 shows the proof-of-patternability (geometry feasibility) of
the NC-PtMM geometry with e-beam lithography at IIT. A standard
PMMA resist, thin Al anti-charging layer, e-beam dose, and lift-off
plus Ti/Au evaporation produced ~10000 element arrays (full
process described in SI). This is a mere demonstration of process
feasibility using existing micro- and nano-fabrication resources.

Space-qualification screening should include high-flux UV/
VUV exposure and proton/electron irradiation (TID and displace-
ment damage) to assess photochemical and radiation-induced

4.0mm | 2.98 ym

Istituto tal

Fig. 3 NC-PtMM-like geometry. NC dimensions are comparable to NC-
PtMM, as is the inter-NC distance.

This journal is © the Owner Societies 2026

D =230 nm — D =230 nm

optical drift, ion-bombardment sputter/erosion testing to evaluate
material loss, and mechanical vibration/shock per established
NASA/ECSS environmental verification standards.>> > We select
Cr with ALD Al,O; passivation because Cr provides broadband
optical loss in the visible, while Al,O; is a well-established Space-
relevant barrier against AO/VUV-induced degradation and is
deposited by industry-standard ALD.**?>80-%>

The e-beam demonstrator (Ti/Au on CaF,) is presented solely
to confirm pattern fidelity and large-area manufacturability of
the nanocross geometry; it is not an optical validation of the Cr-
top NC-PtMM. Ti is used only as a standard adhesion layer for
Au, while the optical design is optimized for Cr due to its
stronger broadband loss in the visible. Importantly, our para-
metric comparison (Fig. 7b) shows that Cr-top resonators out-
perform Au-top resonators across the visible band relevant to
AMO, indicating that the demonstrator material choice is con-
servative with respect to broadband solar absorption. In future
work, the same fabrication route will be repeated using Cr (and
optional ALD Al,O; capping) and validated via measured R/T/A
spectra and thermal response under controlled illumination.

Practical considerations for Space deployment:

e AMO spectral energy: the top-of-atmosphere solar constant
~1361 W m~ > with most energy in 400-2400 nm; PtMM design
should therefore prioritise broad visible and NIR capture for
maximum available power.*?

e Thermal cycling and stability: thin metallic resonators
must survive thermal cycling and radiation. Chromium and
aluminium oxide are relatively robust; further radiation endur-
ance testing is recommended.

e Integration: PtMMs can be implemented as a top coating on the
hot side of standard TEG devices (no change to the TE legs required).
Thermal interface engineering (adhesives, micro-contacts) must
prioritise high conductance from the resonator layer into the TE
hot plate while maintaining thermal isolation to the cold sink.

e Power estimates: converting AT to electrical power requires
module-level modelling (Z7, contact resistances, leg geometry).
We recommend follow-on finite-element electrothermal
models that include the full TE module to quantify expected
mW-W gains per unit area.

3. Results and discussion
3.1 Optical performance of proposed PtMMs

Unless explicitly varied in parametric sweeps, all simulations
use the unit-cell parameters given in Fig. 1, 2 and Table 1.

Phys. Chem. Chem. Phys., 2026, 28, 11034-11045 | 11037


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cp04738b

Open Access Article. Published on 24 February 2026. Downloaded on 6/24/2026 11:54:27 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

Fig. 4 and 5 report the complete optical balance - reflectance
R(4), transmittance 7(1), and the derived absorptance A(1) =
1 — R(A) — T(4) - for the two optimized metasurfaces. The NC-
PtMM (Fig. 4a and b) attains near-unity absorptance in the
visible: the simulated peak absorptance reaches x99%, and
the visible-band average is ~95% (range reported over 300-
700 nm unless otherwise stated). The high absorptance arises
from the hybridized response of localized plasmonic reso-
nances in the nanocross and the Fabry-Pérot-like cavity formed
by the dielectric spacer and the reflective ground plane; the
overlap of several resonant channels produces a low-Q, broad-
band profile that matches the AMO visible photon flux. By
contrast, the NS-PtMM (nanosquares, Fig. 4c and d) demon-
strates a broader but shallower response (visible-average =
68-78%). The square tiles support fewer overlapping localised
modes and therefore present larger residual reflection in spec-
tral sub-bands; however, their reduced Q and simpler geometry
provide greater fabrication tolerance (see SI). NS-PtMM is
included as a manufacturability-motivated reference design;
additional NS optimisation is left for future work. For comple-
teness, we also plot the absorptance contributions in layer-
resolved form (top resonator, spacer, ground). For NC-PtMM,
most of the dissipated optical power localises at the top metal/
spacer interface and in the top resonator, indicating efficient
conversion of photon energy into local Joule heating suitable

300 400 500 600 700 800 900 1000
Wavelength (nm)

(C) 100 4 — Al = Appos

300 400 500 600 700 800 900 1000
Wavelength (nm)
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for fast surface temperature rise. The NC design exhibits
strong, surface-localised absorptance, making it ideal for rais-
ing the TEG hot-side temperature with minimal added mass;
the NS design trades peak absorptance for manufacturability
and a more uniform heating footprint, reducing thermal stress.
For device-level projections, we therefore evaluate NC-PtMM
peak-power in the following section, and discuss NS-PtMM
system robustness (in SI).

3.1.1 Mechanism of photothermal gradient formation.
Fig. 5 links the electromagnetic absorption process to the
resulting thermal localisation. The near-field maps at the
vacuum/Cr and Cr/Al,O; interfaces (Fig. 5a and b) show strong
field confinement at nanocross edges and the resonator-spacer
boundary, consistent with resonant dissipation in the lossy Cr
layer and impedance-matching behaviour of the MIM absorber.
The absorbed power density Q(r) shown in Fig. 5¢ confirms that
optical energy is predominantly converted to heat within the
resonator/spacer region rather than deep in the substrate. The
corresponding steady/quasi-steady temperature field (Fig. 5d)
demonstrates spatial localisation of heating on the hot side,
providing the physical basis for an increased temperature
differential available to a thermoelectric module. Transient
ns-pulse excitation is treated separately in Fig. 7 to quantify
the peak non-equilibrium AT,.x and characteristic thermal
time scales. For an optically thick ground plane (T = 0), the

0{ -

1000 1250 1500 1750 2000 2250 2500
Wavelength (nm)

1000 1250 1500 1750 2000 2250 2500
Wavelength (nm)

Fig. 4 Reflectance (black), transmittance (red), and absorptance (blue, green, magenta, and gold for total, top resonator, spacer, ground, respectively) of
NC-PtMM and NS-PtMM in visible and NIR ranges. (a) and (b) NC-PtMM in the visible and NIR spectrum. (c) and (d) NS-PtMM in the visible and NIR

spectrum.
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Fig. 5 Electromagnetic-to-thermal conversion mechanism in the NC-PtMM. (a) Normalised electric-field intensity |E|2/|Eo|2 at the vacuum/Cr interface
and (b) at the Cr/Al,Os3 interface, showing strong near-field localisation at nanocross edges and the resonator—spacer boundary. (c) Cross-sectional

absorbed power density Q(r) (resistive loss density, W m™>)

, highlighting where optical energy is dissipated within the resonator/spacer region. (d) Steady

(quasi-steady) temperature localisation T(r) under continuous irradiation for the 20 nm-Cr design, illustrating that the temperature rise is concentrated
near the same region where Q(r) is maximal. The ns-pulse transient AT, and its dependence on pulse width are quantified separately in Fig. 7.

near-unity absorptance corresponds to suppression of reflec-
tance via effective impedance matching (Z ~ Z,) and resonant
dissipation in the lossy resonator/spacer region.

Fig. 6 summarises parametric sweeps that define the NC-
PtMM process window. Panel (a) shows the effect of top-
resonator (Cr) thickness on total absorptance: as thickness
increases from thin-film limits up to ~35-60 nm, the structure
transitions from under-coupled to optimally lossy, producing a
broad absorptance plateau; beyond an optimum value, the
spectral weight shifts to longer wavelengths and integrated
visible absorptance declines. Panel (b) demonstrates the high
sensitivity to spacer thickness (Al,0;): the spacer controls the
effective cavity phase. It therefore tunes the spectral overlap
between resonant channels - a ~+10-20 nm change produces
measurable spectral shifts. Panels (c) and (d) show secondary
sensitivity to the Al reflector thickness and the auxiliary SiO,
spacer: both parameters have weaker influences provided a
continuous reflective ground plane is present, but they afford a
secondary tuning knob to suppress residual reflectance in the
NIR tail. From the maps, we extract a practical process window:
Cr thickness near 20 nm and Al,O; spacer near 100 nm produce
near-optimal visible absorptance while leaving a moderate
margin for deposition variation. These maps are the basis for

This journal is © the Owner Societies 2026

the fabrication recipe and for the robustness metrics reported
in the SL

Fig. 7a shows the effect of cross-arm width w on spectral
absorptance, which tunes near-field confinement and inter-
element capacitive coupling. Here, an optimum width of
~60 nm yields maximal visible integrated absorptance while
wider arms push the resonant features toward red/near-IR
regions. Notably, w is a second-order knob relative to resonator
thickness dc; (see Fig. 5a), but is important for fine bandwidth
control and for suppressing side-lobe reflectance in the NIR-II
range. Fig. 7b compares Cr and Au as top-metal resonators.
Chromium’s relatively large imaginary permittivity in the
visible yields stronger, broader absorptance than Au for these
MIM geometries — this is well illustrated by the nearly 3-4-
fold increase in absorptance in specific spectral windows
when substituting Cr for Au in our parametric runs. The Cr
choice, therefore, represents an optimal trade-off between
broadband absorptance, stability, and compatibility with
thin-film processing.

Key optical optimisation observations: (i) Cr is crucial as
resonator material in the intended wavelength band due to
higher imaginary permittivity and broader coupling; (ii) reso-
nator thickness and spacer thickness are primary tuning knobs

Phys. Chem. Chem. Phys., 2026, 28, 11034-11045 | 11039
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Fig. 6 Thickness optimisation map of NC-PtMM nanostructure. (a) Cr resonator thickness vs. absorptance: 0, 10, 20, 30, 40, 50, and 60 nm correspond
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Fig. 7 NC width optimisation and top resonator materials comparison of NC-PtMM nanostructure: (a) NC width vs. absorptance, (b) Cr versus Au
resonator comparison.

for absorptance magnitude and spectral position. Width and (1-20 ns). The results show a strong, non-linear dependence:
height are secondary but useful for bandwidth fine-tuning. short pulses (1 ns) produce modest ATy« (~ 17 K), while longer

Fig. 8a quantifies the dependence of peak temperature pulses (20 ns) produce transient AT in excess of 100 K, peaking
difference (ATmax) between the Cr top surface and the Ag at x~117-155 K for the first and second pulses, respectively, in
substrate bottom on pulse width for the selected pulse train the reported run. This trend follows simple thermal physics: for
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(a) Dependence of the AT .y calculated between the Cr surface and the Ag substrate, on the pulse width in the range from 1to 20 ns. (b) AT ax

between the Cr, Al, and Ag surfaces, respectively, and the bottom of the Ag substrate, when the pulse width is equal to 20 ns.

a fixed pulse fluence, longer pulses deliver more energy into the
metal volume before heat can diffuse away, thereby increasing
the peak temperature. Additionally, pulse trains lead to residual
heating accumulation between pulses (especially in the sub-
strate), which augments AT for subsequent pulses. Fig. 7b, in
turn, shows layer-resolved AT for a 20 ns pulse: the maximum
transient temperature difference is observed between the Cr
nanocross top surface and the Ag substrate bottom. At the same
time, intermediate regions—specifically the dielectric spacer
(Al,03) and any thin interlayers—exhibit smaller amplitude
responses and faster thermal relaxation. The Ag substrate’s
larger thermal mass sustains the residual temperature differ-
ence for longer timescales relevant to thermoelectric harvest-
ing. Practically, these coupled dynamics indicate the PtMM can
create short-lived but large AT transients that a TEG hot contact
can sample - design of the thermal interface (high conductance
to the TE hot plate, thermal isolation from the cold sink) is
therefore critical to convert AT into usable electrical power.
Short (ns-scale) pulses were used in the transient simulations
as a numerical probe to reveal the intrinsic non-equilibrium
photothermal response of the metasurface - in particular, the
maximum instantaneous temperature rise and the time-scales
on which optical absorptance is converted into local Joule
heating before lateral and bulk heat diffusion act. These pulses
emulate (a) laboratory pulsed-laser interrogation commonly
used to characterise photothermal transients and (b) extreme,
temporally localised concentrated illumination events.

The ns-pulse results above quantify the intrinsic transient
response and peak non-equilibrium ATy, but continuous
AMO illumination is steady. In steady operation, the tempera-
ture rise is governed by the balance of absorbed areal power
Q.ps and the effective thermal resistance Ry, between the heated
region and the cold sink, AT =~ Q,ps X Ry For a broadband
absorber Qups X Aer X Ianmo (OF C X Aege X Inno under optical
concentration factor C). Table S3 (SI) provides representative
AT values versus Ry, and C, showing that tens of kelvin steady
AT requires optical concentration and/or deliberate thermal
isolation, while the PtMM increases Qaps and thus reduces the
concentration/isolation required for a given target AT.

This journal is © the Owner Societies 2026

3.2 Temperature gradient AT

We coupled full Maxwell simulations with time-dependent heat
transfer (COMSOL Multiphysics) to evaluate transient heating
under pulsed AMO-like illumination (train of pulses, Pyiqmn =
20 nS, Pperioa = 200 ns as a probing scheme). NC-PtMM exhibits
extremely strong local heating: AT,,.x between the Cr nanocross
top surface and the Ag substrate bottom surface reached
117.7 K (first pulse) and 155.3 K (second pulse) under the
specified pulsed excitation. Shorter pulses produce smaller
AThax, but the trend indicates strong dependence on pulse
width and local heat capacity/thermal conductance. Impor-
tantly, the Ag substrate maintains a more persistent gradient
than the thin top films, which is advantageous for conduction
into a thermoelectric leg.

3.2.1 Interpretation for TEG harvesting. The plasmonically-
generated hot-spot provides a strong local AT that, with proper
coupling to the hot side of a thermoelectric leg and a well-
engineered cold sink, can translate into larger open-circuit vol-
tages and power density than an identical TEG with a bare (non-
metamaterial) absorber. These results align with earlier theoreti-
cal studies that demonstrated the potential of MPAs to intensify
thermal gradients in TE devices.”

3.3 Generated electrical power estimation

To translate temperature differentials into expected electrical
power,®® we use a representative commercial Bi,Te; thermo-
electric module (127 thermocouple pairs; module datasheet
used for parameters).®*®> Typical device parameters are See-
beck per couple Sp,ir & 200 pV K ' (Bi,Te; at room tempera-
ture), number of couples N = 127, and a typical module internal
resistance R;,: = 4 Q. The module Seebeck is therefore S, = N X
Spair & 0.0254 V K~'. The open circuit voltage is Vo = SioiAT,
and the maximum extractable power into a matched load is
Prax = Voo /(4Rint) = Sto” AT/(4Rine). Table 3 summarises repre-
sentative outputs for common AT values.

Table 3 emphasises two critical points for system design:
(i) electrical power scales as AT so the transient high AT
achievable in non-equilibrium pulses (50-100 K) rapidly
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Table 3 Representative TE module outputs (30 x 30 mm? module)

AT (K) Vo (V) Prax (W) Ppax per cm?

1 0.0254 4.03 x 107° 4.48 UW cm >
10 0.254 4.03 x 1073 0.448 mW cm >
50 1.27 1.01 x 101 11.2 mW cm 2
100 2.54 4.03 x 107" 44.7 mW cm >

increases output, and (ii) steady-state unconcentrated AMO
without thermal isolation yields AT « 10 K, so mission design
must incorporate optical concentration or thermal design to
exploit the PtMM advantage in continuous operation.

3.4 Limitations and next steps

The present study is primarily numerical and focuses on
establishing design rules and mechanisms for PtMM-enhanced
photothermal gradients. The e-beam fabrication shown (Ti/Au)
serves as a proof-of-patternability for the NC-PtMM geometry and
does not constitute an optical/thermal validation of the Cr-stack
design. The next experimental step is therefore to fabricate the
Cr/AL,O3/Al/SiO,/Ag stack (with optional ALD Al,O; capping),
measure R(4), T(4), and A(1) under a calibrated illumination
source, and compare the measured absorptance with the simu-
lated spectra. Thermal validation will then be performed by
measuring the hot-side temperature rise and the top-bottom AT
under controlled continuous illumination and under pulsed-laser
probing, followed by module-level tests using a commercial Bi,Te;
device to quantify V,. and output power. These experiments will
also clarify the role of optical concentration and thermal-interface
engineering in achieving steady AMO-relevant AT gains.

4. Conclusion

We designed two industry-compatible metal-insulator-metal
(MIM) photonic metamaterial absorbers intended to augment
thermoelectric generators (TEGs) in Space environments by
increasing the usable temperature differential at the hot side:
a nanocross PtMM (NC-PtMM) and a nanosquare PtMM (NS-
PtMM), both based on thin-film stacks using common micro-
fabrication materials (Cr/Ni, Al,O3, Al, SiO,, and an optically
thick Ag ground plane). Full-wave simulations show that the
NC-PtMM design achieves near-unity visible absorptance and
strongly suppressed reflectance with negligible transmission
due to the thick ground plane. The NS-PtMM design exhibits
lower absorptance but provides a manufacturability-motivated
reference geometry; further NS-PtMM optimisation is beyond
the scope of the present work. Interface-resolved |E|> maps,
volumetric resistive loss density Q(r), and steady temperature
localisation collectively demonstrate that absorption is concen-
trated in the resonator/spacer region, consistent with impedance-
matching behaviour of MIM absorbers and resonant dissipation
in the lossy top metal. Using ns-scale pulsed illumination as a
transient probe, we quantified the intrinsic non-equilibrium
photothermal response and the peak ATy, achievable on short
time scales; these transients establish the upper bound of instan-
taneous temperature gradients that can be presented to a TEG hot
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contact under temporally localised excitation. A worked example
based on representative Bi,Te; module parameters translates AT
into expected V,. and P, illustrating the strong quadratic
scaling of deliverable power with AT and motivating optical
concentration and thermal-interface engineering for steady opera-
tion. The Ti/Au e-beam demonstrator is presented as proof-of-
patternability of the nanocross geometry; it is not an optical
validation of the Cr-top stack. Our Cr-vs.-Au comparison shows
that Cr is preferred for broadband AMO-relevant absorption. Next
steps are fabrication of the Cr/Al,O;/Al/SiO,/Ag stack (with
optional ALD oxide capping), experimental measurement of R/7/
A spectra and temperature rise under calibrated continuous
and pulsed illumination, and module-level demonstration with
commercial TEGs, including Space-qualification screening
(AO, TVAC, UV/VUV and radiation).

5. Experimental/methods
5.1 Optical and thermal simulations

Full-wave electromagnetic simulations coupled with time-
dependent heat transfer were performed in COMSOL Multi-
physics (version used in the project). The electromagnetic
model used measured/standard optical constants for Cr, Al,
Ag, Ni, Al,O3, and Si0,.°*°” Illumination was treated as normal
incidence AMO spectral content integrated to ~1361 W m™ > on
an optimised structure for the wavelength bands evaluated
(300-2500 nm). Transient heating used a pulsed illumination
train (Pywiaen and Pperioq as reported) to probe fast heating and
relaxation dynamics. Specific solver settings, mesh, and bound-
ary conditions are detailed in SI.
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