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SUMMARY

Spectrally selective emitters that endure extreme temperatures (exceeding 1,000◦C) are vital for thermopho

tovoltaic energy harvesting. Here, we report a 2D photonic crystal emitter composed of yttria-stabilized zir

conia particles on a tungsten mirror, fabricated through a simple and scalable self-assembly process. The 

emitter demonstrates spectral stability for 2 h and structural stability for 14 h at 1,400◦C under high vacuum, 

with degradation attributed to zirconium nitridation, which is avoided under Ar or forming gas atmospheres. 

Long-term durability is demonstrated over 6 months and 200 thermal cycles at 1,050◦C, effectively mitigating 

tungsten oxidation. The emitter achieves 52% spectral efficiency for a 0.72 eV photovoltaic band gap. This 

work offers perspectives on designing and implementing spectrally selective emitters that remain stable at 

high temperatures and resilient in harsh environments, representing a significant step forward in developing 

robust thermophotovoltaic energy-harvesting systems.

INTRODUCTION

Thermophotovoltaics (TPV) provides an excellent route to the 

conversion of thermal energy into electricity and can potentially 

be used for compact electricity generators and energy storage, 

providing on-demand energy retrieval in grid-scale thermal bat

teries.1–10 A TPV cell directly converts thermal photons emitted 

from a hot surface into electrical power using a photovoltaic 

(PV) cell. The significant characteristics of TPV are small form 

factors (even at chip scale),11–15 silent operation, and low main

tenance. These features make it ideal for powering portable de

vices, for example in remote locations, humanitarian missions, 

and healthcare drones, by generating heat in micro-combus

tors16 that utilize hydrocarbon fuels with high calorific values.17

TPV can also be used for thermal batteries2,18 that store heat en

ergy from excessive renewable electricity sources and supply 

the necessary load to the electric grid during peak demand 

times. The main advantage of TPV in this case is the high conver

sion efficiency, which currently reaches up to 44%10,19 and can 

be further increased by better spectral selectivity to approach 

the Carnot efficiency limit.19 In this respect, TPV systems outper

form thermoelectric generators (limited by 6% efficiency)20,21

and reach the efficiencies of a typical gas power plant.

The radiative power of a blackbody is proportional to T4, accord

ing to the Stefan-Boltzmann law, whereas the Wien displacement 

law states that the emitted radiation by a blackbody reaches its 

maximum at a wavelength proportional to 1/T.22,23 Therefore, 

higher operating temperatures in TPV systems offer the potential 

for larger radiative power and shift the blackbody maxima toward 

shorter wavelengths, which enable the utilization of highly efficient 

wide-band-gap PV cells with large open-circuit voltages, such as 

GaSb, GaAs, and Si.24,25 Thermal radiation from a blackbody 

spans a broad spectral range, with most of it in the long-wave

length infrared region. These low-energy/out-of-band photons 

(E < Eg) cannot generate electron-hole pairs in the PV cell, leading 

to increased cell temperature and reduced efficiency. However, 

recent advancements in broadband reflective mirrors and front 

surface filters enable the redirection of these low-energy photons 

back to the emitter, significantly improving overall effi

ciency.19,26,27 These innovations have achieved practical effi

ciencies of up to 44% at an emitter temperature of ∼1,400◦C.10

Therefore, maintaining such high temperatures in a TPV system 

is essential to obtain high efficiencies. However, residual absorp

tivity in spectral control elements reduces efficiency. For instance, 

a 5% loss in broadband mirror reflectivity might lead to a 10% drop 

in system efficiency.28,29
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An alternative way to achieve high conversion efficiency while 

simultaneously limiting low-energy photons is through spectral 

shaping,30 which employs spectrally selective emitters.7,8,31–41

Ideal spectrally selective emitters provide unitary and zero emis

sivities above and below the band gap of the PV cell, respectively. 

In addition to efficiently reducing the emission of out-of-band pho

tons, these emitters should be designed to withstand high tem

peratures and repeated thermal cycling.42,43 The state-of-the-art 

spectrally selective emitters face challenges with thermal stability 

beyond 1,000◦C, leading to structural/spectral degrada

tion.8,38,44–46 Their long-term stability and ability to endure high 

temperatures over multiple cycles remain uncertain and require 

further investigation. Moreover, nanofabrication of spectrally se

lective emitters often relies on expensive and time-consuming 

top-down techniques such as electron/focused-ion beam lithog

raphy or reactive-ion etching.39,47,48 These drawbacks form the 

cornerstone challenges for developing spectrally selective TPV 

energy-harvesting systems for industrial applications.

Here, we propose an innovative method to design spectrally se

lective emitters capable of functioning under high temperatures of 

up to 1,400◦C and technical vacuum conditions of 2 × 10− 2 mbar 

or under forming gas environments. A 2D photonic crystal (PhC)- 

based spectrally selective emitter, composed of a monolayer of yt

tria-stabilized zirconia (YSZ) particles and W-HfO2 substrate, is 

fabricated using large-area nanofabrication techniques, magne

tron sputtering, and self-assembly processes. The concept is 

based on our previous work with a ZrO2 particle-based 2D-PhC 

emitter, which had limited thermal stability due to phase transfor

mations of ZrO2.
49 The YSZ-based 2D PhC emitter is designed 

to obtain spectral selectivity, which is tailored to match the external 

quantum efficiency spectrum of the GaSb PV cell with 0.72 eV 

band gap. However, at high temperatures, the efficiency is antici

pated to decrease due to increased electron-phonon collision fre

quency. The presented 2D PhC emitter exhibits thermal stability at 

1,400◦C, and optical measurements indicate a high spectral con

version efficiency of up to 52% at 1,400◦C. Further, the long-term 

thermal stability of the emitter is demonstrated through 6 months 

(4,320 h) of thermal annealing at 1,050◦C and thermal endurance 

of up to 200 cycles under a forming gas environment, exhibiting 

remarkable structural durability and spectral selectivity. This is 

the highest reported temperature with long-term thermal stability 

and endurance for a spectrally selective emitter to date. The com

bination of high working temperature, thermal endurance, and a 

scalable, cost-effective, lithography-free fabrication process ad

vances the development of stable spectrally selective emitters 

and promotes the broader adaption of TPV energy-harvesting 

systems.

RESULTS AND DISCUSSION

Spectrally selective band-edge emitter

A schematic presentation of the 2D PhC-based spectrally selec

tive emitter is shown in Figure 1A. The PhC emitter consists of a 

monolayer of hexagonal close-packed (hcp) YSZ ceramic parti

cles of 980 nm diameter on a W/HfO2 structure, which is coated 

onto a single-crystalline Al2O3 substrate with [1–102] orientation. 

Oxide ceramic particles are prone to excessive grain growth and 

phase transformations at high temperatures, leading to irrevers

ible structural damage. ZrO2 particles, doped with 7.5 mol % yt

trium have been chosen for their unprecedented thermal stability 

and capability of withstanding temperatures up to 1,500◦C.50

The W and HfO2 film thicknesses were 200 nm and 20 nm, 

respectively. The 200-nm-thick W film completely blocks the 

transmission of light due to the significantly smaller penetration 

depth of optical fields in W.51 Meanwhile, the 20 nm HfO2 film ex

hibits a negligible impact on the optical properties of the PhC 

emitter and functions as a protective layer, preventing the oxidi

zation of W. YSZ particles, as synthesized in Leib et al.,50 with a 

standard deviation of <6%, are deposited onto the W-HfO2 layer 

using a self-assembly process at the air-water interface.52 The 

parameters for the YSZ particles were adopted from our previ

ous work,49 where particles with a 980 nm diameter demon

strated optimal spectral selectivity. YSZ particles support multi

ple Mie resonances, including quadrupole, hexapole, and 

octupole modes, which achieve critical coupling and near-per

fect absorptivity.49 The quadrupole resonance appears at 

1.56 μm and marks the onset of a high absorption/emissivity re

gion. The dipole mode is weakly interactive with tungsten sub

strate and reflected without significant absorption. Higher-order 

modes extend toward the 1 μm spectral range, although these 

are highly sensitive to both the substrate and the spatial arrange

ment of nanoparticles in the monolayer. Modifying the particle 

radius allows tuning of the spectral response: increasing the par

ticle size shifts the cutoff wavelength defined by the quadrupole 

mode toward longer wavelengths, while decreasing it moves the 

cutoff toward shorter wavelengths. This tunability is particularly 

useful for aligning the absorption band edge with the external 

quantum efficiency of the PV cell. The YSZ-particle-based PhC 

structure is similar to a 2D PhC approach with hollow cavities 

in structured tungsten,41 where we substitute the hollow cavities 

with ceramic resonators on unstructured tungsten.

A top-view scanning electron microscopy (SEM) image of the 

2D PhC structure is shown in Figure 1C, which clearly exhibits 

a uniform distribution of YSZ particles over the W/HfO2 layer. 

The inset presents a closely packed arrangement of YSZ parti

cles forming an hcp lattice. A side-view image of the 2D PhC 

structure is shown in the inset of Figure 1B. A cross-sectional 

SEM image of the structure, obtained through a focused- 

ion beam (FIB) milling, is shown in Figure 1D and the 

supplemental information (Video S1 and Figures S1–S3). A 

scanning transmission electron microscopy (STEM) cross- 

sectional image of the emitter and the corresponding elemental 

mappings/spectrum images created by energy-dispersive 

X-ray spectroscopy (EDS) are shown in Figures 1E–1J and 

S4. The spectrum images reveal the presence of Y, Zr, W, 

Hf, and O within their respective layers. Figures 1F and 1G 

distinctly display a prominent concentration of Y and a 

comparatively lower concentration of Zr at the center of the 

particle, with bright and contrasting dark regions, respectively, 

as further illustrated in Figure S4A. For the rest of the particle, 

both the elements are uniformly distributed. As already hypoth

esized in our earlier study,50 this finding reveals that during the 

synthesis of the YSZ particles, nucleation is predominantly initi

ated by the hydrolysis and polymerization of the more reactive 

yttria precursor (yttrium iso-propoxide). Thereafter, the growth 

phase involves hydrolysis and polymerization of both the yttria 
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Figure 1. Design and experimentally realized 2D YSZ-based PhC emitter structure 

(A) Schematic presentation of the 2D YSZ-based PhC emitter structure. The Al2O3 substrate is not shown in the illustration. 

(B) Measured absorptivity/emissivity spectra of the 2D PhC emitter and a planar W structure. The inset shows the side-view SEM image of the 2D PhC emitter. 

(C) Top-view SEM image of the 2D PhC structure, with inset showing a magnified view of an hcp arrangement of the YSZ particles. 

(D) Cross-sectional SEM image of the structure. 

(E) High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) image of the cross-sectional lamella prepared from two YSZ 

particles. 

(F–J) Elemental maps of (F) Y (Kα), (G) Zr (Kα), (H) W (Mα), (I) Hf (Mα), and (J) O (Kα) of the 2D PhC emitter. 

(K) Calculated spectral efficiency η of the various selective emitters and a bulk emitter36,38,40,42,44,47,48,53–63 for PV cells of InGaAsSb (0.55 eV), InGaAs (0.6 eV), and 

GaSb (0.72 eV) at respective operating temperatures of 1,000◦C, 1,150◦C and 1,400◦C, such that the wavelength of blackbody maximal emission approximately 

coincides with the band-gap energy. Reference numbers are in brackets, with CW indicating current work.
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precursor and the zirconia precursor (zirconium n-propoxide), 

leading to the formation of a core-shell-like structure.

Figure 1B shows the absorptivity/emissivity (α/ε) spectrum of 

the as-fabricated 2D PhC emitter at room temperature (RT). 

For reference, the α/ε spectrum of the W-planar structure (of 

200 nm thickness) is included. Figure S5 displays the reflectivity 

spectra of W, W-HfO2, and 2D PhC structures, clearly showing 

the absorption mechanism of the 2D PhC structure. The 2D 

PhC emitter reveals a step-function-like spectral selectivity, 

which is tailored to the absorption edge of the GaSb PV cell 

with a cutoff wavelength, λC, around 1.7 μm. The absorption 

edge is adjusted by the particle size.49 The emitter exhibits 

high and low α/ε below and above λC, respectively, with a sharp 

decline around the λC, leading to below 5% α/ε at longer wave

lengths. According to Kirchhoff’s law of thermal radiation,64,65

the emissivity of a hot radiating body equals its absorptivity at 

the same temperature. Thus, by measuring the absorptivity 

of the 2D PhC emitter at RT, the corresponding TPV-relevant 

spectral emissivity can be assessed. At elevated temperatures, 

the α/ε will change slightly due to the increasing electron collision 

frequency of tungsten.51 The emitter exhibits under 5% variation 

in the spectral selectivity for the measurements taken at various 

spatial locations of the emitter, using a 0.5 μm light spot over a 

2 cm2 sample area. This indicates a uniform 2D PhC structure 

throughout the substrate, resulting from the homogenous depo

sition of the 2D YSZ-particle monolayer. Figure 1K shows the 

spectral efficiency η of various state-of-the-art spectrally selec

tive emitters based on 1D–3D PhCs, metamaterials, and multi

layered structures,36,38,40,42,44,47,48,53–62 as well as a bulk 

emitter,63 calculated using Equation 125 for InGaAsSb, InGaAs, 

and GaSb PV cells, where the efficiencies are shown at their 

respective operating temperatures of 1,000, 1,150◦C and 

1,400◦C, owing to the cutoff wavelengths.

The spectral efficiency is given by

η =

∫∞

Eg

Eg

E
ε(E)IBB(E; T)dE

/∫∞

0

ε(E)IBB(E; T)dE;

(Equation 1) 

where E and IBB correspond to the incident thermal photon en

ergy and blackbody spectral power density at the emitter tem

perature, respectively. η defines the ratio of the convertible 

thermal radiation energy by the PV cell to the total radiated 

thermal energy by the emitter. For a photon possessing 

E > Eg, the excess energy is dissipated via thermalization. 

Consequently, the remaining fraction of energy that is trans

formed into electricity is 
Eg

E
. Note that the TPV system efficiency 

is smaller than the spectral efficiency, as it includes other fac

tors such as quantum efficiency, fill factor of PV cell, and ther

mal isolation of the emitter.7 Furthermore, electron-phonon 

scattering at elevated temperatures also contributes to effi

ciency losses.51 η is calculated based on the RT optical prop

erties of the emitter, so an estimated reduction in efficiency 

of up to 6% can be expected, primarily due to increased emis

sivity at longer wavelengths resulting from increasing electron- 

phonon collision frequency. Among different structural geome

tries for selective emission, 1D metamaterials and 2D PhC 

structures demonstrate the highest η owing their low emissivity 

at longer wavelengths.

Although bulk emitters, such as NiO-doped MgO, exhibit 

excellent thermal stability under ambient atmosphere, they 

have non-tunable spectral response and can have detrimental 

long-wavelength emission.63 Nanostructured materials with 2D 

and 3D architectures often feature sharp nanoscale edges, which 

are particularly vulnerable to surface diffusion at elevated tem

peratures. For evaluation of the thermal stability of emitters, the 

retention of their spectral properties is considered as a key indi

cator. Since surface diffusion tends to follow the gradient of 

edge curvature,66 structures with pronounced edges are more 

prone to morphological degradation. Therefore, it is advanta

geous to utilize emitters without sharp edges such as planar 

thin-film architectures, e.g., 1D layered metamaterials and 

Fabry-Pérot resonators, or 2D PhC with ceramic nanoparticles. 

However, as shown elsewhere, tungsten oxidation makes meta

materials with alternating thin metal layers (∼20 nm) susceptible 

to spectral degradation under high temperatures and extended 

heating periods.33,42 In contrast, 2D PhC structures, with their 

thicker W layer, are less sensitive to oxidation of the upper W sur

face and offer better spectral stability under such conditions, 

making them more suitable for extended high-temperature appli

cations. Also, the YSZ-particle-based 2D PhC outperforms other 

state-of-the-art spectrally selective emitters due to its step-like 

sharp-edge spectral characteristics, as seen in Figure 1K. It 

should be noted that the spectral efficiencies were calculated us

ing Equation 1 and emissivity spectra presented in the referenced 

publications. As a result, the data calculated and presented in 

Figure 1K may differ from those published in the original studies.

Spectral stability of the 2D PhC emitter at high 

temperatures

The α/ε spectra of the 2D PhC emitter, taken at RT, before and 

after annealing at 1,400◦C under vacuum pressure (normal air 

environment outside the vacuum chamber) of 2 × 10− 6 mbar 

over various durations, extending up to 14 h, are shown in 

Figure 2A. The calculated α/ε spectrum of the emitter, shown 

as a dotted trace in Figures 2A and S6, demonstrates reasonable 

agreement with the measured spectra. After annealing at 

1,400◦C for 1 h, the 2D PhC emitter structure exhibits a step- 

function-like spectral characteristic, similar to that of the original 

as-fabricated structure. This is accompanied by an enhance

ment in the peak intensity around 1.7 μm due to thermally 

induced structural modifications such as grain growth in the 

structure. Furthermore, a decrease in α/ε in the mid-infrared 

regions is noticed, wherein the change in the electron collision 

frequency of the W, owing to grain growth, improves metallic 

reflection.51 When the emitter is annealed for 2 h at 1,400◦C, 

no further significant change in the spectral selectivity is 

observed. Yet, after 6 h and 10 h of thermal annealing at 

1,400◦C, a slight increment in the α/ε in the mid-infrared regions 

can be observed. A significant rise in the α/ε within the mid- 

infrared region is noticeable after 14 h of annealing at 1,400◦C.

Spectral efficiency η of the 2D PhC emitter

Figure 2B presents the spectral energy density of the 2D PhC 

emitter, the blackbody radiator, and W planar emitter at 
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1,400◦C, normalized to the blackbody maxima at 1,400◦C. The 

spectral energy density of both the 2D PhC emitter and W emitter 

are obtained from the experimental α/ε spectra. The blackbody 

radiator shows a maximum radiance in the near-infrared region 

and a wide energy tail (shown by a red-shaded area) in the 

mid-infrared region, whereas the W planar emitter exhibits low 

spectral energy densities below the λC. Given that W is a refrac

tory metal with lossy dielectric properties below 900 nm and 

lossy metal properties in the near-infrared region,51 the W planar 

structure exhibits strong reflection below 1.7 μm wavelength. 

Therefore, only a small percentage of energy is radiated by the 

W emitter below the λC, thereby reducing the current generated 

in a PV cell. η of a blackbody radiator and 2D PhC emitter as a 

function of the temperature T and PV cell band-gap energy Eg 

is shown in Figures 2C and 2D, respectively, calculated using 

Equation 1. When the TPV system operates at 1,400◦C with a 

PV cell band gap of 0.72 eV, the blackbody exhibits η of 19%. 

The η drops to 8% when the operating temperature decreases 

to 1,000◦C. The observed low η is due to the high spectral emit

tance beyond λC, whereas the 2D PhC emitter exhibits a spectral 

efficiency of 52% when operating at 1,400◦C for the same PV 

cell, which is around 2.7-fold higher than that of a blackbody. 

At 1,000◦C, the efficiency declines to 37%, which is around 

4.6-fold higher than that of the blackbody. Thus, the 2D PhC 

emitter shows a substantial enhancement in η, attributed to its 

step-function-like spectral selectivity. As shown in the red- 

shaded area of Figure 2B, the 2D PhC emitter significantly re

duces the emission of out-of-band photons into free space. It 

also effectively minimizes mid-infrared photon absorption within 

the PV cell housing, eliminating the need for front surface filters 

or reflective mirrors behind the PV cell. Figure S7 illustrates 

that η increases with a rise in temperature for a given band gap 

of 0.72 eV. Consequently, higher operating temperatures com

bined with wide-band-gap PV cells of large open-circuit voltages 

result in high η.22,25

Structural investigation of the 2D PhC emitter

When evaluating the annealing behavior of nanostructures at 

elevated temperatures, it is essential to consider both short- 

duration exposure at high temperatures and prolonged exposure 

at lower temperatures.67 Short-term high-temperature annealing 

helps assess immediate structural responses such as phase 

transformations, grain growth, and robustness against thermal 

stresses, whereas prolonged annealing at lower temperatures 

provides critical insights into long-term stability and degradation 

mechanisms.

Figure 2. Thermal stability at 1,400◦C and spectral efficiency 

(A) Measured α/ε spectra of the emitter at RT, as fabricated and after annealing at 1,400◦C for various annealing durations, 1 h–14 h, under vacuum pressure of 

2 × 10− 6 mbar. The dotted trace shows the calculated spectrum of the emitter using CST MW simulation. 

(B) Normalized spectral energy density of a blackbody emitter, 2D PhC emitter, and W emitter operating at 1,400◦C. The dotted line shows the λC of GaSb PV cell 

and the normalized spectral energy above λC due to out-of-band photons. 

(C and D) Contour maps showing the η of a TPV cell versus emitter temperature and PV cell band gap for (C) blackbody and (D) 2D PhC emitter.
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Ex situ X-ray diffraction (XRD) measurements of 2D PhC struc

ture taken at RT, as-fabricated and after annealing at 1,400◦C, 

for various thermal annealing durations under a vacuum pres

sure of 2 × 10− 6 mbar, are shown in Figure 3A. Top-view and 

cross-sectional SEM images of the YSZ particles after thermal 

treatment are shown in Figure 3B (see also Figures S8 and S9; 

Videos S2 and S3), illustrating the grain-growth-related evolution 

in YSZ particles as duration of thermal annealing increases. For 

comparison, the diffraction pattern of a W-HfO2 structure 

(without YSZ particles) is also presented in Figure 3A, where 

the (211) plane at 2θ = 73.2◦ and (110) at 2θ = 40.3◦ are clearly 

seen (Figure S10), which correspond to the body-centered cubic 

(BCC) phase of α-W (JCPDS 00-004-0806). The α-phase W is 

thermodynamically stable,68 and the metastable β-phase W is 

not observed in the as-fabricated film. The 20 nm HfO2 film, on 

top of the 200 nm W layer, is not clearly resolved in the XRD 

pattern. The as-fabricated 2D PhC emitter structure reveals a 

strong (101) reflex at 2θ = 30.3◦ (Figure 3) and other weak reflexes 

of the tetragonal YSZ phase ((112), (200) at ∼50◦; (103), (211) at 

∼60◦; PDF #00-042-1164 and PDF #01-079-1763),69,70 in addi

tion to the W reflexes. As seen in Figure 3B, a smooth surface 

of the YSZ particle is observed for the as-fabricated emitter. 

The enlarged SEM images are shown in Figures S8A and S9A. 

After subjecting the structure to 1,400◦C for 1 h, SEM images 

in Figures 3B, S8B, and S11E reveal YSZ particles forming tiny 

grains due to thermal annealing. This subsequently leads to the 

Figure 3. Structural stability of the emitter after annealing at 1,400◦C 

(A) XRD patterns of the 2D PhC emitter for as-fabricated and after annealing at 1,400◦C under vacuum pressure of 2 × 10− 6 mbar, taken at RT for various thermal 

annealing durations ranging from 1 h to 14 h. 

(B) The corresponding top-view (left column) and cross-sectional (right column) SEM images of the YSZ particles showing the structural evolution due to grain 

growth in the YSZ particle. Scale bar, 200 nm.
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narrowing of the YSZ (101) reflex in the XRD pattern. Further

more, the Y-rich core, initially observed at the center of the par

ticle, has diffused throughout the particle, creating a hollow core, 

as shown in Figures 3B and S11E. Despite the formation of a hol

low core, the 2D PhC emitter retains the same spectral selectivity 

as the original structure (Figure 2A). Upon heating, the W reflex 

(211) narrows as a result of the grain growth in W (Figure S12). 

Additionally, the reflex (− 111) at 2θ = 28.3◦, corresponding to 

monoclinic HfO2 (JCPDS 034-0104), becomes distinct due to 

the grain growth in HfO2.

After annealing the emitter for durations ranging from 2 h to 

14 h at 1,400◦C, the structural phases of YSZ and W remain 

unchanged. Nonetheless, grain growth is clearly noticeable 

(Figures 3B, S8, and S9). The STEM image in Figure 4A and 

SEM image in Figure S12 reveal that the emitter structure re

mains stable even after a 10 h of annealing at 1,400◦C. On the 

other hand, Figure 4E emphasizes the zones rich in N (marked 

with an asterisk) within the YSZ particle, while the same zones 

in Figure 4D show a lack of O content, indicating O deficiency. 

Under a vacuum pressure of 2 × 10− 6 mbar, the N2 partial pres

sure stands at 1.5 × 10− 6 mbar. It is known from the literature71

that O vacancies are generated by substituting Y in the ZrO2 ma

trix to maintain electroneutrality. Elevated temperatures above 

1,400◦C facilitate a gradual diffusion of N from the atmosphere 

and filling of the O vacancies in the ZrO2 matrix, forming N-rich 

zones within the YSZ particle. However, Zr remains present in 

these N-rich areas (Figure 4C). Additionally, after annealing the 

emitter for 14 h at 1,400◦C, the YSZ particle displays prominently 

developed crystal facets (Figures 3B and S8F) with excellent 

structural stability. While the hollow core of the YSZ particle re

mains, it diminishes in size due to the grain growth. A STEM im

age in Figure 4F illustrates the structural integrity after heat treat

ment, showcasing the W thin film and YSZ particles. Yet, akin to 

the sample annealed for 10 h, zones rich in N (as seen in 

Figure 4J and the corresponding O-deficient zones in Figures 

4I and S13 for magnified images) become apparent after 14 h 

of annealing at 1,400◦C. The spatial overlapping of Zr and N el

ements strongly indicates the formation of ZrN particulates 

within the YSZ particle. Given that ZrN is a refractory metal,72

its interaction with light might introduce additional losses, ex

plaining the increase in α/ε in the mid-infrared region (Figure 

2A) after annealing the emitter for 14 h at 1,400◦C. Spectral 

degradation after annealing for 14 h is linked to the vacuum envi

ronment and residual N interaction rather than the intrinsic insta

bility (such as sublimation of the material, loss of the continuous 

thin film, groove formation at the grain boundaries, voids in the 

thin-film structure, and phase change38,42,46,49,54,73,74) of the 

2D PhC structure and can be avoided by heating the emitter un

der Ar atmosphere.39

Thermal stability of the emitter at extreme operating 

conditions

To evaluate the impact of O2 on the thermal resilience of the 

emitter, 2D PhC structures were annealed at 1,400◦C for 1 h un

der different environmental conditions. The following annealing 

methods are used: (1) the emitter is subjected to heat treatment 

at a medium vacuum pressure of 2 × 10− 2 mbar, with the heating 

chamber surrounded by ambient air; or (2) the emitter is heated 

Figure 4. Elemental analyses of the emitter after annealing at 

1,400◦C for 10 h and 14 h 

HAADF-STEM image of the emitter annealed at 10 h (A) and 14 h (F) at 1,400◦C, 

respectively, and the corresponding spectrum images (B and G, C and H, D and 

I, and E and J) showing the distribution of Y, Zr, O, and N. Scale bar, 200 nm.
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similarly to (1) but with the ambient air replaced by Ar gas to 

reduce the partial O2 pressure inside the vacuum chamber 

(schematics are presented in Figure S14). Figure 5A shows the 

α/ε spectra of the 2D PhC emitter, comparing the as-fabricated 

state and post-annealing state at 1,400◦C under the aforemen

tioned conditions. A noticeable increase in the α/ε beyond the 

λC is observed when the emitter is heated, as described in 

case (1). The cross-sectional SEM image shown in Figure 5B 

reveals a reduction in the thickness of the underlying W layer. 

Under a medium vacuum pressure of 2 × 10− 2 mbar, where 

the partial O2 pressure in the vacuum chamber is ∼2 × 10− 3 

mbar, oxygen tends to infiltrate the structure and react with W, 

leading to the formation of WOx.
38,39,51,73 Nonetheless, these 

WOx compounds are highly volatile and tend to sublimate at 

elevated temperatures, leading to a reduction in the thickness 

of the W layer. In an earlier study, the formation of WO2.9 and 

WO2 was observed at temperatures above 1,000◦C.38 Despite 

this, the YSZ particles remain inert to reactions with O2, ensuring 

that the Mie resonances of the dielectric particles below the λC 

remain consistent.

To prevent the structural degradation induced by O2 under 

medium-vacuum conditions, the vacuum chamber was then sur

rounded by Ar (99.999%) gas, case (2), resulting in O2 concentra

tion reduction down to 17 ppm in the enclosed environment. 

When the 2D PhC emitter is heated under these conditions, the 

α/ε spectrum exhibits a slight variation, with the spectral selec

tivity remaining closely aligned with the as-fabricated structure. 

A cross-sectional SEM image in Figure 5B distinctly showcases 

that the W layer and the YSZ particles remain intact. As observed 

in the case of annealing under high vacuum, a hollow core also 

forms when the YSZ particle is annealed under medium-vacuum 

conditions with Ar encapsulation (Figures 5B and S15). The pres

ervation of emitter structural integrity is likely due to the reduc

tion of O2 concentration levels in the surrounding environment 

achieved by the Ar encapsulation.

Long-term thermal stability and durability under cyclic thermal 

stress are critical for the operation of the TPV systems. Current 

state-of-the-art selective emitters have demonstrated thermal 

stability up to 500 h at 1,000◦C42,75,76 and can endure 50 thermal 

annealing cycles.42 Key challenges in maintaining extended 

Figure 5. Long-term thermal stability and durability of the 2D PhC emitter 

(A and B) (A) Experimental α/ε spectra of the ex situ annealed 2D PhC emitter structure before and after annealing at 1,400◦C for 1 h under a medium vacuum 

pressure of 2 × 10− 2 mbar, and encapsulation of the vacuum chamber with Ar atmosphere. The corresponding SEM images are shown in (B). 

(C and D) (C) Experimental α/ε spectra of the ex situ annealed 2D PhC emitter at 1,050◦C, under standard atmospheric pressure and forming gas environment. The 

corresponding SEM images are shown in (D).
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thermal stability include surface diffusion, grain growth, oxida

tion, phase change, and recrystallization. To investigate the 

long-term thermal stability in the absence of oxidation, the 2D 

PhC emitter was tested at 1,050◦C for up to 4,320 h (6 months) 

in forming gas (95% Ar and 5% H2 with 99.999% purity) at stan

dard atmospheric pressure. Figure 5C shows the α/ε spectra of 

the 2D PhC emitter at RT both before and after annealing at 

1,050◦C. After 500 h of annealing, the α/ε spectrum looks similar 

to the as-fabricated structure with a slight decrease in α/ε in the 

mid-infrared region, likely due to grain growth in W. The SEM im

age in Figure 5D confirms the intact structure of the emitter. After 

2,000 h of thermal annealing, spectral selectivity remains un

changed. Similarly, after annealing for an extended duration of 

4,320 h (6 months) at 1,050◦C, no additional changes in the spec

tral selectivity or structural integrity are observed (Figures 5C and 

5D). XRD patterns shown in Figure S16 reveal no new phase re

flections in YSZ and W, confirming that the tetragonal phase of 

YSZ is intact and no WOx has occurred, underlining the excep

tional long-term thermal resilience of the 2D PhC emitter.

The thermal cyclic endurance of the 2D PhC emitter was eval

uated by subjecting it to 1,050◦C under standard atmospheric 

pressure in forming gas environment for 200 cycles. In each cy

cle, the emitter was heated from RT to 1,050◦C, held at that tem

perature for 1 h, and cooled down to RT with a ramp rate of 10◦C/ 

min. After 50 cycles, as seen in Figure 5C, there is no change in 

the spectral selectivity compared to the as-fabricated structure 

observed. Likewise, after undergoing 100 and 200 thermal cy

cles, the α/ε spectra remained consistent with the as-fabricated 

structure. Figure 5D presents the corresponding SEM images of 

the YSZ particles and XRD spectra in Figure S17, showcasing 

their exceptional resilience to repeated thermal cycling and 

excellent structural stability.

To summarize, we have demonstrated the extended thermal 

stability of a 2D PhC structure, based on YSZ particles, as a spec

trally selective emitter for TPV energy harvesting. By coupling the 

Mie resonances of the 980 nm YSZ particle with the W surface, 

the 2D PhC emitter is designed to match its spectral selectivity 

with the band gap of the GaSb PV cell at 0.72 eV. Spectral stability 

for 2 h is observed at a maximum temperature of the emitter of 

1,400◦C under high-vacuum conditions of 10− 6 mbar. Beyond 

this duration, spectral degradation is observed owing to N diffusion 

and the subsequent formation of ZrN nanoparticulates. Nitridation 

can be inhibited by using surface passivation coatings or yttria-sta

bilized hafnia particles, and this will be the focus of future work. 

Moreover, 2D PhC structure exhibits structural stability after an

nealing at 1,400◦C for 14 h under high-vacuum conditions of 

10− 6 mbar. Regardless of thermal annealing durations at 

1,400◦C, YSZ particles are highly stable and exhibit a tetragonal 

lattice structure. The thermal stability of the emitter was also tested 

under a rough vacuum environment of 10− 2 mbar with varying par

tial pressure of O2. By minimizing the partial O2 pressure in the an

nealing chamber, it was demonstrated that the emitter again ex

hibits thermal stability at 1,400◦C for 1 h.

Further, we demonstrated the long-term thermal stability of 2D 

PhC structures at 1,050◦C in forming gas environments at stan

dard pressure for a duration of 6 months and 200 thermal cycles, 

establishing these structures as ideal selective emitters for TPV 

energy-harvesting systems. The 2D PhC emitters can be com

bined with reflective PV cells to further improve spectral effi

ciency. The self-assembly approach used here is cost effective 

and scalable to large surface areas, making such emitters prom

ising components for constructing efficient, industrial-scale sys

tems, such as thermal batteries or waste heat recovery. We 

show that a forming gas environment can help to solve the W 

oxidation problem.

METHODS

2D PhC emitter fabrication

YSZ particles were synthesized following the sol-gel method 

described by Leib et al.50 The sol-gel synthesis parameters 

described in Leib et al.50 were modified to obtain YSZ particles 

with a 7.5 mol % yttrium content and an average diameter of 

980 nm after calcination, including a reduction in the stabilizer 

concentration and an increase in water content. These adjust

ments resulted in a faster hydrolysis rate, leading to a shorter in

duction period and a smaller particle size of 980 nm (after calci

nation). Additionally, the stirring time was set to 40 s to minimize 

primary particle aggregation. The calcination process was con

ducted at 600◦C for 3 h in a muffle furnace (L9/SKM, Naber

therm) under ambient atmosphere, with both heating and cooling 

rates set to 5◦C/min.

For monolayer formation, the self-assembly process at the air- 

water interface was adapted from Vogel et al.52 Sapphire sub

strates (5 × 5 mm) coated with a 200 nm W layer and a 20 nm 

HfO2 layer were utilized to deposit the particle monolayer. Prior 

to deposition, the substrates were treated with oxygen plasma 

to produce a hydrophilic surface. The YSZ particles were sus

pended in ethanol and homogenized by sonication for 15 min, 

yielding a concentration of 1 g/L. The YSZ-particle suspension 

was then carefully dripped onto the surface of water in a crystal

lizing dish using a pipette until the water surface was completely 

covered with YSZ particles. Floating YSZ particles were 

observed as white domains at the air-water interface, and the 

addition was terminated once the water surface was entirely 

covered to avoid multilayer formation. The sapphire substrates 

with the W/HfO2 coating were then submerged under the water 

and gently lifted at a 45◦ angle, successfully forming a monolayer 

of YSZ particles. The substrates were stored at RT under a 

shallow angle for drying.

Thermal annealing

Emitter structures were annealed in a high-temperature heating 

stage (Linkam, TS1500) at 2 × 10− 2 mbar vacuum pressure using 

a rough vacuum pump, and in a high-temperature vacuum 

furnace (RD-G WEBB) at 2 × 10− 6 mbar vacuum pressure. The 

temperature was ramped at a rate of 10◦C min− 1. O2 concentra

tion in the encapsulated area was measured using an O+ sensor 

(sensor type: SO-B0-010, in the range up to 2,000 ppm, pur

chased from SENSORE Electronic) and assembled on a generic 

sensor board. Ar gas (99.999% from Linde) was used to encap

sulate the annealing chamber.

Reflection measurements

The diffuse reflection spectra of the emitter structures, for as- 

fabricated and after annealing at high temperatures, were 
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measured using a UV-visible, near-infrared spectrometer 

(PerkinElmer Lambda 1050) and a Fourier transform infrared 

spectrometer (FTIR-Vertex 70, Bruker) in the ranges of 0.3– 

2.5 μm and 1–10 μm, respectively. The optical absorptivity α is 

obtained by α = 1 – ρ – τ, where ρ and τ are diffuse reflectivity 

and transmissivity, respectively. Due to a 200-nm-thick bottom 

W layer, we realized τ = 0 in the measured spectral range. 

Thus, absorptivity, α = 1 – ρ, can be directly obtained from the 

reflection spectra.

Morphology and elemental analysis of the emitter 

structure

Cross-sectional STEM samples were prepared with a FIB 

(FEI Helios G3 UC) machine using a 30 keV gallium ion 

beam and transferred to Cu lift-out grids via the lift-out tech

nique. The samples were sputtered with a 20 nm layer of Au 

before FIB preparation to prevent charging during FIB prepa

ration. The final thickness of the lamellae was around 100 nm. 

An FEI Talos F200X transmission electron microscope equip

ped with a high-brightness Schottky-FEG (X-FEG) and a four- 

quadrant SDD-EDS system (solid angle of 0.9 srad) was 

used for high-angle annular dark-field (HAADF) imaging and 

EDS analysis. HAADF images were acquired with a take-off 

angle of 16–82 mrad. Bright-field STEM images were acquired 

with an objective aperture to enhance the contrast of individ

ual grains. Spectrum images were obtained using a probe 

current of 1 nA and a dwell time of 5 μs per pixel. The resolu

tion of the spectrum image is 1,024 × 1,024 pixels, 1.5 nm in 

size, resulting in a horizontal field of view of 1.56 μm. Velox 2.1 

(FEI) was used for data acquisition and visualization. For 

spectral imaging, the energies of the following elements 

were used: Al-Kα (1.49 keV), O-Kα (0.52 keV), Hf-Mα (1.64 

keV), Y-Kα (14.931 keV), Zr-Kα (15.744 keV) and W-Mα 

(1.77 keV).

XRD measurements

XRD measurements were conducted using a Bruker D8 adva

nced diffractometer. Cu Kα (λ = 0.15405 nm) radiation was 

used to investigate the emitter structure. The measurements 

were performed using parallel beam geometry. The diffraction 

patterns (2θ from 20◦ to 90◦) were recorded with an increment 

of 0.04◦ and a step time of 16 s.
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