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ARTICLE INFO ABSTRACT
Keywords: Thermophotovoltaic (TPV) systems have gained attention for their ability to convert radiant energy from heat
Nanosphere lithography sources into electricity. One major challenge is fabricating a spectrum-tailorable selective emitter with high

Photonic crystal
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performance at elevated temperatures. In this study, two-dimensional (2D) silicon-titanium nitride (Si-TiN)
photonic crystals (PhCs) with TiN-coated Si cavities were fabricated using nanosphere lithography (NSL). The
lossy nature and high reflectivity of TiN in the long-wavelength range allow the Si-TiN PhC to achieve up to
~92% broadband optical emissivity (200 nm - cut-off wavelength) while minimizing heat radiation to ~27% in
the long-wavelength range (5 — 10 pm). More importantly, thanks to the isotropy of the NSL method based on
oxygen plasma etching (OPE), different periods and radius of the Si-TiN PhC can be achieved by controlling the
OPE time or the initial polystyrene sphere diameter. This enables precise control over the cut-off wavelength
and emission spectrum to match various PV cells. The 2D Si-TiN PhC produced 3.13 times more power than a
flat Si emitter. This approach provides a promising path forward for enhancing TPV system performance and
practical applications.

1. Introduction Compared to other types of emitters, 2D PhCs fabricated on refrac-
tory metals have shown excellent optical performance, thermal stability
and fabrication feasibility [10,25]. Typically made from tungsten or
tantalum, these crystals leverage the metals’ high reflectivity in the
long-wavelength range [17,26]. Periodic micro-fabricated cavities were
patterned so that electromagnetic waves with the resonant modes can
be coupled to increase emissivity, thus enhancing emission for in-band
energy conversion [27,28]. By tailoring the cavities’ radius, periodicity,

and depth, 2D PhCs can be optimized for thermophotovoltaic cells with

Thermophotovoltaic (TPV) systems that use high-temperature heat
sources to produce electricity are promising for future batteries with
widespread commercial applications [1-4], which typically consisting
of a heat source, a radiator, a filter, and thermophotovoltaic cells.
Within a TPV system, the heat released from the source, which can
be from radioisotope, combustion or solar concentrator, emits infrared
radiation to be collected and converted by a low-bandgap solar cell [5-
7]. Spectral control using selective emitters has been a well-known

technology to increase the efficiency of thermal-to-electricity conver-
sion [8-10]. With the advancements in nano-photonics and micro-
nano fabrication technologies over recent decades, selective emitters
have transitioned from bulk and rare-earth metal-doped emitters, to
one-dimensional (1D) multilayer films [11-15], to higher-dimensional
photonic crystal metamaterials [16-21]. Among these, 1D multilayer
emitters can be fabricated with large areas. However, the thermal
stability of these emitters was constrained by the mismatch of thermal
expansion coefficients between the layers [22]. In contrast, 3D emitters
have garnered significant attention due to their high spectral selectiv-
ity [23]. Nonetheless, the intricate geometries and complex fabrication
processes result in high manufacturing costs [24].
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different bandgaps [29,30].

However, two main challenges limit the broader use of 2D PhCs:
the lithography methods and the substrate materials. To fabricate the
periodic structures suitable for TPV applications, past research mostly
used nanoimprint and interference lithography (IL) followed by deep
reactive ion etching [31,32]. Nanoimprint lithography needs E-beam
writing of the pattern on a template, which not only increases the cost
for larger areas but also limits the flexibility to adjust the pattern pa-
rameters. Interference lithography employs two coherent light sources
to produce fringes that define the pattern. This method requires a finely
tuned recipe, which cannot be easily transferred to different facilities.
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Additionally, the process of deep etching refractory metals requires
specialized facilities and techniques, which are often inaccessible in
standard laboratories, hindering their widespread development. Com-
pared to refractory metals, the patterning and deep etching of silicon
(Si) is much easier to allow different structures, including cavities,
pillars, cones, etc [33]. However, due to the bandgap limitations of
bulk Si, these structures need to be further passivated with a high
reflective layer to recycle photons in the deep holes while suppressing
the emission in the out-of-band infrared region [34].

Therefore, in this study, nanosphere lithography (NSL) was em-
ployed to pattern Si-based 2D PhC emitters. The NSL technique offers
significant flexibility in tuning the hole radius and periodicity of the
pattern while also facilitating the fabrication of larger areas. Further-
more, titanium nitride (TiN) was utilized to enhance the emission of Si
cavities while suppressing photons in the long-wavelength region. The
emitter fabricated using the NSL method has comparable performance
with the conventional nanoimprint method, showing little impact by
the defects intrinsic to this method. Finally, the successful application
of Si-TiN PhC in a TPV system demonstrated a substantial increase in
output power, achieving a value 3.13 times greater than that of a flat
Si emitter.

2. Experimental section
2.1. Si-TiN PhC fabrication

The fabrication procedure of the Si-TiN PhC involved polystyrene
(PS) sphere self-assembling, oxygen plasma etching (OPE), electron
beam evaporation, deep reactive ion etching (DRIE) and magnetron
sputtering. PS spheres were self-assembled into hexagonally closed-
packed arrays on the Si substrates via floating-transferring method [35].
The diameters of the PS spheres were reduced by plasma cleaner (PC-
300, SAMCO) at 150 W with a 20 sccm O,. Subsequently, a 328 nm
thick silicon dioxide (SiO,) hard etch mask was deposited by electron
beam evaporation at a deposition rate of 1 Ass (ei-5z, ULVAC Co., Ltd.).
The PS spheres were removed through sonication in toluene, ethanol,
and deionized water. The mask pattern was subsequently transferred
into the Si substrates via DRIE (RIE-400iPB, SAMCO) using a modi-
fied Bosch process, details of which have been described in previous
studies [36-38]. After pattern transfer, the residual SiO, mask was
removed by inductively coupled plasma (ICP) etching (HAASRODE-
E200A, Leuven Inc.) under a CHF5 (20 sccm)/Ar (30 sccm) atmosphere
with an ICP/Bias power of 300 W/100 W and a chamber pressure of 8
mTorr. Finally, a TiN film was deposited onto the Si cylindrical cavities
by reactive radio frequency magnetron sputtering (CS-200z, ULVAC
Co., Ltd.), performed at 0.1 Pa at 600 W with Ar and N, flow rates
of 56 and 14 sccm, respectively. The substrate was heated to 300 °C
and rotated to ensure uniform film deposition.

For the fabrication of nanoimprinted Si-TiN PhC samples, the im-
printing process was performed by Suzhou Guangduo Micro Nano
Devices Co., Ltd, whereas the other steps were the same as those
employed for the NSL-based Si-TiN PhC.

2.2. TPV experiment

A custom-designed TPV system consisting of an electric heat source,
an emitter, a photovoltaic (PV) cell, and a cooling plate was utilized
to evaluate the practical applicability of the Si-TiN PhC. The electric
heater consists of a 0.5 mm diameter tantalum wire encased in a
molybdenum shell heated by a DC power supply (UTP16020, LINI-T).
A triple-junction GalnP,/InGaAs/Ge PV cell by Shanghai Full suns Co.,
Ltd was used to convert photons into electricity. The gap between the
emitter and the PV cell was maintained at 1.4 cm. The output power
was obtained from the maximum power point of the I-V sweep taken
using a precision source-meter (2636B, Keithley Instruments Inc.). To
minimize conductive and convective heat losses, the entire system was
maintained in a vacuum at pressures below 0.1 Pa.
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2.3. Characterization

The top-view and side-view scanning electron microscopy (SEM)
images of our samples were acquired using field emission scanning
electron microscopy (Gemini 500, Zeiss). The optical properties of
our fabricated samples in the ranges of 200 — 2500 nm and 1282 —
11000 nm were measured at room temperature using an ultraviolet—
visible-near-infrared (UV-Vis-NIR) spectrometer with a 60 mm integrat-
ing sphere spectrophotometer (UV-3600 Plus + UV-2700, Shimadzu)
and a Fourier-transform infrared spectrometer (FTIR, Nicolet iS50,
ThermoFisher) with an integrating sphere, respectively. The exter-
nal quantum efficiency (EQE) data of the solar cell were measured
using the solar-cell spectral response measurement system (QE-R, EN-
LITECH).

3. Results and discussion

The fabrication process of Si-TiN PhC is illustrated in Fig. 1a. To
fabricate the PhC using the NSL method, Si substrates were coated
with a monolayer of close-packed PS spheres with an initial diameter
of 1.68 pm through the floating-transferring method (Fig. 1b). The
hexagonally arranged PS monolayer was then etched using oxygen
plasma to reduce the PS sphere diameter to the desired mask size.
Subsequently, a SiO, hard mask was fabricated by depositing SiO,
and removing the PS spheres (Fig. 1c). Then, the mask pattern was
transferred into the Si substrates by DRIE and the residual SiO, mask
was removed by ICP. The smooth sidewalls of the cavity are seen in the
cross-sectional view in Fig. 1d due to the highly anisotropic nature of
DRIE. Finally, Si-TiN PhC with cylindrical cavity arrays was obtained
after magnetron sputtering (Fig. le and f), with a period a = 1.68 pm,
radius 2r = 1.13 pm, and cavity depth d = 4.3 pm. More experimental
details are described in the experimental section. The distribution of
TiN in the cavity was analyzed using scanning electron microscopy-
energy dispersive spectrometry (SEM-EDS) mapping. As illustrated in
Fig. 1g, most of the TiN was deposited on the top of the cavity,
attributed to the high aspect ratio of the holes [39].

Fig. 2a shows that the EDS line analysis determined the TiN film’s
deposition depth to be approximately 2 pm. The TiN signal at the
bottom of the cavity, whereas the EDS line scan results for the Si cavity,
presented in Figure Sla, revealed no TiN signal. Therefore, it can be
inferred that a small amount of TiN was deposited at the bottom of the
cavity. Figure S1b presents a high-magnification SEM image verifying
approximately 10 nm of TiN film at the bottom of the cavity. Finally,
the structure of Si-TiN PhC is depicted in Fig. 2b, with TiN films coated
on both the top and bottom surfaces of the Si cavity.

To characterize the optical performance of the fabricated Si-TiN
PhC, its transmission and reflection spectrum was measured at room
temperature from 200 nm to 2500 nm using a UV-Vis-NIR spectrom-
eter. According to Kirchhoff’s law, the emissivity/absorptivity equals
one minus the reflectivity and transmissivity. Therefore, reducing re-
flectivity and transmissivity can enhance emission. As shown in Figures
2b and ¢, due to the high reflectivity of TiN [40], incident photons
can be reflected and recycled, resulting in the transmittance of the
Si-TiN PhC being reduced to zero compared to the Si PhC. Furthermore,
due to the cavity resonance effect, the Si PhC with cylindrical cavity
exhibits low reflectivity up to 1000 nm, as shown in Fig. 2¢ [27].
However, the low reflectivity range of the pure Si PhC is constrained
by its energy gap (1.12 eV) [41]. This is also verified by the sim-
ulated electric field distribution of the pure Si cavity shown in Fig.
2e. At 800 nm, the electric field inside the cavity is strong, whereas
at 2000 nm, the cavity exhibits poor coupling. Consequently, when
the wavelength exceeds 1000 nm, the Si-TiN PhC still exhibits strong
emission, as illustrated in Fig. 2c. Fig. 2d shows the good agreement
between measured (black line) and simulated (black dashed line) emis-
sion spectra of the Si-TiN PhC emitter. The simulated electric field
distribution within the TiN-coated Si cavity is strong at both visible
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Fig. 1. (a) Schematic outline of the fabrication process for Si-TiN PhC. (b) SEM image of hexagonally packed PS sphere monolayer. (c) SEM image of SiO, mask. (d) Cross-sectional
SEM image of Si PhC. (e) SEM image of Si-TiN PhC. (f) Cross-sectional SEM image of Si-TiN PhC. (g) EDS mapping image of N, Ti, and Si, respectively.

to near-infrared range due to TiN’s lossy property, surface plasmonic
resonance and photon recycling for cavity coupling [42], shown in
Fig. 2f. Moreover, TiN is a transition-metal compound, exhibiting the
properties of refractory ceramic, including a high melting temperature,
chemical stability, and mechanical durability [40,43]. This makes it
particularly suitable as a selective emitter for the high-temperature
environment of TPV applications.

To improve optical performance, the Si-TiN PhC was optimized
with varying depth. For 2D PhC with cavities, the depth of the holes
typically determines the interaction between the incoming photon and
the materials. Therefore, a deeper hole is almost always better for
higher emission, which makes a Si-based PhC more advantageous
because it is much easier to etch than others. As illustrated in Figure
S2a-c, Si-TiN PhCs with depths of 1.3, 4.3, and 6.7 um were fabricated
by adjusting the number of DRIE cycles. In the cavity with a depth of
1.3 pm, some incompletely etched Si dendrites were observed. With an
increase in etching cycles, the Si dendrites were further etched away
and cavity depth increased. However, the thickness of the cavity walls
gradually decreased, rendering them less suitable for high-temperature
environments. Figure S3a illustrates that the emissivity of Si-TiN PhCs
increases with cavity depth. Over the average emissivity range of 200
— 2500 nm, the Si-TiN PhC with a depth of 4.3 pm exhibits a 4.7%
higher emissivity compared to that of 1.3 pm, while the Si-TiN PhC
with a depth of 6.7 pm showed only a 2.4% increase over the 4.3 pm
depth, as detailed in Table S1. Considering the structural stability

at high temperatures, a Si-TiN PhC depth of 4.3 ym was chosen as
the optimal depth. As a selective emitter, it is crucial not only to
enhance emissivity within the bandgap of the PV cells but also to
suppress thermal radiation out of the bandgap. Therefore, as illustrated
in Figure S2d-f, TiN films of varying thicknesses were constructed
with a high degree of uniformity and density. The emissivity in the
infrared region of TiN films of various thicknesses was measured using
an FTIR spectrometer, as shown in Figure S3b. The average emissivity
values are presented in Table S1, the 200 nm TiN film shows a 12.1%
decrease compared to the 90 nm TiN film, while the 272 nm film shows
only a 1.7% decrease compared to the 200 nm TiN film. Therefore, a
deposition thickness of 200 nm was chosen as optimal.

As NSL is a maskless lithography process, the cavity periods and
radius can be adjusted based on the sphere diameter choice and OPE
time to match different PV cells. As shown in Fig. 3a, the uniformity
and isotropy of the NSL method based on OPE can well control the
pattern parameters [44]. This allows for precise design of the period
(a) and radius (r) of the photonic crystal, corresponding to differ-
ent cut-off wavelengths and thereby matching PV cells with various
bandgaps, such as InGaAsSb (bandgap = 0.547 eV or A, = 2.250 pm),
GaSb (bandgap = 0.72 eV or by = 1.708 pm) [45], and InGaAs
(bandgap = 0.45 - 0.75 eV or A,, = 1.65 - 2.76 pm) [46]. Fig. 3b-
d depict Si-TiN PhCs with diameters of 1.33 pm (Si-TiN PhC sample
D), 1.15 pm (Si-TiN PhC sample II), and 1.13 pm (Si-TiN PhC sample
III) respectively, achieved by varying the OPE time to 3, 5, and 6 min.
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Fig. 2. (a) Cross-sectional SEM image of Si-TiN PhC with line scan for SEM-EDS. (b) Schematic representation of Si-TiN PhC structure. (c) Measured reflection and transmission
spectra of Si and Si-TiN PhC. (d) Emission spectra of measured (black line) and simulated (black dashed line) Si-TiN PhC. (e-f) Simulated electric field distribution of the Si and

Si-TiN PhC at 800 nm and 2000 nm.

These Si-TiN PhCs employed the same initial PS sphere, resulting in the
same periodicity of a = 1.68 pum. Fig. 3e illustrates a Si-TiN PhC with a
diameter of 0.73 pm (Si-TiN PhC sample IV), obtained by adjusting the
initial PS sphere diameter to 1.17 pm and setting the OPE time to 4 min.
As shown in Fig. 3f-g, Si-TiN PhCs with different diameters exhibit
different cut-off wavelengths. As shown in Table 1, the relationship
between cut-off wavelength and radius follows r ~ 1.8412 x ;—; [471.
Due to differences in the settings and measurement mechanism of the
UV and FTIR equipment, the spectrum is interrupted at 1.8 pm and
2.5 pm, the extrapolated middle regime is shown with dotted lines as
shown in Fig. 3f-g [48]. Furthermore, Fig. 3f shows that as the radius
of the Si-TiN PhC increases, higher porosity facilitates greater photon
emission, thereby enhancing in-band emission. However, the decrease
in TiN surface coverage reduces out-of-band reflectivity, which in turn
increases out-of-band emission. As detailed in Table 1, when the poros-
ity decreases from 58.57% to 44.05%, in-band emissivity decreases by
4.56%, and emissivity in the 5 — 10 um decreases by 9.36%. When the
porosity further decreases to 40.99%, in-band emissivity decreases by
only 2.74%, and emissivity in the 5 - 10 pm drops by 3.84%. To achieve
larger shifts in the cut-off wavelength, smaller initial PS sphere can be
used. As illustrated in Fig. 3g, when the PS sphere diameter is reduced
from 1.68 pm to 1.17 pm, the cut-off wavelength decreases from 2.0 pm
(Si-TiN PhC sample III) to 1.5 pm (Si-TiN PhC sample IV) with similar
levels of in-band high emission and out-of-band low reflection.
Compared to other methods such as photolithography, electron
beam lithography, focused ion beam lithography, and nanoimprinting,
the NSL-based periodic nanostructures offer advantages of low cost,
high throughput, and ease of control without the need of complex
equipment [49]. However, due to the inherent diameter variations
of the PS spheres and non-tight packing in the self-assembly process,
nanostructures patterned using the NSL method are more susceptible to
defects. To investigate the impact of defects on the optical performance

~
~

of Si-TiN PhCs, the device fabricated using this method was compared
with the same structure fabricated using nanoimprinting, as shown in
Figure S4. As depicted in Fig. 4a, the nanoimprinted Si-TiN PhC has the
same diameter of 0.73 pm as the NSL-based Si-TiN PhC and exhibits a
similar porosity. Therefore, we compared the emissivity within the cut-
off wavelength of 1500 nm for both structures. As shown in Fig. 4b, the
emissivity of the NSL-based Si-TiN PhC (87.4%) and the nanoimprinted
Si-TiN PhC (86.8%) are nearly identical. Thus, the defects in the
NSL-based Si-TiN PhC have minimal impact on its optical performance.

To evaluate the practical application potential of our Si-TiN PhC,
the device was put inside a TPV system and compared with a flat Si
emitter as illustrated in Fig. 5a. The Si-TiN PhC and flat Si used as
emitters in the TPV system were both sized at 2 cm x 2 cm. The TPV
testing device consists of a vacuum chamber specifically engineered to
minimize heat transfer through convection and to prevent the high-
temperature oxidation of the emitter. Water coolers serve as a heat sink
to cool the backsides of the PV cell. The ability to achieve radiation
temperatures as high as 1373 K with notably low input power is by
careful sizing of the emitter and areas covered by multilayer insulators,
as shown in Fig. 5a [50]. A tantalum heating filament encased in a
molybdenum shell served as the heat source, with Si-TiN PhC sample
II placed on top of the heater as the emitter. The Si-TiN PhC was
heated by controlling the input power of the power supply, and the
photocurrent generated by the 1 cm x 1 cm GaInP,/InGaAs/Ge triple-
junction PV cell was recorded. To ensure a good view factor, the PV
cell was maintained at 1.4 cm above the emitter, and the TPV setup
was maintained in a vacuum environment to minimize conductive and
convective heat losses [51]. For the triple-junction GaInP,/InGaAs/Ge
cell used in our experiment, we characterized its EQE as shown in
Figure S5. Fig. 5b compares the radiation spectrum of a blackbody, a
flat Si, and a Si-TiN PhC at 1373 K. The radiation spectrum of the flat
Si and Si-TiN PhC was derived by multiplying the 1373 K blackbody
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Fig. 3. (a) Schematic representation of structural parameter control of Si-TiN PhC. (b-e) SEM images of Si-TiN PhC with different radius. (f) Emission spectra of Si-TiN PhC with
different OPE times. (g) Emission spectra of Si-TiN PhC with different initial PS sphere diameters.

Table 1

Comparison of some indicators of the Si-TiN PhC with different parameters.

Sample Porosity Average emissivity Average emissivity
from 200 nm to cut-off wavelength from 5 pm to 10 pm

2r = 1.33 ym, a = 58.57% 91.61% 40.22%

1.68 pm,

Ae = 2.30 pm

2r = 1.15 ym, a = 44.05% 87.05% 30.86%

1.68 pm,

Ac = 2.10 pm

2r = 1.13 pm, a = 40.99% 84.31% 27.02%

1.68 pm,

A = 2.00 pm

2r = 0.73 pm, a = 40.18% 87.40% 29.64%

1.17 pm,

A = 1.50 pm

radiation spectrum by their room-temperature emission spectra. For the
flat Si without nanostructures, the radiation spectrum decreases across
the entire spectrum compared to the blackbody. In contrast, the Si-TiN
PhC, with its spectral control capabilities, maintains high radiation
intensity below the maximum emission wavelength of the PV cell while
effectively suppressing radiation intensity beyond this wavelength to
minimize waste heat. Fig. 5¢ shows that the output power of the PV
cell increases with temperature when using both types of emitters with
their I-V curves provided in Figure S6. The radiative power emitted by
the emitter was calculated based on Eq. (1)

Gras = VF / Ey(ATe(D)d A @
0

where VF is the geometric view factor, (1) is the emissivity of the
selective emitter, and E,(4,T) is the Planck blackbody radiation func-
tion [52]. The Si-TiN PhC operating at 1373 K radiated 43.72 W of
power, resulting in 4.00 W of thermal power incident on the solar
cell after accounting for geometric view factors. In comparison, the
flat Si emitter radiated 46.29 W of power, with 4.24 W incident on
the solar cell. The ratio of incident power between the two systems
was comparable at Pppc/Pg.. i & 0.94. The generated photocurrent,
denoted as I, is a key parameter in the performance of the cell. For
the cell used in this work, the photocurrents generated were calculated
based on Eq. (2)

Ly=eVF / hicqc,»wEQEu)da @)
0
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he

where e is the electron charge, VF is the view factor, is the
energy of a single photon, g.;(1) is the wavelength-dependent emissive
power, and EQE(J) is the wavelength-dependent external quantum ef-
ficiency [45]. The calculated Ipj(Gamp, pney = 0.25 mA,
IpnGatnp,, fla siy = 0-16 MA; 1, anGaas, phcy = 21-59 MA, 1), anGaas, flat si)
=16.20 mA; I,,(Ge, phey = 914.17 mA, I,Ge, flar siy = 460.23 mA. As
observed, the photocurrents in both cases are significantly limited by
the GalnP, junction because there are fewer high energy photons at
1373 K. However, the more than 1.53 times of generated photocurrent
(0.25 mA vs. 0.16 mA) and the 3.13 times higher output power (Fig.
5c¢) can still demonstrate the significant benefits of spectral control

enabled by enhanced in-band emissivity. The efficiency analysis applied
to different types of TPV cells reported in the literature [45] is tabulated
with comparison values to blackbody emitters in Table S2 and S3. The
efficiency performance of the Si-TiN PhC emitter is approximately 1.49
- 1.79 times that of blackbody emitters between 1173 K and 1473
K and comparable to that of tantalum selective emitters [53]. This
demonstrates that the Si-TiN emitter achieves similar performance to
tantalum while offering significantly lower fabrication costs, making it
a more practical choice for large-scale applications.

The SEM image of the Si-TiN PhC after the TPV experiment is
shown in Figure S7a. The TiN films and Si cavities exhibit no surface
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Table 2
Comparison of the state-of-the-art absorbers/emitters with similar structures.
Ref. [54] [55] [56] This work
Material Si0,/TiN/SiNx Si/W/Al,0, Si/Cr/CrN Si/TiN
Structure Grating Si nanopillars Si nanopillars Si cavity
+ TiN + SiNx + W + ALO, + Cr + CN + TiN
87% 95% 95% 87%
Emission (250 - 2250 nm) (220 - 2600 nm) (300 - 2400 nm) (200 - 2100 nm)
performance 29% N/A 30% 31%
5 - 13 pm) 5 - 9 pm) (5 - 10 pm)
Thermal 1073 K in 1273 K in 1373 K in 1373 K in
stability vacuum N, atmosphere N, atmosphere vacuum
Fabrication Continuously variable Nanosphere lithography, Nanosphere Nanosphere
method spatial frequency metal-assisted chemical lithography lithography
photolithography etching
Turnability of N/A N/A N/A Freely tunable by adjusting
cut-off wavelength PS sphere mask size
diffusion or cracking, demonstrating excellent high-temperature stabil- Acknowledgments

ity. Additionally, as shown in Figure S7b, the in-band and out-of-band
emissivity of the Si-TiN PhC before and after the TPV experiment is
nearly identical. Table 2 compares our fabrication method and results
with those of other state-of-the-art absorbers or emitters with similar
structures. It is evident that our emitter achieves comparable emis-
sivity and thermal stability while utilizing only two materials and a
simple structure. More importantly, by leveraging the cavity resonance
principle and the controllability of the PS sphere diameter in the NSL
process, emitters with arbitrary cut-off wavelengths can be precisely
designed and fabricated. The flexibility, low fabrication cost, and high
performance of our device enhance the feasibility of spectral control in
TPV technology, bringing it closer to commercial success.

4. Conclusions

In this study, we have proposed a highly efficient and thermally
stable spectrally selective emitter, based on a TiN-coated Si cavity
structure, employing a straightforward and cost-effective NSL method.
Because of the lossy nature of TiN, the emission bandwidth of Si
cavities can be broadened. Furthermore, the versatility of the NSL
method allows for precise control over the Si-TiN PhC parameters,
enabling the design and fabrication of emitters with tunable cut-off
wavelengths. A comparison with the emissivity of nanoimprinted PhC
reveals that defects introduced by the NSL method do not impact the
emission efficiency. Finally, the Si-TiN PhC was employed as a selective
emitter in a TPV system, yielding an output power 3.13 times greater
than that of a flat Si emitter. The morphology of the Si-TiN PhC
remained intact, with no cracking or surface diffusion observed after
the TPV experiments, and its in-band emission even increased after
high-temperature treatment, demonstrating the potential of Si-TiN PhC
as high-performance selective emitters for various high-temperature
energy-conversion applications.
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