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Abstract: Strong absorption of the full spectrum of sunlight at high temperatures is desired for
photothermal devices and thermophotovoltaics. Here, we experimentally demonstrate a thin-film
broadband absorber consisting of a vanadium nitride (VN) film and a SiO; anti-reflective layer.
Owing to the intrinsic high loss of VN, the fabricated absorber exhibits high absorption over
90% in the wide range of 400-1360 nm. To further enhance the near-infrared absorption, we also
propose a metamaterial absorber by depositing patterned VN square patches on the thin-film
absorber. An average absorption of 90.4% over the range of 400-2500 nm is achieved due to
the excitation of broad electric dipole resonance. Both thin-film and metamaterial absorbers are
demonstrated to possess excellent incident angle tolerances (up to 60°) and superior thermal
stability at 800 °C. The proposed refractory VN absorbers may be potentially used for solar
energy harvesting, thermal emission, and photodetection.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Solar energy could be harvested by a photovoltaic (PV) approach where the incident light directly
excites electron-hole pairs in a semiconductor and generates electric current under external bias,
or by a solar-thermal approach where sunlight is absorbed and converted to heat to drive related
applications [1,2]. Broadband solar absorbers are critical for both strategies to maximize their
energy utilization. Driven by surface plasmon excitations, noble metals are usually utilized to
enhance light absorption [3—5]. However, the resonant nature of plasmon excitation limits the
absorption bandwidth and requires complex multi-resonance antenna designs. Diverse structural
configurations have been developed to achieve broadband absorption, including multi-stacked
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planar absorber, metamaterial absorber (MMA), thin-film nanoparticles and nanocomposites
absorber [6-16].

Solar thermal technologies, such as thermoelectric generators, thermophotovoltaics (TPV),
thermal desalination, and thermionics, usually operate at high temperatures over 1000 °C
[1,7,17-19]. For example, a solar TPV (STPV) system, in which sunlight is absorbed to heat
the emitter, followed by the radiation of thermal photons towards the PV cell, generally works
at the temperature of at least 800 °C [19,20]. Therefore, the ideal solar absorbers should not
only be able to capture the full spectrum of sunlight but also have excellent thermal stability.
Noble plasmonic metals possess relatively low melting points (1063 °C for bulk Au and 961 °C
for Ag [21]), which decrease further when they are nanostructured [22]. Therefore, they can
hardly meet the latter criteria. Recently, refractory materials have drawn much attention due to
their high melting points (> 2000 °C) [21]. In [9], Li ef al. demonstrated a broadband MMA
using refractory titanium nitride (TiN). Due to the excellent thermal stability of TiN, an average
absorption of 95% is preserved in the range of 400-800 nm even when the structure was annealed
at 800 °C. Refractory tungsten (W) was also investigated to achieve strong absorption over 90%
from 200 to 900 nm by forming periodic W cylinders [23]. However, the absorption bandwidths
of these works are limited. It is still challenging to develop an absorber that can capture the full
spectrum of sunlight while having excellent thermal stability. A few works have shown broader
absorption bandwidth through a stacked SiC-W multilayer structure (absorption > 90% from 250
to 1650 nm) [7], or a SiO,/TiN/SiO,/Ti/SiO,/Au configuration (absorption > 90% from 516 nm
to 2696 nm) [13]. Nevertheless, these structures are very complicated and usually accompanied
by demanding fabrications, hindering the practical applications of refractory broadband solar
absorbers.

Refractory vanadium nitride (VIN), as a member of transition-metal nitrides, shares similar
properties with TiN, including a high melting point, good chemical stability, and intrinsic high
optical loss [24]. It has been theoretically studied to show the potential for broadband absorption
[25]. Here, we first experimentally demonstrate a refractory broadband thin-film absorber (TFA)
composed of a VN film and a SiO, anti-reflective layer. Unlike TiN, which only behaves as
a lossy dielectric in short wavelengths [9], VN presents lossy dielectric features in a much
wider range of 400-2500 nm. Due to the high lossy properties of VN, the fabricated TFA
exhibits high absorption over 90% in the wide range of 400-1360 nm. The thin-film solution
involves no lithography and patterning fabrication processes and is therefore advantageous for an
affordable and large-scale fabrication. To further enhance the absorption in the near-infrared
(NIR) region, we also proposed an MMA by depositing a periodic array of VN square patches
on the TFA. The absorption bandwidth of the MMA is improved by 18% (400-1530 nm) and
45% (400-2460 nm) for absorptions above 90% and 80%, respectively, compared to the TFA.
In addition, the absorption performance of TFA and MMA show great robustness against large
incident angles up to 60° and high operating temperatures up to 800 °C.

2. Experimental section
2.1. Fabrication

The thin-film VN absorber was fabricated by a three-step deposition process: a 5 nm thick Ti
adhesive layer was firstly deposited on the Si substrate by electron beam evaporation (HHV
TF600); then a 300 nm thick VN film was deposited with RF Magnetron Sputtering (Alliance
concept AC450); finally, a 100 nm thick SiO, layer was deposited by plasma-enhanced chemical
vapor deposition (Oxford Plasmalab System100 PECVD). The MMA was patterned by electron
beam lithography (Vistec EBPG-5200+) with E-beam resist PMMA. After sputtering a 100 nm
VN film, the VN patterns were formed using lift-off in acetone for 8 hours, followed by a
5-min-megasonic cleaning. A schematic diagram of the fabrication process of TFA and MMA is
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provided in Supplement 1, Fig. S1. The thermal stability investigation was carried by annealing
the samples in a vacuum chamber (OTF-1500X-80) for 24 hours at 800 °C and 1000 °C.

2.2. Measurements

The morphology of the VN film was investigated using atomic force microscopy (AFM) operating
in contact mode (MFP-3D Infinite AFM). The scanning electron microscopy (SEM) images were
taken by a GeminiSEM 300 from Carl Zeiss Microscopy GmbH. The permittivity of VN was
retrieved from a thin film sample via a spectroscopic ellipsometer (Sentech SE850). The reflection
of all the fabricated absorbers was measured using two different setups in separate ranges, 400-
1400 nm, and 1400-2500 nm. Fourier transform infrared microscopy (FTIR, Thermo-Nicolet
Nexus 670, Continuum microscope) was used for the 1400-2500 nm spectral range, using a x15
optical objective with a numerical aperture of 0.58 and an MCT detector. The CaF, beamsplitter
and IR source were used and the reflectance was normalized with an aluminum mirror. The
investigated spot size on the sample was around 100x100 um? for each measurement. For the
visible and near-infrared spectral range, a total reflectance setup was used using a BaSO4-coated
integrating sphere with standard 8° reflectance port arrangement (Bentham) to capture both
the specular and diffuse reflectance components. Light from the integrating sphere output was
detected using a pair of Si and InGaAs spectrometers equipped with thermoelectrically cooled
CCD arrays (Andor Shamrock & iDus). Light from a supercontinuum light source (Fianium
SC400-1) covering the spectral range from 400-2300 nm was reduced in power to around 10 mW
and was focused to a 30 wm diameter illumination spot onto the sample using a 20 cm focusing
lens. Two-dimensional scans of the surface were performed using motorized stages (Thorlabs) to
obtain spectra for the individual arrays. Reflectivity was obtained by normalizing to the spectrum
of a BaSOy reference. A small difference of a few percent in absorption between the two setups
is attributed to the different illumination geometries with the FTIR microscope offering a higher
range of oblique angles than the 8° total reflectance setup.

2.3. Simulation

The full-field electromagnetic simulations were performed using commercial software FDTD
Solutions. Periodic boundary conditions were employed along the x and y directions. Perfectly
matched layers were applied along the z direction. A plane wave was incident from the top of
the absorber and propagated along the z direction. The mesh size was 1 nm?, and the mesh
accuracy was 3 to ensure the accuracy of the results. The reflection (R) was obtained by a 2D
frequency-domain power monitor placed above the incident source. The thickness of VN film is
set as 300 nm to prevent the transmission of the device and thus enabling VN film as a mirror
(detailed information about the effect of VN film’s thickness on the absorption and transmission
spectra of TFA and MMA is provided in Supplement 1, Fig. S2). The absorption was obtained
by A=1 — R. The permittivity of VN used in the simulation was from the measured results
(Supplement 1, Fig. S3). The permittivities of TiN and Si were extracted from Pfliiger [24] and
Palik [26]. The permittivities of air and SiO, were set as 1 and 2.1, respectively. Since all the
materials studied here are not magnetic, their permeabilities were set as 1.

3. Results and discussion
3.1.  Thin-film VN absorber

Figure 1(a) shows the thin-film VN absorber (4.5cm wide X 4 cm height), fabricated by a
three-step deposition process (see Experimental section). The surface of the absorber looks very
dark since most of the incident light is absorbed and the reflection is very low in the visible (Vis)
range. The absorber comprises a VN film and a SiO; layer, deposited on Si substrate (inset of
Fig. 1(b)). The measured spectrum shows that over 90% (80%) incident light is absorbed in the
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wide range of 400-1360 (400-1820) nm (Fig. 1(b)). The sudden small drop in the absorption of
around 0.031 at 1400 nm is originated from the difference between two measuring systems—the
measured results consist of two spectra from 400 to 1400 nm and from 1400 to 2500 nm (see
Experimental section). The excellent absorption performance of thin-film VN absorber is
comparable with those of reported refractory broadband absorbers with metasurface structures
[9,23]. Nevertheless, the lithography-free fabrication process enables the thin-film VN absorber
in large-scale devices and practical applications.
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Fig. 1. Thin-film VN absorber. a, Camera image of large-scale TFA deposited on Si
substrate. Scale bar: 4 cm. b, Simulated and measured absorption spectra of TFA. The inset
shows the schematic of TFA. The thickness of the VN and SiO; layer are 300 and 100 nm,
respectively. c, 3D atomic force microscopy image of 300 nm thick VN film. The root mean
square roughness of the film is 2.447 nm. d, Simulated electric field and absorbed incident
power distributions of TFA at 760 nm, marked as a blue triangle in b.

Electromagnetic simulations were performed to investigate the mechanism of the absorption
performance of TFA, using commercial software FDTD Solutions (see Experimental section for
more details). The local absorbed-power density of a non-magnetic material can be obtained by
the formula:

1 124
Pups = Fws |E[, (1

where w is the angular frequency, £” is the imaginary part of material’s permittivity, and E is
the electric field inside the material. The simulated absorption spectrum agrees well with the
measured result (Fig. 1(b)). The relatively stronger absorption in experiments is attributed to the
enhanced light-absorber interaction induced by the rough surface of the fabricated device [27]. As
shown in Fig. 1(c), the VN film is composed of VN grains with a diameter of 30~80 nm and the
root mean square (RMS) roughness of the film is 2.447 nm. An atomic force microscopy image
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of the VN film with a larger area is shown in Supplement 1, Fig. S4. When the sunlight incident
from the top surface of the TFA, it is multi-scattered by the VN particles, leading to enhanced
absorption. Figure 1(d) shows the electric field and absorbed incident power distributions at
760 nm. Most of the incident power dissipated at the top surface of VN. The high absorption of
the device is mainly originated from the intrinsic high loss of VN. Interestingly, unlike TiN, which
only behaves as a lossy dielectric in short wavelengths [9], VN presents high lossy dielectric
features in a much wider range of 400-2500 nm (see the permittivity of VN in Supplement
1, Fig. S3). Therefore, with the same structure configuration, the VN absorber shows strong
absorption in the full solar spectrum, while the TiN absorber only exhibits high absorption in
the wavelength below 500 nm (Supplement 1, Fig. S5). Also, the SiO; layer functioning as a
typical anti-reflective layer lowers the refractive index contrast between the absorber and air, and
dramatically increases the device’s absorption by 11.6% (from 67.2% to 78.8%) over the whole
solar spectrum (Supplement 1, Fig. S5).

3.2. Metamaterial VN absorber

Although the TFA works as a near-black absorber below 1400 nm, its absorption drops to 79.2%
at 2000nm. To further enhance the absorption in the NIR region, we proposed to use an MMA
solution. As shown in Figs. 2(a) and 2(b), the metamaterial VN absorber consists of a back
VN film, a SiO; middle layer, and a periodic array of VN patches with square lattice. The key
geometrical parameters are P=1050nm, w=575nm, #; =300nm and t, =#3 = 100nm. The
measured absorption and SEM image of the fabricated sample are depicted in Fig. 2(c). Over
90% (80%) of the incident electromagnetic wave is absorbed in the range of 400-1530 nm
(400-2460 nm), which agrees well with the simulated result. Compared with the TFA, the
absorption bandwidth of MMA is improved by 18% and 45% for absorptions above 90% and
80%, respectively. The electric field distributions are calculated at 1210 nm (Fig. 2(d)), at which
the calculated absorption reaches a maximum of 98.2%. The electric field shows enhancement
at the two sides of the top VN patch, presenting an electric dipole feature. The incident power
is strongly absorbed by the top patches and the back VN film under the gap between the VN
patches.

Figure 3(a) shows the measured absorption spectra of MMA with different side lengths w of the
top VN patches. With the increase of w, the absorption below 900 nm slightly decreases, while it
shows enhancement in the range of 1400-2500 nm. The difference between the two separately
measured spectra (in the red and blue side of 1400 nm) shows a maximum of 3.4% at w = 500 nm,
which is very small and thus negligible compared with the total absorption. The evolution of the
simulated absorption spectra with the increase of w (Fig. 3(b)) is consistent with the experimental
results. The remarkable enhancement in the long wavelengths is attributed to the excitation of
broad electric dipole resonance, which can even be found at 2000nm (Supplement 1, Fig. S6).
The sudden increase near 1050 nm is due to the coupling of the absorber with the lattice mode,
which is originated from the diffraction of scattered light in the ordered VN patch array. The
wavelength for the lattice mode of a metastructure with a periodic square lattice under normal
incidence can be obtained by [28,29]

1 nP
(i) = T
VR

where i and j are integers related to the orders of the lattice modes in the x and y directions,
respectively. n is the refractive index of the medium of propagation (here the absorption is
obtained from the reflection, and thus 7 is the refractive index of air), and P is the period of the
array. Therefore, the first order of the lattice mode (1,0) gives rise to absorption enhancement
at 1050 nm. The kinks near 740 and 470 nm are induced by the lattice modes (1,1) and (2,1),
respectively. It also can be concluded from the electric field patterns (Supplement 1, Fig. S6).
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Fig. 2. Metamaterial VN absorber. a, The schematic of MMA composed of the top periodic
VN square patches, SiO; film and VN film, deposited on Si substrate. b, Top and side view
of the unit cell of MMA. The key geometrical parameters are P =1050nm, w =575 nm,
t1 =300nm, # = 100 nm and #3 = 100 nm. ¢, Simulated and measured absorption spectra of
MMA. The inset shows the SEM image of the fabricated MMA. Scale bar: 1 um. d. Electric
field and absorbed incident power distributions at 1210 nm, marked as a green inverted
triangle in c.

When w is increased to 800 nm or even larger, the top VN layer can be viewed as a mirror,
increasing the reflection and decreasing the absorption (Supplement 1, Fig. S7).

3.3. High thermal stability of the VN absorber

To investigate the thermal stability of the VN absorber, TFA and MMA were annealed in a
vacuum chamber at 800 °C and 1000 °C for 24 hours. Figures 4(a) and 4(b) show that the MMA
sample retains its shape when annealed at 800 °C, while the top VN patches heated at 1000 °C are
melted into nanoparticles. Although the melting point of bulk VN (2077 °C) [30] is much higher
than 1000 °C, it drops dramatically at the nanoscale dimension [22]. The absorption of TFA and
MMA are nearly unchanged when annealed at 800 °C. The litter improvement of the absorption
of TFA and MMA in the short wavelength and near 1500 nm is due to the small change of the
optical properties of VN film that occurred at high temperatures. Similar properties have also
been found in other refractory material-based absorbers [31,32]. As the annealing temperature
increases to 1000 °C, the melted VN particles cause the diminishment of dipole resonance in the
long wavelengths and lead to the resemblance of the absorption of MMA and TFA. The decrease
of the absorption of TFA in the long wavelengths, dropping from 79.2% to 68.4% at 2000nm,
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Fig. 3. Influence of the side length of the top VN patches on the absorption performance
of MMA. a, Measured and b, simulated absorption spectra of MMA with different w. The
measured absorption spectrum consists of two spectra from 400 to 1400 nm and 1400 to
2500 nm and shows a small discontinuity at 1400 nm. The inset shows the zoomed-in spectra
near 1400 nm, and the maximum difference between the spectra below and above 1400 nm is
3.4% when w = 500 nm.

might be due to the diffusion and deformation of VN under the SiO, layer and the change of
Si0O;,’s refractive index at high temperatures [33].
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Fig. 4. Thermal stability of TFA and MMA. SEM images of MMA after annealing at a,
800 °C and b, 1000 °C for 24 hours. Scale bars: 1 um. Measured absorption spectra of ¢,
TFA and d, MMA (w = 575 nm) after annealing at different temperatures.
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3.4. Polarization and incident angle-insensitive absorption performance of the VN
absorber

For an ideal solar absorber, polarization and incident angle-independent absorption is desired.
Due to the 90° rotational symmetry around the z axis (Cy), the proposed MMA shows polarization-
independent absorption at normal incidence, like the TFA (Supplement 1, Fig. S8 and Fig. S9).
Figure 5 plots the simulated absorption spectra of TFA and MMA for transverse electric (TE)
and transverse magnetic (TM) polarizations. It can be seen that TFA maintains broadband high
absorption for an oblique angle up to 60° for TE polarization. For TM polarization, strong
absorption over 80% in the whole solar spectrum can be obtained even at an oblique angle up to
70°. The incident angle-insensitive absorption of TFA is attributed to the intrinsic lossy dielectric
properties of VN, which can be concluded from the large imaginary part of VN’s permittivity
(Supplement 1, Fig. S3). It does not require specific excitation conditions and thus leads to
high absorption even at large incident angles. The incident angle-insensitive absorption has also
been demonstrated in lossy TiN-based absorber [9]. The MMA shows an enhanced absorption
and improved robustness against incident angles over TFA in the long wavelengths due to the
excited broad electric dipole resonances for both TE and TM polarizations. The first order of
lattice mode is observed in the absorption spectrum of MMA, and its wavelength shows incident
angle-dependent feature. Compared with broadband plasmonic absorbers, whose absorption
is induced by surface plasmon and it is usually sensitive to the polarization and incident angle
due to the resonant nature of surface plasmon [34], broadband VN absorber is promising in the
applications where solar absorption is required to be robust against polarization and incident
angles (such as STPV).
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3.5. Comparison with selected experimental works of the broadband absorber

Finally, we compare the absorption performance of TFA and MMA with those of other prominent
experimental works. As shown in Table 1, the absorption bandwidths in our work, including TFA
and MMA, are comparable with that of the other broadest absorbers. Although the bandwidth
of absorption > 90% is larger than 3 pm in [14] and [3], they mainly target the applications in
near- and mid-infrared wavelength, and the visible range is not covered. In [13], it shows near
100% absorption in a broad range in the solar spectrum. However, the complicated structure
and followed demanding fabrications hinder it in practical applications. Our proposed TFA is
lithography-free and only needs a three-step deposition process, enabling large-scale functional
devices. Also, the TFA and MMA show excellent thermal stability in high temperatures,
comparable with that of refractory TiN- and W-based absorbers [7,9,23].

Table 1. Selected experimental works of Vis-NIR broadband absorbers

Ref Operlatingh Bandwidth (um) Lithography- Material con- Working
. Wavelengt f fiourati temperature
(um) A > 80% A > 90% ree guration °C)
TFA 1.42 0.96 Yes
04~25 VN + SiO; 800
MMA 2.06 1.13 No
[11] 0.4 ~0.75 >0.35 0.35 Yes Au + SiOy -

[9] 0.4 ~0.8 >04 ~0.35 No TiN + SiO, 800
[23] 0.2~0.9 > 0.7 0.7 No SiC+ W +Si0O, 600
[12] 0.9 ~2.1 ~ 1.1 0.925 No Ti+ Au + SiO, -
[35] 04~2.1 ~14 ~1.2 No Mxene + Au + Al, O3 -

[7] 0.25~2.5 ~ 1.65 ~ 14 Yes SiC+ W +Si0O, 777
[13] 03~3 ~25 2.18 No TiN + Ti + Au + SiO, -

[3] 1.5~5 ~35 3.04 No Pd + Polyimide -
[14] 1~5 3.8 32 No Cr + SiOy -

4. Conclusion

In summary, we demonstrated a TFA and an MMA using refractory VN. Owing to the high
lossy properties of VN and anti-reflection of the SiO; layer, the TFA exhibits high absorption
over 90% in the range of 400-1360 nm. The lithography-free fabrication process makes the TFA
promising in large-scale devices. The MMA was demonstrated by patterning VN square patches
onto the TFA. Due to the excitation of broad electric dipole resonance in long wavelengths,
the absorption bandwidth is improved by 18% and 45% for absorptions over 90% and 80%,
respectively. The absorption performance of TFA and MMA are insensitive to polarization angles
at normal incidence and are robust to large incident angles (up to 60° for TE and 70° for TM
polarization). Besides, the TFA and MMA have excellent thermal stability and almost unchanged
absorption performance at an annealing temperature of 800 °C. The broadband refractory VN
absorber reported here can be potentially used in thermophotovoltaics and other solar thermal
applications.
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