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Abstract  

    Broadband perfect absorbers in the visible region have attracted a great deal of attention in many fields, 

especially for solar thermophotovoltaic (STPV) and energy harvesting systems. However, realizing light 

absorbers with high absorptivity, thermal stability and broad bandwidth remains a great challenge. In this work, 

we theoretically and experimentally demonstrate that a single-layer titanium nitride (TiN) metasurface absorber 

with a total thickness of 160 nm that exhibits broadband perfect absorption with an average absorption of more 
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than 92% for a broad wavelength range from 400 nm to 750 nm in the visible. In contrast, 160 nm TiN film 

without any nanostructures exhibit a low absorption rate of 42% at 700 nm. The significant enhancement of 

absorption by TiN metasurface absorber is mainly contributed by the light-matter interaction in the plasmonic 

metasurface. Unlike reported metamaterial absorbers based on the metal-insulator-metal (MIM) structure, we 

use a single-layer TiN metasurface, which simplifies the nanofabrication process and also maintains high 

absorption. The FDTD simulation results indicate that the broadband perfect absorption of a single-layer TiN 

metasurface absorber is contributed by the combination of the intrinsic absorption of TiN and the broadband 

localized surface plasmon resonance (LSPR) of the lossy TiN nanodisk arrays. These results enable a new 

approach to realizing hot-carrier devices and solar-thermal energy conversion devices with high performance. 

 

Keywords: Titanium nitride; metasurface; perfect absorber; localized surface plasmon resonance; 

thermostable 

 

Introduction 

Refractory plasmonic materials have received considerable attention due to the need for plasmonic 

materials with low cost, low surface energy, high chemical stability, high melting point, and high compatibility 

towards biomedical and semiconductor technology.1, 2 Titanium nitride (TiN), a refractory transition-metal 
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nitride, is a well-known compound that functions as diffusion barriers, gate electrodes, and interconnects for 

very large scale integrated (VLSI) circuits in complementary-metal-oxide-semiconductor (CMOS) technology. 

Recently, of special interest is the optical properties of TiN, which exhibits plasmonic characteristics similar to 

those of gold, indicating that TiN has metallic properties (negative real part of the permittivity) that could 

support surface plasmonic polariaton in the visible to near-infrared range.3-6 With its compatibility in various 

usages and plasmonic properties, TiN has great potential in the fields of nanophotonics, 1, 7 photocatalysis, 8 and 

photovoltaics.9 Compared to conventional plasmonic materials (e.g., Ag, Au, Al), TiN possesses a high optical 

loss that compromises the efficiency in plasmonic applications in general. However, lossy plasmonic materials 

can be suitable for enhancement of photothermal energy conversion via nonradiative decay of surface plasmons, 

a dissipative process in which photon-driven collective oscillations of electrons on the surface (surface plasmons) 

are efficiently converted into heat by thermalization via either intraband or interband transition with the 

surrounding lattices (phonons).10, 11 In quantitative studies, the power density of the heat generated in a material 

can be formulated in the form of 𝑃!"#$ =
%
&
𝜀'𝜔Im(𝜀)|𝐸|& , where 𝜀'  is the vacuum permittivity, 𝜔 is the 

angular frequency of light, Im(𝜀) is the imaginary part of the permittivity (i.e., optical loss), and 𝐸 is the 

magnitude of the electric field in a lossy material.12 In the absence of other types of energy transformations, the 

higher the Im(𝜀) of the material, more heat will be produced under the same illumination. In addition to the 

high value of Im(𝜀), the field magnitude 𝐸 around the nanostructure surfaces at the subwavelength scale can 

be significantly enhanced via localized oscillations of conduction electrons when coupling to electromagnetic 

waves, that is, the localized surface plasmon resonance (LSPR). The LSPR effect magnifies the optical 
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absorption and thus increases the efficiency of heat production. Importantly, TiN exhibits high melting point 

(2930 °C),12 making them as an ideal candidate for the fields of thermoplasmonics13, 14 and photothermal 

enhancement.15 

Absorbers and emitters are key components to photothermal energy conversion. 16-19 Metal-insulate-metal 

(MIM) metamaterials composed of lossy metals such chromium,16 tungsten,17, 18 and molybdenum19 for the 

conversion of light into heat are commonly utilized in metasurface absorbers. Broadband absorbers with high 

absorption over the entire solar spectrum plays a critical role in the solar-thermal energy conversion applications, 

9, 20-23  including hot carrier photodetection,20 photocatalysis,21 radiative cooling,22 and solar 

thermophotovoltaics (STPV).9, 23 The STPV system is an emerging in view that its energy conversion efficiency 

is predicted to exceed the Shockley-Queisser limit.24, 25 A plasmonic metasurface with tailored working 

spectrum would advance the selective absorbers and emitters needed in a STPV system. In many reported MIM 

plasmonic absorbers,12, 26 the top layer is made of subwavelength structures that exploit the LSPR excitation to 

enhance light absorption. However, the middle dielectric layer of MIM absorbers is often not a good thermal 

conductor. This insulating layer results in the blocking of thermal flows between the top layer and the bottom 

layer, which is connected to selective emitters.9 The efficiency of heat transfer is expected to be lowered by the 

insulating layer in the middle of MIM absorbers. In this work, we demonstracte a thin (160 nm) and one-piece 

metasurface absorber with an average absorption exceeding 92% over the visible range from 400 nm to 750 nm 

that overcome the disadvantages mentioned above and satisfy the demand for hot-carrier devices, and STPV 

systems. 
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Experimental 

The optical properties of TiN are greatly determined by the crystallinity and stoichiometry,27, 28 and this 

dependency motivated research on the growth of plasmonic TiN. Many studies are dedicated to the growth of 

low-loss and highly metallic TiN using methods such as RF sputtering,29, 30 atomic layer deposition,31 pulsed 

laser deposition,32 and molecular-beam epitaxy.33 The optical properties of TiN are subject not only to the 

growth parameters in every growth method but also to the lattice mismatch of the substrate34 and film 

thickness.35 The thickness-dependent optical properties of TiN have been little studied even though TiN 

materials with different thickness have been used in many applications. For example, epitaxial ultrathin and 

highly metallic TiN films are required for TiN–(Al,Sc)N superlattices which exhibit hyperbolic dispersion to 

enhance the photonic density of states.36 A thin TiN film with a low carrier concentration can exhibit a gate-

tunable epsilon-near-zero (ENZ) region in the visible (permittivity close to zero).37 Semitransparent TiN layers 

in photodetectors act as an absorber in which hot carriers are excited and collected to generate photocurrents.20, 

38 Therefore, understanding the optical properties of TiN with different thicknesses are important. 

To achieve this goal, we systemically grew and characterized TiN films with thicknesses of 10 nm, 60 nm, 

and 160 nm on MgO (100) substrates by RF sputtering under a high temperature of 800 °C (Table S1). The 

high-resolution cross-sectional transmission electron microscopy (TEM) images shown in Fig. 1(a) exhibit a 

sharp interface between the epitaxial TiN film and MgO substrate owing to the small lattice mismatch. This 
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growth method can be used for the fabrication of wafer-scale ultrathin film. From the X-ray diffraction (XRD) 

results, the TiN film has a lattice constant of 4.24 Å and matches well with the lattice constant value  of MgO 

(4.21 Å). As inferred from the clear diffraction spots on the right side of Fig. 1(a), the electron diffraction 

patterns at both sides of the interface are direct evidence that the TiN film on MgO has an fcc rocksalt structure, 

and the TiN film is epitaxially crystalline with a coherent cube-on-cube relationship between TiN and MgO. 

The two indistinguishable peaks in the XRD of Fig. 1(b) suggest that a TiN (200) crystal is formed along the 

MgO (200) orientation. The full-width-at-half-maximum (FWHM) of TiN (200) was calculated to be  0.19°. 

The surface morphology analyzed by atomic force microscopy (AFM) in Fig. 1(c) demonstrates that TiN with 

a low-index surface shows an atomically smooth surface with a root-mean-square (RMS) roughness of 

approximately 0.5 nm. Our growth tecnique can potentially realize superlattice samples in which alternate 

ultrathin and ultrasmooth films are required. Thus, this method also provides us the capability of fabricating 

high-quality hyperbolic metamaterial and zero-index photonic applications.36 

The stoichiometry in TiNx or TiNxOy influences its physical properties, such as color, hardness, elasticity, 

and electronic and optical responses. X-ray photoelectron spectroscopy (XPS) measurements were employed to 

characterize the stoichiometric ratio as well as oxidation on the surface and in the bulk. The compositions x and 

y values of TiNxOy are on average approximately 0.85 and 0.15, respectively (Fig. S1), resulting from the 

remaining oxygen in the target and chamber. We observed a constant ultathin layer of surface oxide 

(approximately 3.5 nm) formed on the TiN surface when it exposed in ambient after two days. The ultrathin 

surface oxide may serve as a protective layer to prevent the degradation of TiN film. The optical properties can 
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be further improved by reducing the oxidation or enhancing crystallinity by means of an ultrahigh vacuum 

system, high-power or high-temperature deposition, an appropriate ratio of Ar/N2, and a bias-applied 

substrate.39-42 For our samples, the carrier concentration obtained from the Hall measurement is on the order of 

1022 cm-3 in TiN on MgO, a reasonable value consistent with previous studies as well as the extracted carrier 

concentration from the ellipsometry results (Table S2 and Table S3). 

Results and discussion 

Quality factor of localized surface plasmon resonance from the TiN films. The thickness-dependent 

optical properties of TiN films with different thicknesses (10, 60 and 160 nm) were investigated as shown in 

Fig. 1(d-f). To acquire the precise thicknesses of these films, the obtained Ψ  and ∆  parameters were 

simultaneously fitted with the transmittance43 by using variable angle spectroscopic ellipsometry (VASE, J.A. 

Woollam Co.). The complex permittivity 𝜀 of TiN films can be described by a combination of Drude model 

and Lorentz model, which account for intraband and interband transitions, respectively: 

𝜀 = Re(𝜀) + 𝑖	Im(𝜀) = 𝜀( −
ω)&

ω& + 𝑖Γω
+5

𝑓* ∙ ω'*&

ω'*& −ω& − 𝑖𝛾*ω

+

*,%

 Equation(1) 

In the above equation, complex permittivity 𝜀 is a function of the photon frequency. The first term 𝜀( is 

the high frequency permittivity. The second term corresponds to the Drude model, which accounts for the 

interaction between conduction electrons and electromagnetic waves, represents the plasma frequency due to 
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conduction electrons and Γ represents the collision rate. The third term corresponds to Lorentz oscillators, 

which models the absorption contribution from bound electrons, in which 𝑓* is the strength of the oscillator, 

ω-*  is the resonant frequency, and 𝛾*  is the damping factor. Two parameters can be used as indicators to 

quantify the plasmonic behavior:28 The first parameter is the plasma frequency corresponding to conduction 

electrons ω) = 9𝑁𝑒
&/𝑚∗𝜀'  extracted from the Drude model, where N is the conduction electron 

concentration, 𝑚∗ is the electron effective mass, and 𝜀'	 is the vacuum permittivity. As ω) can be an indicator 

of carrier concentration, we found that the carrier concentration decreases with increasing thickness (Table S3). 

The second indicator is the the epislon-near-zero (ENZ) frequency , ω0 (determined by at Re(𝜀) = 0), which 

is associated with the TiNx stoichiometry39 and affected by interband transitions. With an increase in the 

thickness of the TiN films, both ω0 and ω) shift to lower frequencies (Table S2). The magnitude of negative 

Re(𝜀) is a metric for evaluating the capability for a plasmonic response to a given electromagnetic wave in a 

metallic material. As shown in Fig. 1(d), the thicker TiN film is less metallic than the thinner one in the thickness 

range from 10 nm to 160 nm. The fact that the thicker film is less metallic (lower carrier concentration) is 

attributed to an increase in dislocations away from the MgO substrate, as discussed later. This obervation agrees 

with the literature reports that investigated the optical properties of ultrathin TiN films with thickness less than 

10 nm.41 

The imaginary part of the permittivity Im(𝜀) (Fig. 1(e)) is modelled with an intraband transition and an 

interband transition. This Im(𝜀) is mainly contributed by the intraband transition in the low photon energy 

(long-wavelength) regime, while it is dominated by the interband transition in the high photon energy (short-
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wavelength) regime. Our investigation on the 10-nm TiN fitted by one Drude model and one Lorentz model 

aligns with the results in previous reports.41 Additionally, the 10-nm TiN film shows lower optical loss than the 

60-nm and 160-nm TiN because of the smaller collision rate Γ. In contrast, the complex permittivities of 60-

nm and 160-nm films need to be characterized by one Drude model and two Lorentz models (Table S2). The 

two Lorentz oscillators, with the interband transitions in the ranges of 4.3 - 4.8 eV and 1.4 - 2.0 eV, arise from 

intrinsic absorption and LSPR of TiN nanoparticles (grains) naturally embedded in the films, as studied 

previously.44 Notably, the cross-sectional bright field TEM image (Fig. S2) illustrates that increasing defects 

and dislocations occur in the regions several nanometers from the interfaces, implying that number of grain 

boundaries become appreciable with increasing thickness. Since the XRD FWHM (0.82°) of 160-nm TiN is 

broader than that of 60-nm TiN (0.19°) (Fig. S3), the dislocation density, which is proportional to the square of 

the FWHM, is higher in the thicker TiN film. With these two characterizations, we speculate that the 10-nm 

TiN has better epitaxial crystallinity and fewer grain boundaries while the more dislocations in the thicker films 

bring about lower-energy interband transitions in 1.4 - 2.0 eV. Notably, the 10-nm TiN film shows not only 

lower optical loss but also higher carrier mobility than the 60-nm and 160-nm films (Table S3), providing 

potential in exploring low-loss plasmonic applications.45 

The quality factor 𝑄1234 of LSPR is a metric to evaluate the overall performance of plasmonic materials. 

It is defined as46 
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𝑄1234 =
1
2

ω
Im(ε)

d	
dω

Re(ε) Equation(2) 

As shown in Fig. 1(f), the calculated 𝑄1234 versus the wavelength λ reflects that the 160-nm TiN is 

inferior to the 10-nm and 60-nm TiN in terms of resonance due to the higher Im(ε) and flattened variation of 

Re(ε) with λ. However, the reduced 𝑄1234  also means a larger bandwidth but weaker magnitude of the 

absorption enhancement, a general trade-off that needs to be considered. The 160-nm TiN film with the higher 

loss can be utilized for absorbers because of not only its high absorption but also its thickness, which light 

almost cannot penetrate through. In addition to the high loss and low 𝑄1234, since the weaker metallicity of the 

160-nm TiN film makes the extension of electric field 𝐸 into TiN more easily, the stronger 𝐸 in the material 

raises the level of absorption as well as ohmic loss (𝑃5678 ∝ 𝐸&). As a result, the 160-nm TiN film is suitable 

for broadband perfect absorbers. 

Design and develop broadband plasmonic perfect absorber using TiN metasurface. 

In this work, our design of a refractory nearly perfect absorber consists of a TiN nanodisk array, which 

were fabricated from the 160-nm TiN film with 50-nm layer remaining on the bottom. As shown in Fig. 2(a), 

the pattern of the square-lattice array of nanodisks was defined by electron beam lithography and dry etching 

(see Methods). The top layer is TiN nanodisk arrays with a period (P) of 310 nm, a diameter (D) of 210 nm, and 

a thickness (h2) of 110 nm in one unit cell. The bottom layer is a TiN film with a thickness (h1) of 50 nm, which 

was left there after the fabrication. The four-flod rotation symmetry of the square lattice makes the absorber 
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nearly polarization independent in the scheme of normal incidence. The scanning electron microscopy (SEM) 

image in Fig. 2(b) shows the TiN nanodisk arrays and grains in those areas excluding nanodisks. Those small 

grains in SEM image originate from damage due to the dry etching process during nanofabrication. In the optical 

microscopy (OM) image (Fig. 2(c)), our metasurface absorber can be distinguished from the areas with only 

TiN film. In spectral measurements, a white light source normally illuminated on the absorber from the top. We 

measured the reflection (R) and transmission (T) to calculate the absorption (A) via the formula A=1-R-T(see 

Methods). 

According to the ENZ frequency ω0	(equivalent to 2.43 eV or 510 nm) which lies in the visible frequency 

range (permittivity goes to zero), the absorption spectrum in Fig. 2(d) can be separated in terms of Re(𝜀) versus 

wavelength λ into two parts, according to the sign of Re(𝜀). The first part is	in the region of λ < 510	nm, 

where Re(𝜀) > 0, in which TiN acts as a lossy dielectric material; the second part is in the region of λ >

510	nm, in which Re(𝜀) < 0, where TiN behaves like as a metal. First, we analyzed the spectrum of 160-nm 

TiN film (Fig. 2(d)). The high absorption feature close to the short-wavelength region of λ < 510	nm can be 

explained by the intrinsic absorption due to the strong broadband interband transitions. On the other hand, for 

the long-wavelength region of λ > 510	nm, the metallic nature of TiN prevents incident light from penetrating 

into it, thereby causing high reflection and low absorption in the long-wavelength (low photon energy) range. 

In contrast to the behavior of 160-nm TiN film without any structures which shows low absorption rate of 42% 

at 700 nm, our metasurface absorber exhibits an averaged absorption as high as 92% over the visible range from 

400 nm to 750 nm as a result of the interaction between nanostructures and incident light (Fig. 2(d)). The 
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significant enhancement of absorption rate at the long wavelength range with plasmonic nanostructures is 

mainly contributed by the LSPR. 

For further analysis of our absorber, we performed the finite-difference-time-domain (FDTD) simulations 

to analyze the spatial distribution of electric field and obtain the optimized absorption spectra. The agreement 

between the simulation and experimental results, in particular, on the high absorption, is observed. In the λ <

510	nm region, wavelength shorter than ENZ wavelength, absorption of the TiN metasurface absorber is 

mainly contributed by the broadband interband absorption of TiN, and the rest of absorption contribution arise 

from the nanostructures. In contrast, in the λ > 510	nm range, absorption is attributed not only to interband 

transition but also to intraband transition by electron collision. The ohmic loss from the collision can be greatly 

enhanced by the LSPR. Specifically, at λ = 700	nm, a broadband spectral peak originating from the LSPR 

appears. From simulations, a strongly confined electric field is accompanied by the plasmonic resonance peak 

in the spectra. In our model, the upper corners of the disks in the array are properly smoothed to mimic the 

realistic structure. Otherwise, the electric field may have shape-dependent singular fields at the upper corners. 

Fig. 2(e) shows that the confined electric fields excited by the normally-incident plane wave at LSPR of λ =

700	nm are primarily located at the top edge of a disk. This excited resonance enhances light harvesting and 

thus boosts up the absorption. In contrast to Fig. 2(e), the counterpart of the LSPR at λ = 500	nm in Fig. 2(f) 

shows less enhanced field on the surface of the nanodisk. 
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The resonance peak position of LSPR on the abosorption spectrum can be manipulated by changing the 

size of the structures, a spectral tunability that is used to optimize the broadband absorption. As shown in Fig. 

3, the geometric mappings obtained by sweeping the diameter (D) and period (P) of the nanodisk arrays in 

experiments and simulations indicate that the absorption spectra corresponding to the LSPR shifts as the unit 

cell changes. In the simulation of Fig. 3(a) and Fig. 3(b), the absorption peak at λ > 510	nm undergoes a 

spectral redshift with increasing D. This change brings about the decrease in the absorption around λ = 600	nm 

as D increases from 230 nm to 260 nm. Therefore, to maintain a high average absorption, the diameter of our 

design is set to 210 nm. As shown in Fig. 3(a), similar trends appear between the simulation and experimental 

measurements with some deviations at the short-wavelength side due to fabrication imperfections and 

measurement noise. Also, the broadband absorption becomes narrower at the larger P, as illustrated in Fig. 3(c) 

and Fig. 3(d). The experimental and modeling results show very close agreement as shown in Fig. 3(c). In the 

plasmonic regime at λ > 510	nm, as P increases from 310 nm to 340 nm, the absorption peak slightly shifts 

toward the short-wavelength side. The configuration with a period of 310 nm shows the optimized broadband 

absorption (Fig. 3(d)). 

Angle insensitivity is also a requirement for an ideal absorber. We calculated the absorption of a single-

layer TiN metasurface absorber under s- and p-polarized illuminations with a range of incidence angle θ from 

0 to 75' , as illustrated by the schematic in Fig. 4(a). The incident angle θ is defined as the intersection 

between the wave vector k and the normal vector of the metasurface absorber. Under p-polarized light 

illumination (Fig. 4(b)), the absorber exhibits an average absorption of more than 88% in the visible range at 
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θ < 60'. In contrast, with the s-polarized incidence light (Fig. 4(c)), an average absorption of 72% is maintained 

up to θ = 60'. Overall, for the light illumination in both polarizations with varied incident angle, the results 

show the omnidirectional and broadband light absorption enhancement in such a thin absorber. 

To further demonstrate the potential application for the TiN metasurface perfect absorber, a 

polymer photocatalyst PFBPO was coated on it for applying in the visible-light-driven hydrogen 

production from water. The molecular structure and photophysical properties of PFBPO was shown in 

the supporting information. Two different types of TiN-based substrate was prepared, as shown in Fig. 

5a, the right one was the TiN with nano-disk structure (denoted as TiN Metasurface), while the left 

one was a conventional TiN (denoted as TiN) as a reference. Then we drop casted the PFBPO on both 

substrates and controlled the polymer thin film with same area of 0.6 ́  0.6 cm2 (Fig. 5b). We examined 

the both polymer-coated TiN substrates for hydrogen evolution under a light-emitting diode (LED) 

(20 W, 6500 K, λ > 420 nm) irradiation, The hydrogen gas evolved was periodically monitored by gas 

chromatography (GC). The illustration of the experimential system was shown in Fig. 5c and 5d 

showed the H2 production rate of the PFBPO with the two different types of TiN substrates. The H2 

production of PFBPO thin film can reached up to 6.0 mmol m−2 h−1 with TiN Meatasurface system, 

which was over two-times higher than that obtained with TiN system (2.8 mmol m−2 h−1) under 

otherwise identical condition. This results demonstrated that the LSPR from TiN Metasurface can 

effectively improve the absorption rate and the charge separation rate in polymer photocatalysts, 

thereby enhancing H2 production perfromance of the photocatalysts.  

 

Refractory broadband perfect absorber using TiN metasurface. 

Formatted:	Indent:	First	line:		2	ch,	Line	spacing:		1.5
lines

Formatted:	Not	Highlight

Commented	[VR9]:	Abbreviation ?? 

Deleted:	evolution

Commented	[VR10]:	Is it pure water? Or with any 

sacrificial agents?? 

Commented	[VR11]:	Is it online GC? Or offline? 

Deleted:	hydrogen evolution rate (HER)

Formatted:	Subscript

Deleted:	HER

Deleted:	 

Formatted:	Not	Highlight

Deleted:	HER

Commented	[L12]:	Add the substrate is reusable 

Formatted:	Space	After:		0	pt



 
15 

We further investigated a Au-based absorber with the same geometric parameters as those of our TiN-

based metasurface absorber (Fig. S4). The comparison shows that the TiN-based absorber can achieve nearly 

perfect broadband absorption in the visible region, in contrast to the performance of the Au-based absorber. The 

strong but sharp plasmonic resonances of Au-based metasurface absorber, resulting in absorber that could work 

on a limited wavelength range. This is due to the high quality factor of LSPR in gold film leads to a narrow-

band resonance peak (Fig. S5). In contrast, the relative low quality factor of LSPR in 160-nm TiN film (see Fig. 

1(f)) leads to a broad resonance bandwidth but weak localized optical field confinement. We further 

demonstrated the single-layer TiN metasurface perfect absorber has high thermostability by annealing treatment 

at 600 °C in the vacuum chamber for 30 minutes. The SEM images indicate that the shape of TiN nanodisk 

arrays remain essentially unchanged before and after annealing treatment (Fig. S6). As indicated by previous 

investigations, the refractory properties and metallicity of TiN can be maintained up to above 1000 °C with only 

a slight degradation in the geometry and optical properties.35, 36, 47 Due to the combination of the refractory 

nature and lossy optical characteristics, TiN is appropriate for refractory broadband absorber applications. 

Conclusion 

In summary, we theoretically calculated and experimentally demonstrated a single-layer TiN metasurface 

absorber that exhibits broadband perfect absorption in the visible region. The structure contains the TiN 

nanodisk array on a TiN thin film. Notably, our ultrathin single-layer TiN metasurface perfect absorber 

simplifies the fabrication processes compared with other MIM-based metamaterial absorbers, and also 
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maintains high absorption. The optical properties of 160-nm TiN film without any nansostructures shows low 

absorption rate of 42% at 700 nm. By optimizing the nanostructure design, the average absorption of the TiN 

metasurfaces with more than 92% for a broad wavelength range from 400 nm to 750 nm in the visible regime 

is achieved. The calculated distribution of electric field indicates that the LSPR around the TiN nanodisks 

dramatically enhances the light absorption. In the wavelength range shorter than the ENZ wavelength, the 

absorption is mainly contributed by the interband absorption of lossy TiN. In addition, we calculated the 

absorption of a single-layer TiN metasurface absorber with varied incidence angle, the results show the 

metasurface absorber has broadband omnidirectional light absorption. The demonstration of a single-layer TiN 

metasurface absorber with a broadband LSPR in a lossy material to generate heat, which provides a new 

approach for hot carrier photodetection, photocatalysis, radiative cooling and solar-energy-related devices such 

as STPV systems. 
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Materials and Methods  

Sample fabrications. Before nanofabrication, the sample, 160-nm TiN, was cleaned in acetone and isopropyl 

alcohol (IPA) for 5 min and rinsed in DI water for 20 seconds, followed by baking for 3-min on a hot plate at 

110°C. Then, a poly(methyl methacrylate) (PMMA A3 and A5) bilayer was spin-coated on a substrate, with 2 

min of baking on a hot plate at 180°C for each layer. To pattern a nanodisk array, the e-beam lithography (FEI 

Inspect F SEM) with a fine-tuned e-beam dosage (500-600 µC/cm2) and 70 s development in a solution with 

methyl isobutyl ketone (MIBK):IPA 1:3 were performed on the sample. The following steps were 30-nm-thick 

chromium (Cr) deposition by e-beam evaporation (AST E-Beam Evaporator) and then lift-off in acetone, IPA, 

and DI water. Next, chlorine (Ar/Cl2 = 4/12 sccm)-based dry etching (Oxford ICP-RIE) was employed to etch 

TiN metasurfaces, and subsequently, the chromium (Cr) was removed in a Cr etchant (CR-16) for 10 min, 

followed by IPA and DI water rinsing. The etching depth (~110 nm) was confirmed by a Dektak XT surface 

profilometer. 

Optical measurements. Reflection and transmission measurements were performed on a homemade 

microspectrophotometer, which consisted of a microscope, a white light source (tungsten-halogen), and a 

spectrometer. A 20X objective lens (0.4 NA; Olympus) was utilized to ensure near-normal incidence. A circular 

area of interest with a diameter of 30 µm was selected by the field aperture and confirmed by the CCD camera. 

A tungsten-halogen white light source was used for illumination. The reflected or transmitted output signal was 

collected into a spectrometer, with a spectrum covering s spectral range from 400 nm to 900 nm. Specifically, 
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for reflection measurement, the input light and the output signal were illuminated or collected from the top of 

the devices. A reference signal measured on a silver film (40 nm) on a MgO substrate was used to normalize 

the spectra. For transmission measurement, the input light was transmitted from the bottom of the devices, while 

the output signal was collected from the top of the devices. A reference signal for normalization was measured 

on a bare MgO substrate, the same substrate for all devices performed in this work. All of the optical 

measurements were carried out in an ambient atmosphere at room temperature.  

Numerical simulations. The absorption spectrum and simulations of optical field distribution simulations were 

performed with the finite-difference time-domain method (FDTD Solution, Lumerical). The dielectric 

permittivities of 10-nm, 60-nm, and 160-nm TiN films were extracted from ellipsometry characterization with 

Drude-Lorentz model fitting. In the case of normal incidence, a broadband plane wave impinges on a single unit 

cell of the TiN nanodisk array (Fig. 2(a)) with periodic boundary conditions in the in-plane (x-y) directions and 

perfectly matched layer (PML) boundary conditions in the excitation (z) direction. For the cases of oblique 

illumination ranging from 0° to 75°, the broadband fixed angle source technique (BFAST) was employed with 

Bloch boundary conditions in the in-plane directions. The nonuniform meshing with the minimum mesh size of 

2 nm covered the whole nanodisk. The results were obtained after the simulation had converged. 

Photocatalytic H2 production measurements. A polymer thin-film was fabricated using drop casting on TiN-

based substrate from a polymer solution, which was prepared by dissolving 5 mg polymer in 1.2 mL 

toluene/THF (5:1 by volume), and thermally annealed at 120 °C for 120 min. The TiN-based substrate was 

cleaned with UV/O3 treatment before coating polymer. The polymer coated area was 0.6 ×0.6 cm2. 

Photocatalytic H2 production experiments were performed by immersing polymer films coated on TiN-based 

substrate in 10 mL aqueous solutions of water/methanol/triethylamine (TEA) (1:1:1 by volume). Methanol was 

used to improve the solubility of TEA as a sacrificial hole scavenger in water. The resulting mixture was 

Deleted:	Hydrogen evolution experiments

Formatted:	Font:	Bold

Formatted:	Subscript

Formatted:	Font:	11	pt,	Complex	Script	Font:	11	pt

Deleted:	��

Formatted:	Subscript

Deleted:	Hydrogen evolution 

Formatted:	Font:	11	pt,	Complex	Script	Font:	11	pt



 
19 

degassed by Ar bubbling for 10 min before illumination. A white light-emitting diode (LED) PAR38 lamp (20 

W, 6500 K, Zenaro Lighting; λ > 420 nm) was used as the light source. Hydrogen was quantitatively analyzed 

by a Shimazhu GC-2014 gas chromatography (GC) equipped with a thermal conductive detector using Ar as 

the carrier gas. The water for the hydrogen evolution experiments was purified using an ELGA LabWater system. 
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Figures 

 

Fig. 1 Material characterization of plasmonic TiN film. (a) High-resolution TEM and selected electron 

diffraction pattern obtained from the 60-nm TiN film epitaxially grown on a MgO substrate. (b) XRD diffraction 

pattern of 60-nm TiN showing the phase orientation of TiN (200) and MgO (200). (c) AFM image of the TiN 

film on MgO with an RMS of approximately 0.5 nm. (d) Real part and (e) imaginary part of the permittivity of 

gold (Johnson and Christy) and the fabricated TiN films with various thicknesses of 10 nm, 60 nm, and 160 nm. 

Such TiN films exhibit thickness-dependent optical properties that are affected by impurities, the crystallinity, 

and the stoichiometry. (f) Calculated quality factor of LSPR from the TiN films. The relatively low 𝑄1234 in 

the TiN films (compared with gold) results in a broadband LSPR. 
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Fig. 2 Broadband Plasmonic perfect absorber using a single-layer TiN metasurface. (a) Schematic of the 

broadband plasmonic perfect absorber that contains TiN nanodisk arrays on a 50-nm TiN thin film. The 

geometric parameters of the TiN nanodisk arrays are P= 310 nm, D= 230 nm, and h2= 110 nm. (b) Tilted SEM 

image of the TiN metasurface. (c) Optical microscopic image of the TiN film and TiN metasurfaces. (d) 

Measured (blue) and calculated (black) absorption spectra of the TiN metasurface (solid) and 160-nm TiN film 

(dashed). (e) Normalized electric field profile of the unit cell, a TiN nanodisk on TiN thin film, excited by a 

normally incident plane wave at l= 700 nm shows a strong LSPR. (f) Normalized electric field profile of the 

unit cell at l= 500 nm. 
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Fig. 3 Diameter-dependent and periodicity-dependent absorption spectra of the single-layer TiN metasurfaces. 

(a) experimentally measured (blue) and numerically calculated (black) absorption spectra from TiN metasurface 

with varied diameter of the TiN nanodisk arrays and fixed periodicity of P= 310 nm. (b) Color map of 

numerically calculated absorption spectra as a function of the diameter of the TiN nanodisk arrays with fixed 

periodicity of P= 310 nm. (c) experimentally measured (blue) and numerically calculated (black) absorption 

spectra from TiN metasurface with varied periodicity of the TiN nanodisk arrays with a fixed diameter of D= 

230 nm. (d) Color map of numerically calculated absorption spectra as a function of periodicity of the TiN 

nanodisk arrays with a fixed diameter of D= 230 nm.  
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Fig. 4 Numerically calculated angle-dependent absorption spectra of a single-layer TiN metasurface. (a) 

Schematic of the TiN metasurface illuminated by s-polarized light with an incident angle varying from 0° to 

75°. The geometric parameters are the same as those shown in Fig. 2a (b&c) Color maps of absorption spectra 

as a function of incident angle under p-polarized and s-polarized light illumination. 
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Fig. 5 Visible-light-driven H2 production from water using TiN metasurface. (a) Image of the large-area 

TiN film and TiN metasurfaces. (b) the PFBPO polymer on both substrates and controlled the polymer 

thin film with same working area of 0.6 ´ 0.6 cm2 for fair comparison. (c) the electronic structure of 

PFBPO polymer with band gap in the visible. (d) Schematic of visible-light-driven hydrogen evolution 

from water using TiN metasurface. (e) the H2 production rate of the PFBPO with and without the 

metasurface structure. A 200 % enhancement of H2 production rate was observed.  
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