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CHAPTER
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5.1 Introduction
Recently, refractory plasmonics [1�10] has attracted a lot of attention due to the

importance of high-temperature, high-power energy applications, such as solar

energy harvesting, photothermal energy conversion, photochemical reaction, and

photocatalysis, which require operations under harsh environmental conditions. In

comparison to conventional plasmonic materials [11�15], ideal refractory plas-

monic materials possess the properties of low cost, low plasmonic loss, as well

as thermal, mechanical, and chemical stabilities [1�10]. Additionally, suitable

spectral range and integrability with semiconductor technology are also important

considerations. Compared to the most popular plasmonic materials, conductive

transition metal nitrides (TMNs, as shown in Fig. 5.1 and Table 5.1), including

group IVB nitrides (titanium nitride [TiN], zirconium nitride [ZrN], hafnium

nitride [HfN]) and group VB nitrides (vanadium nitride [VN], niobium nitride

[NbN], tantalum nitride [TaN]), are promising plasmonic materials for refractory

plasmonic applications due to their high electrical conductivities, extremely high

melting temperature, and excellent mechanical, thermal, chemical properties

[16�19]. The fundamental material properties of TMNs have been studied for

several decades for various applications requiring mechanical hard and corrosion-

resistant operational conditions [17,18,20�22]. Recently, excellent material prop-

erties of superconducting TMNs (TiN, NbN, and TaN) have also made them a

widely applicable material platform for developing critical components in quan-

tum information technologies [19], such as quantum computation [23] and quan-

tum communication [24].

Most of the group IVB and VB TMNs discussed here can form crystals with the

cubic rocksalt (NaCl) structure (B1 TMNs) [16,18,19], and they are often called

“interstitial metal compounds” in which the nitrogen atoms are inserted into the inter-

stitial sites of the parent face-center cubic (fcc) lattices of transition metals. As shown
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in Fig. 5.1, the high electrical (σ) and thermal (κ) conductivities, high melting tem-

perature (TM), and high mechanical hardness (H) result from an unusual combination

of covalent compound, ionic crystal, and metal. The optical properties of group IVB

nitrides (B1 TiN, ZrN, and HfN) are free-electron-like (Drude-like) due to negligible

interband transitions, which make them attractive for optical applications [20]. Very

recently, they have also been used as plasmonic materials for full-color applications

FIGURE 5.1 Periodic table of the elements.

An excerpt of the periodic table of the elements, which are the usual constituents of

plasmonic materials and refractory transition metal nitrides. The lattice constant (a),

melting temperature (TM), superconducting critical temperature (TC), bulk modulus

(B), mechanical hardness (H), electrical conductivity at room temperature (σ300K), and
thermal conductivity at room temperature (κ300K) are presented in a table, adapted

from ref. [16].
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[7,9,18,20,21] in the visible range. The as-grown B1 TiN, ZrN, and HfN films show

gold-like yellow color (bright yellow for TiN (see Fig. 5.2A,B, [7,9]), and become

gradually paler for ZrN and HfN [18]).

Among group IVB and VB TMNs, TiN has the highest electrical conductivity

(see the comparison with other TMNs in Fig. 5.1), and it has attracted most of the

attention as the refractory plasmonic materials (alternative to Au) owing to excel-

lent optical properties in the visible and near-infrared regions, negligible inter-

band absorption in the blue region (as shown in Fig. 5.2B), high melting

temperature (B3000�C), extreme mechanical hardness, and stability against mate-

rial degradation. In addition, TiN possesses complementary metal�oxide-semi-

conductor (CMOS) and biological compatibilities. As a result, TiN-based

plasmonics is particularly suitable for optical devices [1�10,15,20,21,25�33],

energy harvesting [7,9,10,29,34�38], biomedical applications [39,40], CMOS-

integrated devices [41], and superconducting quantum devices [42�44].

Especially, TiN plasmonic metasurfaces have been demonstrated as optical broad-

band absorbers and narrowband emitters [7,9,34�38].

Traditionally, TiN is heavily used in semiconductor and superconducting

devices, such as diffusion barriers, metallization contacts, and superconducting

device structures, and, most of the TiN films reported in the literature were grown

by reactive sputtering [2,3,5,8,15,20,21,25�31,43,45], chemical vapor deposition

Table 5.1 Comparison of Au, Ag, Cu, Al, and TiN as plasmonic materials.
The material costs are compiled from London Metal Exchange (LME) prices
(January�October, 2022) and Asian Metal (AM) prices (January�October
2022).

Material Au Ag Cu Al TiN

Price ($US/
ounce)

1,650�2,000 18�28 0.23�0.33 0.063�0.119 Ti:0.21�0.58

Abundance
in Earth’s
crust (mg/
kg)

431023 7.53 1022 60 8.233 104 Ti:5.653 103

Melting
point (�C)

1,064 961 1,085 660 2,930

Vickers
hardness
(GPa)

0.216 0.251 0.343�0.369 0.167 18�21

Interband
transition
(eV)

2.54 3.96 2.19 1.55 2.75

Plasmon
energy (eV)

8.69 9.12 8.18 11.63 5.7�8.7

Spectral
range

Green to IR NUV to IR Green to IR DUV to IR Blue to IR
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FIGURE 5.2

(A) Optical image of a TiN epitaxial film grown on a two-inch, c-plane sapphire wafer. (B) Optical

image showing blue light transmission through the TiN epitaxial film grown by molecular-beam

epitaxy (MBE) due to higher interband transition energy (2.75 eV), in comparison to Au

(2.54 eV). (C) Schematic drawing of in-plane epitaxial relations of TiN film grown on c-sapphire.

(D, E) Reflection high energy electron diffraction (RHEED) patterns obtained along the [112]

and [110] directions (15 kV electron beam at 1.5 A). (F) Transmission electron microscopy

(TEM) image of a 120-nm-thick TiN epitaxial film grown on c-sapphire by MBE. (G) High-

resolution TEM image revealing the native oxide layer on top of the MBE-grown TiN film. (H)

High-resolution TEM image showing an abrupt film/substrate interface.



(CVD), atomic layer deposition (ALD) [44,46], and pulsed laser deposition (PLD)

[47,48]. However, growth of high-quality stoichiometric TiN films requires an

ultraclean growth environment because of the propensity of titanium to react with

residue gases. It is well known that titanium is an active absorbing agent, which

is widely used as a sublimation pump material in ultrahigh vacuum (UHV) sys-

tems. Therefore, the achievable material properties of conventional TiN films pre-

pared by reactive sputtering or chemical vapors have a high propensity to form

titanium oxynitride and other forms of nonstoichiometric (nitrogen-deficient com-

pounds) titanium nitride films. Recently, several groups have reported the method

of nitrogen (N2)-plasma-assisted molecular-beam epitaxy (MBE) in a UHV envi-

ronment for the growth of high-quality, stoichiometric TiN epitaxial films

[7,9,10,49,50]. In this chapter, we will focus on the refractory plasmonic applica-

tions based on the MBE-grown TiN for both thin (,1000 nm) and ultrathin

(,10 nm) films. Most of the examples shown here are adopted from our recently

published results [7,9,10,51,52].

5.2 Epitaxial growth of rocksalt TiN(111) films on sapphire
In comparison to semiconductors and insulators, metals have high surface ener-

gies due to a large number of unsaturated dangling bonds. Therefore typical

metals, such as Au, Ag, and Cu, do not properly wet on most of the commercially

available substrates (Si, GaAs, Al2O3, SiO2, TiO2, etc.), resulting in polycrystal-

line thin film growth with large surface roughness and sometimes atomically dif-

fused interfaces [16]. For the development of tunable ultrathin plasmonic devices

[53,54], special growth techniques are necessary to prepare ultrathin metal films

[55,56]. TMNs offer an opportunity for the epitaxial growth of metals (or super-

conductors) on semiconductors or oxide substrates due to their combination of

covalent and metallic bonding.

As discussed above, most of the TMNs crystallize in the rocksalt structure

with octahedral coordination and a high degree of iconicity in their chemical

bonding. Therefore, substrate materials with commensurate crystal structures can

be found. For example, the (111)-plane lattice parameters of the rocksalt crystal

structure of TiN, NbN, and other TMNs are close to the c-plane lattice parameters

of wurtzite SiC, AlN, and GaN, which have the required hexagonal symmetry for

epitaxial growth. Indeed, these commensurate substrates have led to recent

demonstrations of epitaxial heterostructures of NbN and TiN on SiC, AlN, and

GaN substrates by MBE [10,57,58]. Similarly, the (111)-oriented TiN epitaxial

films can also be grown on the c-plane (0001) sapphire substrates, as well as

lattice-matched MgO(111) and MgO(001) substrates with a rocksalt lattice param-

eter a5 4.21 Å. In comparison, sapphire wafers are available in high crystalline

quality, large sizes, and low costs. Especially, sapphire substrates have been

widely used for heteroepitaxy of group-III nitrides (AlN, GaN, and InN).
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In our recent studies [7,9], (111)-oriented TiN thin films were epitaxially

grown on c-plane (0001) sapphire substrates (Fig. 5.2A). The root-mean-square

roughness is measured by AFM to be about ,1 nm [51]. The in-situ reflection

high energy electron diffraction (RHEED) patterns (Fig. 5.2D,E) confirm the epi-

taxial relationships (shown in Fig. 5.2C). Furthermore, the ex-situ transmission

electron microscopy (TEM) images testify to the high crystalline quality of as-

grown TiN films (Fig. 5.2F,G,H). The cross-section TEM images indicate the for-

mation of an abrupt interface between the TiN film and the sapphire substrate,

and the high-resolution TEM images of the TiN region show that the (111) layer

spacing is about 2.4 Å, consistent with the X-ray diffraction (XRD) measurement

results, indicating a close-packed rocksalt lattice structure, where nitrogen occu-

pies octahedral interstitial sites in the Ti face-centered cubic lattice.

One of the major challenges for TiN-based plasmonic devices is oxygen con-

tamination in the grown TiN films since the O and N exchange reaction is thermo-

dynamically favorable. For most of the plasmonic applications demonstrated so

far, TiN films are deposited by reactive sputtering, which is not performed under

the preferred ultrahigh vacuum condition. Therefore, oxidation is a major issue

[9,59,60], which could cause the degradation of the film’s electrical and optical

properties, such as electrical resistivity, optical response, and even thermal stabil-

ity. Recently, we reported that epitaxial growth of the oxidation-resistant TiN(111)

film on sapphire grown by nitrogen plasma-assisted MBE could provide an opti-

mized approach for refractory plasmonics requiring excellent plasmonic properties,

as well as high thermal and chemical stabilities [9]. Especially, a single-TiN-layer

(B200-nm-thick) metasurface broadband absorber with B90% absorptivity over

the visible spectrum is demonstrated. Furthermore, we show that the metasurface

absorber made from the MBE-grown TiN film could sustain vacuum annealing at

850�C and irradiation under 130 suns in the ambient environment without appreci-

able degradation in optical response and structural integrity. In comparison, the

same absorber structure made from the sputtered TiN film shows inferior optical

performance, as well as degraded thermal and chemical stabilities due to a signifi-

cant amount of oxygen contamination in the film.

The oxygen-free, stoichiometric nature of the MBE TiN film can be confirmed

by X-ray photoelectron spectroscopy (XPS) measurements [9,59]. The surface of

as-grown TiN film after exposure to the atmosphere contains a thin titanium oxide

surface layer, and the layer thickness is self-limited (i.e., saturated at constant

temperature and oxygen partial pressure), as shown in Fig. 5.2H. This is similar

to the surface oxidation case of aluminum film, which can act as a native passiv-

ation layer. Fig. 5.3A,B shows the Ti 2p XPS spectra at the top film surfaces,

which consist of pairs of Ti 2p3/2 and Ti 2p1/2 spin-orbit split peaks, where the

higher-binding-energy pair can be attributed to the Ti�O bonding and the peak

energies correspond close to the TiO2 phase with a layer thickness less than the

photoelectron escape depth (about a few nanometers). As confirmed by high-

resolution TEM (Fig. 5.2H), the self-limited native titanium oxide layer of MBE-

grown TiN film is indeed about 1�2 nm in thickness.
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On the other hand, Fig. 5.3C,D shows the pristine Ti 2p XPS spectra in the

bulk of MBE and TiN film after Ar-ion milling, which consist of pairs of Ti 2p3/2
and Ti 2p1/2 spin-orbit split peaks (Ti�N bonding) with electron binding energies

of 455.0 eV and 461.0 eV for both as-grown TiN films (Fig. 5.3C) and Ar-ion-

milled films (Fig. 5.3D). The measured Ti 2p peak energies are in good agree-

ment with that reported for single-crystalline oxygen-free TiN measured by XPS

[61]. It should be noted that the broad (FWHM B4 nm) shape-up peaks of TiN

bonding (shoulder peaks near the Ti 2p3/2 and Ti 2p1/2 spin-orbit split peaks at

higher binding energies) are spectrally overlapped with the Ti 2p peaks of

O�Ti�N bonding.

FIGURE 5.3

(A, B) Dielectric functions measured by spectroscopic ellipsometry (SE) for an MBE-grown

TiN/sapphire film (from our group), and an MBE-grown TiN/MgO film (reported by Maurya

et al. [49]), and an Au(111) film grown on mica. According to the SE data for the TiN/

sapphire film, the characteristic surface plasmon energy is 2.6 eV (λsp5 470 nm, ε1521)

at the TiN/air interface and the epsilon-near-zero (ENZ) point is about 2.8 eV. Comparison of

quality factors for (C) localized surface plasmon (LSP), QLSP5 (ω(dε1/dω)/2ε2) and (D)

surface plasmon polariton (SPP), QSPP5 2(ε11 εd)(ε1)2/(ε1εdε2), for the cases of MBE-

grown TiN films on sapphire and MgO substrate, respectively.
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The nitrogen N 1s XPS peaks have also been investigated (shown in

Fig. 5.2E,F) and their binding energies are only slightly different: 397.1 eV

(MBE TiN) versus 397.2 eV (sputtered TiN). From the Ti 2p and N 1s XPS

results, it is clear that the amount of oxygen in the sputtered TiN film cannot be

directly identified by Ti 2p and N 1s XPS measurements without proper surface

preparation. After Ar-ion milling, the O 1s XPS spectra in the bulk of the TiN

films (shown in Fig. 5.3G,H) can precisely determine the absence of MBE TiN,

and the presence of sputtered TiN with oxygen content. For revealing the detailed

chemical information in the bulk of the TiN films, continuous Ar-ion milling was

performed for the elemental depth profiles of Ti, O, and N across the film by

recording corresponding XPS peak intensities versus the milling time. The con-

centration depth profiles of Ti, O, N, and Al from the top of the film to the inter-

face with the sapphire substrate, as shown in Fig. 5.3I,J. It can be clearly seen

that the atomic concentrations of Ti and N in MBE TiN are close to 1:1, while

the element composition of the sputtered TiN film corresponds to the TiOxN1�x

(x � 0.1�0.2) alloy.

5.3 Optical properties of thick TiN(111) films grown on
sapphire

The dielectric properties of the metal can be expressed by the dielectric function

of frequency, ε ωð Þ5 ε1 ωð Þ1 iε2 ωð Þ. Fig. 5.4A,B show the dielectric functions of

MBE-grown TiN films with respect to an Au film, which were measured by spec-

troscopic ellipsometry (SE) and fitted by using the Drude-Lorentz model [7]. In

this model, the Drude term represents the contribution from the conduction elec-

trons, and the Lorentz term stands for the interband transitions. In the stoichio-

metric case, the color of the as-grown TiN film (120 nm in thickness) looks very

much like gold (Fig. 5.2A). The film reflectivity at normal incidence, estimated

by using the optical dielectric function, is as high as B90% at normal incidence

when the wavelength is close to the yellow. This is why the TiN film exhibits a

mirror-like surface, as shown in Fig. 5.2A.

In metal thin-film optics, the imaginary part of permittivity (ε2) is related to

the optical losses, such that low-loss plasmonic materials have small ε2 values. In
the visible range (400�700 nm), ε2 measured for the MBE-grown TiN is close to

the case of Au film and much smaller than the case of sputtered TiN films [7].

For the blue region of the visible, the ε2 of Au is larger than TiN because of a

strong interband transition in Au (see Table 5.1). For noble metals such as Au,

Ag, and Cr, interband transitions exhibit a step-like threshold behavior. When the

incident photon energy is higher than B2.54 eV (i.e., wavelength shorter than

500 nm), electron-hole pairs are predominantly excited in gold instead of surface

plasmons. This threshold behavior means that surface plasmon phenomena can be

observed only for incident photon energies lower than the interband transition
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FIGURE 5.4 XPS analysis of MBE and sputtered TiN films.

(A, B) Ti 2p core-level spectra from the MBE-grown and sputtered TiN films before Ar-ion milling

show the presence of a TiOx surface layer. (C, D) Ti 2p core-level spectra from the MBE-grown

and sputtered TiN films after Ar-ion milling show only the TiN-related 2p doublet lines (2p3/2,

2p1/2) with binding energies 455.0 eV and 461.0 eV. The shakeup peaks at higher binding

energies are also visible. (E, F) N 1s core-level spectra show the N 1s binding energies are

397.1 eV and 397.2 eV for the MBE-grown and sputtered TiN films, respectively. (G, H) N

1s core-level spectra confirm the absence and presence of oxygen after Ar-ion milling inside the

MBE and sputtered TiN films, respectively. (I, J) Atomic concentration depth profiles with respect

to the Ar milling time from top to bottom. The MBE-grown TiN profile shows that the Ti and

N concentration is close to 1:1, in contrast to the case of the sputtered TiN film, which has a

significant amount of oxygen contamination (i.e., the sputtered film is actually TiOxN1�x).

All figures are reproduced with permission [9]. Copyright 2021 American Chemical Society.
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energy. Besides ε2, ε1 also plays an important role since plasmonic materials allow

for stronger field confinement when the ε1 value is larger. For this reason, we

express the figures of merit in terms of both ε1 and ε2, as shown in Fig. 5.4C,D.

Based on the measured dielectric function, the screening plasmon frequency

(i.e., the epsilon-near-zero (ENZ) point, ε1ðωENZÞ5 0, as shown in the inset of

Fig. 5.4A) can be experimentally determined to be ћωENZ 5 2:8 eV (λENZ
B443 nm), which is significantly larger than the value reported by the previous

experimental studies (note that when the real part of dielectric function is greater

than zero, it is no longer a plasmonic material). In general, nonstoichiometric and

ultrathin TiN films exhibit redshifts of λENZ. Our optical measurement results

indicate that the MBE-grown TiN films show excellent plasmonic properties.

Therefore, not only can we replace TiN for Au in the visible and near-infrared

spectral regions, but also TiN outperforms Au in the blue region. Furthermore,

ultrathin TiN films can be used as a plasmonic material for both tunable proper-

ties [62�64] and ENZ applications [65�67], which require a small ε2 value when

ε1 � 0.

5.4 Ultrathin TiN epitaxial films grown on sapphire:
tunable electrical and optical properties

The optical and electrical properties of metallic and metal�oxide films can be

manipulated by varying the film thickness [53,54,62�64], and the large enhance-

ment of nonlinear coefficients has also been reported for ultrathin films [65]. As

the film thickness decreases, the metallic reflectance is largely decreased, and the

transmittance is increased up to $ 75% for # 5 nm TiN films [51]. Ultrathin TiN

films also possess high electrical conductivity, so combined with high optical

transmittance, it opens potential applications as thermally stable, transparent, and

conductive electrodes. Moreover, the electrical conductivity of ultrathin TiN film

is critically dependent on film quality and defects, including oxygen content and

noncontinuous film morphology.

When the film thickness is reduced to less than a critical value known as per-

colation thickness, it is very difficult to deposit ultrathin and continuous noble

metal films with smooth surface morphology [68]. For example, the percolation

thickness for gold is in the range of 6�10 nm, limiting the device’s dimension. In

the case of TiN film, single-crystalline, stoichiometric TiN films have recently

been grown by the MBE method under the UHV environment [7], but the growth

of ultrathin films with high crystalline quality is still a challenge. To clarify this

issue, we have recently prepared ultrathin TiN epilayers with 2�10 nm thickness

via MBE growth. Owing to the UHV growth conditions, the influence of oxygen

content on ultrathin films of ,4 nm is greatly reduced. Fig. 5.5A shows the

X-ray diffraction (X-ray wavelength of 1.54 Å) curves of TiN with different

thicknesses. A peak centered at 36.8� corresponds to TiN (111), while another
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one at 41.7� originated from a c-plane sapphire substrate. Despite the broadening

of peak width due to decreasing thickness for thinner films (size effects), clear

XRD peaks from ,5 nm films confirm the high crystalline quality of MBE-

grown TiN ultrathin films.

The optical properties, in particular the dielectric properties of ultrathin TiN

films, are explored by using SE. The Drude-Lorentz model was applied to fit the

SE data from ultraviolet to near-infrared region. Fig. 5.5B shows the thickness

dependence of ENZ wavelength of ultrathin TiN films, which is determined from

the zero-crossing dielectric function ε1 as shown in the inset. The ENZ

FIGURE 5.5

(A) The 2-theta scans of X-ray diffraction (XRD) are conducted on a series of ultrathin TiN

(111) films with different thicknesses. The numbers of atomic monolayers are determined

by satellite fringes of XRD. The red lines are fitted well to the experimental data (blue line).

(B) Plot of ENZ wavelength (λENZ) as a function of film thickness. Inset: ε1 near the
interband edge for films with different film thicknesses. (C) Comparison of DC conductivity

measured by Hall effect measurements and THz-TDS.

Reproduced with permission [51]. Copyright 2022 American Chemical Society.
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wavelength of thick films (. 20 nm) is B475 nm and continuously redshifts to

530 nm with the reduction in film thickness, enabling the tunability of plasmonic

frequency. Notably, there is no large deviation in ENZ wavelength for films with

a thickness of less than 4 nm, which is often observed for sputtered thin TiN

films. This confirms that ultrathin films grown under the UHV environment

achieve high quality without oxygen-related defects.

As the thickness is reduced, the carrier density is reduced and influences the

electrical conductivity. In order to realize the electrical properties of ultrathin TiN

films, two independent methods, terahertz time-domain spectroscopy (THz-TDS)

and Hall measurements, were employed for investigation. The former is an optical

and noncontact method, and the latter is a contact method. Fig. 5.5C shows the

film thickness dependence of direct current (DC) conductivity (σDC). Thick TiN

films are highly conductive with σDCB6.53 104 Ω21cm21 and gradually reduced

to B1.13 104 Ω21cm21 for the 2.4-nm-thick film. Here, one thing to note is that

σDC measured by the Hall method is in good agreement with that determined by

THz-TDS. It is in sharp contrast to previous reports that there is a large deviation

between optically and electrically measured electrical conductivities caused by

morphological nonuniformity in ultrathin (,4 nm) films grown under atmo-

spheric environments [69].

These results reveal that MBE-grown ultrathin TiN films with thickness

.3 nm are morphologically smooth and have high crystallinity, as well as high

optical transparency and electrical conductivity for refractory ultrathin TiN appli-

cations, allowing for the development of CMOS-compatible electrode materials to

replace conventional metal oxide electrodes.

5.5 Refractory plasmonics for solar energy harvesting and
optical sensing

In solar cell applications, the Shockley-Queisser (SQ) limit is a theoretical upper

bound of solar energy conversion efficiency using a single semiconductor p-n

junction, which is B41% for maximum sunlight concentration and B31% with-

out concentration [70]. The SQ limitation originates from the broadband nature of

the solar spectrum and the semiconductor bandgap: While photons are not

absorbed if the incident photon energy is less than the semiconductor bandgap,

photons with energy greater than the bandgap are absorbed with some energy loss

due to fast electron-hole pair relaxation to the band edges.

To overcome this limitation (broad solar spectrum), the concept of a solar

thermophotovaltic (STPV) system has been proposed and demonstrated by includ-

ing an intermediate light absorption (broadband)/emission (narrowband) element

between the sunlight and the solar cell [71�75]. In essence, this intermediate ele-

ment acts as an alternative “Sun” for solar cells [73], which can absorb the entire

solar spectrum and be heated to emit a narrowband spectrum tailored to match
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the desired semiconductor photovoltaic element. The utmost advantage of STPV

is that virtually all solar energy is converted into electrical energy, and an ideal

intermediate element can tremendously boost the overall conversion efficiency.

Based on a simple thermodynamic model and assuming a Sun temperature of

6000 K and an ambient temperature of 300 K, the ideal STPV system could attain

a maximum efficiency of 85%, which occurs when the intermediate blackbody is

at the optimal temperature of T 5 2544 K [75�77].

In practice, it is difficult to operate at this temperature, and an ideal conver-

sion efficiency as high as 70% could be achieved at a moderate temperature of

1000 K, which is already much better than the SQ limit [77]. The progress of the

SPTV system has, however, been slow due to the lack of reliable and sustainable

optical materials, which can operate at these high temperatures. The best result

reported to date is 3.2% (light-to-electricity efficiency) using a broadband

absorber (“dark” absorber) made of vertically aligned multiple-walled carbon

nanotubes, which is heated to B1300 K [78]. Furthermore, due to the propensity

of material degradation at high temperatures, a vacuum or inertia-gas-sealed envi-

ronment is necessary for SPTV devices.

Recent advances in plasmonics and low-loss refractory plasmonic materials

have provided new perspectives for SPTV developments. Especially it has been

experimentally demonstrated that TiN is an excellent refractory plasmonic mate-

rial for building optical broadband absorption and narrowband emitters [34�38].

In particular, TiN has been considered as the best candidate material for applica-

tions in photothermal energy conversion over a broad spectral region of the solar

spectrum. According to a recent theoretical study [4], nanostructured TiN is an

excellent broadband sunlight absorber due to strong plasmonic resonance ranging

from 300 to 1300 nm, corresponding to the major sunlight spectral composition.

Recently, we have demonstrated that a single-layer metasurface broadband

absorber made from the oxidation-resistant TiN(111) epitaxial film grown on c-

plane sapphire by nitrogen-plasma-assisted MBE with B90% absorptivity over

the visible spectrum [9]. This is accomplished by optimized plasmonic character-

istics of the oxygen-free stoichiometric TiN film grown by MBE (see Fig. 5.6), in

comparison with titanium oxynitride (TiOxNy) films prepared by the conventional

reactive sputtering technique. In addition, the superb thermal and chemical stabili-

ties of MBE-grown TiN metasurface are confirmed by irradiation under 130 suns

in the ambient environment and vacuum annealing at 850�C (Fig. 5.6E,F).

Another important plasmonic application for optical sensing and solar energy

harvesting applications is plasmon-mediated hot carrier injection, originally pro-

posed by using the metal-semiconductor Schottky diode structure [79�83]. The

low conversion efficiency and limited spectral range are, however, the major con-

cerns. Compared to conventional silicon-based narrow bandgap (1.1 eV) Schottky

diodes, hot-hole injection based on wide bandgap (3.4 eV) p-type gallium nitride

(p-GaN) has been proposed to be an excellent semiconductor material for the

broadband conversion of photonic energy, but the achievable efficiency is still

rather low [84,85].
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FIGURE 5.6

(A) Schematic drawing of the solar absorber consisting of a TiN nanohole array with

optimized structural parameters: pitch (p)5 290, diameter (d)5 250 nm, and height

(h)5 75 nm. The MBE-grown TiN epitaxial film was grown on a sapphire wafer with a film

thickness of 200 nm. (B) Scanning electron microscopy (SEM) image of the TiN nanohole

array and the inset shows an optical microscope image of the nanohole array,

demonstrating a strong absorption in the full visible range. (C) Comparison spectra of

optical absorbance measured for the MBE TiN metasurface (blue), the sputtered TiN

metasurface (red) using the same nanoholes array structure, and a bare MBE-grown TiN

film (green). (D) Polarized reflectance plot measured for the MBE TiN metasurface

confirms that the broadband optical absorption is insensitive to the incident light

polarization. (E) SEM image of the MBE TiN absorber under sun irradiation at an intensity

of 130 suns (13 W/cm2) for 6 h, and (F) Measured absorption spectra of the MBE TiN

absorber before and after vacuum annealing at 850�C for 6 h for thermal stability testing.

Reproduced with permission [9]. Copyright 2021 American Chemical Society.
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Recently, we have demonstrated an efficient hot-hole injection mechanism

based on the photoconductive TiN/p-type GaN (p-GaN) metal-semiconductor het-

erostructure grown by MBE [10]. Compared with the same heterojunction device

structure using an MBE-grown TiN/n-GaN heterojunction, which exhibits a typi-

cal Schottky diode behavior, the photocurrent conversion efficiency can be

increased four orders of magnitude (see device structure shown in Fig. 5.7A�C).

Furthermore, an internal photovoltage, generated by interfacial charge transfer/

separation across the TiN/p-GaN Schottky barrier (1.2 eV, see Fig. 5.7D), enables

a self-sustainable photocurrent without external biasing (Fig. 5.7E,F). The refrac-

tory material properties (TiN, GaN, and sapphire substrate) and broadband con-

version (1.2�3.4 eV or 365�1033 nm, which cover B95% of the full solar

energy spectrum) make this system capable of harvesting highly concentrated

solar light at high temperatures.

It is worth noting that the MBE-grown TiN films have a rocksalt crystal struc-

ture with a titanium-terminated TiN(111) surface (the growth direction is along

the [111] orientation). Therefore the TiN/GaN heteroepitaxial interface is formed

between the nitrogen-terminated TiN(111) and the Ga-terminated GaN(0001)

planes, as shown in Fig. 5.7A. This specific crystal polarity has an important con-

sequence in the interface electronic structure since the TiN electronic structure is

known to be polarity dependent, which leads to the photoconductive interface

mode reported here at the TiN/p-GaN interface.

The XRD and TEM measurements confirm that the interface between TiN and

GaN is extremely uniform. The atomically abrupt interface of the metal (TiN)/

semiconductor (GaN) system is unveiled through high-resolution TEM images

shown in Fig. 5.7A, which show that the interface possesses a low tensile strain

(�5.14%). The high-resolution TEM image shows the line-cut along the [112]

direction of the TiN lattice has a 2.58 Å lattice spacing. Judging by bulk lattice

constants: 4.24 Å (TiN) along [001], 2.44 Å (TiN) along [112], and 3.19 Å (GaN)

along the [0001] direction, 2.72 Å (GaN) along the [1010] direction, the tensile

strain in the TiN epitaxial film relaxes through a 20 (TiN)/19 (GaN) coincident

lattice match at the interface. The resulting tensile strain (Δa/asub) can be reduced

to �5.14%. This result is very similar to the case reported earlier for the epitaxial

growth of TiN(111) on the AlN(0001) surface [86].

5.6 Epsilon-near-zero application using ultrathin TiN
epilayer

Two-dimensional semiconductors such as MoS2 are considered as stable light

emitters in contrast to quantum dots or dye molecules. However, strong emission

is available only for monolayer MoS2 with direct bandgap, and the monolayer has

low absorption due to its angstrom scale thickness and low quantum efficiencies.

Meanwhile, ENZ materials can be used to enhance the excitation fields in the
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FIGURE 5.7

(A) High-resolution TEM image of TiN/GaN interface projected along the [110] zone axis.

(B) Schematic band diagram of TiN/p-GaN Schottky junctions using the experimentally

determined valence-band (VB) and conduction-band (CB) barrier heights: 1.2 eV and

0.6 eV. (C) Schematic drawing of the TiN/p-GaN device. (D) SEM image of as-fabricated

TiN/p-GaN device. Inset is an SEM image of the nanoribbon grating structure patterned on

TiN/p-GaN by electron beam lithography (E) Optical absorption spectra of TiN grating

structure on p-GaN/sapphire, bare TiN film/p-GaN/sapphire, and p-GaN/sapphire

substrate, showing the grating is designed to have the maximum absorbance at 1.95 eV,

corresponding the energy of the transverse magnetic (TM)-polarized laser excitation light

(635 nm). (F) Semilog I2 V characteristics of the TiN/p-GaN device at different incident

optical intensities, showing the photoconductive behavior at zero bias voltage and varying

onset voltage shifts (from 0.35 to 0.50 V).

Reproduced with permission [10]. Copyright 2022 American Chemical Society.



emitting layer and then combined with two-dimensional emitters, absorption and

photoluminescence (PL) can be significantly enhanced by using interference

effects in 2D materials backed with planar and nanostructured metallic reflectors

[1�4], plasmonic resonances coupled to both excitation and emission fields [5,6].

Thin homogeneous TiN films with ENZ wavelengths in the visible spectrum are

employed to realize this emission enhancement from a 2D emitter.

Fig. 5.8A depicts the schematic of the enhanced spontaneous emission from the

MoS2 monolayer on TiN ENZ substrate. The PL from MoS2 flakes on thin

(B50 nm) and thick (B130 nm) TiN films was measured using a confocal laser

scanning fluorescence microscope with several excitation wavelengths across the

ENZ wavelength. For comparison purposes, the assembly of emitter and substrate

layers is prepared, which consists of a sapphire substrate, epitaxial or sputtered TiN

films, an atomic layer deposited Al2O3 spacer layer, and MoS2 monolayer flakes.

The reference sample consists of MoS2 flakes on a sapphire substrate. Fig. 5.8B

exhibits the PL enhancement on TiN with respect to sapphire, in which emission of

the MoS2 on TiN (thickness 133 nm) is clearly much brighter than on sapphire. In

addition, the PL enhancement depends on the excitation laser wavelength, as shown

in Fig. 5.8B for four excitation wavelengths across the ENZ wavelength.

To gain insight into the dependence of the PL enhancement on excitation laser

wavelength, we performed numerical calculations of fluorescence enhancement for

an emitter embedded inside a multilayer geometry [7,8]. The total electromagnetic

enhancement of the PL is the product of two contributions: excitation and emission

enhancement. The excitation field enhancement due to the 133 nm thick MBE-

grown TiN substrate varies with excitation wavelength. In order to experimentally

verify this, we investigated the PL enhancement from MoS22 spacer2TiN stacks

as a function of excitation wavelength for MBE-grown epitaxial TiN (58 nm and

133 nm) and sputtered TiN (51 nm and 146 nm). As a comparison, the result from

the MoS22 spacer2Au stack (Au film thickness 100 nm) is also included. The

experimental and calculated PL enhancements as a function of excitation wave-

length are plotted in Fig. 5.8C. For the MBE-grown epitaxial TiN (black curves)

having lower optical losses, the PL enhancement reaches about twofold enhance-

ment as the transition from dielectric to metallic across the ENZ wavelength occurs.

In contrast, the sputtered TiN samples (blue curves), having mismatched ENZ

wavelength to the excitation wavelength, are all dielectric and thus do not exhibit

the same trend as the MBE samples. The 133 nm-thick MBE TiN film has higher

enhancement than the 58 nm-thick sample due to higher reflectivity, although the

58 nm sample has a smaller loss. It can be observed that epitaxial TiN and Au have

comparable performance, especially above the ENZ wavelength of TiN, where its

negative real permittivity becomes larger and more metallic.

In contrast, for thin spacers (,10 nm), PL enhancement peaks are observed

near the ENZ wavelengths for both samples due to the enhanced absorption inside

the MoS2 layer at the ENZ wavelength of the TiN film (Fig. 5.8D). We expect

the emission enhancement and manipulation of TiN to find widespread applica-

tions. In particular, the ultrathin TiN epitaxial films can switch from a poor
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FIGURE 5.8

(A) Schematic drawing of enhanced spontaneous emission from a MoS2 monolayer on TiN

ENZ substrate. 30-nm Al2O3 spacer is deposited on TiN film to reduce the optical loss.

Inset depicts a TEM image of the MBE-grown 58 nm TiN film on a sapphire substrate. (B)

Photoluminescence (PL) spectra of MoS2 monolayer on TiN excited with different

excitation lasers at various wavelengths. Blue (red) curves are from MoS2 on TiN

(reference) substrate, respectively. (C) Measured and calculated PL enhancement of

MoS2 on TiN and Au films with 30 nm thick Al2O3 spacer with respect to that on the

sapphire substrate. Black curves are from MBE-grown 58 nm and 133 nm TiN and blue

curves are from sputtered 51 nm and 146 nm TiN, respectively. Gray vertical lines indicate

the ENZ wavelengths of TiN films. (D) Quantum efficiency enhancement (left panel) and

total electromagnetic enhancement (right panel) of in-plane dipoles in MoS2 monolayer on

titanium nitride (thickness 58 nm) for thin spacers (,10 nm).

Reproduced with permission [52]. Copyright 2021 American Chemical Society.
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(dielectric) to a good (metallic) reflector with applied voltage at a fixed wave-

length in the visible range due to the electrically tunable permittivity of the films.

This property may be of great importance to various optical, optoelectrical, dis-

play, and energy harvesting technologies.

5.7 Summary
Group IVB transition metal nitrides (TiN, ZrN, and HfN) are promising plasmonic

materials for refractory plasmonic applications due to their high electrical conductivi-

ties, extremely high melting temperature, and excellent physicochemical properties,

such as mechanical (ultrahardness), and chemical (corrosion resistance) stabilities.

The use of TiN as a plasmonic metal offers other important advantages, such as the

highest electrical conductivity among TMNs, broadband optical absorption from visi-

ble to infrared, tunable ENZ wavelengths of TiN ultrathin layers in the visible range,

long carrier mean free path, and photon-induced charge separation at the metal-

semiconductor interface. In particular, high-quality heteroepitaxy of TiN on sapphire

and GaN substrates is now feasible. The refractory material properties of TiN, GaN,

and sapphire allow for high-temperature operations under concentrated sunlight.
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