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1. Introduction

Refractory metal-based nanostructures that 
exhibit structural stability at high tempera-
tures have attracted enormous interest in 
emerging applications such as thermo-
plasmonics, thermophotovoltaics (TPV), 
solar-thermal, hot-electron, solar-steam 
generation applications.[1–19] However, 
despite the outstandingly high melting 
point of bulk refractory metals, nano-
structures made of these metals are more 
susceptible to morphological changes at 
high temperatures than their bulk counter-
parts. This is mainly due to large surface-
to-volume ratios resulting in increased 
surface energy in nanostructures[20] that 
drives redox reactions with ambient gases 
as well as mass diffusion, leading to struc-
tural decay. The inherent thermal insta-
bility of these nanostructures hinders 
their targeted applications at tempera-
tures higher than 1200 °C.[21–25] Further, 
the materials required for high tempera-
ture plasmonic/photonic applications are 
highly challenging. The combination of 
spectral selectivity and structural stability 
at high temperatures leaves only in a tiny 
subset of available choices of materials.

Titanium nitride (TiN) has emerged as one of the most promising refractory 
materials for plasmonic and photonic applications at high temperatures due to 
its prominent optical properties along with mechanical and thermal stability. 
From a high temperature standpoint, TiN is a substitution for Au and Ag in the 
visible to near-infrared wavelength range, with potential applications including 
thermophotovoltaics, thermoplasmonics, hot-electron and high temperature 
reflective coatings. However, the optical properties and thermal stability of TiN 
films strongly depend on the growth conditions, such as temperature, partial 
pressure of the reactive ion gas, ion energy, and substrate orientation. In this 
work, epitaxial TiN films are grown at 835 °C on an Al2O3 substrate using a 
radio frequency sputtering method. The oxidization behavior of TiN is investi-
gated at 1000 °C under a medium vacuum condition of 2 × 10–3 mbar, which is 
relevant for practical technical applications, and the thermal stability at 1400 °C 
under a high vacuum condition of 2 × 10–6 mbar. The TiN film structure shows 
an unprecedented structural stability at 1000 °C for a minimum duration of 
2 h under a medium vacuum condition, and an exceptional thermal stability 
at 1400 °C, for 8 h under a high vacuum condition, without any protective 
coating layer. The work reveals, for the first time to the authors’ knowledge, 
that the TiN film structure with columnar grains exhibits remarkable thermal 
stability at 1400 °C due to low-index interfaces and twin boundaries. These 
findings unlock the fundamental understanding of the TiN material at extreme 
temperatures and demonstrate a key step towards fabricating thermally stable 
photonic/plasmonic devices for harsh environments.
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Among the alternative refractory metals, titanium nitride 
(TiN) attracts increasing attention due to its chemical and 
thermal stability.[26–29] It is a transition-metal nitride with 
refractory ceramic properties and a high melting point of 
2930 °C, and is compatible with complementary metal-oxide-
semiconductor (CMOS) technology.[30] The high hardness and 
wear/corrosion resistance[31,32] of TiN are effectively utilized to 
coat cutting tools, thereby increasing their performance and 
machining durability. TiN, however, also possesses unique 
optical properties, similar to those of Au in the visible-near 
infrared regions.[33,34] In fact, TiN is the only material that can 
provide structural stability and Au-like optical response at high 
temperatures.

TiN can grow epitaxially on single crystalline Al2O3 and 
MgO substrates with uniformly textured surfaces and a low 
roughness.[35,36] TiN usually contains crystalline grains elon-
gated in the growth direction, i.e., exhibits a columnar grain 
structure. TiN has potentials in high temperature applications, 
such as catalysis,[2] non-contact based high temperature meas-
urement,[27] transducers in heat-assisted magnetic recording 
(HAMR) data storage,[37–39] thermoplasmonic applications,[40] 
and TPV.[41] Particularly, in TPV applications, nanostructures 
should provide spectrally selective optical functionality at 
temperatures above 1400 °C in order to use high bandgap PV 
cells, e.g., GaSb. However, it is quite challenging to stabilize 
the nanostructures at these conditions when the materials are 
in their pure form, i.e., without doping or alloying the mate-
rials.[42] But, alloyed/doped materials suffer from a signifi-
cant trade-off between optical losses and thermal stability. For 
instance, TiAlN exhibits excellent oxidization stability at high 
temperatures compared to TiN, however, it is a highly lossy 
metal in the visible-near infrared regions.[5,43] Thus, stabilizing 
the nanostructures without altering their optical/thermal func-
tionality is in high demand. Although there have been detailed 
studies on the growth of epitaxial TiN,[33,44,45] information on 
structural properties and thermal stability at extreme tempera-
tures (>1200 °C) is not readily available.

Improving the thermal stability of nanostructures is a long-
lasting quest in terms of fundamental research and practical 
applications. In recent years,[46–50] a grain-boundary engineering 
concept has been developed to improve the thermal/mechan-
ical/electrical properties of the materials via kinetic and thermo-
dynamic stabilizations. Kinetic and thermodynamic stabiliza-
tions can be accomplished by minimizing the grain boundary 
mobility and reducing the excess grain boundary energy, 
respectively. Importantly, introducing coherent twin boundaries 
can improve the structural stability at high temperatures.[51–53] 
The interfacial energies of twin boundaries are remarkably 
lower than incoherent grain boundaries, i.e., ≈10× less,[54,55] 
because of less distorted coordination spheres and fewer crystal 
lattice defects at twin boundaries. Grain boundaries without 
a defined common lattice plane show a less ordered arrange-
ment of atoms resulting in a much higher concentration of line 
defects, which are known as pathways for fast atom diffusion 
in metals.[56] This diffusion along the disordered grain bound-
aries may result in rapid grain growth until the formation of 
stable facets with low interfacial energies, like twin boundaries, 
slowing the migration of atoms across the boundary and move-
ment of lattice dislocations.[51,57,58] Materials such as borides, 

carbides, and nitrides become stronger by introducing the twin 
boundaries.[59–61] Especially in face-centered-cubic (fcc) metals, 
such as Cu, Ni, TiN, etc., stacking faults or coherent twin 
boundaries can be easily formed[62–65] under thermal annealing. 
However, the role of twin boundaries in the thermal stability of 
TiN structures remained so far unclear.

Herein, we show the effect of columnar grains together with 
twin boundaries and low-index interfaces on the thermal sta-
bility of epitaxially grown TiN film structures at temperatures 
up to 1400 °C. Low-index interfaces provide low energy surfaces, 
which are crucial for minimizing the grain growth at high tem-
peratures.[66,67] Epitaxial growth of TiN on Al2O3 {0001} and Si 
{100} substrates along {111} and {100} planes, respectively, has 
been observed before despite the significant mismatch in lat-
tice parameters.[5,35,68,69] The surface energies of TiN increase 
in the order S(100) < S(110) < S(111) as expected from ionic 
compounds.[70] In situ optical properties of the TiN films up to 
1000 °C under medium vacuum conditions (3 × 10–3 mbar), and 
ex situ optical properties after annealing up to 1400 °C under 
high vacuum conditions (2 × 10–6 mbar) are investigated. Most 
of the refractory metals are prone to oxidization when they are 
heat treated under O2 environments. The plasmonic/photonic 
nanostructures made up of refractory metals will be usually 
operated under an inert gas atmosphere or medium/high 
vacuum conditions at high temperatures. Thus, the thermal 
stability of the TiN structures was evaluated at high tempera-
tures under medium/high vacuum conditions.

TiN films show the remarkable structural stability, when 
there is no protective coating layer, under medium and high 
vacuum conditions, respectively. Unprecedented thermal sta-
bility of the plasmonic TiN film structure is demonstrated for 
the duration of 120 h at 1000 °C and 8 h at 1400 °C. Annealing 
the TiN film structure at a high temperature of 1400 °C contrib-
utes to the formation of low-index interfaces and twin bounda-
ries. To the best of our knowledge, our work provides for the 
first time comprehensive and unambiguous observation of the 
thermal stability of thin TiN film structures at 1400 °C due to 
the formation of low-index interfaces and twin boundaries. 
The results obtained open new perspectives for significantly 
improving the structural/thermal stability of the refractory 
metals at extreme temperatures by tailoring the grain boundary 
interfaces.

2. Results and Discussion

The cross-sectional high-resolution transmission electron 
microscopy (HRTEM) image of Figure 1A shows an 80 nm TiN 
film structure grown on single crystalline Al2O3 substrate. The 
inset shows the schematic of the structure. A magnified view 
around the interface of TiN and Al2O3 substrate is shown in 
HRTEM, Figure  1B. A smooth interface is observed between 
TiN film and Al2O3 substrate, and no pinholes, voids, or pores 
are observed in TiN. The as-fabricated TiN film shows domains 
(Figure S1, Supporting Information, and Figure 3D), which 
indicates that TiN is in the nanocrystalline state. Figure  1C 
shows the selected area electron diffraction (SAED) pat-
tern of the as-fabricated structure taken at the interface 
(marked on Figure  1B). The SAED pattern clearly establishes 

Adv. Optical Mater. 2021, 9, 2100323
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cube-on-hexagonal alignment between TiN and Al2O3 substrate, 
which confirms the epitaxial growth of TiN on crystalline Al2O3. 
The hetero-epitaxial relationship is (111) TiN || (0001) Al2O3 and 
[110] TiN || [10-10] Al2O3 due to the compatibility between the 
cubic lattice of TiN and hexagonal lattice of Al2O3. Fast Fourier 
transforms (FFTs) of the selected areas marked on Figure 1B, at 
different grains of the TiN structure, are shown in Figure 1D–F. 
Figure 1G shows the FFT of the Al2O3 substrate. The FFT pat-
terns show the growth of cubic-TiN film along [111] direction 
with the (111) planes of the TiN film parallel to the (0001) ori-
ented Al2O3 substrate. Further, the FFTs (Figure S2, Supporting 
Information) taken at a different location of the film shows epi-
taxial growth of TiN on Al2O3 substrate, confirming the homo-
geneity of the epitaxial film growth.

The X-ray diffraction (XRD) pattern (Figure S3, Supporting 
Information, and Figure 5) of the as-deposited TiN film, shows 
two reflexes at 36.5° and 41.6°, corresponding to (111) and 
(0006) planes of cubic-TiN and the Al2O3 single crystalline sub-
strate, respectively. The total integrated X-ray intensity over a 
large area, which covers a vast number of grains, shows that 
TiN is grown in [111] direction on the Al2O3 substrate, which 
is consistent with the relationship ((111) TiN || (0001) Al2O3) 
observed in HRTEM investigations. An asymmetric-ϕ scan of 
the as-fabricated structure is shown in Figure 5B and the inset 
of Figure S3. The ϕ-scans were performed to investigate the 
in-plane epitaxial relationship between TiN and Al2O3. The 2θ 
was aligned to (200) reflection of TiN, and with respect to the 
interplanar angle between (111) and (200) planes of TiN, and the 
off-plane tilt angle (χ) was fixed to 54.7°. A sixfold symmetry 

with a 60° separation is observed in the in-plane ϕ-scan, corre-
sponding to the (200) reflexes and revealing the presence of epi-
taxially grown TiN on hexagonal Al2O3 substrate. Figure 1H–L 
shows the high-angle annular dark-field scanning transmission 
electron microscopy (HAADF-STEM) image and element maps 
created by energy-dispersive X-ray spectroscopy (EDS) analyses 
of the as-fabricated TiN structure. The spectrum images clearly 
show the elements, Ti, N, O, and Al, in their respective layers, 
and the as-fabricated TiN is free from any O2 contamination 
during the growth process (Figure 1K).
Figure 2A,B shows the measured temperature-dependent 

complex dielectric permittivities, real (ε1) and imaginary (ε2) 
parts, respectively, of the TiN film at room temperature (RT) 
and high temperatures up to 1000 °C, under a medium vacuum 
condition of 3 × 10–3 mbar pressure.[71] The complex dielectric 
permittivities are evaluated by fitting a Drude-Lorentz oscillator 
model (Equation  1), where conduction electron contribution 
and interband transitions are expressed by Drude and Lorentz 
terms, respectively.[72]
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ω ω
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)( = + = −

+
+

− −∞
Γ =

1 2
p
2

2
D 1

2
,

2

0,
2 2i

i ij

L j

j j
	

(1)

where, ε∞,   ωp, ΓD, gj, are the background dielectric constant 
accounting for higher energy interband transitions outside the 
probed energy spectrum, plasma frequency, collision frequency, 
and Lorentz oscillator damping factor, respectively. At RT, TiN 
shows a highly metallic nature (large negative e1) and low losses 
(low e2), consistent with the results published elsewhere,[73] 

Adv. Optical Mater. 2021, 9, 2100323

Figure 1.  Morphology and epitaxial growth of TiN. A) HRTEM image of an 80 nm TiN film grown on single crystalline Al2O3 (0001) substrate. Note 
that a protective carbon layer is deposited before FIB milling to protect the TiN film during specimen preparation. Inset shows the schematic of the 
structure. B) Magnified view of (A) at the interface. C) Selected area diffraction (SAED) obtained at the interface between TiN and Al2O3 showing the 
epitaxial relationship. D–G) FFTs of the selected areas in (B). STEM HAADF image H) of as-fabricated TiN film structure, and element maps I–L) of 
Ti, N, O, and Al.
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where e1 and e2 represent metallicity and optical losses in the 
material, respectively. When the temperature is raised from 
RT to 1000 °C, e1 shows a decrement in magnitude whereas 
e2 shows an increment. As the temperature rises, the elec-
tron–phonon collision frequency monotonically increases via 
increased population density of phonons (Figure 2C). The colli-
sion frequency has an influence on both the real and imaginary 
part of permittivity. For the case when the excitation frequency 
is larger than collision frequency, e2 and e1 are increasing with 
temperature. The temperature-dependent parameters of the 
Drude-Lorentz model are listed in Table S1 (Supporting Infor-
mation), and real and complex dielectric permittivities (ε1 and 
e2, respectively) at RT and high temperatures, up to 1000 °C, are 
listed in Table S2 (Supporting Information).

In order to investigate the oxidization resistance, the TiN thin 
film structure is heated at 1000 °C, under a medium vacuum 

condition of 3 × 10–3 mbar pressure, for 2 h inside the Linkam 
heating chamber, and the complex dielectric permittivities 
of TiN were measured at 10  min intervals. In oxidizing envi-
ronments, TiN can react with O2 and form nonstoichiometric 
phases of TiON or TiO2, such as TiOxNy or TiO2-x, respec-
tively.[74–76] Figure 2D shows the e2 versus annealing duration of 
the TiN structure at 1000 °C. Although the partial O2 pressure 
in the vacuum chamber is 4.2 × 10–4 mbar (assumed to be 21% 
of vacuum pressure),[77] no change in e2 is observed throughout 
the 2 h annealing at 1000 °C, which highlights the spectral/
thermal stability of the TiN under medium vacuum condi-
tions. Also, note that no change in the visual appearance of the 
substrate is observed (Figure S4B, Supporting Information). 
The XRD spectra (Figure S4C, Supporting Information) taken 
after annealing at 1000 °C for 2 h shows no sign of nonstoi-
chiometric phases of TiON or TiO2 formation, except a change 

Adv. Optical Mater. 2021, 9, 2100323

Figure 2.  In situ and ex situ optical properties of TiN films at temperatures, up to 1400 °C. A,B) In situ real and complex part of the dielectric permit-
tivities ε1 and ε2, respectively, of an 80 nm TiN film at room temperature, and increasing temperatures, up to 1000 °C under 2 × 10–3 mbar vacuum 
pressure. C) Collision frequency of TiN as a function of temperature (conditions as in (A,B)). D) In situ complex dielectric permittivity ε2 of the TiN 
film at 1000 °C, under 2 × 10–3 mbar vacuum pressure, during 2 h annealing procedure. E) Ex situ relative complex dielectric permittivities ε1 and ε2 
of the TiN film after annealing at 1400 °C for 2 and 8 h, under 2 × 10–6 mbar vacuum pressure, with respect to the as-fabricated structure; and F) the 
corresponding specular reflectivity of the TiN film.
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in TiN grain size. It is changed from 18 nm to 23 nm, for as-
fabricated to the structure annealed at 1000 °C for 2 h, respec-
tively. In order to compare the oxidization stability of TiN with 
the highest melting point refractory metal W, an 80 nm thick W 
structure was annealed at 1000 °C for 2 h under 3 × 10–3 mbar 
pressure. After cooling to RT, the color of the W structure sur-
face is transformed to blue (Figure S4E, Supporting Informa-
tion), and the XRD pattern reveals the formation of tungsten 
oxide WO2.9. In order to test the long-term stability of the TiN 
structure at 1000 °C, a TiN structure is annealed for 120 h under 
a high vacuum condition of 2 × 10–6 mbar pressure (Figure S5, 
Supporting Information). The reflectivity spectrum clearly 
shows an improvement in reflectivity throughout the spectral 
range in accordance with the XRD spectrum showing a rise in 
grain size, and no other residues such as non-stoichiometric 
phases of TiON or TiO2 are observed.

To validate the thermal stability of the TiN at even higher 
temperatures, TiN structures were annealed at 1400 °C for up to 
8 h under a high vacuum condition of 2 × 10–6 mbar pressure. 
Figure 2E shows the ex situ relative complex dielectric permit-
tivities e1 and e2 of the TiN structure after annealing at 1400 °C 
for 2 h and 8 h, under 2 × 10–6 mbar vacuum pressure, with 
respect to the as-fabricated structure. After annealing the TiN 
structure at 1400 °C for 2 h, no change in the relative magni-
tude of e1 and e2 was noticed. The corresponding ex-situ reflec-
tivity spectra of the TiN structures are shown in Figure  2F, 
where the structure annealed for 2 h shows no variation in 
reflectivity compared to the as-fabricated structure. However, 
after annealing for 8 h at 1400 °C, a substantial change in e1 
and e2 is observed. The ex situ reflectivity (Figure 2F) of the TiN 
structure annealed at 1400 °C for 8 h shows a slightly reduced 
reflectivity compared to the as-fabricated structure, which is the 

result of the increased e2 (Figure 2E). This increase can be due 
to many factors, such as the formation of TiON or TiO2 on the 
top surface of the structure due to the partial O2 pressure in 
the vacuum chamber, and/or changes in the microstructure of 
the TiN film, and it will be discussed in the next section. Fur-
ther, the thermal stability of TiN at 1400 °C is compared with 
W. The W structure with an 80  nm thickness is annealed at 
1400 °C for 2 h under 2 × 10–6 mbar vacuum pressure. After 
cooling to RT, the W structure is completely transformed into 
translucent material (Figure S6, Supporting Information) even 
though the partial O2 pressure in the chamber is in the order of 
×10–7 mbar. W tends to form W-oxides and sublimates at tem-
peratures above 1000 °C.[4,78,79]

To investigate the underlying physical reasons behind the 
increment of e2 due to heat treatment at 1400 °C (Figure  2E), 
structural characterizations such as SEM, XRD, and STEM 
analyses are performed. Figure 3 shows the normal-incidence 
SEM images of the TiN structure for as-fabricated and annealed 
(at 1400 °C for 2 h and 8 h) structures. The as-fabricated TiN 
structure shows multiple nanocrystalline domains (Figure 3D, 
Figure S1, Supporting Information) with an average grain size 
of 18 nm as defined from XRD analyses (Table 1). However, all 
these nanocrystalline grains are grown epitaxially on Al2O3 with 
the hetero-epitaxial relationship as (111) TiN || (0001) Al2O3 and 
[110] TiN || [10-10] Al2O3 (Figures  1 and  5, Figures S2 and S3, 
Supporting Information). The TiN grain size was calculated 
using the Scherrer formula,[80,81] taking into account the (111) 
reflex of TiN. Upon annealing of the structure at 1400 °C for 
2 h, grain growth occurred, and large crystalline grains with an 
average size of 73 nm were formed.
Figure 4A shows the HRTEM image of the TiN structure, 

and a low magnification TEM image is shown in Figure S7 

Adv. Optical Mater. 2021, 9, 2100323

Figure 3.  Structural changes in TiN film after heat treating at 1400 °C, under a high vacuum condition of 2 × 10–6 mbar. A–C) Normal-incidence 
SEM images of the 80 nm TiN films,A) as-fabricated and B,C) annealed at 1400 °C for 2 and 8 h, respectively, under 2 × 10–6 mbar vacuum pressure;  
D−F) the corresponding magnified views.
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(Supporting Information). A smooth interface between TiN and 
Al2O3 is observed, and no defects, such as voids or pores, are 
observed in TiN after annealing at 1400 °C for 2 h. Figure  4B 
shows the interface of the selected area on Figure  4A, where 
no interdiffusion is perceived. The TiN lattice spacing in [111] 
direction is 2.4 Å (inset of Figure 4B), which is also confirmed 
by XRD analysis (Table  1). The XRD pattern of the TiN struc-
ture after annealing at 1400 °C for 2 h, Figure 5A-red trace, 
clearly shows a highly intense and narrow peak at 36.6°, which 
can be attributed to the increased grain size and improved 
quality of the TiN epilayer. An asymmetric in-plane ϕ-scan in 
Figure  5B-red trace with narrow reflections of (200) also con-
firms the enhanced quality of the TiN epilayer. The FFT pat-
terns in Figure  4C,D were taken on either side of the grain 
boundary, from regions marked in Figure 4A. The FFT pattern, 

Figure 4C, shows the epilayer of cubic TiN grown in [111] direc-
tion on the hexagonal crystalline structure of the Al2O3 sub-
strate (Figure  4E). In Figure  4D, the FFT pattern shows that 
the normal stacking sequence of (111) plane of the cubic TiN 
crystal is mirrored, indicating the formation of a coherent twin 
boundary between these grains. A Moiré pattern is observed at 
the twin boundary (Figure 4A) since the twin boundary is not 
resolved atomically in the {2-1-1} or (10-1).[9,55,82]

During the 2 h annealing of the TiN structure at 1400 °C, 
grain growth takes place due to thermal activation, and the for-
mation of twin boundaries is observed as a consequence of the 
grain boundary relaxation. The as-fabricated nanocrystalline 
TiN structure exhibits low thermal stability owing to the high 
volume fraction of the grain boundaries, which raise the interfa-
cial Gibbs excess free energy. At high temperatures, the driving 
force for the grain growth originates from the reduction of 
Gibbs excess free energy, allowing diffusion at the grain bound-
aries and grain coarsening. The driving force for grain growth 
is proportional to the grain boundary energy and inversely pro-
portional to the grain size.[83] Since, TiN is grown at 835 °C on 
Al2O3 substrate and due to different thermal expansion coef-
ficients of TiN and Al2O3, 9.35 × 10–6/°C and 8.4 × 10–6/°C, 
respectively,[84] after cooling down to RT the TiN film will expe-
rience a tensile strain. Further, in a large mismatched lattices 
(8.7%) of TiN and Al2O3, dislocations will be nucleated within a 
few monolayers and epitaxial growth is achieved by the domain 
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Table 1.  Grain size, 2θ, lattice parameter d, and unit cell parameter a of 
as-fabricated and the structure annealed at 1400 °C for 2 h and 8 h under  
2 × 10–6 mbar vacuum pressure.

TiN Grain size 
[nm]

2θ [°] d [Å] a [Å]

As-fabricated 18 36.51 2.459 4.259

After annealing at 1400 °C for 2 h 76 36.65 2.45 4.243

After annealing at 1400 °C for 8 h 111 36.65 2.453 4.249

Figure 4.  HRTEM, FFTs, and elemental analysis of an 80 nm TiN film annealed at 1400 °C for 2 h. A) HRTEM image epitaxially grown TiN film on Al2O3 
substrate. B) Magnified view of the (A) at the TiN film on Al2O3. Inset shows that the TiN lattice parameter along [111] direction is 2.4 Å. C–E) FFTs of 
the selected areas in (A). F) STEM-HAADF image of an 80 nm TiN film structure annealed at 1400 °C for 2 h, under 2 × 10–6 mbar vacuum pressure, 
and G−J) element maps of Ti, N, O, and Al.
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matching epitaxy.[85,86] During the annealing process, TiN grains 
grow until twin boundaries are formed.[87–89] After annealing 
the TiN structure at 1400 °C for 2 h, the number of grain 
boundaries decreased, and the formation of dense columnar 
large crystalline grains spanning vertically the entire film 
thickness was observed, Figure  4A and Figure S7 (Supporting 
Information). These columnar grains were elongated along the 
TiN growth direction [111], i.e., normal to the Al2O3 substrate. 
Although most of these grain boundaries are low-index inter-
faces, some high angular grain boundaries (Figure S7B, Sup-
porting Information) are also observed at the Al2O3 interface. It 
can be understood that 2 h annealing duration at 1400 °C is not 
enough to form a complete low-index surface. The EDS spec-
trum images in Figure  4G–J, show the elements Ti, N, O and 
Al, for the TiN structure annealed at 1400 °C for 2 h. No O con-
tent in TiN (Figure 4I), and no diffusion of Ti or N into Al2O3 
substrate (Figure  4G,H) is observed. When O2 is reacted with 
TiN, it can form TiOxNy or TiO2-x, which can be easily detected 
(even with a few nm layer thickness) using spectroscopic ellip-
someter or reflectivity measurements. However, after annealing 
the TiN structure at 1400 °C for 2 h and cooling down to room 
temperature, no significant changes in the e1 and e2, and reflec-
tivity (Figure 2E,F) is observed when compared to the as-fabri-
cated TiN structure. The TiN undergoes with the grain growth 
induced surface modifications, and no additional changes to the 
surface such as the formation of pores or voids (Figures 3 and 4) 
are observed after annealing at high temperatures.

Upon annealing the TiN film for 8 h at 1400 °C (Figure 3C,F), 
large crystalline columnar grains with an average size of 111 nm 
(Table  1) are observed. The XRD pattern in Figure  5A-green 
trace clearly shows the increased intensity of (111) TiN reflec-
tion, confirming the grain growth in [111] direction. The in-
plane ϕ-scan measurement (Figure  5B-green trace) shows 
narrow (200) reflexes with a still intact sixfold symmetry, 
indicating the epitaxial nature of the film is still preserved 
after annealing it for 8 h. The XRD patterns are in line with 
the results observed in SEM and TEM investigations and con-
firm the increased grain size as well as improved quality of the 
epilayer of TiN.
Figure 6A shows the TEM image of the TiN structure 

annealed at 1400 °C for 8 h. A smooth interface between the 

TiN film and Al2O3 substrate is seen, and it is free from any 
defects or inter-diffusion. A magnified view around the grain 
boundary (selected area on Figure 6A) is shown in the HRTEM 
image of Figure 6B. The TiN lattice spacing along [111] growth 
direction is ≈2.4 Å (Figure S8, Supporting Information), which 
is affirmed by the XRD measurement (Table 1) and highlights 
the quality of the epitaxial TiN layer after annealing at 1400 °C 
for 8 h. Figure 6C,D shows the magnified regions marked on 
Figure 6B, on two sides of the grain boundary, respectively. The 
FFT pattern in Figure  6F (selected area on Figure  6C) clearly 
shows that TiN is growing in [111] direction on the single 
crystalline Al2O3 substrate. Whereas Figure  6G (selected area 
on Figure  6D) shows the (111) mirror symmetry, the normal 
stacking sequence of (111) plane is mirrored, confirming the 
existence of coherent twin boundaries.

Twin boundaries are often formed during the cooling ramp 
of the high temperature annealing process due to the phase 
change in the crystal. However, after annealing at 1400 °C, no 
phase change is observed in TiN. Thus, the formation of twin 
boundaries is associated with the random orientation of TiN (in 
the as-fabricated nanocrystalline state) during high temperature 
annealing at 1400 °C along with the grain growth. Therefore, 
the cooling ramp process will not affect the already formed low-
energy twin boundaries.

An overview of the TEM lamella is shown in Figure S9 (Sup-
porting Information), where the inset shows the observed low-
index interfaces between the grains. It is apparent that, after 
annealing the structure at 1400 °C for 8 h, low-index interfaces 
are formed throughout the TiN film (marked with black dotted 
lines). While the TiN structure annealed at 1400 °C for 2 h 
contains a mixture of low-index boundaries and high angular 
grain boundaries (Figures S7 and S8, Supporting Information). 
After annealing at 1400 °C for 8 h, the grain size is increased 
from 76 to 111 nm (Table 1) at the expense of high angular grain 
boundaries. Due to the coexistence of columnar grains with 
twin boundaries and low-index interfaces, the average interfa-
cial grain-boundary energy of the TiN structure will be reduced 
significantly compared to the as-fabricated, and 2 h annealed 
structures. The grain growth in lateral directions is constrained 
by the formation of low-energy twin planes and resulting in 
elongation of the grains along the [111] direction, perpendicular 
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Figure 5.  XRD analysis of the TiN film before and after annealing at 1400 °C. A) XRD patterns of the TiN film for as-fabricated and annealed at 1400 °C 
for 2 h and 8 h under 2 × 10–6 mbar vacuum pressure. B) Asymmetric-ϕ scan patterns of the structures for as-fabricated and annealed at 1400 °C for 
2 and 8 h under 2 × 10–6 mbar vacuum pressure, where 2θ was aligned to (200) reflection of TiN. The off-plane tilt angle (χ) was aligned to 54.7°, with 
respect to the interplanar angle between (111) and (200) planes of TiN.
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to the substrate. This rises spheroidization of the column 
tops and contributes to the surface roughness (Figure 6A and 
Figure S9, Supporting Information). Figure  6I–L shows the 
EDS spectrum images of the TiN structure after annealing at 
1400 °C for 8 h, for the elements Ti, N, O, and Al. Even after 
8 h annealing at 1400 °C, O content is not observed in TiN, and 
Al2O3 substrate is free from Ti or N diffusion, or diffusion of 
Al into TiN. Thus, the change in optical properties of the TiN 
structure after annealing at 1400 °C for 8 h, i.e., high e2 and low 
reflectivity (Figure 2E,F), is attributed to the surface roughness 
of the TiN structure due to spheroidization.

3. Conclusion

The thermal stability of plasmonic TiN structures at high 
temperatures and, under medium and high vacuum condi-
tions is systematically explored. Under a medium vacuum 

condition of 3 × 10–3 mbar, TiN shows unprecedented struc-
tural stability against oxidization when the structure is 
annealed for a minimum duration of 2 h at 1000 °C. The 
temperature-dependent optical properties of the TiN struc-
tures were evaluated using an in situ ellipsometer. By using 
the measured optical constants data, the optical response of 
plasmonic/photonic nanostructures at high temperatures can 
be easily evaluated.

The TiN structure shows excellent long-term stability for a 
minimum duration of 120 h at 1000 °C under a high vacuum 
pressure of 2 × 10–6 mbar. Thermal stability of the TiN structure 
is evaluated by annealing the structure at 1400 °C under a high 
vacuum pressure of 2 × 10–6 mbar. After annealing the struc-
ture at 1400 °C for 2 h, the nanocrystalline grains in the as-fab-
ricated structure are transformed into textured columnar grains 
with twin boundaries containing low-index interfaces and 
high angular grain boundaries, where these grains are highly 
crystalline and spanned the entire film vertically. A coherent 
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Figure 6.  Grain growth and twin boundary formations in TiN film after annealing at 1400 °C for 8 h. A) TEM image of TiN film structure after annealing 
at 1400 °C for 8 h, under 2 × 10–6 mbar vacuum pressure. B) HRTEM image of (A) around the twin boundary. C,D) Cross-sectional HRTEM images of 
TiN film before and after the twin boundary, marked in (B). E–G) FFTs of the selected areas on the HRTEM image (B-D). H) STEM HAADF image of 
an 80 nm TiN film structure annealed at 1400 °C for 8 h, under 2 × 10–6 mbar vacuum pressure, and I−L) element maps of Ti, N, O and Al.
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twin boundary restricts the movement of lattice dislocations, 
thereby stabilizing the nanostructures at high temperatures.

The TiN structure annealed at 1400 °C for 2 h shows more 
than 4× increase in grain size, i.e., from 18 nm to 76 nm, due 
to the existence of a vast number of grain boundaries in the as-
fabricated structure. However, further annealing the structure 
for 6 h (a total of 8 h) at 1400 °C causes a 1.4× further increment 
in grain size, from 76 to 111 nm, owing to a fewer number of 
grain boundaries. Since the grain growth primarily depends on 
the excess interfacial energy, lowering this energy with fewer 
low-index and twin boundary surfaces minimizes the thermo-
dynamic driving force, thereby reducing the grain growth and 
stabilizing the nanostructure. Without any protective coating 
layer, TiN shows unprecedented structural stability under 
medium and high vacuum conditions, and at elevated tempera-
tures of 1400 °C. The co-existence of columnar grains with low-
index interfaces and twin boundaries impedes the grain growth 
and plays a key role in enhancing the thermal stability of TiN 
at high temperatures. These findings are expected to lead to 
new insights, enabling an alternative stabilization strategy for 
metals without changing the chemistry of the materials, i.e., 
alloying or doping.

4. Experimental Section
Growth of TiN Film: The TiN film was deposited onto Al2O3 (0001) 

substrate by direct current (DC) magnetron sputter deposition at a base 
pressure of 3 × 10–7 mbar. The Al2O3 substrate was preheated to 835 °C 
and maintained at this temperature during deposition. A bias power of 
390 W was applied for DC sputtering, and Ar and N2 gases of 20 and 25 
SCCM, respectively, were let into the chamber. With a deposition rate of 
0.5 nm s−1, an 80 nm TiN film was deposited.

In Situ Ellipsometry: The in-situ temperature-based optical constants 
of the TiN thin film structures were measured by spectroscopic 
ellipsometer (Semilab SE-2000), at an incident angle of 70°, in the 
visible-to-NIR region (500–2100  nm). The spectroscopic ellipsometer 
was equipped with a CCD spectrograph and InGaAs linear array detector 
to measure the samples in the wavelength ranges of 198–900  nm 
and 900–2100  nm, respectively. The TiN sample was mounted onto 
a heating stage (Linkam Scientific Model TSEL1000V). The heating 
stage contained a ceramic heating cup, and it was controlled through 
the Linkam T96-S temperature controller. The heating stage contained 
two side quartz windows, fixed at an angle of 70°, along the polarizer 
and analyzer arms of the ellipsometer, and a center quartz window for 
the sample inspection. The heating stage was connected to a rough 
vacuum pump, and a medium vacuum pressure of 3 × 10–3 mbar was 
maintained during high temperature operation. The TiN samples were 
heated between 20 °C and 1000 °C with a step size of 100 °C and a ramp 
rate of 40 °C min−1. And at each temperature, the sample was kept for 
10  min to achieve thermalization with the heating element, and then 
measurements were taken. An external water-cooling unit is connected 
to the heating stage to cool the quartz windows at high operating 
temperatures.

The optical constants of TiN were fitted using Semilab spectroscopic 
ellipsometry analyzer (SEA) software using a Drude and two Lorentz 
oscillators. The thickness of TiN was fixed to 80 nm, and the real and 
imaginary parts of the complex dielectric functions were extracted.

Reflectivity Measurements: The specular reflectivity spectra of the 
TiN film structures, for as-fabricated and after annealing at high-
temperatures, were measured using a UV–Vis–NIR spectrometer 
(PerkinElmer Lambda 1050) in the range of 0.5 to 2.0 µm with a 
wavelength scan step of 5  nm. A labsphere spectralon reflectance 
standard was used for normalization. The incident light was unpolarized, 
and the minimum angle of incidence of the system was 8°.

Thermal Stability of TiN Film at 1400 °C: Thermal annealing 
experiments were performed in a high-temperature vacuum furnace 
(RD-G WEBB) at 1400 °C and durations up to 8 h under 2 × 10–6 mbar 
vacuum pressure. The temperature was ramped at a rate of 10 °C min–1.

XRD Measurements: XRD measurements were taken using a Bruker 
D8 advanced diffractometer equipped with a Lynxeye XE-T, Bruker AXS 
position sensitive detector, and compact cradle. Cu Kα (λ = 0.15405 nm) 
radiation with Bragg Brentano geometry was used to characterize the 
metamaterial structure. TiN grain size is calculated using Scherrer 
equation:[80,81]

Grain size
cos
Kλ

β θ=

	
(2)

where K, λ, β and θ are corresponding to dimensionless shape factor, 
X-ray wavelength (λCu Kα  = 0.154055 Å), FWHM of the fitted peak in 
radians and Bragg angle in degrees, respectively.

Morphology and Elemental Analysis: Cross-sectional TEM samples 
were prepared with a focused-ion beam (FIB, FEI Helios G3 UC) 
machine using a 30 keV Ga ion beam and transferred to Cu lift-out grids 
via in situ lift-out technique. In order to prevent charging during FIB 
preparation, the samples were coated with a 20 nm layer of Au before 
FIB preparation. The thickness of the lamellae was around 100 nm. An 
FEI Talos F200X TEM equipped with a high brightness Schottky-FEG 
(X-FEG) and a four-quadrant SDD-EDS system (solid angle of 0.9 srad) 
was used for EDS analysis. Spectrum images were obtained using 
a probe current of 1 nA and a dwell time of 5 µs per pixel. Resolution 
of the spectrum image is 1024 × 1024 pixels, 1.5  nm in size, resulting 
in a horizontal field of view of 1.56  µm. Velox (FEI) was used for data 
acquisition and visualization. For the spectrum images the energies of 
following elements were used: Al-Kα (1.49  keV), O-Kα (0.52  keV), Ti-Kα 
(4.51 keV) and N-Kα (0.39 keV).
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Supporting Information is available from the Wiley Online Library or 
from the author.
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