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vicinity.[6] These materials can strongly 
concentrate light within a nanoscale con-
fined volume and generate heat by ohmic 
losses when the irradiation wavelength 
coincides with the plasmon resonant 
wavelength.[7] TiN is a new-generation 
refractory plasmonic material with low 
cost and outstanding thermal and chem-
ical stability.[8] It is highly efficient in 
absorbing near infrared (NIR) radiation 
to provide local heating for the surround-
ings[9] and the efficiency is comparable 
to or even higher than that of traditional 

metallic plasmonic materials.[10] Particularly, TiN materials 
possess low scattering and reflection in the visible light region 
thus boding well for window coatings. Nevertheless, TiN has 
not been widely applied to plasmonic applications because its 
refractory characteristics bring difficulties in sample prepara-
tion but nitridation of TiOx films has been demonstrated to effi-
ciently produce crystal TiN materials.[11] Here, we demonstrate 
the fabrication of centimeter-scale-patterned TiN nanoparticle 
arrays by a combination of nanotemplate technique and direct 
nitridation of the titanium oxide nanoparticles. The TiN nano-
particles inherit the ideal hexagonal superlattice structure from 
the nanotemplate and exhibit intense plasmonic absorption in 
the NIR region. The TiN nanoparticles are coated with a pure 
monoclinic phase (M-phase) VO2 thermochromic film prepared 
by annealing after physical vapor deposition. In this VO2/TiN 
hybrid system, the TiN particles convert NIR radiation to heat 
and accelerate the phase transition in VO2. Different from 
the pure VO2 thermochromic materials, this hybrid coating  

Vanadium dioxide/titanium nitride (VO2/TiN) smart coatings are prepared 
by hybridizing thermochromic VO2 with plasmonic TiN nanoparticles. The 
VO2/TiN coatings can control infrared (IR) radiation dynamically in accord-
ance with the ambient temperature and illumination intensity. It blocks IR 
light under strong illumination at 28 °C but is IR transparent under weak 
irradiation conditions or at a low temperature of 20 °C. The VO2/TiN coatings 
exhibit a good integral visible transmittance of up to 51% and excellent IR 
switching efficiency of 48% at 2000 nm. These unique advantages make  
VO2/TiN promising as smart energy-saving windows.

Smart Coatings

Thermochromic smart coatings can intelligently control the 
amount of solar radiation in accordance with the temperature 
variations.[1] These coatings are designed to block infrared (IR) 
radiation at a high temperature while allowing it to pass at a 
low temperature. Vanadium dioxide (VO2) is one of the prom-
ising thermochromic materials due to its reversible phase tran-
sition and high efficiency in modulating IR transmittance.[2] 
However, the high transition temperature at 68 °C has ham-
pered room-temperature applications. Although much effort 
has been made to lower the transition temperature by reducing 
the grain sizes,[3] introducing elemental doping[4] and adopting 
appropriate substrates,[5] these strategies lead to sample insta-
bility or undesired variations in the spectral response.

Herein, we propose integrating VO2 with titanium nitride 
(TiN) plasmonic nanoparticles to form a smart coating for 
room-temperature applications. Plasmonic materials refer to 
nanostructures that can provide strongly confined charge den-
sity oscillations to boost the light–matter interactions in the 
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controls the IR transmittance dynamically in accordance with the 
ambient temperature and illumination intensity. The VO2/TiN  
coating blocks IR radiation at 28 °C depending on the radia-
tion intensity but is IR transparent at 20 °C. Meanwhile, the 
VO2/TiN coating exhibits a good integral visible transmittance 
(380–760 nm) of up to 51% while maintaining excellent NIR 
switching efficiency of 48% at 2000 nm.

The centimeter-scale TiN plasmonic nanoarray is produced 
by direct nitridation of titanium oxide (TiOx) nanoparticles. The 
patterned TiOx nanoparticles are fabricated on silicon wafer/
quartz substrates by electron-beam evaporation of titanium 
through an anodic aluminum oxide (AAO) nanomask. This 
technique allows high-precision wafer-scale fabrication of pat-
terned nanoarrays.[12] The scanning electron micrograph (SEM) 
image in Figure 1a shows the patterned TiOx nanoparticles 
with more than 98% coverage. Afterward, nitridation of TiOx  
is performed in ammonia at 850 °C for 10 h. Figure 1b,c com-
pares the morphology of the nanoparticles before and after 
nitridation. Owing to the outstanding thermal stability, the 
TiN nanoarray inherits the hexagonal patterns from TiOx after 
annealing and the particle diameter and interparticle gap are 70 
and 30 nm, respectively. Figure 1d presents the X-ray photoelec-
tron spectroscopy (XPS) spectra of the Ti 2p core level as a func-
tion of nitridation time. The TiOx Ti 2p spectrum is composed 
of two major peaks at 458.8 and 464.3 eV. During nitridation,  

these two peaks shift and eventually disappear while new peaks 
evolve at 455.6 and 461.3 eV corresponding to the TiN Ti 2p3/2 
and Ti 2p1/2 spin orbital components, respectively. The O 1s and 
N 1s spectra are shown in Figure S1 in the Supporting Infor-
mation. Figure 1e shows the X-ray diffraction (XRD) patterns 
of the samples for different nitridation time. When the nitri-
dation time is 2 h, a small amount of TiN with characteristic 
peaks at 36.9°, 43.2°, and 62.4° coexists with rutile TiO2. The 
TiO2 phase disappears when the nitridation time is prolonged 
to 10 h, indicating that pure cubic-phase TiN nanoparticles are 
produced. The XPS and XRD results are inconsistent with pre-
vious reports,[13] demonstrating that plasmonic TiN nanoarrays 
are successfully fabricated by nitridation of TiOx. The evolu-
tion of the UV–vis spectra of the samples during nitridation is 
presented in Figure 1f. Strong absorption in the NIR range is 
observed from the pure TiN nanoparticles, indicating intense 
plasmon resonances.

Fabrication of vanadium dioxide is performed by magne-
tron sputtering of vanadium in a mixed ambient of argon and 
oxygen to produce VOx films on silicon/quartz. The VOx com-
posite is annealed in a low-pressure air atmosphere to form the 
VO2 crystal. Figure 2a shows the annealed VO2 film and protu-
berance nanostructures with clearly defined grain boundaries 
and microcracks. This specific structure facilitates visible trans-
mittance and enhances the optical properties of VO2 films.[14] 
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Figure 1. a) Large-area SEM image of the patterned TiOx nanoparticles fabricated by evaporation through an anodic aluminum oxide mask with the 
scale bar being 1 µm. b,c) High-resolution SEM images of the nanoparticle arrays before and after nitridation in ammonia at 850 °C with the scale 
bars being 200 nm. d) XPS spectra and corresponding fitting lines taken in the Ti 2p core-level region from the TiOx, TiOxNy, and TiN nanoarrays with 
nitridation time of 0, 2, and 10 h, respectively. e) XRD patterns of the TiOxNy and TiN samples after nitridation for 2 and 10 h, respectively. f) UV–vis 
spectra of the TiOx, TiOxNy, and TiN nanoarrays on quartz substrates.
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Figure 2b reveals the pure monoclinic phase (M-phase) VO2 with 
an orientation of (011)M. The monoclinic phase VO2 possesses 
a relatively large NIR switching efficiency that can be exploited 
in smart coating applications. The variation of the electrical 
resistance of the VO2 film as a function of temperature for both 
heating and cooling cycles is plotted in Figure 2c. The character-
istic VO2 transition from the low-temperature semiconducting 
phase to high-temperature metallic phase is clearly observed 
in conjunction with a hysteresis loop centered at 60.9 °C  
with a width of 10.4 °C. This is similar to the switching 
behavior of pure VO2, providing evidence that the characteris-
tics of VO2 are not affected by the TiN nanoparticles. The VO2 
film with a thickness of 50 nm is coated onto the TiN nano-
particles to form the VO2/TiN hybrid coating. The transmis-
sion spectra of the VO2 and VO2/TiN samples at 20 and 80 °C,  
respectively, are compared in Figure 2e,f. Here the transmis-
sion spectra are acquired from the backside of the coating. As 
expected, both exhibit high NIR transmittance at 20 °C fol-
lowing the typical semiconductor behavior and reduced trans-
mittance at 80 °C in the NIR region, which is the character-
istic of the metallic state. For architectural smart coatings, the 
transmittance in the visible range and modulation efficiency in 
the NIR regions are important. The integral value of the visible 
transmittance (Tvis, 380–780 nm) is obtained from the spectra 
using the equation

∫ ∫ϕ λ λ λ ϕ λ λ( ) ( ) ( )=ρ ρ ρX X d / d  (1)

where X denotes the transmittance measured by the spectro-
photometer. The integral visible transmittances are obtained 
from the formula φρ = Φlum, where Φlum is equal to the 
standard luminous efficiency function for photopic vision 
in the wavelength range of 380–760 nm. The variation in the 
transmittance before and after the phase transition is defined 
as the NIR switching efficiency ΔTλ = Tλ (20 °C) − Tλ (90 °C), 
where λ is the light wavelength. For the pure VO2 coating, 
the calculated values of Tvis are 47% and 52% at 20 and 80 °C, 

respectively, which are much higher than those of the single-
layer VO2 coating with a similar thickness prepared by magne-
tron sputtering.[3a] After hybridization with TiN nanoparticles, 
Tvis retains large values of 49% and 51% at 20 °C and 80 °C, 
respectively. Tvis is not significantly reduced after hybridiza-
tion because the reflection in the visible range is suppressed by 
TiN nanoparticles.[10b] Furthermore, high ΔT of 51% and 48% 
at 2000 nm is observed from the VO2 and VO2/TiN coatings, 
respectively, indicating excellent thermochromic properties.

The performance of the VO2/TiN coating at room temper-
ature is evaluated by using the coating in a double-glass con-
figuration. Figure 3a shows the schematic representation of 
the coating as an intelligent window. The experimental setup 
is illustrated in Figure 3b, in which IR irradiation at 975 nm 
is used to excite the TiN nanoparticles and a reference laser at 
1550 nm is used to monitor the IR switching efficiency. The 
wavelength of the IR irradiation is coupled to the TiN plasmonic 
modes to improve the performance. A sealed double-glass 
device is designed to reduce thermal convection as shown in 
Figure 3b. The switching performance of the VO2/TiN coating 
at 1550 nm under excitation of 300 mW cm−2 at 28 °C is pre-
sented in Figure 3c. The transmittance of the coating decreases 
with irradiation time with a minimum of 30% obtained after 
150 s and it recovers in 30 s after the irradiation is turned off. 
During the measurement, the sample temperature is moni-
tored from the backside of the device with a hand-held infrared 
thermometer at a maximum of 38 °C.

Figure 3d compares the transition efficiency of the pure VO2 and 
VO2/TiN coatings under 300 mW cm−2 IR irradiation for 10 min  
at 28 °C. For each coating, we define the minimum transmit-
tance in the metallic state as 1.0 and the maximum transmit-
tance in the semiconducting state as zero. This normalized 
value can be used to evaluate the degree of the phase-transition 
efficiency in VO2. The comparison reveals that the transition 
efficiency of VO2 is significantly improved when integrated 
with TiN nanoparticles: a 100% phase transition is observed 
from the VO2/TiN coating under excitation of 250 mW cm−2 
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Figure 2. a) SEM image of the annealed VO2 film on TiN nanoparticles with protuberance structures. b) XRD pattern of the VO2 crystal. c) Thermal 
hysteresis loop of electrical resistivity from the VO2/TiN film. d) Optical photo of the VO2/TiN coating on quartz. e,f) Transmission spectra of the 
pure VO2 and VO2/TiN coatings at temperatures of 20 °C and 80 °C, respectively, and their corresponding NIR switching efficiencies ΔT at 2000 nm 
are 51% and 48%, respectively.
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while there is only a slight change for pure VO2 under similar 
excitation conditions. This slight variation for pure VO2 may 
arise from thermal effects or photoinduced phase transition. It 
has been reported that strong pulse lasers can be used to trigger 
the phase transition and track the electron and phonon lattice 
in VO2.[15] However, light-induced transition is not obvious in 
our experiments probably due to the different laser intensi-
ties. It should be noted that the 975 nm IR irradiation source 
is adopted in the experiment to couple with the plasmon reso-
nance profile of the TiN nanoparticles (Figure 1f), which is cru-
cial to optimize the transition efficiency. The efficiency is pared 
significantly if the wavelength of the IR irradiation is out of the 
plasmon resonance region (see Figure S2, Supporting Informa-
tion). Figure 3e shows the transition efficiency of the VO2/TiN 
coating in response to the ambient temperature and irradiation 
power density. The VO2/TiN coating blocks up to 70% of the 
IR radiation at 28 °C depending on the radiation intensity and 
allows most of it to pass through at 20 °C. The results clearly 
show that the VO2/TiN coating controls the IR transmittance 
dynamically according to the ambient temperature and irradia-
tion intensity.

In conclusion, we demonstrate that the VO2/TiN coating 
can intelligently control the IR transmittance depending on the 
irradiation intensity and ambient temperature. The centimeter-
scale TiN plasmonic nanoarray is fabricated by nanomask-
assisted evaporation in combination with direct nitridation of 
TiOx nanoparticles. The TiN nanoparticles are coated with a 
pure monoclinic phase (M-phase) VO2 film to produce the VO2/
TiN coating. When properly excited by illumination, the VO2/
TiN smart coating blocks 70% of the IR radiation at 28 °C while 
showing good IR transparency at 20 °C. More importantly, the 
VO2/TiN coating exhibits a good integral visible transmittance 

of up to 51% and excellent NIR switching efficiency of 48% 
at 2000 nm. These advantages make VO2/TiN promising as 
smart coatings for room-temperature applications. The thermo-
chromic performance can be further improved by introducing 
elemental doping, optimizing the plasmonic spectrum, and 
using thermal insulation coatings to reduce convection.

Experimental Section
Fabrication of TiN Nanoparticles: The AAO nanomask was fabricated 

by anodizing aluminum films in an oxalic acid solution and transferred 
onto silicon or quartz substrates for evaporation. The pore diameter 
and interpore distance of the mask were 65 and 100 nm, respectively. 
More details about the fabrication and optimization of the AAO mask 
can be found from our previous publication. Titanium was evaporated 
through the mask in an oxygen atmosphere at 1.0 × 10−2 Pa to produce 
TiOx nanoparticles at a deposition rate of 0.2 nm s−1 and the film 
thickness was 25 nm. After deposition, the AAO mask was peeled from 
the substrate with a tape and the TiOx nanoparticles were nitrided in 
gaseous ammonia (99.99%) at 850 °C for 10 h. Argon was used as a 
protective gas during the cooling process.

Fabrication of VO2 Films: The VOx composite was sputtered onto 
the TiN nanoparticles in a mixed ambient of oxygen and argon (1:3) at  
3 × 10−3 Pa and 20 °C. The VOx/TiN film was annealed at 500 °C for 
10 min at 100 Pa with a heating rate of 10 °C min−1 and then cooled 
naturally inside the equipment. More details about the synthesis of the 
high-performance VO2 are available in our previous publication.[16] It 
should be noted that the TiN nanoparticles were not oxidized during 
annealing (Figure S3, Supporting Information).

Optical Measurement: A 975 nm laser diode (Thorlabs) was used as 
the IR irradiation source and a 1550 nm laser (Yenista optics, T100) was 
used as the reference laser. The reference laser power was maintained 
at 30 mW cm−2 during the measurement. The lasers were focused to 
a spot size of 2 mm and a power meter (FieldMaxII-TO) was used to 
monitor the laser intensity. The sample temperature was monitored 
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Figure 3. a) Schematic representation of hybrid VO2/TiN material applied as an intelligent window coating. b) Experimental setup for the measurement 
and configuration of the double-glass device. An IR irradiation source at 975 nm is used to excite the plasmonic TiN particles and a reference laser at 
1550 nm is used to evaluate the IR transmittance efficiency. c) IR switching characteristics of the VO2/TiN coating under excitation of 300 mW cm−2 at  
28 °C and 1550 nm. d) Phase-transition efficiency of the pure VO2 and VO2/TiN coatings under excitation of 300 mW cm−2 at 28 °C. e) 2D map of the 
transition efficiency in variation with IR radiation intensity and ambient temperature.
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by a hand-held infrared thermometer from the backside of the double-
glass device. The JGS3 quartz glass for infrared research was used as 
the sample substrate for VO2/TiN coating in the optical measurement 
and the transmission spectrum for JGS3 is displayed in Figure S4 in the 
Supporting Information. The VO2/TiN coating on quartz was sealed on 
the inner side of a double-glass device to reduce thermal convection. 
The double-glass device was fabricated by gluing the edge of the sample 
substrate to another quartz glass sheet (glue from UHU PLUS). The 
laser beam passed through the sample from the backside of the coating 
during the optical measurement, and in this way the laser interacted 
with the TiN nanoparticles prior to the VO2 coating, otherwise, the 
efficiency would be suppressed greatly due to IR reflection from the VO2 
coating (see Figure S5 in the Supporting Information).

Characterization: The morphology and properties of the samples were 
assessed by SEM (JEOL JSM-820), XRD (Bruker AXS D2 Phaser and 
Rigaku, Smartlab 3) with a Cu Kα X-ray source, UV–vis spectrophotometry 
(LAMBDA750), XPS (ESCALB MK-II, VG Instruments) using Al Kα 
radiation and physical property measurement system (PPMS, Quantum 
Design PPMS-9). The electrical resistivity was measured by the  
four-electrode method at a heating and cooling rate of 1 K min−1.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Figure S1. N 1s and O 1s XPS spectra acquired from the TiOx, TiOxNy and TiN samples after 

nitridation for 0 h, 2 h, and 10 h.  The major nitrogen peak at 397.3 eV is observed for both 

the TiN and TiOxNy samples.  A shoulder peak at about 399 eV and another peak at about 401 

eV are observed from TiOxNy possibly due to oxynitride.  The major oxygen peak of TiOx and 

TiOxNy is located at 530.2 eV and another peak at 531.6 eV observed from TiOxNy may arise 

from sub-stoichiometric oxide.
[1]
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Figure S2. Phase transition efficiency of the VO2/TiN coating in response to different IR 

power densities under IR irradiation at 975 nm and 1550 nm.  The experiments are performed 

at 28 °C and no obvious changes are observed for a larger laser power density.  

 

 

 

 

 

 

Figure S3. XPS spectra taken in the Ti 2p core-level region from the TiN nanoarray before 

(black) and after (blue) annealing in vacuum at 100 Pa and 500 
o
C for 10 min.  The annealing 

parameters are the same as those used in the fabrication of the VO2 crystal.  The comparison 

shows that the TiN nanoparticles are not significantly oxidized during annealing. 
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Figure S4. Transmission spectrum of the JGS3 quartz substrate.  The quartz glass exhibits 

good transmittance in the visible and near-infrared regions.  

 

 

 

 

 

 

Figure S5. Transition efficiency of the VO2/TiN coating sealed in a double glass device with 

IR irradiation passing through from the front and backside.  The comparison shows that the 

efficiency is much higher when the laser interacts with the TiN nanoparticles prior to the VO2 

coating.  This is because VO2 reflects the IR irradiation and reflection from the backside is 

suppressed by the TiN nanoparticles.  Similar results have been observed from the VO2/TiN 

coating without a double glass device using an IR laser with a larger intensity. 

 


