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Abstract
We design, fabricate, optically and mechanically characterize wearable ultrathin
coatings on various substrates, including sapphire, glass and silicon wafer. Extremely
hard ceramic materials titanium nitride (TiN), aluminium nitride (AlN), and titanium
aluminium nitride (TiAlN) are employed as reflective, isolated and absorptive coating
layer, respectively. Two types of coatings have been demonstrated. First, we deposit
TiAlN after TiN on various substrates (TiAlN-TiN, total thicknesses <100 nm), achieving
vivid and viewing-angle independent surface colors. The colors can be tuned by
varying the thickness of TiAlN layer. The wear resistance of the colorful ultrathin optical
coatings is verified by scratch tests. The Mohs hardness of commonly used surface
coloring made of Si-/Ge-metals on substrates is <2.5, as soft as fingernail. However, the
Mohs hardness of our TiAlN-TiN on substrates is evaulated to be 7-9, harder than quartz.
Second, Fano-resonant optical coating (FROC), which can transmit and reflect the same
color as a beam split filter is also obtained by successively coating TiAlN-TiN-AlN-TiN
(four-layer film with a total thickness of 130 nm) on transparent substrates. The FROC
coating is as hard as glass. Such wearable and color-tunable thin-film structural colors
and filters may be attractive for many practical applications such as sunglasses.
Keywords: Abrasion-resistance optical films, Structural colors, Fano-resonance,
Titanium aluminium nitride (TiAlN)

Introduction
In the colorful world we are living, the vivid colors always bring beauty and pleasure.
The colors in nature usually originate from three sources including pigments, bioluminescence, and structural colors [1–6]. The last one, arising from surface structures,
have attracted considerable interests in recent years. Their fascination does not only
reproduce the brilliant natural examples, but also offer versatile applications in bioinspired functional photonic materials [7–9]. The structural colors can be produced by
various mechanisms, such as surface plasmon resonances [10–18], Mie-type scattering
by all-dielectric nanoparticles [19, 19–24], diffractive structures [25–28], or thin-film
interference [29–32]. From the standpoint of manufacturability, the thin film-induced
structural colors are advantageous for macro-fabrication and integration into devices,
as they do not require complex nanofabrication methods such as lithography, etching,
milling or femtosecond laser writing [33, 34].
© The Author(s). 2022 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were
made. The images or other third party material in this article are included in the article’s Creative Commons licence, unless
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Recently, a type of optical coating called thin-film absorber is of interest for surface
coloring [35, 36]. Such coating consists of an ultrathin semiconductor film with strong
optical loss deposited on a highly reflective metallic film (semiconductor-metal coating:
SM). It should be noted that the colors of SM coatings are independent of viewing angles.
Upon the SM coating, Fano-resonant optical coating (FROC) has been demonstrated
more recently [37], which relies on Fano resonance that occurs when a narrowband resonance is coupled with a broadband resonance [38]. In FROC, the SM acts as a broadband
absorber coupling with a metal-dielectric-metal (MDM) cavity as a narrowband light
absorber. The SM and MDM resonators share a same metallic layer. The unique feature
of FROC is that it transmits and reflects the same color, which is hard to realize in the
conventional optical coatings.
In practical applications, the durability of the structural colors is of concern. For
instance, their resistance to mechanical abrasion is vital for decoration technologies.
Compared with other micro/nanostructure-based coloring techniques, the thin-film optical coatings are certainly more durable. However, silicon (Si) and Germanium (Ge) are
often employed as the absorbing layer; noble metals like gold (Au), silver (Ag), copper (Cu)
and aluminium (Al) are usually utilized as the reflective layer [35, 37]. These materials are
not robust enough to withstand mechanical abrasion [39, 40].
Here, we demonstrate wearable SM- and FROC-type surface coloring coatings based
on extremely hard ceramic materials including TiN, AlN and TiAlN. As an alternative
to noble metals, metallic TiN is adopted, functioning as the reflective layer. In addition,
TiAlN, instead of Ge or Si is chosen as the absorbing layer. TiN and TiAlN with a thickness
of several micrometers are usually utilized as hard coatings for mechanical workpieces,
which significantly improve the material performance in cutting, molding and casting
manufacture processes and play important roles in automotive and aerospace industries)
[41–44]. Nevertheless, application of these hard materials as ultrathin optical coatings
for surface coloring is rarely explored [45]. What’s more, the wear resistance of these
materials with an overall thickness of a few tens of nanometers remains unclear.

Results and discussion
TiAlN and TiN thin films can be deposited on various substrates using magnetron reactive
sputter. Figure 1a and c plot their real (Re ) and imaginary (Im ) parts of the extracted
dielectric functions, respectively. TiAlN manifests as a highly lossy dielectric (Fig. 1b). Its
Re  is positive, and Im  is large in the visible and near-infrared spectral ranges (Fig. 1a).
Therefore, as shown in the inset of Fig. 1a, a 50-nm-thick TiAlN film on glass substrate
presents a gray color. The absorbance of TiAlN in the visible spectral range is comparable to that of amorphous silicon (a-Si) with the same thickness (Fig. 1b), rendering it as
an excellent alternative for SM-type surface coloring. Unlike TiAlN, TiN film behaves as a
metallic material and displays a golden color (inset in Fig. 1c). Its screened plasma wavelength is measured to be at ∼600 nm. The large negative values of Re  above 600 nm
indicate that it is highly metallic in the near-infrared regime.
Although the reflectance of TiN in the visible spectral range (Fig. 1d) is much lower
than that of Au, Ag, Cu or Al, it can still be used as a reflective layer for SM-type surface
coloring. When successively depositing TiAlN and TiN films on substrates, the bilayer
TiAlN-TiN displays vivid structural colors (Fig. 2a). Increasing TiAlN thickness from 10
to 35 nm, several colors including yellow, violet, cerulean and light blue are observed.
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Fig. 1 Measured dielectric constant of TiAlN film (a) on a glass substrate, and TiN (c) on a silicon wafer. Re : real
part of permittivity; Im : imaginary part of permittivity. Insets: photographs of 50-nm-TiAlN and 50-nm-TiN films
on a glass and silicon substrate, respectively. b, absorption spectra of 50-nm-thick TiAlN (black curve), and
50-nm-thick a-Si (blue curve). d, Reflectance spectrum of 50-nm-TiN film sputtered on a silicon wafer at 300 °C

At normal incidence, the reflectance spectra of the bilayer TiAlN-TiN redshifts with the
increased thickness of TiAlN layer (Fig. 2b). This is in agreement with the numerical simulations (Fig. 2c). Plotting the measured spectra (Fig. 2b) on the CIE 1931 color space, the
corresponding chromaticities (black dots in Fig. 2d) match well with the observed colors
in Fig. 2a. However, the simulated gamut (red dots in Fig. 2d) is narrower than the measured one. This may be attributed to the fact that the permittivity of TiAlN for simulation
is retrieved after it is deposited on glass substrates, which differs from that on TiN substrates. As TiAlN coatings are much thinner than the wavelength of light, compared with
the case of reflection, there is little phase accumulation due to the propagation through
the film. The resonant dips of the reflectance spectra remain unchanged for incidence
angles ranging from 6° to 75° (dashed line in Fig. 2e and Supplementary Fig. S1). Therefore, the structural colors originating from the bilayer SM-films are independent of the
viewing angles (Supplementary Movie 1).
The material properties of the TiAlN-TiN coating were investigated via x-ray diffraction (XRD). As shown in Fig. 2f, TiN and TiAlN exhibit predominant peaks at 2θ=36.5°
and 37.5°, respectively. Both of them have a face centered cubic NaCl-type phase, associated with high hardness, superior mechanical, tribological and anti-oxidation properties
[42]. As listed in Table 1, the intrinsic Mohs hardness of TiN and TiAlN reaches 9, much
higher than that of common metals and semiconductors. Pencil hardness tests were carried out to identify the hardness of the thin film materials according to international
standard ISO15184 (see Methods) [46]. In general, the Mohs hardness of a pencil falls
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Fig. 2 a Photograph of 50 nm TiN coating with various thickness of TiAlN films. The surface coloring is insensitive
to the substrate materials. Experimentally measured (b) and numerically simulated (c) reflectance spectra at
normal incidence. d Chromaticity of experimentally measured (black dots) and numerically simulated spectra
(red dots) on the CIE 1931 color space. In simulation, the thickness of TiAlN increases from 0 to 40 nm with a step
of 2 nm. e Experimentally measured reflectance spectra with oblique incidence. The sample is 20-nm-TiAlN on a
50-nm-TiN film. The dashed line indicates the absorption dips at various incidence angles. f X-ray diffraction
spectrum of a 20-nm-thick TiAlN on a 50-nm-thick TiN deposited on a sapphire substrate

between 1.5 (10B) and 3 (10H). Therefore, the hardness of the ultrathin coatings (<100
nm) is obviously lower than the intrinsic values of their bulky materials (see Table 1). This
is the result of adhesive failure at the coating-substrate interface. For instance, Au, Al have
comparable intrinsic Mohs hardness, but Au thin coating has much lower hardness than
Al with the same thickness. TiN has a strong adhesion to dielectric substrate [47]. Meanwhile, TiAlN exhibits a strong adhesion to metals through a strong molecular bond [48].
Therefore, compared to the common metallic and semiconductor films, TiN, TiAlN, and
TiAlN-on-TiN films cannot be damaged by the hardest pencil (10H). As an alternative,
we test them by using sharp corners of various materials, including glass (Mohs hardness
5.5), c-Si (Mohs hardness 6.5), quartz (Mohs hardness 7), sapphire (Mohs hardness 9), and
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Table 1 Hardness of the common materials versus TiN, AlN and TiAlN for surface coloring. The Bragg
coating is a commercially available mirror (EKSMA Optics, 042-5135)
Materials

Hardness [49]

Evaluated thin-film Mohs hardness by scratch tests.

Metallic coatings
Au
Al
Cu
Pt
TiN

angle-independent
2.5-3
2.5-3
3
3.5
9

Yes
<1.5 (30-nm-thick on c-Si, <10B pencil)
<3 (30-nm-thick on c-Si, 5H pencil)
<3 (30-nm-thick on c-Si, 4H pencil)
∼3 (30-nm-thick on c-Si, 10 H pencil)
7-9 (50-nm-thick on sapphire, >quartz; <sapphire)

Semiconductor coatings
Ge
Si
TiAlN

angle-independent
6
6-7
9

Yes
<3 (30-nm-thick on sapphire, 8H pencil)
<3 (30-nm-thick on sapphire, 8H pencil)
7-9 (50-nm-thick on sapphire,>quartz; <sapphire)

Dielectric coatings
AlN

angle-independent
9

No
7-9 (100-nm-thick on glass, >quartz; <sapphire)

Bragg coatings
Multilayer dielectrics

angle-independent
∼

No
5.5-6.3 (6.5μm on glass, <stainless steel)

SM-type coating
Si(50nm)-Au(50nm)
Ge(50nm)-Au(50nm)
Si(50nm)-Cu(50nm)
Si(50nm)-Al(50nm)
Si(50nm)-Ag(50nm)
Si(50nm)-Pt(50nm)
Si(30nm)-TiN(50nm)
TiAlN(30nm)-TiN(50nm)

angle-independent
∼
∼
∼
∼
∼
∼
∼
∼

Yes
<2 (substrate: Si wafer, 6B pencil)
<2 (substrate: Si wafer, 6B pencil)
<2.5 (substrate: Si wafer, 3H pencil)
<2.5 (substrate: Si wafer, 4H pencil)
<2.5 (substrate: Si wafer, 4H pencil)
<3 (substrate: Si wafer, 8H pencil)
<3 (substrate: Si wafer, 9H pencil)
7-9 (substrate: Si wafer, >quartz; <sapphire)

FROC-type coating
TiAlN-TiN-AlN-TiN

angle-independent
∼

Yes
5.5-6.5 (130-nm-thick on sapphire, >glass; <c-Si)

SiC (Mohs hardness 9.5). Test results suggest that TiAlN(20nm)-TiN(50nm) on various
substrates is harder than quartz while softer than sapphire (Table 1).
We further quantitatively investigate the wear resistance of the TiAlN-TiN coating using
a diamond indenter. To delicately locate the maximum shear stresses at the coatingsubstrate interface, low loads are applied in this test. The diamond indenter used for
scratching the coating exhibits a spheroconical shape with a radius of 20 μm. Figure 3a
summarizes the results of the scratch test synchronized with a Panorama image. The coating consists of a 30-nm-TiAlN and a 50-nm-TiN layer on a sapphire substrate. The applied
loads increase linearly from 10 mN to 1 N (black curve in Fig. 3a). From the optical microscope image in Fig. 3a, we find that the critical load is ∼400 mN. This is further confirmed
by the abrupt increase of acoustic emission (AE, red arrow) and sudden decrease of the
residual depth (Rd, blue arrow), which originates from the inelastic deformation of the
substrate.
As a comparison, scratch tests on Si(50 nm)-Cu(50nm) coating on a sapphire substrate
(Fig. 3b) are carried out. The critical load is evaluated to be ∼140 mN, which, indeed, is
much lower than the TiAlN-on-TiN coating. We notice that AE dramatically increases as
the load approaches ∼370 mN (red arrow in Fig. 3b). This may suggest the removal of
Si coating at 370 mN, and thus the AE arises from the metal or the substrate afterwards.
We thus infer that the abrupt rise of AE reflects the property of the sapphire substrate
rather than the deposited coating. Moreover, we find that its final Rd is obviously deeper,
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Fig. 3 Scratch tests of a TiAlN(30nm)-TiN(50nm) coating on a sapphire substrate, and b Si(50nm)-Cu(50nm)
coating on a sapphire substrate. F: load in the form of mechanical force on the coating; AE: acoustic emission; Rd:
residual depth of the sample after the scratch tests. The black arrows indicate the optical microscopy observation
of the starting point of damage (critical loads) on the coatings, which is confirmed by the simultaneous
measurement of Rd (blue arrows). The Rd rapidly decreases after the critical loads is reached. The red arrows mark
the critical loads for the dramatic increase of AE

and the width of the scratch is wider compared to that on the TiAlN-TiN coating. This
confirms that the wear resistance of the TiAlN-TiN coating is much better than its Si-Cu
counterpart.
To obtain a deeper insight, the scratches are imaged with scanning electron microscope
(SEM). As shown in Fig. 4a, at the critical load, only a few cracks can be observed on
the TiAlN-TiN coating. At the end of the scratch (Fig. 4b), the TiAlN coating still exists,
accompanied by a handful of tilted cracks, as confirmed by the EDX map of nitrogen
(Fig. 4b). Note that the orientation of the cracks is opposite to the drawing direction,
which reflects the hardness of the coating, as they originate from the release of tensile

Fig. 4 Scanning electron images and energy dispersive x-ray maps (Insets) of the scratched areas on
TiAlN(30nm)-TiN(50nm) coating (a,b), and on Si(50nm)-Cu(50nm) coating (d,e). The scratch tests were performed
by a diamond indenter. Scratch tests on TiAlN-TiN coating (c) and Si-Cu coating (f) by a stainless-steel tweezers
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stress during the drawing process. In contrast, when drawing on Si-Cu film, it already
forms numerous flakes at the critical load (Fig. 4d). At the end of the scratch (Fig. 4e),
Si coating has been obviously removed and as a result, the underlying Cu becomes visible from the EDX maps. Therefore, we conclude that for Si coating on metals, its scratch
damage mainly attributes to adhesive failure at the Si-metals interface; while the damage
of brittle TiAlN originates from cohesive failure. Considering the higher intrinsic hardness of TiAlN than most materials, its wear resistance is self-evident. To illustrate the wear
resistance of TiAlN-TiN coating in a more intuitive way, we vigorously scrape the coatings
with a tweezers made of stainless steel (hardness 5.5). The conventional coatings consisting of Si on Cu, or on other metals such as Ag, Al and Au are easily damaged (Fig. 4f ).
With further investigation, we identify that the Si-Cu coating can even be easily removed
by fingernails (Mohs hardness 2.5). Conversely, in the case of TiAlN-TiN coating, after
application of strong force, still no scratches are visible to the naked eye (Fig. 4c).
Traditionally, the color filters are made of multiple transparent dielectric thin films with
quarter-wavelength thickness and different refractive indices, like SiO2 , Al2 O3 [37, 50].
However, such Fabry-Perot-type Bragg coatings are rather thick, usually with thicknesses
up to several micrometers (Table 1). More importantly, they reflect and transmit different
colors, and the displayed colors are viewing-angle-dependent (Supplementary Fig. S2-S3).
These problems can be solved by FROC, which consists of a SM-type broadband absorber
on a MDM-type narrowband absorber. As schematically illustrated in the inset of Fig. 5a, a

Fig. 5 Calculated (a) and measured (b) reflectance (red curve) as well as transmittance (black curve) spectra of a
MDM film stack at normal incidence. Inset: Scheme of MDM film that is made of TiN-AlN-TiN from top to bottom.
The thickness of film from the topmost to the bottom layer is TiN = 20 nm, AlN = 70 nm, and TiN = 20 nm,
respectively. Calculated (e) and measured (f) reflectance (red curve) and transmittance (black curve) spectra of a
FROC film at normal incidence. Inset: scheme of FROC film consisting of TiAlN-TiN-AlN-TiN. The thickness of each
layer from top to bottom is TiAlN = 20 nm, TiN = 20 nm, AlN = 70 nm, and TiN = 20 nm, respectively. Measured
transmittance spectra of a MDM film (c) and a FROC film (g) versus incidence angle. Photographs of a MDM and a
FROC coating on glass. The coatings are semi-transparent. The reflection of a glove and transmission of another
glove can be observed simultaneously. The MDM reflects and transmits different colors (d). The FROC, however,
reflects and transmits nearly the same color (h)
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transparent aluminium nitride (AlN) is employed as the lossless dielectric layer (bandgap
∼6.2 eV). Apart from being transparent, it can be conveniently sputtered using the same
target materials as TiAlN. Figure 5a and b depicts the complementary behavior of the
transmittance and reflectance of the MDM coating, suggesting that it selectively reflects
and transmits different colors (Fig. 5d).
By depositing a thin TiAlN layer on the MDM, a FROC coating is obtained, as is shown
in the inset of Fig. 5e. It exhibits a modified spectral profile with nearly-identical transmission and reflection (Fig. 5e, f ). In consequence, nearly same color of reflection and
transmission is observed (Fig. 5h). The structural colors of the FROC are highly sensitive to the dielectric layer. It has been theoretically pointed out that the FROC with high
refractive index dielectric layer displays angle-independent colors over a wide angular
range, whereas the low-index FROC is highly iridescent [37]. Therefore, another advantage of AlN is that it supports angle-independent structural colors (Fig. 5c, g). Given that
more number of layers usually results in a lower hardness, the hardness of the FROC film
is slightly lower than the bilayer TiAlN-TiN film (Table 1). Nevertheless, it is still as hard
as glass.

Conclusion
In summary, we have demonstrated the use of ceramic materials TiN, AlN and TiAlN
to achieve wear-resistant, ultrathin, viewing angle-independent surface colors. Two types
of colorful coatings, including SM and FROC, have been illustrated by photographs as
well as spectra. Their wear resistance has been experimentally confirmed by scratching
tests. Especially, the ultrathin FROC, which transmits and reflects nearly the same viewing angle-independent colors, hold appealing applications in color filters. The combined
novel optical property and mechanical robustness depicts a broad application prospect
for the proposed coating systems as durable and functional optical devices

Methods
Sample fabrication and characterization

The TiN films were deposited on various substrates by RF magnetron reactive sputtering
at 300°C, power of 600 W, and N2 flow of 14 sccm and Ar of 56 sccm. The TiAlN films
were deposited as the same parameters for TiN while the power of Al target is DC 300 W.
The AlN films were coated as the same for TiAlN while the Ti target was off. The Au, Cu,
Ag, Al films were deposited by the same DC reactive sputter while at room temperature.
The amorphous Si was deposited via RF magnetron sputter at room temperature. Coatings on various substrates including single crystalline silicon, sapphire, silica have been
tested. The thickness of our films was measured with a profiler (Stylus). According to the
measured thickness, the permittivities were retrieved with a variable angle spectroscopic
ellipsometer (Woollam). The scanning electron images and energy dispersive x-ray spectroscopy were performed by a field-emission scanning electron microscope (Carl Zeiss,
Gemini450). The XRD analysis of the TiAlN-on-TiN coating on sapphire substrate was
carried out by Bruker D8 Discover.
Reflectance and transmittance spectra

The reflectance spectra at near-normal incidence were recorded using a Shimadzu UVVIS-IR spectrophotometer (UV3600Plus+UV2700). The angle-dependent reflectance
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and transmittance spectra were taken by an Agilent Cary spectrophotometer (Cary 6000l,
UV-Vis-NIR System).
Numerical simulation

The numerical computations were performed by using finite-difference-time-domain
(FDTD) method (Lumerical FDTD solutions software package). The light source was a
depolarized plane wave spanning from 400 nm to 2 μm. The top and bottom boundaries
were perfectly matched layers (PML), while periodic boundary conditions were applied
in x-y plane. One monitor was set 2 μm above the source to acquire the reflection spectra. The other monitor was set inside the substrate to acquire the transmittance spectra.
The permittivities of the materials involved were measured with the aforementioned
ellipsometer.
Scratch tests

The pencil hardness test of films was carried out by Mitsubishi pencils under ISO:15184
international standard. Mohs hardness tests by glass, quartz, sapphire and SiC plates follow the procedure: 1, Steady the sample on a table; 2, Hold a plate in one hand to expose
a sharp corner; 3, Press the sharp corner onto the sample with some force; 4, Drag the
corner across the sample a short distance, without sawing the sample back-and-forth like
cutting a piece of wood; 5, Examine the sample surface for evidence of an indentation.
The quantitative wear resistance test of the thin films were performed by a scratching
tester (Anton Paar Step 100 MCT3 Micro Combi Tester). The testing method is drawing
a diamond indenter with gradual increasing normal load onto the surface. The diamond
indenter used for scratching the coatings exhibits a spheroconical shape with a radius of
20 μm. In order to avoid damage of the substrate due to large deformation, a small load
ranging from 10 mN to 1 N was applied. After the drawing, a small load of 10 mN was
applied to post-scan the scratch and measure the residual depth.
Abbreviations
TiN
titanium nitride
AlN
aluminium nitride(AlN)
TiAlN
titanium aluminium nitride
a-Si
amorphous Silicon
FROC
Fano-resonant optical coating
SM
semiconductor-metal coating
MDM
metal–dielectric–metal
XRD
x-ray diffraction
AE
acoustic emission
SEM
scanning electron microscope
EDX
energy dispersive x-ray spectroscopy
PML
perfectly matched layer
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Additional file 1. Figure S1. Reflectance spectra of 20 nm TiAlN film coating on 50 nm TiN at various incidence angles.
Figure S2. Photographs of a Bragg mirror, also known as multilayer dielectric mirror, viewing at different angles. Figure
S3. Photographs of reflection (a) and transmission (b) of a Bragg mirror.
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