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Abstract

To ensure safe and reliable operation of
materials with high thermal loads, e.g.
in turbines or thermal solar collectors,
it is key to detect material degradation.
Here, we present a sensor concept pro-
viding a direct optical feedback of ther-
mally induced hardness and resistivity
changes in transition-metal-nitride func-
tional coatings. The sensor concept re-
lies on a lossy Gires-Tournois interfer-
ometer configuration using thermally in-
duced detuning of a highly absorbing
state in the optical spectrum as feed-
back. We demonstrate for the specific
case of TiAlN coatings that such detun-
ing is due to a symmetry-breaking struc-
tural phase transition, which is accompa-
nied by the formation of saturated struc-
tural colors.

1. Introduction

Every smartphone is equipped with a key set of
sensors permanently tracking the ambient tem-
perature, acceleration, air-pressure, humidity
and the earth’s magnetic field. In fact, smart
tracking of critical indicators is fundamental
to a plethora of fields, spanning from sports,
health care,1 environmental2,3 to applied and

natural science.4 Especially, the engineering of
nondestructive low footprint monitoring devices
based on optics,5–7 ultrasonics8 and wearable
electronics9 has attracted a significant interest
in research in recent years. Such devices can
enable real-time and spatiotemporal tracking
of materials properties even in secluded ap-
plications, such as offshore wind turbines, or
extreme environments, as found in thermal so-
lar collectors.
A state-of-the-art hard-coating material for
turbine engines and other applications at high
temperatures is TiAlN.10,11 TiAlN, also used
readily in bearings, drills and cutting tools,12

belongs to the family of transition-metal-
nitrides. Compared to TiN, it exhibits su-
perior scratch, wear and oxidation resistance.13

However, TiAlN is a metastable solid solu-
tion, which decomposes into cubic c-TiN and
c-AlN at temperatures above 600◦C.14 In an
industrial application such thermal instability
is highly undesirable, requiring new sensor con-
cepts to promote reliable and safe operation.
Here, we design and validate a simple optical
sensor platform based on a lossy Gires-Tournois
interferometer configuration which is able to
track the mechanical and electrical properties
of TiAlN at elevated temperatures.
As sensor feedback we use constant detuning
of a highly absorbing state in the optical spec-
trum. In a seminal work Kats et al.,15,16 showed
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that such an interferometer design based on a
nanometric lossy film on top of a metallic mir-
ror can be utilised to built ultra-thin perfect
optical absorbers. In contrast to quarter wave
anti-reflection coatings, the optical losses in
these absorbers, cause a non-trivial phase shift
at the interfaces (φ 6= mod 2π) and allow for
ultra-thin layers whose thickness h falls below
the ”classical” limit of h = λ

4n
.15,17,18 Still, the

total reflectance R = |r̃|2 of such an absorber
is given by the Fresnel equations, namely

r̃ =
r̃1,2 + r̃2,3e

2iβ̃

1 + r̃1,2r̃2,3e2iβ̃
(1)

whereby β̃ = (2π/λ)ñ2δ, ñ2 the complex refrac-
tive index of the absorbing layer, δ the layer
thickness and r̃1,2, r̃2,3 are the interface spe-
cific reflection coefficients.19 This versatile and
simple concept led to a considerable theoret-
ical17,18 and experimental interest, including
research on photovoltaics,20,21 phase-change
materials,22–24 Janus-faced25 and other optical
coatings.26–28

2. Results and Discussion

The principle sensor setup used in this work is
illustrated in Figure 1a-c. It combines a thin
dielectric TiAlN layer with a metallic mirror
made of TiN. Both sensor components were
synthesized by magnetron sputtering29 (see
Experimental Section). TiN was selected as it
is metallic30,31 with a resistivity of 16.5 µΩcm
corresponding to less than half the resistiv-
ity of Ti.32 In addition, TiN has been estab-
lished as a temperature-stable plasmonic ma-
terial with a high melting point of 2930◦C in
recent years.33,34 The composition and thick-
ness has been determined using Rutherford
backscattering spectrometry (RBS) and X-ray
reflectometry (XRR). Detailed information is
given in the Supporting Information.
In order to identify a sensor configuration,
which is most susceptible to thermally induced
changes in refractive index of TiAlN, sensors
with different TiAlN coating thickness (12 to

70 nm) have been synthesized. Although only
several nanometer thick, the TiAlN coating on
TiN severely alters the coupling of light to the
structure, manifesting in structural coloration,
as shown in Figure 1d. By changing the coating
thickness via growth or polishing (Figure 1d)
we observe the formation of vivid structural
colors spanning from yellow, orange, red, dark
and light blue to green. The colors prove to
be robust when applied to complex geometry
substrates, as demonstrated by depositing on
swiss army knife blades (Figure 1d). We char-
acterize the optical response of the sensors for
different thicknesses of the dielectric TiAlN
layer via near-normal incidence reflectometry.
These experiments unveil a resonant absorb-
ing state which manifests in the spectra shown
in Figure 1e. The absorbing state red-shifts
with increasing TiAlN coating thickness and
in the range between δ = 24 to δ = 70 nm
the reflectance minimum falls below R < 5%.
The experimentally measured spectra are in
good agreement with calculated spectra based
on Equation 1. The refractive index of TiAlN
and TiN has been determined using ellipsom-
etry (Figure S1). Minimum reflectance of 2%
is observed for the sensor with a TiAlN thick-
ness of 43 nm at a wavelength of 591 nm. In
this thickness regime the attenuation and phase
shift accumulation in TiAlN is highly effective
and refractive index’s variations in the order of
1% can be detected with a simple low-budget
spectrometer (see Figure S2).
To quantify the performance of such structures
and to effectively detect thermal decomposition
in TiAlN coatings, sensors with δ = 24, 43 and
70 nm have been annealed between 400 and
900◦C in steps of 100◦C. The pseudocolor plots
in Figure 2a show the measured reflectance of
the TiAlN-TiN films as a function of anneal-
ing temperature. The corresponding change in
structural coloration is shown alongside. For
all configurations the spectral position of the
absorbing state, i.e. minimal reflectance, blue-
shifts as function of temperature. This ef-
fect is result of the decreasing refractive index
nTiAlN as the position of the reflectance min-
imum scales with λmin ∝ nTiAlN · δ. To this
extent, the thermally induced changes can be
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Figure 1: Morphology and structural color of TiAlN-TiN absorbers. a) Dark field scanning electron
transmission electron microscopy image with an energy-dispersive X-ray spectroscopy elemental dis-
tribution map overlay of the strong interference resonator in cross-section. b) Schematic of a strong
interference resonator. c) TiAlN-TiN sensor concept based on a lossy Gires-Tournois interferometer
configuration. d) Optical micrograph of an intentionally obliquely polished resonator (top). TiAlN
thickness before polishing was 500 nm. Due to the oblique polishing, the TiAlN thickness to the
right is about 100 nm, whereas the TiAlN coating is fully removed to the left revealing the TiN
coating deposited underneath. Predicted TiAlN thickness dependent color evolution according to
Equation 1 (middle) and strong interference resonators with TiAlN thicknesses ranging from 0 to
100 nm deposited on stainless steel knife blades (bottom). e) Measured and calculated reflectance
using Equation 1 as a function of wavelength, within the range of 300 to 800 nm as solid and dashed
lines, respectively.

understood as decrease in optical thickness (see
Figure S3), which reverses the structural col-
oration observed in Figure 1d. To analyze in
more detail the mechanism behind the thermal
detuning of the absorbing state, it has to be
considered that TiAlN is a metastable solid
solution, which upon thermal activation phase
separates.14 This process is schematically illus-
trated in Figure 2b and 2c. In the initial state
(Figure 2b) TiAlN exhibits a random distribu-
tion of Ti and Al on the metallic sub-lattice.35

Upon annealing, TiAlN phase separates in c-
TiN and c-AlN rich domains14,35 leading to an
ordering on the metallic sub-lattice (Figure 2c).
The ordering causes an increase in Ti-Ti next-
nearest-neighbor bond fraction giving rise to an
increased fraction of hybridized Ti-Ti d elec-
tronic states.36 When we normalize the shift
of reflectance minimum by the coating thick-

ness, we observe a behavior charateristic for
a second-order phase transition with a critical
transition temperature of Tc = 694◦C as shown
in Figure 3d. This result is very important as
it indicates that we can treat the phase sepa-
rated TiAlN as an effective medium and that
the optical response is unaffected by changes in
sensor architecture.
Quite interestingly, the found phase transi-
tion can be traced back to specific oscillators
within a Drude-Lorentz model describing the
permittivity of TiAlN as function of annealing
temperature. These oscillators show the same
universal scaling behavior typically found for
phase transitions in a 2D-Ising model (see Sup-
porting Information).
To experimentally verify the effective medium
approach and for further insight into the ther-
mally induced structural, mechanical and elec-
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Figure 2: Evaluation of thermally induced evolution in optical properties of TiAlN-TiN strong
interference resonators. a) Reflectance as a function of annealing temperature for TiAlN film
thicknesses of 24, 43 and 70 nm. b) Schematic of TiAlN decomposition process from a solid
solution (state 1) to a in c) illustrated self-organized structure of TiN rich and AlN rich domains
(state 2). d) TiAlN thickness normalized reflectance shift as a function of annealing temperature.

trical evolution of TiAlN, we employ a correl-
ative X-ray diffraction (XRD), high-resolution
transmission electron microscopy (TEM) ap-
proach. Figure 3a shows X-ray diffraction anal-
ysis in the 2-Theta range from 34 to 40◦. The
appearance of the shoulder to the left of the
main peak at temperatures > 700◦C and the
decrease in intensity of the main peak indicates
the phase separation into c-TiN enriched and
c-AlN enriched domains.14,35,37 To evaluate the
domain size of the phase separated TiAlN thin
film, we use high-resolution TEM. Figure 3b
and 3c show a cross-section TEM micrograph
of a sensor composed of a 43 nm thick TiAlN
layer on 500 nm TiN, which was annealed at
900◦C. We identify the different phases of the
material of a selected region in Figure 3c by
calculating the corresponding diffraction pat-
tern using a fast Fourier transform (FFT). As
highlighted by blue and red circles in Figure 3e,
the diffraction pattern confirms AlN enriched

and TiN enriched c-TiAlN (200) domains. By
calculating the inverse FFT of a specific AlN
diffraction spot, we can visualize AlN rich do-
mains (see Figure 3d). The characteristic do-
main size d is in the order of 5 nm, confirming,
the highly subwavelength nature (d << λ).
To experimentally demonstrate that the ther-
mal detuning of the absorbing state can be
used to sense changes in other materials prop-
erties, we measured the hardness and resistivity
of TiAlN for different annealing temperatures.
Both materials properties shown in Figure 3f
and 3e respectively, show characteristic be-
havior indicative of a structural phase transi-
tion. However, while the hardness increases
due to thermally induced age hardening,14 the
resistivity decreases due to a shift towards a
higher fraction of metallic Ti-Ti next-nearest-
neighbour bonds.32,38 We note that when look-
ing at the resistivity the critical temperature of
the transition is reduced. This effect can be un-
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Figure 3: Microstructural, mechanical and electrical analysis of TiAlN thin films. a) X-ray diffrac-
tion analysis from 34 to 40◦ 2-Theta within the temperature range of 25 to 900◦C. Intensities are
displayed on a logarithmic scale. b) Cross-sectional TEM micrograph of a TiAlN-TiN strong in-
terference resonator with a TiAlN film thickness of 43 nm annealed at 900◦C. c) Magnified TEM
micrograph from the TiAlN top layer. d) Overlay of a high-resolution TEM micrograph with a
reverse Fourier transform from the area highlighted in c). e) Diffraction spots highlighted by blue
and red circles corresponding to distances in agreement with c-AlN and c-TiN (200) lattice planes.
f) Nanoindentation hardness evolution of a 500 nm thick TiAlN film on Si as a function of annealing
temperature. g) Resistivity of a 500 nm thick TiAlN film on Si as a function of annealing temper-
ature. h) Observed relation between hardness of TiAlN and thickness normalized relative shift of
reflectance minimum. i) Observed relation between resistivity of TiAlN and thickness normalized
relative shift of reflectance minimum.

derstood in terms of percolation theory, as only
one percolating conducting Ti-Ti bond path is
sufficient to change the materials resistivity.39

By relating the thermally induced changes in
hardness and resistivity to the optical feedback
given by the relative shift of reflectance min-
imum, we retrieve the sensor response. The
corresponding calibration curves relating hard-
ness and resistivity to the optical feedback are

shown in Figure 3h and 3i. Both properties
change as a function of the system’s optical
feedback confirming that the detuning of the
absorbing state can serve as fingerprint for these
functional properties under a thermal load.
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3. Conclusions

We have experimentally demonstrated a new
sensor concept to directly measure the ther-
mally induced hardness and resistivity changes
in TiAlN coatings, a state-of-the-art coating
material in turbines.40 Embedding this material
in a lossy Gires-Tournois interferometer config-
uration enables tracking of the thermally in-
duced phase separation accompanied by an in-
crease in fraction of hybridized Ti-Ti d -bonds.
The changes in electronic symmetry cause de-
tuning of an absorbing state in the optical spec-
trum. This absorbing state can be altered
via thermal treatment resulting in the forma-
tion of temperature-dependent structural col-
oration. We show that displacement of the ab-
sorbing state is directly related to changes in
hardness and resistivity in the material.
The presented sensor can be used in high tem-
peratures (1000◦C) and enables the continuous
detection of changes in refractive index > 1%.
The sensor concept can be easily adapted to
other applications, opening up new possibilities
for engineering low footprint sensor devices, ca-
pable to detect and track local property changes
of materials and devices in real-time. These
sensors are ideal for application in secluded lo-
cations, such as offshore wind turbines, or in
extreme environments as in solar collectors.

4. Experimental Section

TiN and TiAlN layers were synthesized by reac-
tive magnetron sputtering from elemental tar-
gets with a purity larger than 99.99%. For the
deposition direct current power supplies were
run in power controlled mode with power den-
sities of 15 and 7.5 W/cm2 for Ti and Al, re-
spectively. The base pressure was lower than
1.3×10−4 Pa. We employed an Ar/N2 gas mix-
ture of 10/1 and 5/1 for the deposition of TiN
and TiAlN, respectively. The working pressure
was set to 0.4 Pa. The substrates were inten-
tionally heated to 400◦C and a negative bias
potential of 100 V was applied. Thickness, den-
sity and roughness of the thin films were an-
alyzed by X-ray reflectivity, utilizing a PAN-

alytical Xpert3 MRD platform equipped with
a Cu source, an X-ray mirror and a parallel
plate collimator. Refractive indices were mea-
sured with an ellipsometer at incidence angles
of 66 to 74◦. The phase difference and am-
plitude component were fitted by the Cauchy
equation. Reflectance measurements were con-
ducted at near zero angle with a fiber spec-
trometer. TEM lamellas were prepared using
a focused ion beam (FIB-SEM) dual-beam sta-
tion (Zeiss NVision40) operating with a Ga+

source at 30 and 5 kV. TEM was conducted at a
FEI Talos F200X system equipped with SuperX
EDS-STEM detectors. Hardness measurements
were conducted with a depth-sensing nanoin-
denter (Hysitron TriboIndenterTM) equipped
with a Berkovich tip. The maximum contact
load was adjusted for a contact-depth of less
than 10% of film thickness.41 Sheet resistance
was measured employing the Van der Pauw
method42 using a Keysight B2962A power sup-
ply. RBS measurements were performed with a
2 MeV 4He beam and a Si PIN diode detector
under 168◦ scattering angle. The N/O ratio was
determined by heavy ion elastic recoil detection
using a 13 MeV 127I beam with a combination of
a time-of-flight and a gas ionization detector.43
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