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ABSTRACT: High-entropy nitrides (HENSs) are emerging as Microfluidic Electronic Tongues + High-Entropy Nitride Films
promising materials for sensing applications due to their
exceptional chemical stability, diverse electrical properties, and
highly tunable surface and bulk characteristics. This study
integrates HEN thin films, deposited via RF sputtering, into an
impedimetric microfluidic electronic tongue (e-tongue), designed
to assess their potential for high sensitivity and robust detection of
various analytes. The active films displayed a distinct oxide-rich
surface and nitride-rich sublayer, directly influencing sensor ‘
performance. As a proof-of-concept, the unique electrical response  Microchannel
of the HEN-based e-tongue enabled precise discrimination
between similar ions (Na* and K') and basic human tastes
(sweet, salty, bitter, umami, and sour) at concentrations near or below the human palatability threshold. Moreover, after repeated
use, the films maintained their chemical and structural integrity, ensuring long-term stability and reproducibility. These results
highlight the potential of HENs as versatile materials for advanced sensing applications, demonstrating their promise for next-
generation e-tongue systems and expanding the range of applications for this class of materials.
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1. INTRODUCTION nervous stimuli. Indeed, flavor receptors in taste buds are not
fully selective for just one type of molecule; instead, several
receptors respond to the stimulus, and the neural networks in
the brain generate a unique response pattern that is easily
recognized. An e-tongue device tries to mimic this natural

The growing demand for high-precision detection technologies
drives advances in sensor development. Among these,
electronic tongues (e-tongues) have emerged as versatile
tools for applications ranging from food analysis to environ-

mental monitoring." According to the International Union of process instead of individually detecting each compound in a
Pure and Applied Chemistry (IUPAC),2 an e-tongue is defined solution. Still, it provides a global response pattern
as a “multisensor system, which consists of a number of low- representing the “fingerprint” of the liquid under analysis,
selective sensors and uses advanced mathematical procedures for e.g,, from aqueous solutions to synthetic blood or saliva.” Here,
signal processing based on the pattern recognition (PARC) and/or this effect is emulated with arrays of interdigitated electrodes
multivariate analysis [artificial neural networks (ANNs), (IDEs) properly coated by thin films that alter the electrical
principal component analysis (PCA)], etc.” Unlike specific response of bare IDEs, a key condition for sample
sensors, e-tongues use arrays of sensors to identify patterns,3 discrimination.’

and a new frontier is expanding in this type of sensing with the e-Tongues are currently applied in several areas. >’ 13
advancement of new materials and powerful computational Briefly, some are used in the food and beverage industry for
tools. The former is applied to improve interactions with the taste analysis, adulterations, and quality control."*™'% In the
systems of interest and the latter to analyze large amounts of environmental domain,'? e-tongues play a role in monitoring

information, such as multivariate analysis (MVA) and
statistical techniques for identifying patterns and variable
correlations in complex multivariate systems."”*

The tongue and taste perception inspired the acronym e-
tongue.5 When a human tastes a flavor, taste buds in the
tongue do not individually identify each chemical compound
of the substance being savored; instead, they provide a flood of
information to the brain, which ends up identifying it in a
comprehensive “fingerprint” of the taste.””~’ This ability is
called global selectivity and uses the combinatorial response of

pollutants in water and detecting compounds in effluent

waste.”” Additionally, this technology is emerging in the
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pharmaceutical industry to assess drug formulations,”" evaluate
taste masking,”> and analyze biological fluids to identify
biomarkers for diseases.””** More recently, bioelectronic and
plasmonic tongues are expanding the realm of advanced
sensing using similar concepts.zs_27 Despite their success,
challenges related to stability, chemical degradation, and
limited mechanical robustness of the sensing films persist,
particularly under harsh environmental conditions or pro-
longed operation.”® Traditional impedimetric e-tongues
typically employ polymer-based films, often fabricated by the
layer-by-layer (LBL) technique,”” deposited onto IDEs to form
sensing units of the device.”® However, polymeric films can
suffer from delamination, swelling, and chemical deterioration
when exposed to aggressive analytes or extended cycling,
limiting device lifetime and reliability.”" In this context, there is
strong motivation to explore novel material systems capable of
enhancing mechanical durability, chemical resistance, and
operational stability. High-entropy nitride (HEN) coatings
offer a promising alternative, combining the chemical
versatility required for differential sensing with superior
mechanical properties and environmental resilience, thereby
expanding the potential application range of electronic tongue
devices.

In the past decades, high-entropy materials have formed an
emerging class of advanced materials offering promising
solutions due to unique thermal, chemical, and mechanical
stability and tunable properties.””** Along with the polycrystal-
line solid solution metallic alloys®* and amorphous metallic
glass form,> the high-entropy ceramics,”® formed by high-
entropy oxides (HEOs)®” and high-entropy nitrides (HEN's)*®
and, more recently, high-entropy borides, have been developed
for solar energy applications.” The HEN’s subclass comprises
five or more metals in near-equimolar ratios and nitrogen,
forming a disordered, solid solution phase with simple
crystalline structures, such as a NaCl crystallographic face-
centered cubic (fcc) arrangement.*” The main properties of
such advanced ceramic metals include superior thermal,
corrosion, and wear robustness compared to the single nitrides
formed by the alloy’s elements individually.*' HEN films have
already demonstrated potential across various fields, despite
their relative novelty. In aerospace parts, they can be used to
protect components from extreme temperatures and mechan-
ical wear.”” In machining ap})lications, they may enhance
durability.”> In biomedicine,”* they are investigated for
implants due to their corrosion resistance and biocompatibility.
In electronics, they act as diffusion barriers in semiconductor
devices.”> Combining these properties, their chemical stability
makes this class of materials ideal for applications in harsh
environments such as industrial process monitoring and
precision agriculture.

Physical vapor deposition (PVD) is a highly effective
technique for synthesizing these materials on different
substrates, producing uniform thin films with excellent
compositional and thickness control.*”*® Moreover, it is a
well-studied, environmentally friendly technique, avoiding
waste or chemical inputs to deposit the coatings. A key
advantage of PVD is the ability to tailor HEN properties by
adjusting deposition parameters such as substrate temperature,
pressure, gas composition, and target material.*’ For instance,
substrate temperature influences grain size and surface
roughness, while chamber pressure affects the stoichiometry
and layer density. Recent advances, such as Dynamic Glancing
Angle Deposition (DGLAD), further refine micro- and
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nanostructures by oscillating the substrate during deposition.*®
This flexibility allows optimized films for specific applications,
supporting industrial-scale production and, in particular,
expanding the potential use of sensor technologies.

The interest of the present study is the potential alignment
with e-tongue sensor technology positioning HEN films as
transformative solutions for overcoming the limitations of
conventional materials. Specifically, it is possible to form
materials with distinct electrical features by tuning the
deposition parameters. Moreover, several combinations of
metallic nitrides that constitute the thin films of the e-tongue
enhance the electrical response of the gadget. In this context,
we explore here how incorporating HENs into IDEs can
modulate the response of the sensing units, while enhancing
electrical response, robustness, and stability. The composi-
tional diversity of HENs enables property customization to
meet specific application needs, while PVD ensures reprodu-
cibility, which is essential for the technological scalability. We
detail the preparation of three distinct HEN thin films
deposited onto IDEs, ensuring the device integrity. By
characterizing the chemical and electrical properties of these
films, we assess their impact on sensor performance, stability,
and applications in potential scenarios. This study advances
state-of-the-art e-tongues, demonstrating proof-of-concept for
a HEN-enhanced e-tongue, while showcasing how interdisci-
plinarity among materials science, analytical chemistry, and
surface engineering can drive innovations in detection sensor
technologies, combining advanced material science employing
modern statistical analysis. Indeed, the paper shows the power
of treating large amounts of experimental data obtained by e-
tongue devices by using multivariate analysis tools, identifying
patterns and variable correlation in a multivariable complex
system.

2. MATERIALS AND METHODS

2.1. High Entropy Nitride (HEN) Thin Film Deposition. The
deposition of the studied samples is carried out using a custom-built
Multipurpose Thin Films Equipment, which consists of a vacuum
chamber equipped with a 2 in. diameter, water-cooled magnetron
sputtering source (ST20, AJA International), operated by an RF
power supply (Lesker R301 generator — 13.56 MHz, 300 W, with an
automatic matching network - MC2). An RF power supply was
selected due to its ability to maintain stable plasma conditions even
when working with partially insulating targets or films, as is common
during nitride formation. RF sputtering also offers robust control over
gas composition, ion energy, and film growth parameters, enabling the
deposition of high-quality films at relatively low substrate temper-
atures, which is a critical factor for integrating the coatings into
microfabricated substrates and microfluidic devices without inducing
thermal damage. Although other techniques, such as direct current
(DC) sputtering®® and high-power impulse magnetron sputtering
(HiPIMS),” have also been reported for the synthesis of HEN thin
films, RF sputtering provided an optimal balance between process
stability, film uniformity, and compatibility with our fabrication
constraints.

The multicomponent sputtering target consists of a S-element
(NbTaTiVZr) assembly of transition metals arranged in a circular,
“pizza-shaped” geometry (Figure 1). Due to the different components’
sputterin% yields, the area of each element is optimized in previous
studies®">” to ensure a near-equimolar composition of the metals in
the films, as required for high-entropy materials. After optimization,
the target is formed of approximately 40% Ti, 20% V, 20% Zr, 10%
Ta, and 10% Nb by the area fraction. In this study, the distance
between the sputtering target and the substrate was fixed at
approximately 6 cm.

https://doi.org/10.1021/acsaelm.5c00489
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Figure 1. Photograph of the deposition processes is presented in (a)
as well as a schematic of the pizza-shaped target used to deposit the
HEN films. Subfigures (b), (c), and (d) show, respectively, the cross
sections of HEN-1, HEN-2, and HEN-3 films.

The sample holder is modified to enable variation of the substrate
angle during deposition in the Dynamic Glancing Angle Deposition
(DGLAD) conﬁguration.48 The chamber was evacuated to a pressure
of <1.5 X 107* Pa before deposition. The sputtering target is cleaned
before deposition using argon plasma etching at a working pressure of
~0.9 Pa and a power of 150 W from the RF source, with the
substrates properly masked by a shutter. During deposition, the
substrates were not subjected to any external bias. However, the
surface develops a floating potential estimated at approximately —14
V under the plasma conditions employed (the detailed calculation is
provided in the Supporting Information file).

Three films are produced under different conditions, initially on Si
(100) substrates, and later optimized on printed circuit boards
(PCBs) containing the IDE electrodes. The e-tongue device consists
of four gold interdigitated electrodes (IDEs) in a polymeric printed
circuit board (PCB). The IDEs have four pairs of digits with a S mm
length, 0.2 mm width, and 0.2 mm spacing between them on PCBs.
The PCB is detailed in Figure S1 of the Supporting Information file
(SD).

For film deposition, a mixture of high-purity Ar (99.999%) and N,
(99.999%) is introduced into the reactor chamber. The Ar:N, ratio is
a critical parameter for nitride formation. The deposition pressure is
kept at ~1 Pa with a downstream throttle automatic control system,
and the RF power is kept at 150 W throughout the process. The first
two types of films (HEN-1 and HEN-2) differed in the Ar:N, ratio
during deposition, with ratios of 10:1 (10 sccm of Ar and 1 sccm of
N,) and 1:10 (1 sccm of Ar and 10 sccm of N,), respectively. Both
types of films are deposited with substrates parked parallel to the
target surface (0°). The third film (HEN-3) maintains the 1:10 ratio
but is deposited at an 85° angle relative to the target (glancing angle
geometry). All films are deposited without external or intentional
substrate heating for 90 min. Although the substrate temperature
increased to ~5S5 °C during sputtering due to the plasma effect, the
temperature is stabilized after a time of <5% of the total deposition
step. The first set of samples on Si is used to determine the growth
rate, which is applied in subsequent depositions. The thickness of the
HEN films on the PCBs is ~150 nm.

2.2. Film Characterization. The microstructure and thickness of
the films are assessed through cross-sectional analysis by field-
emission-gun scanning electron microscopy (FEG-SEM, Zeiss Supra
40). The crystallographic structure is obtained via X-ray diffraction
(XRD, Shimadzu XRD-6000) in the Bragg—Brentano (6—20)
configuration, equipped with a monochromatic Cu Ka (4
1.54056 A) radiation source. The measurements were conducted
with a step size of 0.05° and a scan rate of 0.5°/min. Micro Raman
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spectroscopy at room temperature is performed in a backscattering
configuration with a 632.8 nm excitation source (RM2000 -
Renishaw) for samples on Si substrates. Similar measurements on
PCB gold digits are carried out under similar conditions using
XploRA equipment (Horiba) with a 638 nm excitation source. These
measurements were specifically employed to assess the structural
durability of the HEN films after repeated usage. Approximately 200
measurement cycles, involving sequential exposure to solutions and
flushing steps, were performed on the e-tongue device.

X-ray photoelectron spectroscopy (XPS) is employed to determine
the relative films’ atomic composition and chemical states with 1486.6
eV photons (no monochromatized) from an Al target (Ka line) using
a Thermo Alpha 110 hemispherical analyzer in Constant Energy
Mode (CEM) and pass energy of 20 eV. An in situ cleaned silver
standard sample is used to calibrate the binding energy scale of the
instrument, referencing the 3d%? electrons at 368.2 + 0.1 eV. The
silver sample is also employed to determine the analyzer’s work
function.

Survey and individual elements’ XPS spectra are recorded ex situ.
The cleaning is conducted in an ion-beam-assisted deposition (IBAD)
system coupled to the XPS chamber. The Ar" jons generated by a 1-
in. diameter Kaufman cell sputtered the surface for 2 min with 400 eV
energy and a nominal current of ~20 mA (current density of ~0.18
mA/cm?).*> The experimental XPS spectra are processed using
ThermoAdvantage and CasaXPS®® software, and the Shirley method
is employed to remove the inelastic electron scattering background.
Gaussian—Lorentzian mix functions are employed to fit experimental
data and identify spectral bands.>*

2.3. Microfluidic e-Tongue Impedance Measurements. The
microfluidic e-tongue device setup layout, developed and optimized
previously in our group,”>~>’ comprises four colinear IDES printed on
a PCB (multisensor gadget), a microchannel, and the measurement
apparatus, as shown in Figure S2. The microchannel is fabricated with
polydimethylsiloxane (PDMS) molding, having approximately 500
pum width and height and 4 cm length. Detailed descriptions of the
microfluidic device are available in previously published work.>”>*

Impedance measurements are performed with an input signal
having 25 + 1 mV AC voltage amplitude across a frequency range of
1-10° Hz with a Solartron 1260A phase gain/impedance analyzer.
The study solution is injected into the microchannel at a constant
flow rate (15 mL/h) by a syringe pump, ensuring exposure (quasi-
equilibrium) of the solution to the active surface of the thin film HEN
of the e-tongue device. The flow rate was previously optimized by
adjusting the sample volume flowing continuously, a more efficient
method when compared to static measurements.>®

Five independent measurements are taken from each sample, and
after each test, the microchannel is cleansed by flushing ~5 mL of
ultrapure water (18 MQ) to prevent cross-contamination. Two
protocols are determined to verify sensor performance. The first
consists of using 1 mmol/L aqueous KCl and NaCl solutions and
pure water. Potassium and sodium ions (K+ and Na+, respectively)
are purposefully chosen to check the sensor resolution response, as
they are very similar in size and properties. The second test uses
electrolytes and nonelectrolyte solutions mimicking basic taste
profiles.”® Briefly, 1 mmol/L aqueous solutions were prepared of
sucrose (sweetness), NaCl (saltness), HCl (sourness), caffeine
(bitterness), and L-glutamic acid (umami). With that, we can test
both the sensor response to electrolyte and nonelectrolyte solutions
and the distinction of different compounds separately identified on
the human palate.

As remarked in the Introduction, statistical methods are applied to
identify sample fingerprints, correlations, and patterns due to the large
volume of data generated during measurements. First, Principal
Component Analysis (PCA) is employed for exploratory analysis and
pattern recognition.”” Briefly, it compresses data into smaller
dimensions while preserving relationships between the attributes of
the samples. The so-called first principal component (PC1) captures
the largest variance, and the second principal component (PC2)
captures the next largest variance and is orthogonal to PCl to
minimize information redundancy, and so on. The axes (1, 2, etc.) are

https://doi.org/10.1021/acsaelm.5c00489
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Figure 2. In (a) and (b), respectively, the full range X-ray diffractogram and the zoomed subplot for the film region are presented for the three

films. (c) Raman spectra for the same films are displayed.
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Figure 3. Details of the ex situ XPS spectra measurements corresponding

to the five transition metals (Nb, Ta, Ti, V, and Zr) of the HEN-2

coating’s surface sensor presented from (a) to (e) before cleaning and etching. Additionally, the chemical environments for the same elements are
shown after in situ argon etching, from (f) to (j) as reported in the Film Characterization section.

orthogonal, ensuring unique information on each PC. The number of
PCs is determined by analyzing the variance explained by each
component and the cumulative variance percentage. Raw data is
normalized and mean-centered before PCA analysis.”

3. RESULTS AND DISCUSSION

Before the device assembly, HEN film characterization is
carried out carefully. The deposition technique described
above (Materials and Methods) of the hi§h entropy films is
similar to that used in previous work,>">” as illustrated in
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Figure 1(a). To determine the deposition rate for each of the
three conditions of film deposition, deposits of identical
growth parameters and time are carried out on Si (100) wafers.

3.1. Scanning Electron Microscopy (SEM), X-ray
Diffraction Analysis, and Raman Spectroscopy.
3.1.1. Scanning Electron Microscopy (SEM). Figure 1(b),
(c), and (d) shows cross-sectional micrographs for the three
films. A columnar structure is observed in all cases. It is
important to note that the depositions are performed without
intentional substrate heating, and the maximum substrate

https://doi.org/10.1021/acsaelm.5c00489
ACS Appl. Electron. Mater. 2025, 7, 5537—5548
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Figure 4. Transition of (a) N, (b) O, and (c) C signals before

(surface) and after (subsurface) argon etching of the surface of the
HEN-2 film.

temperature during deposition, due to plasma heating, was
approximately 55 °C. In our deposition system, all plasma
process parameters (pressure, plasma power, target—substrate
distance) are kept constant. In previous works conducted
under these exact same conditions but without nitrogen
addition, the resulting films exhibited an amorphous metallic
glass structure.”’ The only modification in the current process
is the introduction of nitrogen into the sputtering atmosphere.
This change led to the formation of crystalline structures even
at low substrate temperatures. However, stress and bombard-
ment cannot be ruled out as contributing factors to the
crystallization of the alloys. Therefore, we attribute the
observed crystallization primarily to the nitrogen incorpo-
ration, which promotes nitride formation and structural
ordering among the metal species in the high-entropy alloy.
This behavior is crucial for the intended application, as it
enables low-temperature processing (<100 °C) while ensuring
the mechanical and chemical stability of the sensing units.
The nitrogen content during film growth significantly
influences the deposition rate compared with pure metal
high-entropy alloys. For HEN-1, deposited with the lowest N,
proportion, the sputtering process operates predominantly in
the metal mode, characterized by high sputter yields and
consequently higher deposition rates, resulting in films
approximately ten times thicker. As the nitrogen concentration
increases (as in HEN-2 and HEN-3), the system transitions
into the poison mode, where the formation of nitrides on the
target surface reduces the sputtering yield, leading to lower
deposition rates.””* Between the HEN-2 and HEN-3 films,
which were grown under the same gas composition but with
varying substrate angles (0° to 85°), no significant micro-
structural differences are observed in the current micrographs,

and only slight thickness variations within the experimental
uncertainty are noted, as shown in Figures 1(c) and 1(d).

3.1.2. X-ray Diffraction Analysis. Figure 2(a) and (b)
shows the XRD diffractograms in full range and a detailed view
of the film-related region, respectively. Initially, the expected
contributions from the Si substrate can be identified due to the
thin film thickness being in the nanometric range. Moreover,
the peak at around 61.5° 26 corresponds to the Cu Kp
contribution. These well-defined peaks assist in aligning the
measurements, allowing a better discussion of the variations
observed between 35° and 50°, where the film’s structure is
evident. The peak around 40° is already reported and
attributed to the reflection associated with the (200) plane
of the face-centered cubic (fec) structure of high-entropy
nitride (HEN) films.’® Such a structure suggests that the
coating is a solid solution phase, instead of a mix of regions
with binary nitrides, and that N may be present in the coating
as interstitial atoms.”* The stability of this single phase is a
direct consequence of the high entropy effect, which
significantly reduces the free energy of the solution phase
compared to that of the simple binary nitrides.”®

Comparing the first two films, it is observed that the peak
positions are similar, but the peak broadens with a higher
nitrogen content during deposition. Indeed, nitrogen satu-
ration may lead to defects, distortions, or structural
modifications.”” The target poisoning effect and differential
sputtering yield could hinder significant grain growth. The
positive peak shift associated with (200) reflection has been
associated with a lattice contraction effect (Figure 2(b)).***
Changing the deposition angle modifies the precursors’
impinging angle and energy of the arriving species, affecting
the microstructure of the growing film. In our case, deposition
at high angles likely reduces the surface diffusion and promotes
the growth of more isolated columnar structures, where local
stresses may accumulate more significantly. This stress
accumulation leads to a compressive strain in the lattice,
resulting in a slight contraction of the interplanar spacing.
According to Bragg’s law, this contraction shifts the diffraction
peaks (such as the 200 reflection) toward higher 20 angles, as
observed experimentally. However, given the possible nano-
crystalline nature of the films, the broadness and slight
asymmetry may be attributed primarily to grain size
distribution and microstrain, ie., inhomogeneous broadening
and local stress. Additionally, minor changes in chemical
composition (e.g., oxygen and nitrogen incorporation) could
also contribute to the stress state and slight lattice parameter
variations. In agreement with previous works, the substrate
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Figure S. (a) Schematic of the films’ composition and (b) atomic structure along with the atomic composition of each film deposited, for both the

surface and subsurface, obtained by XPS.

5541

https://doi.org/10.1021/acsaelm.5c00489
ACS Appl. Electron. Mater. 2025, 7, 5537—5548



ACS Applied Electronic Materials

pubs.acs.org/acsaelm

HEN-3 HEN-1

= Bare
S (d) e HEN-1
[
‘g 1000 5 === HEN-2
= “= HEN-3
[ =
o 3 =
g F
E 2
g
g 2
3 ui =
[
o
o —
14
107 10 100 102 100 10t 100 10°
Frequency (Hz)
10°
—Bare
1
= 107y s HEN-1
L 1074 —— HEN-2
8 1034 o HEN-3
[
© 1044
=
éwﬁ
© 106
V] 1
107]
10'81
0y (e)
10710 4oy v - o v - -
10° 100 100 10°  10* 100 10°
B are Frequency (Hz)

Figure 6. (a) Resulting HEN-based e-tongue device, (b) detailed images, (c) optical picture micrographs of the electrodes, and (d, e) the
impedance and associated capacitance magnitude measured on each sensing unit in contact with ultrapure water (benchmark), showing that the

electrical responses are different on each IDE.
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Figure 7. (a) Schematic illustration of a single interdigitated electrode
(IDE) integrated with a microchannel to perform electrical measure-
ments. The complete e-tongue assembly consists of a “sandwich”
structure formed by the bottom printed circuit board (green), the
IDE array (golden), and a top transparent polymer layer (gray)
containing the sculpted microchannel (dark green) through which the
fluid flows. The e-tongue device is composed of four IDEs (three
coated with distinct HEN films and one bare; please see Figure 6 (a)),
whose combined responses form the sensor output. (b) Principal
component analysis (PCA) plot of five independent measurements for
three different liquid media: distilled water, NaCl, and KClI solutions.
The ellipses represent 95% confidence intervals for each cluster.

motion during deposition, with all other parameters held
constant, by itself, modifies the micro- and nanostructure.*®

It is well established that transition metal nitrides with FCC
structure tend to grow (111)-oriented under low ion-to-neutral
flux conditions. At the same time, the (200) orientation is
favored under higher energy bombardment, typically achieved
via substrate biasing or high ionization plasmas. One may note
that in this set of samples the (200) orientation is
predominant.

It is important to highlight that thickness plays a critical role
in the texture evolution of fcc nitrides. As described in the

5542

literature,®” transition metal nitrides in general initially grow
with strong (200) texture in thin films, and only for thicknesses
above ~200—300 nm does a gradual transition toward (111)
preferred orientation become noticeable. Moreover, a similar
effect is also visible in other systems with high-entropy nitride
coatings (such as AICrNbSiTiVN, AICrNbSiTaTiVN, and
AICrNbSiTaTiVZr) of a thickness of ~1 yum.®® Considering
the floating potential and the thickness of the coatings, the
growing film is subjected to (Ar", N,") ion bombardment due
to the self-bias floating potential, which can explain the
preferential growth of the (200) orientation in the current
setup.

3.1.3. Micro Raman Spectroscopy. Figure 2(c) shows the
Raman spectra for all sensing units and a reference substrate.
Overall, all three active films exhibit similar features consisting
of two main bands. A recent study by Pshyk et al.”” suggests
that for films similar to those studied here, but with varying
levels of Al addition, the Raman shift in HENS is preferentially
determined by symmetry breaking due to a severely distorted
cation sublattice caused by atomic size mismatch between the
metal elements. Additionally, transition metal nitrides are
scattered due to deviation from stoichiometry and the
associated formation of vacancies or antisite defects. The
Raman spectra presented here agree with those in the cited
work,” where the films show first-order transverse and
longitudinal bands in the acoustic frequency range and first-
order optical modes in the optical frequency range.

3.2. Chemical Composition and Structure of the
Films. XPS is employed to evaluate the chemical properties of
the films, analyzing both the surface (analysis depth of ~$
nm>") and underneath after removing surface contamination
by argon sputtering (see Film Characterization section). As the
impedance of the sensing units is strongly dependent on both

https://doi.org/10.1021/acsaelm.5c00489
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95%.

the HEN film’s dielectric characteristics and the electrode’s
geometric properties, control of these properties provides
valuable insights related to the electric device response. The
deconvolution of the individual contributions is carried out for
all the samples studied (see Supporting Information). As an
example, the results from XPS are presented for the sample
HEN-2 film as shown in Figure 3, with peak attribution
following previous results compiled in the references.”"’"”!
Figure 3(a)—(e) shows the predominant presence of M—O
oxidized and the M—N bonds, where M means the transition
metal. The expected doublet-shaped contributions due to the
electrons of the 2p level to the spin—orbit interaction for the
transition metals are present.54 It is remarked that only Ta, in
Figure 3(b), shows a metallic contribution (Ta®). The
presence of pure metal species, even after surface environ-
mental exposure, has been reported previously.”’ The same
response for the other two films is shown in Figures S3 and 4.
Confirming the previously suggested incomplete nitridation of
the HEN-1 film, it is observed that Ti and Zr also show
metallic contributions, which are not observed in the other two
films. As reported later, this bonding structure is also present
deeper into the film. The formation of metallic oxides during
deposition is due to ubiquitous residual oxygen in the
deposition chamber and is also caused by surface oxidation
from postdeposition exposure to the ambient atmosphere.”"
The film characterization section also details eroded samples
by employing the ion beam to draw information about the bulk
region of the film. After the process, the sample is transferred
to the XPS system through an ultrahigh vacuum chamber,
minimizing the possibility of contamination and oxidation. The
most significant change is the increase in the contribution of
M—N bonds, while M—O bonds become less intense. Since
the deposition process is carried out under very low base
pressure, the presence of oxygen is reduced but never
eliminated. In the case of samples deposited in a nitrogen-
rich atmosphere, no indications of purely metallic contribu-
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tions are present in this region. On the other hand, the sample
with lower N, content during deposition still shows the
presence of Zr° and Ti° in the structure.

Figure 4 shows the bands associated with electrons for the
(a) N 1s, (b) O 1s, and (c) C 1s levels of the HEN-2 sample,
confirming these observations. Initially, the chemical environ-
ment for nitrogen indicates an increase in the intensity of the
contribution related to the presence of nitrides at the surface.
Additionally, during etching, oxygen from the material may be
incorporated into the nitrogenated structure due to the energy
expended in the process (although the contribution is
marginal). It is important to emphasize that the HEN-1
sample exhibits a very weak peak for M—N bonding at the
surface, which is much more evident in the subsurface. The
relatively largest contribution, as denoted in Figure 4(b), is
related to metallic oxides. This component is located within
the expected range for transition metal oxides. The much
stronger M—O peak may mask other components such as N—
O and C—O. A hint of this behavior was already seen in the
previous data, where the lower nitrogen content allowed for
greater surface oxidation when exposed. The behavior of
oxygen is similar for all three samples. Figures SS and S6
(Supporting Information) present the same analysis for the
other two samples in the series.

Regarding the band associated with electrons in C 1s
orbitals, Figure 4(c) shows a typical behavior for this analysis:
on the surface, a high carbon content is always present in
samples exposed to the ambient atmosphere before ion beam
etching. This element originates from the well-known
adventitious carbon, which in this case can be observed at an
energy of ~284.8 eV. Part of it also comes from the absorption
of oxygenated carbon species, such as CO,. Once the topmost
layer is removed by argon sputtering, the carbon contribution
becomes marginal, drastically reducing the peak. A small
contribution to lower energies, indicating the presence of
carbides, can be observed, too. We infer that such a bond may

https://doi.org/10.1021/acsaelm.5c00489
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arise from sputtering mixing during the etching and cleaning
process.”” The same behavior is observed for the other two
films in Figures S5 and S6 of the SI. Considering the intended
application, it is important to note that the outermost interface
is constantly exposed to fluids when the sensor is in operation.
Since oxide is a robust surface for the environment, this surface
passivation may aid in the stability of the sensor signal.

3.3. In-Depth Chemical Composition of the Studied
HEN Films. From the information gathered in the last section,
a graphical composition distribution of the samples is shown in
Figure 5(a) for the two regions denoted from now on as a and
B, respectively. The relative atomic composition is also shown.

For all three samples studied, the following observations are
highlighted: a) they all exhibit relatively higher oxygen content
at the surface, which decreases in depth while nitrogen content
increases, and b) the ratio of metallic elements is near-
equimolar in all deposition conditions, with the largest
deviation observed in the first condition, where lower nitrogen
content was used during deposition. It is worth noting that, for
all samples, the carbon contribution is ~22 at. % at the surface
and ~7 at. % underneath. Carbon is disregarded for
determining the chemical formulas. It mainly originates from
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adventitious carbon and is expected to be contaminated during
deposition/etching; therefore, it will be discussed later. Surface
oxidation is expected for all samples exposed to ambient air.
We remark that there is a lower oxygen concentration for
samples deposited with a higher nitrogen content as the
passivation of the metallic atoms by nitrogen is already in
place. Even in the subsurface, the nitrogen concentration is
lower for the first sample, suggesting that metal nitridation is
incomplete, leaving room for purely metallic and/or oxidized
contributions from these elements. Finally, a schematic
representation of the material is presented in Figure 5(b),
showing the transition from an oxide-rich interface to a nitride-
rich interface, i.e., the latter forming a crystalline solid solution
since the material components are near equimolar.

The presence of a thin oxide-rich surface layer atop the HEN
films, combined with a conductive nitride subsurface, is
expected to influence the impedance spectra by introducing
additional interfacial resistance and capacitance contributions,
particularly at low frequencies. This layered structure enhances
the chemical stability while preserving sufficient electronic
conduction pathways through the underlying nitride phase.
Such surface—subsurface interactions are characteristic of

https://doi.org/10.1021/acsaelm.5c00489
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layered structures and can play a significant role in tuning both
the sensitivity and durability of impedance-based sensing
devices.

3.4. Electrical Characterization. Once comprehensively
characterized by the deposition parameters, the films are grown
onto IDEs collinearly placed on a printed circuit board (PCB).
Each PCB has four IDEs, one left bare to serve as a control and
comparison (bare unit). It is worth highlighting that thin film
deposition by plasma techniques in e-tongues is innovative and
has recently been developed in our group. Figure 6(a) shows a
photograph of the complete PCB, and in Figure 6(b), a detail
of each electrode is shown. At first glance, a drastic color
change and efficient deposition are suggested on both the
electrode and the polymer. Optical microscopy micrographs
are shown in Figure 6(c) for distinct electrode regions. Despite
plasma treatment, no degradation is observed in any
component of the IDEs. The physical integrity of the electrode
is maintained, while the nanometric film is deposited. As
mentioned earlier, one of the conditions for forming an
electronic tongue is sensing units exhibiting distinct electrical
responses under the same conditions (e.g., different excitation
signal when in contact with the same fluid). Film character-
ization showed that they have different structures, but assessing
whether these modifications are sufficient to alter the electrical
response is necessary. The four electrodes are electrically
tested in contact with ultrapure water to do so.

Figure 6(d) presents the impedance magnitude (in ohms) as
a function of frequency (in Hz). Figure 6(e) shows capacitance
data for the exact measurements, a property that can also be
used in comparative tests using equivalent electric circuits.
Compared to the bare electrode, one can conclude that the
HEN films on the IDEs substantially modify the electrical
response qualitatively and quantitatively. The HEN-1 and
HEN-2 films present similar curves with low impedance values.
This behavior indicates a resistive behavior for more
conductive films, due to either the electrical properties of the
film itself or the material’s nanostructure, as depicted by SEM
and X-ray diffraction data. Although seemingly simple, these
results show that we can fine tune high-entropy nitrides for the
e-tongue case.

Two tests were designed as proofs-of-concept for the HEN-
based electronic tongue. The first test evaluates the ability of
the e-tongue to differentiate similar aqueous solutions at
identical molar concentrations (1 mmol/L), while the second
assesses its capability to distinguish the basic tastes perceived
by the human tongue at concentrations close to or below the
human detection threshold.*®

Figure 7(a) schematically illustrates a single interdigitated
electrode (IDE) integrated into the microfluidic channel
through which the analyte flows during measurement. The
complete e-tongue device consists of an array of four IDEs
(three HEN-coated and one bare), whose combined electrical
responses are used to generate characteristic fingerprints for
each solution, as further analyzed by PCA.

Figure 7(b) is the PCA score plot for five independent
measurements of each fluid in each sensing unit. The ellipses
drawn around the data points are generated from the
Mahalanobis distance (MD)”® with a 95% confidence level.
Briefly, Mahalanobis distance is a powerful tool for
comprehending the structure of multivariate data and their
interrelationships. It is a measure that considers the correlation
among the variables in a data set. It is especially useful in
contexts where the variables have different scales or are
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correlated. Overall, these ellipses illustrate clusters of measure-
ments that have similar fingerprints. Summing up: ellipses with
overlapping or joining measurements of distinct samples may
indicate poor device performance and vice versa. Moreover,
with a silhouette coefficient of 0.848, it is possible to conclude,
with great confidence, that the classification of the data set
ensures high resolution of the data displayed in Figure 7.”*
Water is located in the region of positive PC1 values, while
saline solutions are in the negative area, indicating good
discrimination since this axis may differentiate salt concen-
tration. The PC2 axis helps to separate the two ions: Na* for
PC2 > 0 and K* for PC2 < 0, with pure water positioned at the
(10, 0) coordinate. Therefore, the variation in the electrical
response of the electrodes and its statistical analysis by PCA
confirms the efficient performance of the device in separating
these patterns, even considering samples with very similar
tastes. It is important to note that the two PCs, PC1 and PC2,
are sufficient to describe 92.2% of the data variance (PC1 +
PC2, as reported in the axis of Figure 7(b)).

Figure 8(a) shows the PCA score plot for the second test,
presenting a more complex scenario with samples having
distinct properties. For clarity, Figure 8(b)—(e) shows
zoomed-in sections of different areas from Figure 8 for the
analysis of fundamental taste patterns. It is worth mentioning
that the concentrations of sweetness, saltiness, and umami are
close to or below the human threshold perception.”> The
overall plot resolves the six samples tested. It is essential to
notice that each region results from five independent
measurements. Notably, the cluster corresponding to the
sour taste (HCl solution) exhibits the most significant
displacement in the PCA due to the high ionic mobility in
this sort of solution since the mobility of the H* ion exceeds
the mobility of the Na* and CI™. The separation is so efficient
that overall the points from the independent measurements
overlap, and the confidence ellipse is not visible. The subplot
series confirms the points’ low dispersion and graphically
illustrates an archipelago well resolved of different tastes. The
calculated silhouette coeflicient of 0.974 confirms the robust-
ness of the classification in agreement with standards accepted
in the literature.”* Moreover, the sum of PCl and PC2
describes 99% of the total variance in the data.

The positive results from the two tests confirm the efficiency
of employing high-entropy nitride-coated sensing units in a
microfluidic impedimetric e-tongue system. Raman spectros-
copy corroborates the integrity of the active HEN coating after
the aging test. In total, the number of measurements may reach
~200, including the evaluation of solution with similar ions
and the distinct flavors, as well as the repeated flushing after
each analyte. Figure 9 presents the Raman spectra obtained in
different zones of the HEN coating, as indicated in Figure 9(a).
The Raman spectra of the zones where the liquid flows (5, 1)
and the areas that are not in contact with the fluid (z, y) are
compared. The spectra from exposed and nonexposed regions
show no significant spectral shifts, peak broadening, or
intensity loss, indicating that fluid exposure did not induce
detectable chemical or structural changes in the HEN films.
The results show that the Raman scattering pattern is similar
for each of the four electrodes. The Raman spectra of the films
are very close to those presented in Figure 2(c), with all films
keeping the same structure and their chemical and physical
integrities. This direct comparison further confirms the
chemical robustness of the coatings, even under repeated
fluid flow conditions.

https://doi.org/10.1021/acsaelm.5c00489
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It indicates that even after several uses they still protect the
electrodes, preserving distinct electrical responses that allow
the sample identification. It is important to emphasize that
these tests represent an initial assessment of the system’s
robustness. Extended durability tests, involving a larger
number of measurement cycles, should be performed to
further evaluate the long-term stability of the coatings and their
protective function.

4. CONCLUSION

This study presents a novel e-tongue utilizing high-entropy
nitride (HEN) films, where five transition metals (Nb, Ta, Ti,
V, and Zr) form an fcc nitride solid solution, deposited by RF
sputtering. The near-equimolar incorporation of multiple
metals enhances the material’s properties compared to their
individual binary nitrides, including a more active surface for
interaction with different analytes. High-entropy nitrides
provide exceptional chemical and structural stability, tunable
electrical properties, and strong resistance to degradation,
making them excellent candidates for enhancing sensor
performance. The precise control over microstructural and
electrical properties of HEN films, achieved through optimized
deposition parameters, directly enhances the sensor perform-
ance.

When these coatings are grown on interdigitated electrodes,
they produce distinct electrical responses to aqueous systems
flowing through a microchannel, enabling the formation of
unique electrical fingerprints for sample identification. Addi-
tionally, optimized deposition at low substrate temperatures
preserves the integrity of the films on IDEs collinearly placed
on printed circuit boards. The impedimetric e-tongue response
enables an accurate analysis of all tested samples. A robust
statistical analysis, including principal component analysis
(PCA) and silhouette coefficient methods, confirms the
device’s ability to reliably distinguish between K" and Na*
ions and different tastes, demonstrating high resolution and
reproducibility. Furthermore, the sensor maintains excellent
physical and chemical stability after extensive testing (~200
measurements), indicating long-term functionality. These
findings position HEN-based sensors as a promising platform
for real-world applications including but not limited to
environmental monitoring and food analysis.
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