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RESEARCH ARTICLE
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Refractory Plasmonics of Reactively Sputtered Hafnium
Nitride Nanoparticles: Pushing Limits

Pavel Pleskunov,* Mariia Protsak, Zdeněk Krtouš, Tereza Košutová, Marco Tosca,
Kateryna Biliak, Veronika Červenková, Daniil Nikitin, Jan Hanuš, Miroslav Cieslar,
Ivan Gordeev, Milan Dopita, Michael Vorochta, Jaroslav Kousal, Ludvik Martinu,
and Andrei Choukourov*

High-temperature plasmonics deals with optically active nanostructures that
can withstand high temperatures. A conventional approach relying on
standalone noble metal nanoparticles fails to deliver refractory plasmonic
nanomaterials, and an alternative route envisions metal nitrides. The main
challenge remains the development of advanced synthesis techniques and the
insight into thermal stability under real-life application conditions. Here,
hafnium nitride nanoparticles (HfN NPs) can be produced by gas aggregation
using reactive magnetron sputtering, a technique with a small environmental
footprint are shown. As-deposited NPs are of 10 nm mean size and consist of
stoichiometric, crystalline fcc HfN. They are characterized by optical
absorption below 500 nm caused by interband transitions and in the
red/near-infrared (NIR) region due to intraband transitions and localized
surface plasmon resonance (LSPR). The optical response can be engineered
by tuning the NP composition as predicted by finite-difference time-domain
(FDTD) calculations. Going beyond the state-of-the-art, the HfN NP thermal
stability is focued under ultrahigh vacuum (UHV) and in air. During UHV
annealing to 850 °C, the NPs retain their morphology, chemical and optical
properties, which makes them attractive in space mission and other
applications. During air annealing to 800 °C, HfN NPs remain stable until
250 °C, which sets a limit for air-mediated use.
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1. Introduction

Plasmonic nanomaterials offer the poten-
tial to significantly improve the efficiency
of existing technologies, such as electron-
ics and photonics, as well as to create new
technological opportunities.[1–3] A plethora
of optical, electronic, and quantum effects
observed in plasmonic materials arise from
the excitation of surface plasmons (SPs),
coherent oscillations of electronic cloud
at a metal–dielectric interface. The spa-
tial confinement of the SPs in nanomate-
rials amplifies electric fields near the sur-
face and increases light absorption at a
certain frequency, leading to localized sur-
face plasmon resonance (LSPR). Due to
enhanced electric fields and light absorp-
tion, SPs generate optoelectronic phenom-
ena with applications in sensing,[4,5] energy
conversion,[6,7] catalysis,[8] and others.

Noble metals, such as silver and gold,
remain the most ubiquitous and explored
plasmonic materials owing to their strong
light coupling in the visible part of the
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spectrum (Vis) and a handful of well-adopted synthesis tech-
niques. However, the high production overhead and a number
of challenges posed by insufficient thermal and chemical stabili-
ties have stimulated the exploration of transition metals and their
compounds, including alloys, oxides, and nitrides.[9–11] In partic-
ular, some transition metal nitrides (TMNs) exhibit negative real-
part permittivity in the visible and near-infrared (NIR) spectral re-
gions, reflecting their metallic character.[12] TMNs have been en-
visioned as a promising alternative to noble-metal plasmonics be-
cause of their higher melting points, lower production-associated
costs, and superior chemical robustness.

A pioneering work by Steinmüller–Nethl et al. became an on-
set for active exploration of plasmonic properties of TMNs.[13]

Among many others, nitrides of the group four elements (TiN,
ZrN, and HfN) have been generating vivid long-term interest
as they show plasmonic metrics comparable to noble metals in
the Vis/NIR regimes.[14] Furthermore, a pursuit for improved
plasmonic response has led to a discovery of strong electron-
phonon coupling, resulting in a temperature rise in a confined
volume at the nanometer scale. For example, the localized heat-
ing phenomenon opened the possibility of using group four
TMNs in further plasmonic applications, such as heat-assisted
magnetic recording,[15,16] photothermal treatment,[17] and water
desalination.[18]

Although group four TMNs have high melting points (typically
about 3000 °C) and reportedly exhibit excellent chemical stability,
their properties may not persist at the nanoscale. Nanomaterials
can soften and/or liquefy at lower temperatures than their bulk
counterparts because of the high surface-to-volume ratios.[9,11]

This is obnoxious for many applications relying on nanoscale
physical phenomena, including plasmonics and complementary
metal-oxide semiconductor manufacturing. As such, it is imper-
ative to establish the thermal stability of nanostructured TMNs.

The thermal stability of TMN thin films has been actively
explored for a few decades.[19] For example, Krekeler et al.[20]

demonstrated that epitaxially grown TiN films remain struc-
turally stable at 1400 °C during annealing under vacuum condi-
tions. A recent study on laser-induced photothermal reshaping of
ZrN NPs reports on their thermal stability in the range of 1127–
1827 °C, which is much higher than that of Au NPs (307 °C).[21]

The thermal stability of TiN, ZrN, and HfN NPs has not
been systematically explored so far, and most of the existing
studies have focused on annealing under a vacuum or in an
inert atmosphere. For example, at least one report indicates
that these NPs are stable upon annealing to 1000 °C in Ar
during solid-state metathesis.[22] This trend is about to change
nowadays, as the interest of scientific and industrial sectors
gradually shifts toward the conditions under which the TMNs
will be subjected to real-life applications, i.e., in air or dispersed
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V Holešovičkách 2, Prague 18000, Czech Republic

in solvents. Recently, Diroll et al. used ultra-fast transient X-ray
diffraction to evaluate the thermal stability of TiN NPs in air.
The NPs remained structurally intact after annealing in air up to
300 °C, and up to 175 °C when suspended in water.[23] Despite
efforts to improve their properties, there exists a significant
knowledge gap on the thermal stability of nanostructured TMNs
under various conditions. With this lack of understanding, the
temperature limits of the plasmonic response of TMN NPs
remain unclear, and the kinetics of thermally induced decay in
the optoelectronic properties remains unknown.

Of the three TMNs of group four, HfN NPs are the
least studied, partly because of the complexity of synthesis
approaches.[24,25] Few studies have explored HfN NPs as plas-
monic sensors,[26] plasmonic thermal hotspots,[27–29] direct ab-
sorption solar collectors[30] or catalysts for the electrocatalytic oxy-
gen evolution reaction,[31] but they have not addressed the issue
of thermal stability of the optoelectronic properties.

Our present study aims to offer a new approach to the synthe-
sis of HfN NPs, which is based on reactive magnetron sputtering
of Hf under elevated pressure of Ar/N2 mixtures in the configu-
ration of a gas aggregation cluster source, similar to our previous
works.[32–34] A similar approach, involving cluster beam deposi-
tion techniques, was previously reported by Mainet et al.[35] for a
size-selected synthesis of photoluminescent TiN NPs as well as
by Reinholdt et al.[36] for plasmonic ZrN NPs. A brief summary
of thermal stability of most common plasmonic TMNs prepared
by reactive magnetron sputtering and cluster beam deposition
methods is given in Table 1 to reflect the current state of art and
to underline the importance of the subject. Here, we go beyond
the state-of-the-art and bridge the knowledge gap by probing the
thermal stability of HfN NPs under annealing in UHV and air,
while studying the effect on the structure, chemical composition,
and optical properties. The computational predictions of the NPs
optical response obtained by the finite-difference time-domain
(FDTD) method are then compared with the experimentally mea-
sured data.

2. Results and Discussion

2.1. Optimization of the Deposition Parameters

The deposition process was optimized by performing experi-
ments under different compositions of the working gas mixture
(Ar/N2) as described in Section S2 (Supporting Information). To
study the influence of the gas phase content on the NP proper-
ties, three different working gas mixtures were selected for fur-
ther analysis: 0 vol. % of N2 as a reference point representing
the metallic sputtering mode, 9.0 vol. % of N2 which belongs
to a transient mode between metallic and reactive modes, and
11.1 vol. % of N2 that hallmarks the reactive mode.

2.2. Properties of the NPs

2.2.1. Morphology, Elemental Composition and Crystallinity of the
NPs

Metallic Hf NPs grow predominantly into multi-faceted shapes,
resembling hexagons at higher magnifications, while the tran-
sient and reactive modes of sputtering result in the diversity
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Table 1. A comparison of characteristics of the HfN NPs with available literature on other refectory metal nitrides nanoparticles.

NP material Synthesis technique/s 𝜆LSPR position, nm Thermal stability [Tmax, °C]

TiN laser ablation/evaporation cluster beam,[37] thermal plasma[38] ≈620[37]; ≈700[38]; ∼ 800[39] 250 (ambient air)[39]

ZrN laser ablation/evaporation cluster beam,[36] PECVD[40] ≈570[36] 400 (ambient air)[40]

HfN (this work) reactive dc magnetron sputtering ≈800 850 (vacuum); 250 (ambient air)

TaN reactive dc magnetron sputtering ≈560[41] unavailable

of NP shapes, involving multifaceted (close-to-spherical), cubic,
and irregular structures (Figure 1a; Figure S2a–c, Supporting
Information ). The morphological changes are accompanied by
changes in the size distribution, as seen from the SAXS data
shown in Figure S2d–i (Supporting Information). The SAXS
analysis provides a mean size (number-weighted size distribu-
tion) of 19 ± 4 nm (std. deviation) for sputtering in Ar, 23 ± 4 nm
for the transient mode (9.0 vol. % of N2), and 10 ± 3 nm for the
reactive mode (11.1 vol. % of N2; Figure 1b). These values are in
good agreement with the statistical analysis of SEM micrographs
of the same NPs (Figure S3, Supporting Information).

The elemental analysis of the NPs deposited under different
conditions was performed using STEM-EDS. For the NPs sput-
tered in the metallic and transient modes, the results are shown
in Figure S4 (Supporting Information), while STEM HDAAF im-
ages and the STEM-EDS maps of the NPs deposited in the re-
active mode (11.1 vol. % of N2) are shown in Figure 1c. Here,
nitrogen appears to be homogeneously distributed within the
NP volume. Surface oxidation is also observed in these NPs as
a red(oxygen)-enriched halo.

Further analysis of the chemical composition was carried out
by XPS. The spectra were acquired immediately after sample
preparation without breaking the vacuum. These were compared
with XPS spectra measured after one day of storage in ambient
air. All XPS measurements were performed on the NP coatings
with the overall thickness exceeding 200 nm to avoid potential
effects imposed by the substrate. The detailed deconvolution and
comparison of the high-resolution Hf 4f spectra for the NPs pre-
pared in the metallic, transient, and reactive modes is given in
Figure S5 in Section S3.2 (Supporting Information). Here, we fo-
cus on the HfN NPs prepared in the reactive mode (11.1 vol. %
N2). Only two pairs of peaks suffice to fit the spectrum. These be-
long to the dominant doublet of HfN and to the minor doublet
of HfO2 (Figure 1d). The 4f7/2 component of HfN is positioned
at 15.5 eV (higher than 13.4 eV of metal Hf), indicating enrich-
ment with the Hf─N bonds at the expense of the Hf─Hf bonding
environment. Although it is impossible to completely avoid oxi-
dation under our experimental conditions, the N/Hf ratio = 1.0
indicates that the NPs are stoichiometric. Contact with air leads
to enhanced oxidation of these NPs, as illustrated in Figure 1e, re-

Figure 1. Characterization of the HfN NPs prepared at 11.1 vol. % of N2 in the working gas mixture: HRTEM micrographs a), SAXS size distribution b),
STEM HDAAF image and STEM-EDS elemental maps c); high-resolution XPS spectra of the core-level Hf 4f region acquired before d) and after e) the
NP exposure to air; fitted X-ray diffraction pattern acquired on the HfN NPs with the corresponding ICDD reference f). The μ denotes the NP mean size.

Adv. Optical Mater. 2024, 12, 2302715 2302715 (3 of 13) © 2024 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 2. SEM micrographs of different magnifications taken on HfN NP coatings in the cross-section orientation a,b); HRTEM micrograph of a chain
comprised of HfN NPs c); multi-angle UV–Vis–NIR spectra recorded for s and p polarizations: d,e) transmission (T), f,g) reflection (R) and h,i) absorption
(A) spectra of Hf and HfN NPs deposited onto SiO2. Angles are given with respect to the substrate normal.

sulting in a decrease of the N/Hf ratio to 0.8. It should be noted
that the quantitative XPS results must be interpreted with care, as
they reflect the chemical states at the NP surface (a shell) rather
than the NP core, owing to a substantial attenuation of the XPS
signal with depth.

Besides the morphological changes, the addition of N2 to the
gas phase leads to microstructural changes in the NPs. Stoichio-
metric HfN NPs were prioritized over their nitrogen-deficient
counterparts, and further analysis was performed on HfN NPs
(and on metal Hf NPs when needed for comparison; see, for ex-
ample, Figure S6, Supporting Information).

Sputtering in the reactive mode results in the formation of
HfN NPs that consist predominantly of the fcc HfN phase (space
group 225, PDF-4 00-025-1410) with an exiguous contribution
from HfO2 manifested via a broad peak at ≈30° in the XRD pat-
terns (Figure 1f). However, the overall contribution of HfO2 is
very small and its crystallinity is limited, which makes it impos-
sible to reliably quantify this phase using XRD. Thus, we exclude
this phase from the analysis. The measured lattice parameter
4.514(1) Å was found to be similar to that of cubic stoichiometric
HfN in the bulk form (a = 4.518 Å).[42] The formation of a stable
fcc phase with lattice constants close to the equilibrium values in-
dicates that the thermalization of HfN NPs is slower compared to

that of Hf NPs, probably due to an additional energy gain given
by the high enthalpy of the Hf-N bonds formed.

2.2.2. Optoelectronic Properties of the NPs

The HfN NP coatings were deposited onto SiO2 substrates to
study their optical properties. First, the structure of the HfN coat-
ing was characterized using SEM to set a groundwork for the
spectrophotometric measurements. The cross-section SEM mi-
crographs of different magnifications are shown in Figure 2a,b.
The thickness of the coating was found to be ≈640 nm. SEM
analysis also revealed a porous coating structure arising from a
soft-landing deposition regime.[43] In such a regime, the kinetic
energy per atom is substantially lower than the cohesive energy.
Thus, no deformation of the NPs occurs as they arrive at the sub-
strate, as documented by HRTEM imaging of a chain consisting
of multiple HfN NPs (Figure 2c).

According to the ellipsometry measurements carried out on
similar samples but deposited on Si wafers, the coating porosity
seems to be a function of its depth. Porosity at the bottom of the
coating (≈30 nm) is estimated to be between 0.1 and 0.2 (the void
fraction), while it reaches 0.7 in the layers deposited above. The

Adv. Optical Mater. 2024, 12, 2302715 2302715 (4 of 13) © 2024 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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latter value is in line with previous theoretical predictions and
measurements conducted on NP-based films.[44,45]

Preliminary optical measurements conducted on the Hf and
HfN NP coatings revealed that diffusive scattering remained be-
low a sensitivity limit of the instrument. We note that the inter-
action of light with NPs smaller than the wavelength can lead to
scattering events,[46,47] which are difficult to observe. One partic-
ular reason is the dominance of the absorption efficiency over
the scattering efficiency for small-sized particles as it can be in-
ferred using the quasi-static approximation.[47] Also, the Mie the-
ory highlights a quick fall-off of the scattering cross-section due to
the dissipative losses if the NP size is small. Recent studies have
shown that HfN can facilitate light-to-heat conversion through
thermoplasmonic relaxation.[18,48] The latter stems from a less
negative real part and a higher imaginary part of the HfN com-
plex permittivity relative to noble metals, resulting in a lossy plas-
monic response.[29] Our FDTD calculations (discussed in detail
later) conducted on a single 10 nm sized HfN NP point to a two-
order difference between the absorption and scattering efficien-
cies. We hypothesize that due to a combination of small NP size
and lossy plasmonic nature of the HfN, diffusive scattering was
not registered. Thus, the scattering contribution was ignored and
only the results obtained on the UMA-enabled instrument were
used for the analysis.

The multi-angle UV–Vis–NIR spectra recorded on the NP coat-
ings are presented in Figure 2d-i. The polarization effects can
hardly be expected in individual NPs, although larger agglom-
erates (groups or chains of NPs) might give rise to differences
between s- and p- polarizations. Thus, the optical spectra in both
s- and p- polarizations were recorded. The transmission (T) and
reflection (R) spectra show the angular dependence, with the re-
flection increasing at higher angles for the s-polarization and de-
creasing for the p-polarization. This trend aligns with a Fresnel
T/R coefficients dependency on the angle of incidence; however,
the samples coated with the NPs exhibit lower reflectivity as com-
pared to a bare SiO2 substrate (Figure S7c,d, Supporting Informa-
tion). Unlike continuous metallic films, the coatings of the HfN
NPs are porous, and the combination of small thickness and high
porosity suppresses the coating reflectivity (Figure 2f,g).

In contrast to metallic Hf NPs (Figure S8a,f, Supporting Infor-
mation), the UV–Vis–NIR spectra of the HfN NPs show a strong
transmittance minimum in the near-IR range, which is inversely
replicated by the absorption maximum (Figure 2d,i). The mini-
mum reflectivity aligns with the transmission minimum (absorp-
tion maximum) centered at 𝜆 ≈970 nm. At 𝜆 < 500 nm, transmis-
sion subsides, and absorption dominates the spectra.

HfN is known to exhibit optoelectronic features of metals:
its conduction and valence bands are partially overlapped, and
the Fermi level is located in the conduction band, pointing to
the availability of free carriers.[14] Therefore, the near-IR absorp-
tion band can be attributed to intraband electron transitions and
LSPR, whereas the absorption at 𝜆 < 500 nm can be associ-
ated with interband transitions. Here, the absorbed photons have
enough energy to transit from N 2p-states dominating the valence
band to unoccupied Hf 5d-states close to the Fermi level.[49]

Our UPS measurements on the HfN NPs (Figure S9, Support-
ing Information) revealed an energy difference of 2.9 ± 0.1 eV
between the Fermi level and the maximum of the valence band
(EF-EVBM), which correlates well with the theoretical values of

3.1 eV for the interband transitions,[14] but larger than the op-
tical crossover at 𝜆 < 500 nm (> 2.5 eV). The deviation might be
explained by the fact that the UPS analysis depth is limited to 2–
3 nm by a short inelastic mean free path, and the spectra reflect
mostly the states found in the oxidized NP shell.

Interestingly, the UV–Vis–NIR spectra of HfN NPs resemble
those of commercially available optical green filters with poten-
tial use in cameras or displays.[50] Regardless of the incident light
polarization, the optical properties of the HfN NPs remain con-
sistent, which is seen as an advantageous feature in optical filter
applications.

HfN is often recognized as a plasmonic alternative to Au owing
to its larger absorption (𝜎abs) and scattering (𝜎scatt) cross-sections
as also evidenced by our FDTD calculations performed for a sin-
gle 10 nm sized HfN and Au NPs (Figure S10, Supporting In-
formation). This result is consistent with previous reports on
the photophysical dynamics of HfN and is attributed to a higher
imaginary permittivity of HfN relative to noble metals,[29] be-
cause the absorbed power is proportional to the product of the
square of the imaginary permittivity and the electric field. How-
ever, the formation of the 2 nm thick HfO2 shell reduces the HfN
absorption efficiency down to that of Au NP and red­shifts the
LSPR peak slightly. The contribution of the 𝜎scatt to the light ex-
tinction can be safely neglected, as there exists nearly two orders
of magnitude difference between the 𝜎abs and 𝜎scat.

To further explore the oxidation effects on the optical response
of HfN NPs, a model of 10 nm sized core–shell HfN@HfO2
NP was used, where the oxide shell thickness gradually grows
at the expense of the NP core. The increase of the shell thick-
ness red-shifts the 𝜎abs and 𝜎scatt and trims their magnitudes
(Figure S11a,b, Supporting Information), which is reflected by
the red-shift, broadening, and magnitude loss of the extinction
band (Figure 3a,b). As HfO2 becomes the dominant phase, the
contributions of 𝜎abs and 𝜎scatt become comparable, leading to a
development of an extinction peak in the UV region (< 400 nm)
as shown in Figure 3c. This extinction can be attributed to the
Rayleigh scattering on the HfO2, similar to the previously re-
ported scattering on the TiO2 nanocrystals in the UV range.[51]

Despite the simplicity of the model in use, it allows for obtain-
ing of the optical response close to that observed experimentally
for the oxidized HfN NPs also matching the previous theoreti-
cal reports.[28,29] The best match is obtained for the oxide shell
thickness of ≈4.5 nm (Figure 3b), which overestimates the real-
ity, as the model does not account for gradual oxidation and opti-
cal properties of HfNxOy formed on the surface of the NPs. The
red-shift of LSPR is attributed to a higher refractive index (RI) of
HfO2 (≈2.0) as compared to ambient air (≈1.0).

In contrast to the oxidation, a change in the NP size primar-
ily affects the magnitude of the extinction band, while having a
negligible imprint on its position, except for a small blue-shift
of the band as the NP size is decreased (Figure S12, Supporting
Information).

The electromagnetic coupling between densely packed NPs
is known to red-shift the LSPR of plasmonic NPs by hundreds
of nanometers.[52] Such a near-field interaction between NPs is
highly distance-dependent and the interparticle distance stochas-
tically variates for multilayers of NPs used for our spectrophoto-
metric measurements. The plasmon hybridization model used
to describe coupling also highlights the asymmetry introduced
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Figure 3. FDTD-calculated extinction cross-sections for: a stoichiometric HfN NP a), oxidized HfN b), stoichiometric HfO2 c); a comparison between
experimentally measured and model transmission, reflection, and absorption spectra of the HfN NP coating d); SEM micrograph taken on the HfN NP
coating deposited onto SiO2 substrate in the cross-section orientation e) and effective refractive index map obtained by the ellipsometry f).

by dimer formation. The orientation of the electric field relating
to the interparticle axis could cause bonding/nonbonding inter-
actions, producing red/blue shifts.[53] We probe into electromag-
netic coupling using a dimer comprised of equally-sized HfN
NPs embedded in air and HfO2 to account for effects induced
by the medium RI. Regardless of the RI, electromagnetic cou-
pling begins at the interparticle distances below 10 nm, mani-
festing via the red-shift and indicating a bonding-like coupling
observed when the electric fields are oriented along the interpar-
ticle axis for a given NP pair.[53–55] For HfO2, the red shift is more
pronounced due to a higher RI (Figure S13, Supporting Infor-
mation). The HRTEM measurements reveal the maximum oxide
shell thickness of 3 nm, resulting in a 6 nm interparticle distance,
which lies within the coupling limit and, therefore, near-field in-
teractions in the multilayers can further shift the LSPR toward
the long-wavelength end of the visible spectrum part.

Taken all the cases together, the plasmonic response of HfN
NPs is governed primarily by the NP oxidation and by electro-
magnetic coupling responsible for additional peak broadening.
The interparticle distance and the NP size dispersity do not pro-
vide significant flexibility for tuning the optical response of the
HfN NPs and should be minimized if sharper peaks are desired.
We also hypothesize that it is possible to engineer optical prop-
erties by suppressing the NP oxidation via embedding the NPs
into an oxygen-free protective matrix or by coating them during
the synthesis. For example, silicon nitride (Si3N4) or aluminium

nitride (AlN) can be used depending whether transparency in the
visible or near-infrared spectral regions is desired.[56,57]

Finally, an in-depth analysis of the HfN NPs was carried out us-
ing spectroscopic ellipsometry to extract the optical parameters of
the material, specifically the refractive index (n) and the extinc-
tion coefficient (k), and to consolidate our previous findings by
investigating the influence of the coating porosity on its optical
response. The details of constructing the ellipsometry model are
given in (Section S1.2.5, Supporting Information). The obtained
optical parameters were then incorporated into the FDTD model
of the NP coating to calculate its transmission, reflection, and
absorption spectra. The calculated spectra match closely the mea-
sured spectra with minor magnitude deviations (Figure 3d). The
reflection oscillations in the visible and NIR ranges are caused
by interferences related to the finite discretization used in the
model, while in reality, there is no distinct interface between in-
dividual layers in the NP coating.

In addition, our calculations show that the porosity reduces
the effective refractive index (neff) of the coating (Figure 3e,f). On
one hand, the bottom layer is estimated to have neff ≈1.8, which
is below the theoretically predicted value for the HfN (n = 2.4).
On the other hand, the effective refractive index of the two layers
above is ≈1.4, with a minor variation between the topmost and
the middle layers. This reflects the real coating structure where
gaps between the NPs are smaller for the bottom layer and larger
for the top layers.

Adv. Optical Mater. 2024, 12, 2302715 2302715 (6 of 13) © 2024 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 4. Linear regression analysis of the extinction peak maxima for HfN and Au a); normalized absorption of HfN NPs deposited into the liquid
paraffin and PTT b); linear regression fit of the (c). The plasmon wavelength shift is denoted as 𝜔p.

Plasmonics effects are widely used in LSPR transducers for
chemical and biological sensing applications. In this section, we
investigate the potential of HfN NPs for plasmonic sensing. The
LSPR transducers operate by exploiting a dependence of the op-
tical response (i.e., LSPR band position, intensity, and shape) on
the dielectric properties of a surrounding. In particular, they are
intended to be sensitive to the changes induced by the binding
of analyte molecules or a medium (air, solvent) displacement. In
addition, the performance of the sensor also depends on the dis-
tance from its surface due to decay of the evanescent plasmon
field, which extends from the metal structure into the surround-
ing medium. In general, the decay is influenced by the physical
parameters and the material of the NPs and can be approximately
described by:[58,59]

𝜆LSPR = m ⋅ Δn ⋅
(

1 − e
− 2d

ddecay

)
(1)

where 𝜆LSPR is the plasmon resonance maximum wavelength
shift, m is the refractive index sensitivity of the sensor, Δn rep-
resents a difference between the refractive index of the adsorbate
and that of the surrounding medium, d is the adsorbate layer
thickness, and ddecay is the plasmon effective decay length.[60,61]

If the decay length is smaller than the adsorbate layer (AL)
thickness, then the sensor response to binding event will be
rather weak due to a rapid exponential decay of the field. On the
contrary, if the decay length is large compared to the AL thick-
ness, the analyte molecules will occupy a limited fraction of the
sensing volume, leading, again, to a subtle response. Typically, to
achieve the optimal transducer performance, the refractive index
sensitivity needs to be maximized and the decay length should
match the recognition interface (for example, an antibody bound
to the NP) dimensions.

When an NP is embedded in a matrix, one can treat the
effective thickness d as infinite and, thus, the sensor response
simplifies to: 𝜆LSPR = m · Δn. This provides a concept of a bulk
sensitivity of the sensor. First, we use FDTD to calculate the
bulk sensitivities of the stoichiometric HfN, oxidized HfN (2 nm
HfO2 shell thickness) and Au NPs embedded into matrices with

variable refractive indices. Our calculations show the LSPR peak
red-shifts as the refractive index of the medium increases from
1.0 to 2.5 refractive index units (RIU) for the stoichiometric and
oxidized HfN as shown in Figure S14 (Supporting Information).
In both cases, the response is linear across the entire refractive
index range. The bulk RI sensitivity of the stoichiometric HfN
is 156.39 nm RIU−1 (Figure 4a), which is higher than 101.09 nm
RIU−1 calculated for the Au NP at the same conditions and
92.58 nm RIU−1 reported for the Au-based sensor.[62] Hovewer,
surface oxidation significantly hinders the RI sensitivity of the
HfN NPs. For the HfN NP wrapped by a 2 nm thick HfO2
shell, the bulk RI sensitivity drops to 89.42 nm RIU−1, which is
noticeably lower than the calculated and measured sensitivity of
the Au NPs.

To experimentally explore the bulk sensitivity of the HfN NPs,
we deposited them directly into vacuum-compatible host liquids
with different refractive indices: low-viscosity paraffin (refractive
index 1.46) and pentaphenyl trimethyl trisiloxane (PTT, refractive
index 1.57). In this case, we expect HfN NPs to be less oxidized
than those stored in air because the host liquid serves as a bar-
rier, limiting the diffusion of molecular oxygen and water toward
NPs. The optical absorption of the prepared nanofluids was mea-
sured using UV–Vis as shown in Figure 4b. Although the data
set is limited to two data points, the experimentally measured RI
sensitivity is estimated to be 155.53 nm RIU−1 (Figure 4c), which
closely matches our theoretical predictions for the stoichiometric
HfN (Figure 4a).

In practice, the detection usually occurs within the first 10 nm
away from the surface. To estimate the plasmon decay length of
the HfN NPs, we fit the calculated plasmon shift (Figure 4c) using
equation 1, which gives m of 237.67 nm RIU−1 and ddecay of 4 nm,
setting thickness limits for applications in chemical or biological
sensing.

2.3. Thermal Stability of the HfN NPs

The presence of oxygen and disorder in the topmost layers of HfN
NPs may strongly affect their thermal stability, especially under

Adv. Optical Mater. 2024, 12, 2302715 2302715 (7 of 13) © 2024 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 5. HRTEM of HfN NPs: a) during annealing under UHV; b,c) magnified HRTEM micrographs taken on a single NP before and after annealing;
elemental content of the HfN NPs as determined by XPS during annealing in UHV: elemental atomic concentrations d) and Hf/N and Hf/O ratios e). The
dashed lines are guides for the eyes. Insets show FFT patterns obtained from HRTEM micrographs taken on the single NP before and after annealing.

an ambient atmosphere. We used post-deposition processing to
observe the thermally induced phenomena in the HfN NPs. An-
nealing under UHV is a powerful, yet widely adopted technique
for tuning the crystallinity of TMN thin films and for defect-
rich microstructure refinement procedures, such as thermal facet
healing,[63] and defect pattern engineering.[64] On the other hand,
high-temperature annealing in air may deteriorate the chemical
composition of the NPs, but this issue has not been explored in
depth yet.

2.3.1. Thermal Stability Under UHV Conditions

Figure 5a shows the TEM micrographs of a group of HfN NPs ac-
quired at different temperatures under UHV, starting from RT.
Tracing the structural evolution with temperature, one can notice
that the UHV annealing neither impacts the NP shape nor causes
migration or coalescence of individual NPs, highlighting the re-

fractory nature of HfN. However, the microstructure appears to
be influenced by the temperature, as the darker core of the initial
NPs becomes almost indistinguishable at about 750 °C. A closer
look at higher magnification provides more details on the under-
pinning phenomena. The HRTEM micrographs of a single NP
at RT prior to and after annealing are shown in Figure 5b,c. Ini-
tially, the HfN NPs are polycrystalline and consist of randomly
oriented crystalline domains. During UHV annealing, the NPs
undergo grain coalescence and atomic rearrangements, causing
visible grain boundaries to vanish. Atomic diffusion caused by
the thermal energy influx significantly enhances the crystallinity
of NPs and their microstructure becomes more ordered and uni-
form. The ordered microstructure persists after cooling, as seen
in the FFT patterns in Figure 5b,c, pointing to an energetically fa-
vorable atomic arrangement established. Together with the lack
of morphological changes in NPs, a highly ordered crystalline
structure is seen as a highly favorable outcome of such treatment,
as it should not substantially affect the optical properties of HfN

Adv. Optical Mater. 2024, 12, 2302715 2302715 (8 of 13) © 2024 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 6. X-ray powder diffraction patterns acquired on HfN NPs before a) and after annealing under UHV at 850 °C b); and after annealing in air at
800 °C c); cross-section SEM and HRTEM micrographs of the HfN NPs before d,e) and after the annealing in air at f,g) 800 °C. Insets show the XPS
elemental composition.

NPs. This assumption is validated by our UV–Vis–NIR measure-
ments, discussed later.

Being a local technique, HRTEM provides an atomic-scale
structural resolution. We augment the electron microscopy mea-
surements with a complementary XPS analysis. Herein, the mul-
tilayers of HfN NPs deposited on the Si substrate were heated un-
der UHV conditions, matching those observed by HRTEM. The
high-resolution XPS spectra of the core-level Hf 4f, N 1s, and O 1s
regions acquired during UHV annealing are shown in Figure S15
(Supporting Information), while the changes in the elemental
content are shown in Figure 5d,e. The initial carbon contamina-
tion is almost eliminated above 600 °C, exposing the original sur-
face, which is expectedly oxidized. The elemental analysis does
not show changes in the oxygen content within the experimental
error, evidencing that the oxidative processes, even if present, are
limited under UHV. Changes in the Hf/N ratio are also too small
to draw specific conclusions about changes in the surface nitrid-
ing. Given these points, these HfN NPs show strong potential for
high-temperature applications under UHV conditions, including
particle accelerators or space mission applications.

2.3.2. Thermal Stability in Air

To evaluate the thermal stability of HfN NPs in air, we performed
XRD and XPS analysis on the as-deposited HfN NPs (Figure
6a), after their annealing under UHV at 850 °C (Figure 6b)

and in the air at 800 °C (Figure 6c). Nearly identical diffraction
patterns were obtained for the as-deposited and UHV-annealed
samples, indicating good retention of the fcc HfN phase (space
group 225, PDF-4 00-025-1410). A closer look at the diffraction
patterns reveals a slight enhancement of the oxidation marker
represented by a tail at 𝜃 ≈30°, which agrees with the minor
oxidation revealed by the Hf 4f XPS spectra. The XPS Hf/N ratio
remains almost unchanged, which also confirms the chemical
stability under UHV annealing. On the contrary, annealing in air
results in a drastic change in the diffraction pattern (Figure 6c).
The NP crystal structure is converted to monoclinic HfO2 (space
group 14, PDF-4 04-004-3850), with a slight contribution from
residual unconverted fcc HfN and minor inclusions of fcc HfO2
(space group 225, PDF-4 00-053-0560). The chemical changes
are further supported by the XPS data, which show a drastic
decrease in the nitrogen content.

To investigate thermally-driven morphogenesis of the HfN
NPs, we performed HRTEM and cross-section SEM imaging of
the NPs before and after the annealing in air. The SEM analysis
was performed on the coatings, whereas the TEM analysis was
performed on individual NPs transferred from the coating to the
grids by scratching. The annealing in air results in the densifi-
cation of the coating as shown in Figure 6d,f. The thickness is
decreased from ≈640 nm for as deposited coating to ≈510 nm
for the annealed coating. We attribute this effect to a partial coa-
lescence of the individual NPs as documented by the TEM mea-
surements (Figure 6e,g). Nevertheless, NPs mostly retain their

Adv. Optical Mater. 2024, 12, 2302715 2302715 (9 of 13) © 2024 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 7. UV–Vis–NIR transmission a) and absorption b) spectra of HfN NPs on SiO2: as-deposited (as is), annealed in air, annealed in UHV, and
annealed sequentially in UHV and air; UV–Vis–NIR transmission spectra of as-deposited c) and annealed in UHV d) HfN NPs on SiO2 during heating in
air; the spectra acquired during the annealing are colored and overlapped with the spectra recorded at the steady-state conditions a,b); the dependence
of absorption on the sample temperature at 𝜆 = 910 nm for the as-deposited and UHV-annealed samples e); the first-order derivatives of the absorption
curves shown under e) with respect to the temperature.

morphology during the annealing. A similar effect was previously
observed for the magnetron-sputtered Nb NPs by in situ X-ray
scattering.[65]

The structural and chemical changes are manifested in the op-
tical properties. UV–Vis–NIR measurements were performed on
four types of samples deposited onto quartz substrates. First, as-
deposited HfN NPs were measured. Then, the same HfN NPs
were measured after annealing in air. The third measurements
were performed on the as-deposited HfN NPs after their anneal-
ing under UHV. These UHV-annealed NPs were subsequently
subjected to air annealing, and the final measurement was per-
formed. The corresponding transmission and absorption spectra
are shown in Figure 7a,b. Importantly, results confirm that the
optical properties of HfN are retained after UHV annealing, be-
cause the spectrum of the as-deposited sample is similar to that of
the sample annealed under UHV, with the LSPR band retaining
its position. After annealing in air, the plasmonic properties of
HfN NPs are degraded for both as-deposited and UHV-annealed
samples. In this case, transmission becomes strongly enhanced
throughout the optical range and only traces of the plasmonic
band can be distinguished.

To explore the degradation kinetics, optical transmission
spectra were recorded during the heating of the as-deposited

(Figure 7c) and UHV-annealed samples (Figure 7d) in air. Nu-
merous spectra were obtained and colored from blue (RT) to red
(800 °C) to produce color gradient maps. It should be noted that,
in this case, the instrument allowed the measurements limited to
𝜆= 950 nm only. After the baseline correction, the newly obtained
spectra were matched to the UV–Vis–NIR spectra of Figure 7a
(shown by solid blue and red lines) for better visualization of the
thermally-induced changes. The wavelength of 𝜆 = 910 nm close
to the absorption maximum was selected and the evolution of the
transmission at the selected wavelength was traced with the sam-
ple temperature. Then, the transmission was converted to the ab-
sorption as A = 100 – (T + R) and plotted as a function of the
temperature as shown in Figure 7e.

Both samples retain the original absorption level until 250 °C,
which marks the stability point for the HfN NPs. Subsequently,
the absorption degrades for both samples, and at 500 °C it reaches
very low values. Interestingly, the degradation rate is different for
the two samples, as can be inferred from the slope of the absorp-
tion decays. To quantify the difference, we differentiated the data
between 250 °C and 500 °C, and the derivatives are shown in the
inset of Figure 7e. The absorption of the UHV-annealed HfN NPs
decays slower in the range of 250–350 °C, pointing to a higher
resilience of these NPs to oxidation. However, at higher tempera-

Adv. Optical Mater. 2024, 12, 2302715 2302715 (10 of 13) © 2024 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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tures, the degradation rate spikes beyond that of the as-deposited
NPs, and then the decay rates of both samples closely follow each
other with a small discrepancy.

These findings confirm the stability of HfN NPs in air up to
250 °C, highlighting the positive effects brought about by UHV
annealing. We associate better stability and slower degradation
rates with thermally driven structural refinements, resulting in
the formation of well-ordered, highly crystalline HfN with fewer
defects. Therefore, our findings are in line with the conven-
tional notion of high-temperature stability of TMN, but we set
even more strict conditions: HfN NPs can be useful in high-
temperature air-mediated applications, provided that the temper-
ature does not exceed 250 °C. We also believe that increasing the
NP size could be one of the possibilities to further increase their
thermal stability in the air. Interestingly, the conversion of HfN to
HfO2 at higher temperatures offers a route toward mesoporous
oxide coatings, which is another exciting class of materials with
numerous applications.

3. Conclusion

Reactive dc magnetron sputtering of the Hf target in Ar/N2 mix-
tures was combined with a gas aggregation technique to produce
HfN NPs in lieu of conventional thin films. The morphology, mi-
crostructure, and composition of the NPs were tailored by adjust-
ing the N2 content in the working gas. Three sputtering modes
were identified while optimizing the deposition conditions. Sput-
tering in pure Ar (the metallic mode) renders 19 nm sized, mul-
tifaceted, crystalline Hf NPs which oxidize upon contact with
air with the formation of the HfO2 shell. In the transient mode
(9.0 vol. % of N2), the NPs showcase a diverse morphology rang-
ing from close-to-cubic to irregular and ramified shapes. Finally,
the reactive sputtering mode (11.1 vol. % of N2) produces the sto-
ichiometric HfN NPs with a mean size of 10 nm, characterized
by multifaceted and cubic shapes and the crystalline structure of
fcc HfN.

The plasmonic properties of these NPs were evident through a
broad optical absorption band in the red/NIR range, attributed to
intraband transitions and LSPR. The energy difference of 2.9 eV
between the Fermi level and the valence band maximum corre-
lates with the onset of optical absorption at wavelengths below
500 nm. The transmission and reflection of the NP coatings re-
mained consistent regardless of the angle of incidence or polar-
ization of the light.

In addition, we use the FDTD method to predict the HfN NPs
optical properties and the imprint of post-deposition oxidation on
them. The results also indicate that plasmonic properties can be
engineered by controlling the NP chemical composition and/or
preventing oxidation. The LSPR shift and broadening can be by-
passed with increasing the interparticle distance, for example by
embedding the HfN NPs into an oxygen-free matrix. Finally, the
calculations and experiments suggest that the HfN NPs can po-
tentially be used for chemical and biological sensing as they ex-
hibit a relatively high refractive index sensitivity, yet the oxidation
and limited plasmon decay length should be considered.

Beyond synthesis and optical properties, the study delved into
the thermal stability of HfN NPs employing a combination of
HRTEM, XPS, and UV–Vis–NIR. During annealing under ultra-
high vacuum conditions, the HfN NPs demonstrated high mor-

phological and chemical stability up to 850 °C. At 600 °C, a struc-
tural transformation occurred, leading to a highly ordered state
due to atomic reconfiguration, although optical properties re-
mained largely unchanged. The thermal stability study extended
to annealing in air, revealing that HfN NPs preserved their optical
properties up to 250 °C, beyond which chemical and structural
transformations ensued. A comparison between as-deposited
samples and those annealed preliminarily under UHV demon-
strated better resistance of the latter to thermal degradation, at-
tributed to a refined crystalline structure. However, both types of
NPs became deficient in nitrogen and oxidized to HfO2 at tem-
peratures exceeding 500 °C. Despite the NPs losing plasmonic
characteristics, this transformation opened a new route to highly
porous transition metal oxide coatings.

4. Experimental Section
Synthesis of NPs: Metallic Hf and HfN NPs were synthesized using

a custom-built magnetron-based gas aggregation cluster source (GAS,
schematically shown in Figure S1a, Supporting Information) mounted
onto a deposition chamber.[32,66–70] The metallic Hf NPs were synthe-
sized in an argon (Ar) atmosphere, while the HfN NPs were prepared by
adding nitrogen to Ar. The magnetron operated in constant current mode
at 500 mA throughout all experiments. The main deposition conditions
were characterized by the quartz crystal microbalance (QCM) readings and
the target bias values. (Figure S1b, Supporting Information). More details
about the experimental setup are available in the (Section S1.1, Supporting
Information) as well as in the preceding publications from group.[32,65]

To prepare the samples, a substrate was introduced into the deposition
chamber via a load-lock while facing normally the flow of NPs. The NPs
were collected on multiple types of substrates, including c-Si (10 × 10 mm,
phosphor doped, <100> oriented, Si wafer pieces with native oxide, On-
Semi), quartz substrates (UV-grade, fused silica, 10 × 10 mm, 0.5 mm
thick, SPI Supplies) and Transmission Electron Microscopy (TEM) grids
(Lacey Carbon Coated Cu Mesh for general TEM imaging and Ni Mesh for
in situ TEM measurements during annealing the samples in vacuum, SPI
Supplies).

For refractive index sensitivity measurements, HfN NPs were directly
embedded into a host liquid to create nanofluids (NFs), employing a
method detailed in previous works.[68,69] Two vacuum-compatible host
liquids with different refractive indices were utilized: low-viscosity paraf-
fin (CAS-No: 8042-47-5, refractive index 1.46, Sigma–Aldrich) and pen-
taphenyl trimethyl trisiloxane (PTT, CAS-No: 3390-61-2, refractive index
1.57, Kurt J. Lesker).

Characterization of NPs: The morphology and structure of the NPs
were studied by High-Resolution Transmission Electron Microscope
(HRTEM, 2200FS, Jeol Ltd.) with an FEG cathode operated at 200 kV of
acceleration voltage. The samples were analyzed as-deposited and during
annealing under an ultrahigh vacuum with a maximum temperature of
850 °C. A detailed description of HT-HRTEM measurements can be found
in the (Section S1.2.1, Supporting Information). In addition, the NP mor-
phology was analyzed using a Scanning Electron Microscope (SEM, JSM-
7200F, Jeol Ltd.). SEM measurements were conducted in a secondary elec-
tron imaging mode (SE mode), capturing both top-view and cross-section
sample orientations at a 25 kV acceleration voltage (Vacc) for metallic
Hf and HfN NPs. The annealed NPs were measured at a reduced Vacc
of 10 kV to mitigate charging effects arising from the dielectric nature
of HfO2.

The Scanning Transmission Electron Microscopy (STEM-EDS, Centu-
rio Large Angle SDD-EDX detector) and X-ray Photoelectron Spectroscopy
(XPS, Specs GmbH.) were used to analyze the elemental composition of
the as-deposited NPs. Similar to the TEM measurements, the XPS anal-
ysis employed two approaches. In the first approach, the NPs were an-
alyzed immediately after preparation without breaking vacuum and after
24 h of storage under atmospheric conditions. The second approach in-
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volved conducting XPS analysis on several day-aged HfN NPs during their
UHV annealing to 850 °C to align with the conditions of the HT-TEM mea-
surements. In both cases, wide and high-resolution (HR) spectra were ac-
quired. A comprehensive description of the XPS measurements is pro-
vided in the (Section S1.2.2, Supporting Information).

A quantitative analysis of the core-level HR XPS spectra was carried out
using the CasaXPS software (v. 2.3.25PR1.0, Casa Software Ltd.) to de-
termine the relative atomic concertations of constituent elements (Hf, O,
N, and C). The N/Hf elemental ratio was calculated using relative atomic
concertations for each element. The data fitting and analysis protocols are
outlined in the Section S1.2.3 (Supporting Information).

Small Angle X-ray scattering (SAXS, Xeuss 2.0, Xenocs) and X-ray pow-
der diffraction (XRD, SmartLab, Rigaku) diagnostic techniques were used
to gather statistically relevant data on the NP size distribution and to gain
insight into the NP structure. The 1-D SAXS scattering curves were fit-
ted using the Irena package[71] to obtain the NP number-weighted and
volume-weighted size distribution. The structural parameters of the NPs
and their oxidation-driven changes were traced by fitting the XRD diffrac-
tion patterns using the Rietveld method and MStruct software.[72] A de-
tailed description of measurements with both X-ray diagnostics meth-
ods is provided in the (Section S1.2.4, Supporting Information). Addi-
tional details on the X-ray diagnostic toolset can be found in previous
publication.[65]

The optical spectra of the NPs were obtained by Ultraviolet–Visible-
Near–Infrared (UV–Vis–NIR, Cary 7000, Agilent Technologies) spec-
trophotometric measurements at room temperature (RT, 25 °C) and while
the samples were heated in the air up to 800 °C. The steady-state UV–Vis–
NIR measurements at RT were carried out at multiple angles using a spec-
trophotometer (Cary 7000, Agilent Technologies) equipped with the Uni-
versal Measurement Accessory (UMA). Multi-angle transmission (T) and
reflection (R) spectra were recorded for s and p incident light polarizations,
while absorption (A) was calculated as 100 – (Ttotal + Rtotal). The obtained
spectra were compared to those recorded on the same samples, but using
a spectrophotometer (Lambda 1050, PerkinElmer Inc.) equipped with an
integrating sphere (150 mm in diameter) to evaluate the influence of dif-
fusive scattering. During air annealing, the optical spectra were acquired
in transmission geometry using a UV–Vis spectrophotometer (MCS621,
Carl Zeiss Spectroscopy GmbH) optically attached to a lab oven via op-
tical fiber waveguides. An average sample heating rate was 16 °C min−1,
and transmission spectra were taken every 4 s.

The thicknesses and optical constants of the NP coatings deposited on
Si substrates were determined through Spectroscopic Ellipsometry (SE,
M2000DI, J. A. Woolam) analysis. Measurements were conducted across
the wavelength range from 400 to 1700 nm at three angles: 55°, 65°, and
75°. The ellipsometry data were fitted using CompleteEASE software (J. A.
Woollam) employing the Effective Medium Approximation model (EMA,
Bruggeman) with three components: HfN,[73] HfO2,[74] and void to repre-
sent pores in the coatings. The optimal fit was achieved using a gradient
model comprising three layers with a variable void component. The details
can be found in the ESI (Section S1.2.5, Supporting Information).

The Ultraviolet Photoelectron Spectroscopy (UPS, ADES-400, V.G. Sci-
entific UK) was employed for the analysis of the HfN NP valence band
(VB) structure. The position of the valence band maximum (VBM) was
determined as the intersection point between a linear extrapolation of the
leading edge of the VB spectrum and the baseline. A more detailed descrip-
tion of the UPS measurements is provided in Section S1.2.6 (Supporting
Information).

Finite-Difference Time-Domain Simulations: The experimental mea-
surements were complemented by Finite-Difference Time-Domain
(FDTD) simulations using Lumerical software (Ansys, Inc.). These
simulations aimed to analyze the absorption and scattering efficiencies
of NPs and assess the impact of oxidation, NP size, and interparticle
distance on these properties. Furthermore, a simulation of the trans-
mission/reflection/absorption (TRA) spectra of the NP coatings was
carried out, utilizing the optical constants (thickness, refractive index,
and extinction coefficient) measured through spectroscopic ellipsometry.
Additionally, the NP refractive index sensitivity (referred to as the RI
sensitivity) and the plasmonic decay length were calculated using the

FDTD model. Detailed descriptions of the models and procedures can be
found in the (Section S1.3, Supporting Information).
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the author.
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