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Abstract: Transition metals exhibit unique characteristics such as high melting points and boiling points, making them
valuable for thin film technology. Since the 1960s, these properties have supported decorative coatings, cutting tool hard
coatings, optical coatings, and protective coatings. Among transition metals, niobium thin films serve waveguides,
electrochromic devices, oxygen sensors, semiconductors, and medical implants. Researchers have investigated
structural, mechanical, optical, and tribological properties of niobium and its alloy thin films extensively. Studied
parameters include hardness, refractive index, grain size, thickness, wear resistance, and friction coefficient for specific
applications. Common deposition techniques include DC/RF magnetron sputtering, sol-gel coating, spray pyrolysis, and
physical vapor deposition. Unlike prior reviews focused on single niobium compounds, this article compares three
niobium-based coatings across all major properties. This review summarizes structural, optical, electrical, mechanical,
and tribological properties of niobium oxide, niobium nitride, and niobium carbide coatings.
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1. INTRODUCTION

Niobium is a shiny, silver metal that crystallizes in a
body-centred cubic (BCC) lattice structure. Its melting
point and boiling point are 2477°C and 4744°C, with a
density of 8.57 g/cm?® [1]. At 27.3 K, below its critical
temperature, niobium shows an electrical resistivity of
15.2 uyQ-cm [1]. Niobium forms stable oxides, nitrides,
carbides, and oxy-nitrides through high interatomic
bonding energies [2]. Niobium and its alloys show high
corrosion  resistance across several different
environmental conditions [3, 4]. Their high ductility and
low density at room temperature support fabrication of
complex structures [4].

Niobium
turbines for

is commonly added to nickel-based
power generation and nickel-based
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superalloys for aircraft engines [4]. It also shows strong
potential for biomedical devices and implants, being
biocompatible like zirconium [5]. Niobium coatings offer
good mechanical properties for dental implants, which
face repeated loads and fatigue cycles [6]. These
coatings combine metallic strength with good corrosion
resistance under such demanding conditions [6].
Niobium also serves oxygen sensors, solar control
devices, and electrochromic fiims in current
applications [7]. Niobium thin films function in cryogenic
devices, diffusion barriers in Josephson junctions, and
superconducting cable coatings [6]. Film hardness,
refractive index, corrosion resistance, coloration
efficiency, band gap, and compressive stress all
depend on deposition parameters. Recent aircraft
engine and biomedical applications show niobium
hardness comparable to titanium and zirconium alloys

[8].

Several reviews have already examined niobium
and its alloys as general thin film coating materials.
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However, few reviews compare niobium oxide, niobium
nitride, and niobium carbide coatings directly against
each other. This review addresses that gap by
comparing structural, mechanical, optical, electrical,
and tribological properties across all three materials. It
also links deposition parameters to resulting
microstructure and functional properties in a dedicated
comparative section, presented later in this review.

Figure 1 maps this scope directly: the three coating
families along one axis, the five compared property
classes along a second, and the application domains
they feed into along a third, framing the structure the
rest of the review follows.

2. NIOBIUM OXIDE COATINGS

Niobium oxide is a general term covering niobium
monoxide, niobium dioxide, and niobium pentoxide, the
most stable form [9].

Nb,Os coatings support osteoblast adhesion for
biomedical implants and solid electrolytic capacitor
construction.[9], [10] Niobium films also serve quantum
bit fabrication and single-photon detector applications
in recent research [11]. These compounds range from
optical waveguides and capacitor dielectrics to oxygen
sensors and corrosion-resistant coatings [12, 13]. NbO
films additionally function as refractive-index layers
within multilayer optical interference filter stacks [14].
Niobium oxide is also a constituent of lithium niobate,
barium, and lead compound oxides used in modulators

[15, 16]. The material shows excellent chemical and
thermal stability across a wide range of operating
conditions [17].

2.1. Niobium Pentoxide as a High-Permittivity
Dielectric

Niobium pentoxide, the most stable oxide form,
attracts strong interest as a high-permittivity gate
dielectric. Over the last two decades, its stable form
and chemical durability have driven emerging electronic
applications. Niobium pentoxide is now used in non-
aqueous lithium battery electrodes, electrochromic
devices, and catalysis [18]. Nanocrystalline solar cell
electrodes also benefit from niobium pentoxide's
stability and favourable electrochemical behaviour [19].

2.2. Deposition by Magnetron Sputtering

Magnetron sputtering is the dominant deposition
route reported for Nb,Os coatings in the reviewed
literature [20, 21]. Increasing annealing temperature
from 100 to 600°C decreases sputtered film thickness
while increasing surface roughness [20]. Sputtering
pressure and RF power jointly govern the refractive
index and thickness of RF-sputtered films [22].
Reactive RF sputtering with post-deposition heat
treatment increases surface roughness while stabilising
the optical band gap [23]. Substrate bias between 0
and -200 V tunes both band gap and hardness of bias-
sputtered films [24]. You, Jiang, Cao, and colleagues
showed target power between 450 and 900 W tunes
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Figure 1: Scope of the review: niobium-based coating materials, compared properties, and application domains.
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deposition rate and composition [25]. RF sputtering
power and substrate temperature jointly determine
thickness in antireflection-grade Nb,Os coatings.[26]
Reactive DC sputtering with controlled oxygen flow
yields films with band gap near 3.4 eV [27]. Lee, Liu,
Malhado, and colleagues showed broad-beam ion-
source sputtering triples deposition rate over
conventional methods [28]. Across these sputtering
studies, hardness values cluster between 5 and 11
GPa depending on deposition energy [24, 29].

2.3. Deposition by Sol-Gel, Spin Coating, and Spray
Pyrolysis

Sol-gel dip coating produces Nb,Os films with a
wider optical band gap than sputtered equivalents.[30]
Salim, Shafeeq, AbdulRazzaq, and colleagues showed
substrate temperature between 250 and 650°C shifts
band gap in pulsed-laser-deposited films [31]. Post-
annealing treatment after spray pyrolysis significantly
increases both surface roughness and grain size [32].
These solution- and laser-based routes generally
require lower capital equipment cost than vacuum
sputtering methods [31].

2.4. Deposition by Atomic Layer Deposition, with
Recent Optical Characterization

Atomic layer deposition produces the thinnest
reported Nb,O; films, around 1.5 nanometres in thick-
ness [17]. Franta, Hroncova, Dvofak, and colleagues
combined ellipsometry and spectrophotometry across
five film thicknesses in 2024 [33]. Their universal
dispersion model determined optical constants across
an unprecedented spectral range [33]. This directly
strengthens the optical-property dataset available
across all deposition techniques [33].

Valente et al. examined niobium film properties as a
function of deposition energy in detail.[34] Sapphire-
substrate films show good crystal orientation with a
very sharp film-substrate interface [34]. Cross-section
transmission electron micrographs confirm epitaxial
growth of niobium on sapphire [34]. Increasing
substrate bias voltage from -60 V to -90 V visibly
coarsens the resulting grain structure [34].

Together, Figs. (2 and 3) show that substrate bias
governs grain coarsening independently of the
underlying substrate — sapphire and copper both show
visibly coarser grains at -90 V than at -60/-90 V
comparisons in the copper case — reinforcing
deposition energy as the cross-material controlling
variable identified later in Table 4.

Figure 2: Niobium film on sapphire deposited at -90V
substrate bias: cross-section TEM view (a), cross-section
view of the niobium-sapphire surface (b), and electron
diffraction pattern showing (100) crystal orientation (c) [34].

Figure 3: Cross-section TEM micrographs of niobium film on
copper deposited at —60V (top) and —-90V (bottom) substrate
bias, showing bias-dependent grain coarsening [34].
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2.5. Recent Biomedical Coating Application

da Silva, Baptista, Albuquerque, and colleagues
examined Nb,Os-coated Ti-6Al-4V alloy for dental
implants in 2026 [35]. Coated surfaces retained
substantially less organic material than uncoated
surfaces after artificial saliva exposure [35]. The
coating also reduced Escherichia coli biofilm coverage
from 74.94% down to 51.10% [35]. This directly
addresses the previously identified gap in Nb,Os
wettability and biomedical property data [35].

2.6. Review of Niobium Pentoxide Thin Films

Table 1 condenses the deposition-technique
groupings above into a single comparative reference.
Read across entries, sputtering-based routes account
for the majority of reported studies and cluster around
band gaps of 3.4—3.6 eV and hardness values of 5-11

GPa, while the single ALD entry produces markedly
thinner films (1.5 nm) with roughness below 0.1 nm —
an order of magnitude smoother than any sputtered or
solution-processed film in the table. Sol-gel and spray-
pyrolysis entries show the widest band-gap scatter
(2.8-5.3 eV), consistent with their lower process control
relative to vacuum-based methods.

3. NIOBIUM NITRIDE (NbN) COATINGS

Niobium nitride remains a strong candidate material
for cryogenic radiation detectors and superconducting
electronic devices [41]. Their relatively high critical
superconducting temperature allows use as diffusion
barriers in Josephson junctions [23]. Transition-metal
nitrides incorporating both nitrogen and oxygen atoms
display distinctive = combined  properties [42].
Researchers remain interested in NbN's corrosion
resistance, high melting point, and biocompatibility for

Table 1: Review of niobium pentoxide thin films.
Research Group Deposition Technique Substrate Parameters Studied Properties Examined
. . . . Thickness 4.71-22.8 nm;
Li, Cao, et al. (2016) [36] | DC magnetron sputtering Si Deposition & base pressure hardness 5.39 GPa
Venkataraj, Drese, et al. DC maanetron sputterin Glass. Si Cathode current; O, flow Band gap 3.5-3.6 eV; density 4.09
(2001) [15] g P 9 : (0-30 sccm) glcm?; thickness 200-217 nm
Coskun & Demirela RF maanetron sputterin Glass Sputtering pressure Refractive index 2.00-2.32;
(2013) [20] 9 P 9 (3-15 mTorr) thickness 168—415 nm
Coskun, Demirel, Atak RF magnetron sputtering Glass Pressure (2x107 Torr); Band gap 3.65 eV; thickness 377 nm;
(2015) [37] (heat-treated) RF power 75 W; 300°C roughness 1.13-3.98 nm
. . . O, pressure (19.5 Pa); Thickness 87—401 nm;
Zaitsev et al. (2010) [29] Reactive RF sputtering | Quartz wafer sputter pressure deposition rate 7.4 nm/min
. Reactive sputtering Substrate bias (0 to —200 V); Band gap 3.1-5.3 eV, refractive
Rani, Zoolfakar, et al. [21] (bias-dependent) Glass target power (300 W) index 2-2.3; hardness 5.6-6.8 GPa
. . RF power (150-200 W); Band gap 3.79-3.84 eV,
Al-Baradi et al. (2018) [22] | RF magnetron sputtering Glass substrate temp. 300 K thickness 9501094 nm
o Reactive DC magnetron Chamber & total pressure; Band gap 3.41 eV; transmittance
Miki et al. (1996) [38] sputtering Sl O, flow (10 sccm) 80%; thickness 500 nm
Romero, Leinen, et al. . - Spray solution ratio; .
(2004) [39] Spray pyrolysis Glass, silica substrate temp. (380-500°C) Thickness 280 nm
. Spray pyrolysis (post- o Band gap 2.8-3.8 eV; roughness
Mujawar et al. (2007) [40] annealed) Glass Substrate temperature (500°C) 24-299 nm; grain 410 pm
Huang, Xu, et al. (2011) . i, . Working pressure; Thickness 1.5 nm; roughness
[17] Atomic layer deposition | Si(100) substrate temp. (300°C) 0.098-1.52 nm
Salim, Shafeeq, Abdul- Pulsed laser deposition Not specified Substrate temperature Polycrystalline phases; band gap
Razzaq, et al. (2023) [31] (Nd:YAG) P (250-650°C) shifts with temperature
You, Jiang, Cao, et al. lon-assisted reactive . Deposition rate 0.88-2.05 A/s;
(2023) [25] magnetron sputtering Si Target power (450-900 W) tunable Nb,Os «» NbO,
Lee, Liu, Malhado, et al. MetaMode broad-beam . . oo 3x higher deposition rate;
(2025) [28] ion source sputtering Glass, Si 0, concentration (7.5-20%) smoother, denser films
Franta, Hroncova, Dvorak, N/A (optical 5 samples, . . . Wide-spectral-range optical
et al. (2024) [33] characterization) various Film thickness (20-250 nm) constants via dispersion model
da Silva, Baptista, et al. . . N Coating presence Reduced salivary retention and
(2026) [35] Reactive DC sputtering | Ti-6Al-4V alloy (coated vs. uncoated) bacterial biofilm coverage
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varied applications [30, 43, 44]. Recent work extends
these applications toward fuel-cell bipolar plates and
biomedical implant coatings [24, 45].

3.1. Deposition by Reactive DC/RF Magnetron
Sputtering

Reactive magnetron sputtering is the dominant
deposition route reported for NbN coatings in the
reviewed literature [24, 45-50]. Borowski et al.
deposited NbN on AISI 316L steel using reactive DC
magnetron sputtering; increasing the post-deposition
air-oxidation temperature raised microhardness and
corrosion resistance while forming an orthorhombic
Nb,Os surface layer [45]. Mahmood, Chaker, Khalaf,
and Chaker showed sputtering power (80-160 W) and
substrate temperature (40-200°C) jointly determine
grain size and crystallinity in RF-sputtered NbN on
medical-grade Ti6AI4V alloy [24]. Abdallah, Kakhia,
Masloub, and Zetoune found sputtering power (100—
150 W) directly governs crystallinity, corrosion
resistance, and microhardness in DC-sputtered NbN on
stainless steel and silicon.[46] Dahal, Gu, Su, and
Wang showed increasing sputtering power shifts
preferred crystal orientation from single-phase (111)
toward mixed (111)/(200).[47] Pei, Fan, Ni, and Gu
demonstrated that annealing at 900°C after DC
magnetron sputtering reduces film stress while
increasing grain size and crystallinity, with
superconducting critical temperature and resistivity tied
to the N/Nb ratio [48]. Stepanov, Baburin, Kushnev, and
colleagues mapped sputtering recipe against
superconducting Tc (2.5-12.1 K) and sheet resistance
(285-2000 Q/sq) across more than 100 depositions
[49]. Tolpygo, Mallek, Bolkhovsky, and colleagues
compared reactive sputtering with PECVD, reporting Tc
of 9—-15.5 K and kinetic inductance of 3 pH/sq relevant
to via and interconnect performance [50]. Guo, Wang,
Fang, Zhang, Sun, and Wan extended this deposition
route to tribological performance, showing sputtered
NbN reduces wear rate by 97.5% relative to uncoated
steel under oil lubrication via a self-forming Nb,Os
lubricating film [51]. Across these studies, sputtering
power and nitrogen partial pressure emerge as the two
parameters with the most direct influence on both
crystallographic phase and downstream mechanical or
superconducting performance.

3.2. Deposition by High-Energy Routes: Arc lon
Plating, Cathodic-Arc Evaporation, and HiPIMS

High-energy deposition routes produce the highest
hardness values reported for NbN coatings. Fu, Li,

Chen, Guo, and Wang used arc ion plating to deposit
NbN and NbN-Ag nanocomposite films, reaching
hardness values up to 44 GPa with strong adhesion in
pure NbN; silver doping reduced the friction coefficient
but degraded wear resistance overall [52]. Smyrnova,
Sahul, Har$ani, and colleagues used -cathodic-arc
evaporation to deposit WN/NbN multilayer coatings on
steel, showing negative bias voltage (50-200 V) tunes
hardness between 33.6 and 36.6 GPa and wear rate
between 1.9 and 4.1 x107® mm?3/Nm [53]. Horne, Hugo,
Reid, and Santavicca compared reactive DC sputtering
against HiPIMS for NbN on oxidized silicon, finding
HiPIMS yields higher superconducting Tc than
conventional DC sputtering at matched nitrogen
concentration and film thickness [27]. Johar, Shahgaldi,
and colleagues combined magnetron sputtering with a
TiN interlayer to deposit NbN and TaN on titanium
bipolar plates; both coatings suppressed titanium's
native passivation layer and improved conductivity and
corrosion resistance, a new application area for high-
energy-route NbN coatings [54]. Figure (4) illustrates
wear-track morphology for a magnetron-sputtered
NbNx coating at 40% nitrogen partial pressure. The
narrow, shallow track and limited debris consistent with
this micrograph corroborate the low wear rates reported
for high-energy NbN routes above, and visually link the
nitrogen-partial-pressure  control variable to the
tribological outcome quantified in Table 2 [55].

(@)

©

Figure 4: Scanning electron micrographs of wear tracks
formed during tribotesting of NbNx coating deposited at 40%
nitrogen partial pressure against an alumina ball, now
supported by comparable recent hardness and friction data
[55].
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3.3. Deposition by Atomic Layer Deposition and
PECVD

Atomic layer deposition and its plasma-enhanced
variant increasingly target wafer-scale uniformity for
quantum and superconducting device integration.
Lennon, Shu, Brennan, and colleagues used plasma-
enhanced ALD to grow NbN on 200 mm silicon wafers,
achieving superconducting Tc up to 13.5 K with sheet-
resistance variation below 7% across the wafer, a
uniformity not reported for sputtered films [26]. Wang,
Wu, Pieczulewski, and colleagues extended ALD to a
full NbN/AIN/NbN Josephson-junction stack on a qubit
chip, showing AIN barrier thickness, set by ALD cycle
count, tunes critical current density [23]. Together,
these studies position ALD/PEALD as the emerging
route of choice where wafer-scale reproducibility
outweighs the higher hardness achievable by high-
energy PVD methods.

3.4. Other Deposition Routes: MOCVD, CVD, and
Multilayer Architectures

Earlier deposition routes remain relevant as points
of comparison. Bekermann, Barreca, and colleagues
used MOCVD to grow niobium nitride and oxynitride
films, establishing growth-condition/composition
relationships that predate the sputtering-dominated
recent literature [30]. Fenker, Kappl, Banakh, Martin,
and Pierson used reactive magnetron sputtering to
deposit niobium oxynitride specifically, showing that
nitrogen—oxygen co-incorporation produces
compositional behavior distinct from either pure nitride
or pure oxide films [44]. Savisalo, Lewis, and
Hovsepian  deposited CrON/NbON  nano-scale
multilayers, showing layer periodicity governs wear and
corrosion resistance in multilayer architectures [43].
Manaud, Poulon, Gomez, and Petitcorps compared
NbN against CrN, ZrN, and TaN as CVD diffusion
barriers on WC—Co cutting tools, providing one of the
few direct inter-nitride comparative datasets available
for this material class [56]. Graga, Holz, Loureiro,
Mather, and Fagg used ammonolysis of Nb,Os; powder
to control oxynitride phase and oxidation kinetics, a
non-vacuum route distinct from the sputtering and ALD
methods above [42]. Cucciniello and colleagues' 2022
review of sputtering, ALD, and CVD growth routes for
NbN provides the processing—structure—property
framework this section builds on [41]. Kern and
colleagues' spectroscopic ellipsometry study of
ultrathin disordered NbN films is a characterization
rather than deposition study, but resolves electron
relaxation rate, Fermi velocity, and density-of-states

parameters relevant to interpreting the electrical
properties reported across the deposition routes above
[57].

Table 2 compiles these NbN studies for direct
comparison. The spread is wider than for Nb,Os:
reactive magnetron sputtering delivers moderate
hardness and the broadest range of reported
superconducting Tc (2.5-15.5 K depending on recipe),
while high-energy routes — arc ion plating and
cathodic-arc evaporation — push hardness to 33—-44
GPa at the cost of stoichiometric precision. PEALD is
the outlier in reproducibility, holding sheet-resistance
variation below 7% across a 200 mm wafer, a
uniformity no sputtered entry in the table matches.

4. NIOBIUM CARBIDE (NBC) COATINGS

4.1. Deposition by Sintering and Diffusion-Based
Routes

Li, Bai, and colleagues fabricated niobium carbide
coatings on GCr15 bearing steel using in-situ hot press
sintering, achieving superhardness of 20.2 GPa with
interfacial bond strength above 210 MPa; grain
morphology graded from equiaxed Nb,C near the
substrate to columnar and then equiaxed NbC near the
surface, driven by a carbon-concentration diffusion
gradient [58]. Khmelnitsky and colleagues used
niobium deposition followed by vacuum annealing of
diamond substrates, showing niobium converts to
Nb,C after annealing and then to NbC above 1200°C,
with the resulting few-nanometre-thick NbC film
reaching superconducting Tc up to 12.4 K, among the
highest reported for carbide phases.[59] Across both
diffusion-based routes, anneal or sintering temperature
is the parameter that most directly controls the Nb,C-
to-NbC phase transition and the resulting hardness or
superconducting response.

4.2. Deposition by Physical Vapor Deposition
(HiPIMS)

Bahr and colleagues used non-reactive HiPIMS to
deposit NbCy films across a target peak power density
range of 0.11-1.48 kW/cm?; increasing power density
reduced the C/Nb ratio from 1.52 to 0.99, shifting film
microstructure from nanocomposite toward columnar
grain structure, with lower C/Nb ratios producing
denser, harder films [60]. This establishes HiPIMS peak
power density as the primary lever controling NbC
stoichiometry and hardness, a role comparable to
sputtering power in the NbN literature above.
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Table 2: Review of niobium nitride thin films.

Research Group

Deposition Technique

Substrate

Parameters Studied

Properties Examined

Borowski et al.
(2023) [45]

Reactive DC magnetron
sputtering

AISI 316L steel

Air oxidation temperature;
sputtering time

Cal/P ratio near hydroxyapatite;
increased microhardness;
hydrophilic surface

Mahmood, Chaker, Khalaf,
Chaker (2024) [24]

RF magnetron
sputtering

TiGAI4V alloy

Power (80—160 W); substrate
temp. (40-200°C)

Cubic polycrystalline structure; grain
size varies with power/temperature

ohar, Shahgaldi, et al. (2026

Magnetron sputtering +

Titanium (bipolar

Coating composition

Suppressed passivation; improved

[54] TiN interlayer plate) (NbN vs. TaN) conductivity and corrosion resistance
Dahal, Gu, Su, Wang Reactive magnetron Si(100) Sputtering power; pressure; Preferred orientation (111)—(200);
(2025) [47] sputtering N partial pressure grain size and crystallinity vary
Pei, Fan, Ni, Gu DC magnetron sputtering | Si, GaN/Si, N, partial pressure; deposition Superconducting Tc and resistivity
(2024) [48] + 900°C anneal AlIN/sapphire temp.; power tied to N/Nb ratio

Abdallah, Kakhia, Masloub,
Zetoune (2024) [46]

DC magnetron sputtering

$S304, Si(100)

Sputtering power (100-150 W)

Crystallinity, corrosion, and
microhardness all power-dependent

Fu, Li, Chen, Guo,
Wang (2022) [52]

Arc ion plating
(NbN/NbN-Ag)

Not specified
(bearing-grade)

Ag content (0-20.11 at.%)

Hardness up to 44 GPa; critical
load 34.6 N

Cucciniello et al.
(2022) [41]

Review (sputtering,
ALD, CVD)

N/A (review)

Processing-structure—property
relationships

Perspective on cryogenic single-
photon detector applications

Wang, Wu, Pieczulewski,
et al. (2026) [23]

Atomic layer deposition
(NbN/AIN/NbN)

Si (qubit chip)

ALD cycle count (AIN barrier
thickness)

Josephson diffusion barrier; tunable
critical current density

Graga, Holz, Loureiro,

Ammonolysis (NH3

Ammonolysis temperature

Niobium oxynitride phase control

et al. (2009) [30]

Mather, Fagg (2023) [42] treatment of Nb,Os) Powder and time and oxidation kinetics
Lennon, Shu, Brennan, |Plasma-enhanced atomic| Si (200 mm Film thickness (5—30 nm); Tc up to 13.5 K; wafer-scale
et al. (2023) [26] layer deposition wafer) RF bias uniformity (<7% variation)
Guo, Wang, Fang, Zhang, . Oil lubrication; current-carrying 97.5% wear-rate reduction vs.
Sun, Wan (2025) [51] Magnetron sputtering Steel conditions uncoated: Nb,Os lubricating film
Stepanov, Baburin, Reactive magnetron Si, sapphire, Sputtering recipe (100+ Tc 2.5-12.1 K; sheet resistance
Kushney, et al. (2024) [49] sputtering SiO, SizN, depositions) 285-2000 Q/sq
Smyrnova, Sahul, Cathodic-arc evaporation Steel Negative bias voltage Hardness 33.6-36.6 GPa; wear rate
Harsani, et al. (2024) [53] (WN/NbN multilayer) (50-200 V) (1.9-4.1)x107° mm?3*Nm
Horne, Hugo, Reid, Reactive DC and - . — . Tc optimization; HiPIMS yields
Santavicca (2024) [27] HIPIMS sputtering Oxidized Si | N, concentration; film thickness |\t v T than DC sputtering
Tolpygo, Mallek, Bolkhovsky,| Reactive sputtering + Si (200 mm Denposition method comparison Tc 9-15.5 K; kinetic inductance 3
et al. (2023) [50] PECVD wafer) P P pH/sq; vial/interconnect performance
. Ultrathin Optical conductivity modeling .
Kern et al. (2024) [57] N/A (_spectroscoplc disordered NbN (Drude-Lorentz + quantum Res_olved (_alectron relaxation rate,
ellipsometry) ) - Fermi velocity, and DOS parameters
films corrections)
Manaud, Poulon, Gomez, ) e ) Comparative CrN/ZrN/NbN/TaN
Petitcorps (2007) [56] CVD comparison study | WC—Co tools Diffusion barrier performance cobalt diffusion barrier study
Fenker, Kappl, Banakh, Reactive magnetron e s . Niobium oxynitride thin film
et al. (2006) [44] sputtering Not specified Oxynitride composition investigation
Savisalo, Lewis, Nano-scale multilayer Not specified Laver periodicit CrON/NbON wear and corrosion
Hovsepian (2006) [43] deposition P yerp Y resistant multilayers
Bekermann, Barreca, MOCVD Not specified Growth conditions Niobium nitride and oxynitride film

growth study

4.3. Deposition by Plasma Spraying and Solution-

Based Coatings

Wang, Yang, Jia, and colleagues compared in-situ
and ex-situ plasma spraying of NbB,-NbC-Al,O;

composite coatings

from Nb,Os-B,C-Al

powder

mixtures, finding the in-situ route achieves lower

porosity alongside higher microhardness, toughness,
and wear resistance, because the low-melting-point
precursor enables a strongly exothermic in-situ reaction
during spraying [61]. Xavier and Vinodhini developed a

solution-cast

polyurethane

nanocomposite

incorporating graphene-oxide-functionalized NbC filler,
increasing steel coating resistance by 81.5 times
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relative to unmodified polyurethane after chloride
exposure, with sustained resistance after 320
continuous hours of immersion and improved
hydrophobicity and mechanical strength [62]. These
non-vacuum routes extend NbC's application space
from hard, wear-resistant vacuum coatings toward
solution-processable corrosion-protective systems, at
the cost of the stoichiometric control achievable by
HiPIMS.

Table 3 summarizes the three NbC routes
discussed above. Unlike Nb,Os and NbN, where a
single deposition family (sputtering) dominates, NbC
studies split almost evenly across sintering, HiPIMS,
and solution-based processing — and each optimizes a
different property rather than competing on the same
metric: sintering maximizes hardness (20.2 GPa) and
interfacial bond strength (>210 MPa), HiPIMS
maximizes stoichiometric control, and solution-cast
nanocomposites maximize corrosion resistance (81.5x
baseline) at the expense of hardness data being
unreported.

Table 3. Review of niobium carbide thin films.

5. DEPOSITION PARAMETERS, MICROSTRUCTURE,
AND FUNCTIONAL PROPERTIES: A COMPARATIVE
SYNTHESIS

Sections 2-4 reviewed Nb,Os, NbN, and NbC
coatings individually by deposition route. Read across
all three materials, however, the same small set of
process variables recurs as the dominant control on
microstructure and functional performance, even
though each material expresses that control differently.
This section draws those threads together, organized
by process variable rather than by material, to fulfil the
comparative framework introduced in Fig. (1).

6. CONCLUSION

Niobium-based coatings occupy a distinctive
position in the thin-flm materials landscape. Their
combination of high melting point, chemical stability,
and tunable electronic structure supports applications
spanning biomedical implants to quantum photonic
detectors. This review has compared structural, optical,
electrical, mechanical, and tribological properties

Research Group Deposition Technique Substrate Parameters Studied Properties Examined
Bahr, Glechner, Wojcik, Non-reactive HiPIMS N/A Target peak power density C/Nb ratio 1.52—0.99;
et al. (2022) [60] sputtering (compound target) (0.11-1.48 kW/cm?) nanocomposite—columnar
transition; hardness
Khmelnitsky et al. Nb deposition + vacuum Single-crystal Anneal temperature (up to Nb—Nb,C—NbC phase
(2023) [59] annealing diamond >1200°C) transformation; Tc up to 12.4 K
Wang, Yang, Jia, et al. Plasma spraying N/A (bulk composite Nb,Os-B,C-Al powder  |Lower porosity; higher microhardness,
(2022) [61] (in-situ vs. ex-situ) coating) reaction route toughness, wear resistance
Li, Bai, Li, et al. In-situ hot press sintering | GCr15 bearing steel Sintering-driven carbon Superhardness 20.2 GPa; bond
(2023) [58] concentration gradient strength >210 MPa
Xavier & Vinodhini Solution-cast polymer Steel (polyurethane | GO/AEBT-NDbC filler loading| 81.5x coating resistance increase;
(2023) [62] nanocomposite matrix) WCA 165°; corrosion protection

Table 4: Deposition parameters and their
families.

primary functional consequence, compared across niobium compound

Process Variable Nb,Os

NbN NbC

Tunes band gap and hardness
within a narrow window
(5.6-6.8 GPa) [21]

Deposition energy (bias /
power / power density)

Drives hardness from moderate
(sputtered) to 33—44 GPa (arc/HiPIMS

Shifts C/Nb ratio (1.52—0.99),
indirectly setting hardness via

routes) [52], [53] microstructure [60]

O, flow sets band gap (~3.4-3.6 eV)

Reactive gas chemistry and phase (Nb,Os < NbO,) [25], [38]

superconducting &-phase vs. mixed

N, partial pressure selects C/Nb ratio is the primary phase-
selecting variable, set via power

phase [47], [48] density rather than gas flow [60]

Refines roughness/thickness of an

Thermal budget already-formed phase [20]

Refines stress and grain size of an

Transforms precursor Nb into Nb,C
then NbC; budget is phase-creating,

already-formed phase [48] not phase-refining [58], [59]

Dominant deposition
route in recent literature

Magnetron sputtering, with ALD for
sub-2 nm precision films [17]

Reactive magnetron sputtering, with
PEALD emerging for wafer-scale

HiPIMS for stoichiometric control;
sintering/plasma spraying for bulk

quantum applications [26] protective coatings [58], [61]

Reported hardness ceiling ~11 GPa (sputtered) [29]

44 GPa (arc ion plated) [20] 20.2 GPa (sintered, graded) [58]
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across three niobium compound families — Nb,Os,
NbN, and NbC — under a unified deposition-parameter
framework absent from prior single-compound reviews.

Across all three materials, magnetron sputtering
emerges as the dominant and most versatile deposition
route. In Nb,Os, RF sputtering pressure and substrate
bias jointly control refractive index and hardness within
well-defined windows. DC reactive sputtering with
controlled oxygen flow reliably produces films with
optical band gaps near 3.4-3.6 eV across multiple
research groups. ALD produces the thinnest Nb,Os
films reported — approximately 1.5 nm — with surface
roughness below 0.1 nm, establishing a process ceiling
for precision optical and gate-dielectric applications.
Sol-gel and spray pyrolysis routes offer lower capital
cost but yield wider band-gap scatter and higher
roughness, limiting their use to electrochromic and
protective coating applications where optical precision
is secondary.

For NbN, the nitrogen partial pressure and
sputtering power together determine whether films
adopt the superconducting cubic &-NbN phase or
mixed stoichiometry phases with degraded critical
temperature. Reactive magnetron sputtering at
controlled N, fractions consistently achieves Tc values
between 9 and 15.5 K across multiple substrate types.
Plasma-enhanced ALD now offers wafer-scale NbN
uniformity below 7% sheet-resistance variation,
establishing it as a scalable route for quantum photonic
integration. Post-deposition annealing at 900°C
reduces film stress and increases grain size while
preserving superconducting properties. Arc ion plating
and HiPIMS deposition push NbN hardness to 44 GPa
and above, making these high-energy routes the
preferred choice for wear-protection applications.

For NbC, HiPIMS peak power density is the primary
lever controlling the C/Nb stoichiometry ratio, which in
turn governs the ftransition from nanocomposite to
columnar microstructure and the associated hardness
response. In-situ hot-press sintering produces graded
Nb,C-to-NbC microstructures with superhardness of
20.2 GPa and bond strength above 210 MPa on
bearing steel. Annealing of Nb films on diamond
substrates at temperatures above 1200°C converts
surface layers to NbC with superconducting onset up to
12.4 K, among the highest values reported for carbide
phases. Solution-processed NbC nanocomposite
coatings deliver corrosion resistance 81.5 times above
unmodified polyurethane baselines, extending the
material's protective application space well beyond
vacuum-deposited hard coatings.

Three cross-cutting observations emerge from the
comparative analysis. First, deposition energy —
whether expressed as substrate bias, target power
density, or sputtering pressure — is the single most
influential process variable across all three niobium
compound families. It determines crystal phase, grain
size, surface roughness, and the resulting functional
property in each case. Second, recent biomedical
studies on all three materials confirm that surface
wettability and  ion-release  behaviour  under
physiological conditions are deposition-dependent
properties that earlier reviews did not systematically
characterise. The 2023-2026 studies by Borowski et
al., da Silva et al., and Mahmood et al. now establish a
clearer biocompatibility baseline for NbN and Nb,Os on
medical-grade alloys. Third, the superconducting
applications of NbN and NbC are converging toward
ALD and PEALD as the preferred growth routes for
quantum device integration, driven by the need for
wafer-scale uniformity and precise stoichiometry
control at low thermal budgets.

Several gaps remain open for future investigation.
Tribological data for Nb,Os coatings under sliding
contact conditions is sparse relative to NbN and NbC.
Direct comparison of all three niobium compounds
under identical biomedical test protocols — on the
same substrate material, using the same bacterial
strains and immersion conditions — has not been
reported and would resolve remaining uncertainty
about optimal compound selection for implant
applications. Computational modelling linking
deposition parameters to vacancy formation energies
and resulting optical band gap in Nb,Os has not yet
been experimentally validated across the full
deposition-temperature space. These gaps represent
the most productive directions for the next generation
of niobium coating research.

Niobium-based thin films have demonstrated that a
single transition metal, when combined with oxygen,
nitrogen, or carbon, produces three functionally distinct
coating families with minimal substrate overlap. That
versatility — chemical tunability across one element —
is the defining advantage of niobium coatings and the
reason this material system will remain a productive
research target across engineering, biomedical, and
quantum-device applications for the foreseeable future.
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