E coatings

Article

Niobium Oxide Thin Films Grown on Flexible ITO-Coated

PET Substrates

Alice Marciel L'%#

check for
updates

Citation: Marciel, A.; Bastos, A.;
Pereira, L.; Jakka, S.K.; Borges, J.; Vaz,
F,; Peres, M.; Lorenz, K.; Bafti, A.;
Pavig, L.; et al. Niobium Oxide Thin
Films Grown on Flexible ITO-Coated
PET Substrates. Coatings 2024, 14,
1127. https://doi.org/10.3390/
coatings14091127

Academic Editor: Denis Nazarov

Received: 1 August 2024
Revised: 24 August 2024
Accepted: 27 August 2024
Published: 2 September 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Alexandre Bastos 2(, Luiz Pereira 17, Suresh Kumar Jakka ', Joel Borges 3{7, Filipe Vaz 30,
Marco Peres +%6(0), Katharina Lorenz #5500, Arijeta Bafti 7", Luka Pavié¢ 8, Rui Silva 2

and Manuel Graca !

i3N and Department of Physics, University of Aveiro, Campus Universitario de Santiago,

3810-193 Aveiro, Portugal; suresh@ua.pt (S.K.J.); mpfg@ua.pt (M.G.)

CICECO, Aveiro Institute of Materials, Department of Materials and Ceramic Engineering,

University of Aveiro, 3810-193 Aveiro, Portugal

Physics Center of Minho and Porto Universities (CF-UM-UP), University of Minho, Campus de Azurém,
4800-058 Guimaraes, Portugal; fvaz@fisica.uminho.pt (F.V.)

IPEN, Instituto Superior Técnico, University of Lisbon, Avenida Rovisco Pais 1, 1049-001 Lisbon, Portugal
5 INESC MN, Rua Alves Redol 9, 1000-029 Lisboa, Portugal

6 DECN, Instituto Superior Técnico, University of Lisbon, Estrada Nacional 10, Km 139.7,

2695-066 Bodadela, Portugal

Faculty of Chemical Engineering and Technology, University of Zagreb, Maruli¢ev trg 19,

10000 Zagreb, Croatia

Division of Materials Chemistry, Ruder Boskovi¢ Institute, Bijenic¢ka cesta 54, 10000 Zagreb, Croatia;
lpavic@irb.hr

*  Correspondence: alicemarciel@ua.pt

Abstract: Niobium oxide thin films were grown on both rigid and flexible substrates using DC
magnetron sputtering for electrochromic applications. Three experimental series were conducted,
varying the oxygen to argon flow rate ratio and deposition time. In the first series, the oxygen to
argon ratio was adjusted from 0 to 0.32 while maintaining a constant growth time of 30 min. For
the second and third series, the oxygen to argon ratios were fixed at 0.40 and 0.56, respectively, with
deposition times ranging from 15 to 60 min. A structural transition from crystalline to amorphous
was observed at an oxygen to argon flow rate ratio of 0.32. This transition coincided with a change
in appearance, from non-transparent with metallic-like electrical conductivity to transparent with
dielectric behavior. The transparent niobium oxide films exhibited thicknesses between 51 nm and
198 nm, with a compact, dense, and featureless morphology, as evidenced by both top-view and
cross-sectional images. Films deposited on flexible indium tin oxide (ITO)-coated polyethylene
terephthalate (PET) substrates displayed a maximum surface roughness (5q) of 9 nm and a maximum
optical transmission of 83% in the visible range. The electrochromic response of niobium oxide thin
films on ITO-coated PET substrates demonstrated a maximum coloration efficiency of 30 cm? C~! and
a reversibility of 96%. Mechanical performance was assessed through bending tests. The ITO-coated
PET substrate exhibited a critical bending radius of 6.5 mm. Upon the addition of the niobium oxide
layer, this decreased to 5 mm. Electrical resistance measurements indicated that the niobium oxide
film mitigated rapid mechanical degradation of the underlying ITO electrode beyond the critical
bending radius.

Keywords: NbyO; flexible substrates; electrochromic; DC magnetron sputtering

1. Introduction

Niobium oxides, encompassing stoichiometric and non-stoichiometric phases such
as niobium monoxide (NbO, conductor), niobium dioxide (NbO,, semiconductor), and
niobium pentoxide (NbyOs, dielectric insulator), as well as metastable oxides NbOx
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(0 <x<1land 2 < x < 2.5) and a wide range of Nb,Os polymorphs, are versatile ma-
terials exhibiting remarkable physical properties [1-7]. Table 1 presents a summary of the
physical properties of niobium (Nb) and its stoichiometric oxides.

Table 1. Some of the physical properties of the Nb and stoichiometric niobium oxides.

Physical Properties [7N_l;] 1[\;1_)3 1[\;1_)35 [19\111);,?2]
crystal system cubic cubic tetragonal depends on its polymorph, synthesis
space group Og Oi Cgh parameters and technique
density (g/cm3) at 20 °C 8.57 7.30 5.90 4.47
melting point (°C) 2477 1937 1901 1500
boiling point (°C) 4744 - - -
qualitative solubility acid - - hydrofluoric acid
electrical resistivity pQ)-cm at 25 °C 15.2 21 107 -
conductivity o (S/cm) at 25 °C ~7.5 x 10* ~4.8 x 10* ~10—* ~10-16-10-¢
relative atomic mass 92.906 108.905 124.905 265.80

The niobium-oxygen system, with its diverse range of stoichiometric and non-
stoichiometric oxides, has been extensively studied due to its potential applications in
batteries [15-17], solar cells [18-20], capacitors [11,21], optoelectronic devices [22,23], catal-
ysis [24-26], sensors [27,28], and biomedical fields [29,30]. Beyond these applications,
niobium oxides exhibit electrochromic behavior [31-35], wherein their optical properties
undergo persistent changes in response to applied electric fields or currents. These optical
variations, measured in transmittance and/or reflectance, are attributed to electrochemi-
cally induced reduction reactions [36].

First reported by Reichman in 1980 [32], alongside other metal oxides (Ti, V, Cr, Mn,
Fe, Co, Ni, Mo, Rh, Ta, W, and Ir oxides) [37,38], the electrochromic properties of nio-
bium pentoxide have since attracted considerable attention. Various deposition techniques
have been employed to fabricate NbOy films, including thermal oxidation [39-41], sputter-
ing [42-46], pulsed laser deposition [27,47,48], chemical vapor deposition [49-51], atomic
layer deposition [52-55], electrochemical methods [56,57], spray pyrolysis [58-60], sol-gel
processes [14,61-63], and electrophoretic deposition [64].

Electrochromic devices (ECDs) exhibit diverse designs and configurations tailored
to specific applications and materials. Conventional absorptive/transmissive ECDs typ-
ically consist of a five-layer structure comprising transparent electrical conductors, an
electrochromic film, an ion transport layer, an ion storage layer (optionally electrochromic),
and a transparent substrate, often glass or flexible polymer [65-70] (Figure 1).

Transparent conductors facilitate charge transfer and typically comprise doped metal
oxide nanostructures (e.g., indium tin oxide (ITO) and fluorine-doped tin dioxide (FTO) [71,72],
aluminum-doped zinc oxide (AZO) [73,74]), silver nanowires (Ag NWs) [75,76], carbon
nanotubes [77-80], graphene [81-83], or conductive metal grids [84,85]).

On the other hand, for several years the main interest in the electrochromism phe-
nomenon of employing oxide electrodes has been due to the fact that in the electron transfer
process, the electroactive species (for instance H* or Li*) can be easily intercalated in the
amorphous or crystalline structure of the host oxide material [38,86]. These conductive
oxide materials make a great choice for electrodes in the above-mentioned metal-oxide
electrochromic materials, having been widely employed in the literature for more than
20 years [60,87,88]. In parallel, the everyday need to develop devices that fulfil a flexible,
stretchable, architectonic 3D incorporation and with an easy environmental integration
framework [89] puts enormous pressure on the choice of electrode to meet these require-
ments. And naturally, in electrochromic devices, where their flexible application is the
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subject of increasingly evident technological research, the problem is equally felt. However,
the use of metal oxides with electrochromic properties, deposited on flexible substrates with
conductive oxides such as ITO and FTO, is still far from being considered technologically
viable. To the best of our knowledge, there are not many published works on NbOy-based
electrochromic films deposited by DC magnetron sputtering on flexible substrates with ITO.
Typically, the technique used is spray pyrolysis [60], where the results achieved, although
notable, still mean that the films lack good uniformity. Some other electrochromic oxides,
e.g., NiOy, have been successfully deposited on this type of substrate using solution-casting
techniques [90], suffering the same side effects, which result from a less precise deposition
method. Thus, the attempt to successfully obtain a uniform film deposited by sputter-
ing on flexible substrates marks an important step in the development of the concept of
flexible electronics.

Substrate

Electrochromic layer

Ion transport layer

Ion storage layer

Power source

Substrate

Figure 1. Configuration of an electrochromic device.

Electrochromic layers, forming the core of electrochromic devices, exhibit varying
performance based on material composition. Conventional electrochromic layers consist of
dense thin films of transition metal oxides (TiO,, V,0s5, Cr,Os, MnO,, FeO,, CoO,, NiO,,
Nb,Os5, MoOs, RhO;, Ta,0s5, WO3, IrO;) [38] or electrochromic polymers [91,92] in conjunc-
tion with liquid, gel, or solid ion transport layers (electrolytes) to enable functionality. The
interface between the electrochromic material, transparent conductor, and ion transport
layer significantly influences device performance, with recent advancements focusing on
nanostructured electrochromic materials, offering diverse morphologies and enhanced
specific surface areas [68,93,94].

Ion transport layers, positioned between the electrochromic and ion storage layers,
facilitate ion movement within the device and can be liquid, gel, or solid [95-97]. Materials
in this category include electrolytes (lithium salts, ammonium salts, ionic liquids) [98,99],
ion-conductive polymers [100,101], liquid crystals [102,103], etc. Effective ion transport
necessitates sufficient ion conductivity at operating temperatures. Liquid electrolytes gen-
erally exhibit higher ion conductivity at room temperature [100,101,104] alongside low
electron conductivity to prevent mixed ion—electron conduction and dendrite formation.
Additionally, ion transport materials should demonstrate wide electrochemical and chemi-
cal stability, interfacial compatibility, non-flammability, non-toxicity, high thermal stability,
and adequate mechanical strength (for solid electrolytes) [105,106].

Ion storage layers complement the primary electrochromic layer, either with or with-
out electrochromic properties, to balance charging. These materials require good elec-
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trochemical reversibility, stability, capacity, and compatibility with the electrochromic
layer [107-109].

Electrochromic materials and devices have garnered significant attention in recent
years due to their potential applications and advantages, including energy efficiency,
sustainability, and innovative design possibilities.

As previously noted, the emergence of multifunctional, flexible electrochromic devices
has introduced exciting attributes such as flexibility, stretchability, and foldability, as well
as the ability to control color and temperature [72,110-115]. However, fabricating these
devices remains challenging owing to the complex interplay between growth techniques,
substrate properties, and electrode characteristics.

In this work, the properties of NbOy thin films, including morphology and optical,
electrical, electrochemical, and mechanical characteristics, were systematically investigated.
The study focuses on the influence of the oxygen-to-argon flow rate ratio and the deposition
time on these properties. An ITO-coated PET substrate was selected for studying NbOy elec-
trochromic performance due to its high transmittance, good thermal stability, and excellent
electrical conductivity. Additionally, it can form a stable interface with similar materials,
such as MoOx thin films [36,116,117]. The electrochromic performance of NbOy thin films
grown on ITO-coated PET substrates (such as, for example, a maximum reversibility of
96%) is of critical importance, as it opens up the possibility of using NbOy in the design of
multifunctional, flexible electrochromic devices.

2. Materials and Methods
2.1. Thin Film Preparation

NbOy thin films were synthesized through reactive DC magnetron sputtering using a
custom-built laboratory system. The films were deposited on indium tin oxide (ITO)-coated
polyethylene terephthalate (PET) substrates (sheet resistance: 60 ()/sq), ITO-coated glass
(sheet resistance: 5 (}/sq), and p-type silicon (100) substrates (resistivity: 5-10 (3-cm).

The cylindrical deposition chamber (60 L) housed a substrate holder positioned 70 mm
from the target and equipped with a rotating mechanism for uniform film deposition. A
Hiittinger Elektronik (PFG 2500 DC) DC power supply was used to energize the cath-
ode [118]. A niobium target (200 x 100 x 6 mm3, 99.95% purity) was sputtered at a
current density of 100 A/ m? in an argon (99.997%) and oxygen (99.997%) plasma. The
base pressure was 1 x 1072 Pa, with a constant argon flow of 25 sccm (partial pressure:
3.9 x 107! Pa). The oxygen flow was adjusted to achieve O,/ Ar ratios of 0, 0.16, 0.32, 0.40,
and 0.56. Substrates were placed on a rotating grounded holder without external heating.

Prior to deposition, substrates underwent plasma treatment in a low-pressure system
(Zepto model/Diener Electronic) to enhance film adhesion. Oxygen plasma was applied
(5 min) to remove surface impurities, followed by argon plasma (15 min) to induce con-
trolled roughness for nucleation.

The first series of samples were prepared with varying O, /Ar ratios (0 to 0.40) at a
constant deposition time of 30 min to explore different niobium oxidation states. In the
second and third series, the O,/ Ar ratios were fixed at 0.40 and 0.56, respectively, while the
deposition time ranged from 15 to 60 min.

Samples with appropriated dimensions depending on the technical analysis (ranging
from 5 mm x 5 mm to 10 mm X 10 mm) were prepared. Depending on the substrate, the
samples were cut using either a diamond tip or scissors. Prior to analysis performance, the
samples were cleaned by blowing with argon. For SEM analyses, samples (5 mm x 5 mm)
were assembled in a MicroVise Holder for both top-view and cross-sectional analyses,
with carbon conductive tape used as necessary to secure them. Prior to SEM analysis, the
samples were coated with a thin film of carbon by thermal evaporation.
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2.2. Characterization
2.2.1. Microstructural and Morphologic Characterization

The structural analysis of NbOy thin films was performed using X-ray diffraction
(XRD) with a Philips X"pert MRD diffractometer in grazing incidence mode (1°). Scans
were conducted using Cu K« radiation (A = 1.54060 nm) at a scan rate of 0.01°/s over a
20 range of 10-80°. XRD patterns were analyzed using HighScore Plus software 4.0.

Film composition was determined by Rutherford backscattering spectroscopy (RBS)
using a Van de Graaff accelerator with a 2 MeV He™ particle beam (1 mm diameter).
Random spectra were acquired by tilting the sample 5° and rotating it during measurement
to prevent channeling. Backscattered particles were detected using a PIN diode detector
at 165°. Depth-dependent composition profiles were obtained through fitting using the
nuclear data furnace code (NDF) [119,120].

X-ray photoelectron spectroscopy (XPS) was performed using a Kratos Axis Ultra HSA
spectrometer with Al K« excitation (1486.6 eV) in hybrid spectroscopy mode, analyzing a
300 um x 700 um area. XPS signals were calibrated using the C 1 s peak at 285 eV from
adventitious hydrocarbons. Spectra were acquired at a pass energy of 40 eV with a step
size of 0.1 eV.

Raman spectra were collected at room temperature using a Horiba Jobin Yvon HR800
spectrometer (Horiba Scientific, Kyoto, Japan) in backscattering geometry to minimize
substrate signal. A He-Cd laser (325 nm or 442 nm) was used for excitation, with a
100x objective lens. The 325 nm line was employed for thinner samples to reduce substrate
interference.

The surface and cross-sectional morphology of the NbOy thin films were examined
by scanning electron microscopy (SEM) using a Hitachi SU-70 model. Surface roughness
was further analyzed using an S-NEOX 3D Optical Profiler system (Sensofar Metrology,
Terrassa, Spain).

2.2.2. Optical Characterization

Transmittance spectra of the thin films grown on ITO-coated PET and ITO-coated glass
substrates, under normal incidence in visible range, were measured by means of a Shimazu
UV-2100 spectrometer (Shimadzu Corporation, Kyoto, Japan).

2.2.3. Electrical Characterization

Electrical measurements were conducted in both DC and AC modes at room tem-
perature. The electrical resistivity of bulk NbOy thin films grown on silicon substrates
at Oy / Ar flow rate ratios of 0, 0.16, and 0.32 was determined from current-voltage (I-V)
characteristics measured using a HP 34401A multimeter and an ISO-Tech IPS 2303 DD
dual-tracking power supply (Isotech, Conchester, VT, USA).

Impedance spectroscopy was employed to analyze NbOy thin films grown on ITO-
coated glass substrates at an O,/ Ar flow rate ratio of 0.40 and varying deposition times
(15, 30, and 60 min). Measurements were performed in bulk configuration using a Novo-
control Alpha-A Dielectric Spectrometer (Novocontrol Technologies, Montabaur, Germany)
over a frequency range of 0.01 to 1 MHz at a voltage of 10-20 mV.

For electrical contacts, 4 mm long gold electrode pads were deposited on the NbOy
thin films grown on ITO-coated glass substrates using a Quorum Technologies SC7620
Sputter Coater. Platinum wires were attached to the gold pads and ITO-coated glass surface
for connection to the measurement instrument.

2.2.4. Electrochromic Characterization

Cyclic voltammetry (CV) measurements were conducted using a Metrohm Autolab
PGstat 302N potentiostat in a three-electrode configuration. A three-electrode optical glass
cell was employed, with the NbOy thin film grown on an ITO-coated PET substrate serving
as the working electrode, a platinum wire as the counter electrode, and a low-leakage
Ag/AgCl/KCl (3 M) electrode as the reference. The electrolyte solution consisted of 1 M
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lithium perchlorate (LiClO4) in propylene carbonate (PC). Cyclic voltammograms were
obtained by sweeping the potential from —2.0 to +2.0 V vs. Ag/AgCl/KCl (3 M) at a scan
rate of 10 mV /s.

All experiments were performed at room temperature within an argon (99.9999%
purity) atmosphere-controlled glovebox. The water content was continuously monitored in
parts per million (ppm) using a DS 400 chart recorder coupled with a FA 515 Ex dew point
sensor and a CP110 differential pressure transmitter.

2.2.5. Mechanical Characterization

The mechanical properties of both the ITO-coated PET substrates and the thin films
deposited thereon were assessed using a custom-built collapsing radius system [121].
This method involves clamping a sample between two parallel plates and progressively
reducing the plate separation using a linear actuator. To prevent premature cracking, the
sample is initially subjected to a relatively large bending radius, allowing for controlled
deformation studies.

As illustrated in Figure 2, the bending radius in this configuration is half the distance
between the plates. The custom system incorporates a linear actuator driven by a stepper
motor with a screw-thread mechanism, providing a 100 mm travel range and a maximum
speed of 5 mm/s.

Figure 2. Collapsing radius system: (a) schematic; (b) photography; (c) sample holder in a parallel
plate geometry used for measuring the ITO-NbOyx composite.

Polylactic acid (PLA) fixtures were designed to hold the samples, while printed circuit
boards (PCBs) served as electrical contacts for conductive film testing. A multimeter
measured the electrical resistance of the ITO-coated PET substrate. A computer-controlled
automated system synchronized the bending process with data acquisition. The electrical
resistance of the ITO-NbO, composite was measured using a parallel plate sample holder
connected to an electrometer (Figure 2c).

3. Results and Discussion
3.1. Microstructural and Morphologic Characterization
3.1.1. Structural Analysis

XRD patterns of the first series of NbOy films grown on silicon substrates (Figure 3)
exhibited a progressive transition from polycrystalline to amorphous structures with in-
creasing oxygen content. Films deposited at O,/ Ar flow rate ratios of 0.32 or lower were
polycrystalline. The film grown at an O,/ Ar ratio of 0 (Nb film) displayed a body-centered
cubic (bcc) niobium structure, consistent with JCPDS Card No. 00-035-0789 [122,123]. For
films deposited at Op/ Ar ratios of 0.16 and 0.32, diffraction peaks were observed at ap-
proximately 37° and 35°, respectively. This shift to lower angles suggests oxygen-induced
lattice strain in the niobium structure [124].
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Figure 3. X-ray diffraction of (a) first series of NbOy thin films grown with different flow rate ratios
of Oy /Ar for 30 min (all samples have metallic-like appearance); (b) second and third series of NbOy
thin films grown at 0.40 and 0.56 flow rate ratios of O,/ Ar and different deposition times.

Diffractograms of the second and third series (transparent films) with O,/ Ar flow rate
ratios of 0.40 and 0.56, respectively, displayed broad bands centered at approximately 26°
and 22° (Figure 3b). These broad bands confirmed the formation of an amorphous NbOx
structure [31,125-128].

The more intense peaks around 55° are from the silicon substrate where the films
were deposited.

3.1.2. Composition of the Films

In order to estimate the density and determine the composition of the different thin
films, the NDF code was used to fit the RBS spectra (red lines in Figure 4). Despite the
low precision in estimating the oxygen concentration using RBS, both because it is a light
element and due to the fact that the signal related to oxygen is overlapped by the silicon
barrier signal, it was possible to perform a qualitative analysis of the Nb/O ratio for the
various deposited films in the function of the O,/ Ar ratio.

Figure 4a—e presents RBS spectra of NbOy thin films deposited on silicon substrates at
O,/ Ar flow rate ratios of 0.32, 0.40, and 0.56. These films exhibit a transition from a metallic
to a transparent appearance. The spectra reveal four distinct barriers, corresponding to
niobium (Nb), oxygen (O), argon (Ar), and silicon (Si). The argon peak is associated with
the sputtering process, while the silicon peak originates from the substrate.

The film deposited at an O,/ Ar ratio of 0.32 for 15 min (Figure 4a) exhibited a Nb/O
ratio of 1.15, indicating a substoichiometric Nb oxide with mixed valence states (Nb** and
Nb>*), likely accompanied by oxygen vacancies, as confirmed by XPS (Figure 5c).

Regarding the film deposited at an O,/ Ar ratio of 0.40 for 30 min (Figure 4c), this
exhibited a Nb/O ratio of 0.48, suggesting a substoichiometric Nb oxide close in composi-
tion to NbyOs but with a slight oxygen deficiency. XPS results (Figure 5d) corroborated
the presence of mixed valence states (Nb** and Nb>*), implying an incomplete oxidation
process, possibly due to insufficient oxygen for the complete conversion of NbO, to Nb,Os.
In summary, this analysis of the Nb/O ratio clearly suggests the presence of an amorphous
structure. These RBS spectra also reveal that, for a fixed deposition time, increasing the
O,/ Ar ratio leads to thinner films. Based on RBS fit results, the thickness of the thin films (in
atoms/cm?) and the density, considering the thickness SEM measurements, were estimated
(Table 2).
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Figure 4. RBS spectrum obtained by measuring the last sample from the first, second, and third series:
(a) NbOy thin films grown with a flow rate ratio of Op/ Ar of 0.32 for 15 min (samples have metallic-
like appearance); samples of the second and third series, grown with 0.40 and 0.56 O, / Ar flow rate
ratios and different growth times (b,d) for 15 min and (c,e) 30 min. The vertical arrows identify
the different barriers associated with the various elements present in the film and the substrate.
Simulated spectra were obtained (red lines) by fitting the data using the NDF code.
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Figure 5. High-resolution XPS spectra of the Nb 3d state showing the spin-orbit splitting. The

deconvoluted peaks associated with the 3ds,, and 3ds,, orbitals are indicated for the films” growth

at (a) 0 Oy /Ar-30 min, (b) 0.16 O,/ Ar-30 min, (c) 0.32 O,/ Ar-30 min, (d) 0.40 O,/ Ar-30 min, and

(e) 0.56 O, / Ar-30 min.

Table 2. Thin film density estimated using RBS fit results.

Densit Thickness (nm i
Thl\iI: ?ﬁm (1015 atm/:’mz) * (o) +(];7cr;i;t)y ++Nb/O Ratio
0.32 Oy / Ar-15 min 3505 510 6.11 1.15
0.40 Oy / Ar-60 min 1454 198 4.57 0.49
0.40 O,/ Ar-30 min 693 75 4.72 0.48
0.40 O,/ Ar-15 min 463 60 4.45 0.41
0.56 O,/ Ar-60 min 1107 153 4.48 0.48
0.56 O,/ Ar-30 min 669 88 4.49 0.43
0.56 O,/ Ar-15 min 426 51 4.57 0.36

* Estimated from SEM micrographs. + Density estimated considering the stoichiometry obtained from the fit of
RBS data and the thickness estimated from SEM micrographs. ++ Nb/O ratio estimated by RBS.
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3.1.3. Surface Chemistry Analyses

Figure 5a—e presents high-resolution XPS spectra of the Nb 3d state for samples grown
at various O,/ Ar ratios. The spectra exhibit the characteristic spin-orbit splitting of the Nb
3d core level. Deconvolution into two doublets, corresponding to different oxidation states,
was performed using Lorentzian—Gaussian line shapes, assuming a spin-orbit splitting of
2.78 eV and an intensity ratio of 1.5 between the 3ds,, and 3d3,, components.

The presence of Nb>*, Nb*", Nb?*, and Nb? oxidation states was identified. For the
Nb? state, the Nb 3ds s2 and 3dj3,/, peaks were located at 202.1 eV and 204.9 eV (Figure 5a)
and 202.7 eV and 205.5 eV (Figure 5b), respectively, for films grown at O, / Ar ratios of 0 and
0.16. The Nb?* and Nb** oxidation states displayed Nb 3ds,, and Nb 3d3,, peak positions
at 204.0 eV and 206.8 eV (Figure 5¢) and 205.7 eV and 208.8 eV (Figure 5d), respectively.
The Nb>* oxidation state exhibited Nb 3ds,, and Nb 3d3,, peak positions at 207.1 eV and
210.06 eV (Figure 5a), 207.5 eV and 210.2 eV (Figure 5b), 207.3 eV and 210.05 eV (Figure 5c¢),
207.6 eV and 210.3 eV (Figure 5d), and 207.3 eV and 210.3 eV (Figure 5e). These values
align with reports in the literature [129,130].

A thin layer of native niobium pentoxide was observed on the film surfaces (Figure 5a),
likely formed upon atmospheric exposure, regardless of the sample composition [43].

All binging energies values for niobium oxides species are presented in Table 3.

Table 3. Binding energies (eV) of the Nb 3d orbitals obtained by XPS and those from the literature.

NbOy Thin Film Nb 3d Orbitals Nb? (metal) Nb?* (NbO) Nb** (NbO,) Nb>* (Nb,Os)
00,/ Ar-30 min Nb 3d3,, 204.9 - - 210.6
Nb 3ds,, 202.1 - - 207.1
0.16 O,/ Ar-30 min Nb 3d3,2 2055 - - 210.2
Nb 3ds,» 202.8 - - 207.5
0.32 O/ Ar-30 min Nb 3d3 /> - 206.8 - 210.0
Nb 3ds,» - 204.0 - 207.3
0.40 O,/ Ar-30 min Nb 3d3/» - - 208.6 210.3
Nb 3ds/, - - 205.7 207.6
0.56 Oy /Ar-30 min Nb 3d3/, - - - 210.1
Nb 3ds,» - - - 207.3
From the literature Nb 3ds,, 205.0 206.8 208.8 210.0
[130-133] 204.7 206.6 208.6 209.9
205.1 207.0 208.8 210.2
Nb 3ds,, 202.2 204.0 206.0 207.3
202.0 203.9 205.9 207.2
202.3 204.3 206.0 207.4

3.1.4. Raman Analyses

Figure 6a,b displays Raman spectra of the first, second, and third series of NbOy thin
films. Characteristic Raman spectra of niobium oxides typically exhibit bands attributed
to stretching and bending vibrational modes of metal-oxygen bonds, such as Nb-O-Nb
(200-300 cm 1), Nb-O (500-700 cm 1), and Nb=0 (8501000 cm 1) [134,135].

The Raman spectra of films grown at Oy /Ar flow rate ratios up to 0.32 (Figure 6a)
share similarities, displaying four broad bands centered at approximately 270, 490, 640,
and 810 cm~!, along with a peak at 520 cm~!. The 520 cm ™! peak corresponds to optical
phonon vibrations of the silicon substrate. The presence of both NbOg octahedra and NbOy
tetrahedra in films grown at O,/ Ar ratios of 0 and 0.16 is suggested by the Raman spectra.

The broad band at approximately 640 cm™~! is associated with stretching modes of
NbOg octahedra, characteristic of amorphous niobium pentoxide structures [134,136,137],
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while the broad band at around 810 cm~! corresponds to Nb-O symmetric modes of the
NbOy tetrahedral structure [138]. An increase in the O,/Ar flow rate ratio leads to a
decrease in intensity of the 810 cm~! band and a more pronounced 640 cm~! band. It is
worth noting that the exposure of the as-deposited films to atmosphere likely resulted in
the formation of a native Nb,Os layer, contributing to the NbOg octahedra structure.

270 490 640 810 @) 300: 290' | 640 810+ 900" )

) . . 3 . 0.56 O,/Ar-15 minutes

0.32 O,/Ar-30 minutes X . t . . ——0.560,/Ar-30 minutes

MVI\ —0.16 O,/Ar-30 minutes ¢ & X : i ——0400,/Ar-15 minutes

——0.00 O,/Ar-30 minutes : ¥ . . 1 ——0400/Ar30 es

(T Sill 00) substra

-*2 Silicon (100) substrate —~ B0
£ z
= W’J 5
5 =]
o :
o £
Z M o
3 iy
£ 3
Y “'W//V [=1
:
S

I I I 1 : 1 i o I : 1
200 400 600 800 1000 1200 200 400 600 800 1000 1200
Wavenumber (cm™) Wavenumber (cm™)

Figure 6. Raman analyses of NbOy thin films. (a) First series of NbOy thin films grown at different
flow rate ratios of O, /Ar (0, 0.16, 0.32) and the same deposition times; (b) second and third series of
NbOy thin films deposited at 0.40 and 0.56 O,/ Ar flow rate ratios and different deposition times.

While XRD and XPS confirm the presence of metallic niobium (bcc) in films grown
at O,/ Ar flow rate ratios of 0 and 0.16, pure metals typically exhibit weak Raman scatter-
ing [139].

Raman spectra of films deposited at O,/ Ar flow rate ratios of 0.40 and 0.56 (Figure 6b)
showed similarities, with four broad and weak bands at approximately 300, 490, 810, and
900 cm ™!, a strong 640 cm ™~ ! band, and the silicon substrate peak at 520 cm~!.

The prominent 640 cm ™! band in films grown at O,/ Ar flow rate ratios of 0.40 and
0.56 indicates the presence of an amorphous Nb,Os phase, consistent with XRD (Figure 3b)
and XPS (Figure 5d,e) results. The weak 810 cm~! band is likely associated with Nb-O
symmetric modes of the NbOy tetrahedral structure [138]. XPS analysis of films grown at an
O,/ Ar flow rate ratio of 0.40 confirms the presence of mixed Nb** and Nb>* valence states.

3.1.5. Morphological and Thin Growth Features

The two-dimensional (2D) surface and cross-section morphologies of NbOy thin
films deposited on silicon and ITO-coated PET substrates were investigated using SEM
micrographs, as shown in Figures 7-9. The SEM micrographs show that NbOy thin films
grown at Oy /Ar flow rate ratios of up to 0.32 exhibited a well-defined structure, with
defined grains in the top view and columnar grain growth in the cross-section (Figure 7).

Upon increasing the flow rate ratio of O,/ Ar to 0.40 and 0.56, the NbOy thin films’
SEM images revealed a compact/dense and inexpressive morphology on both top view
and cross-section, without evidence of the presence of cracks or porosity. A slight texturing
on the top view prevails on NbOx thin films with higher deposition times, as shown in
Figure 8.

A decrease in film thickness was observed with decreasing deposition time and
increasing O,/ Ar flow rate. For instance, at an O,/Ar flow rate of 0.40, reducing the
deposition time from 30 min to 15 min resulted in a thickness reduction from 75 nm to
60 nm. Similarly, at a constant deposition time of 30 min, increasing the O,/ Ar flow rate
from 0.40 to 0.56 led to a decrease in thickness from 88 nm to 51 nm.
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1 um

Figure 7. Surface and cross-section SEM micrographs of the first series of NbOy films grown on a

silicon substrate with O,/ Ar flow rate ratios varying from 0 up to 0.32: (a) 0 O,/ Ar-30 min; (b) 0.16
0O,/ Ar-30 min; (c) 0.32 O, / Ar-30 min.

(@) (b)

500 nm 500 nm

(d)

(0)
e

500 nm

Figure 8. Surface and cross-section SEM micrographs of the NbOy films grown with 0.40 and
0.56 O,/ Ar flow rate ratios: (a) 0.40 O,/ Ar-30 min; (b) 0.40 O,/ Ar-15 min; (c) 0.56 O,/ Ar-30 min;
(d) 0.56 O,/ Ar-15 min.

(a)

(©) (d)

(b)
5 Rimr

1 um

Figure 9. Surface (upper images) and cross-section (lower images) SEM micrographs of the NbOy
films grown on ITO-coated PET substrates with 0.40 and 0.56 O,/ Ar flow rate ratios: (a) 0.40 O,/ Ar-
30 min; (b) 0.40 O,/ Ar-15; (c) 0.56 O,/ Ar-30 min; (d) 0.56 O,/ Ar-15 min.
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SEM micrographs of thin films grown on ITO-coated PET substrates (Figure 9) revealed

morphological similarities to those grown on silicon substrates.

Table 4 presents the roughness values of samples grown at O, /Ar flow rate ratios of
0.40 and 0.56 with varying deposition times, as determined by optical profilometry. Thin
films deposited on ITO-coated PET substrates exhibited roughness values ranging from
3 to 9 nm. A decreasing trend in roughness was observed with an increasing O,/ Ar flow
rate ratio. This correlation is supported by SEM micrographs, which revealed a smoother
surface morphology in top-view images of films grown at an O,/ Ar flow rate ratio of

0.56 (Figure 9).

Table 4. Surface roughness (root mean square height, Sq) measured by optical profilometry of the
NbOx thin films grown at 0.40 and 0.56 O,/ Ar flow rate ratios with different deposition times on

ITO-coated PET substrate and ITO-glass substrate.

Sample

Sq (nm) of NbOy Thin Films Grown on
ITO-Coated PET Substrate

Sq (nm) of NbOy Thin Films Grown on

ITO-Coated Glass Substrate

0.40 O,/ Ar-15 min

9

10

0.40 O,/ Ar-30 min

6

0.40 Oy / Ar-60 min

0.56 O,/ Ar-15 min

0.56 O,/ Ar-30 min

0.56 O,/ Ar-60 min

G| Q||| N

Sample

Sq (nm)

ITO-coated PET substrate

ITO-coated glass substrate

100

3.2. Optical Response of Thin Films

Figure 10a,b illustrate the transmittance spectra of NbOx films deposited on ITO-
coated PET and ITO-coated glass substrates at an O, /Ar flow rate ratio of 0.40 and varying
deposition times. NbOy films grown on ITO-coated glass exhibited higher visible-range
transmittance (maximum of 83%) compared to those on ITO-coated PET (maximum of 81%).
These transmittance values align with reported data for sputtered Nb,Os films [140-142].
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Figure 10. Transmission spectra and plots of (a/v)? versus ho for direct transition in NbOy films
grown on ITO-coated PET substrate (a) and on ITO-coated glass substrate (b) at 0.40 O,/ Ar flow rate

ratio with different deposition times.
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The Tauc method [142,143] was employed to determine the direct and indirect bandgap
energies of the NbOx films by extrapolating the linear portion of (a«hv)? versus hv plots
for direct transitions and («xhv)!/2 versus hv plots for indirect transitions, where « is the
absorption coefficient and hv is the photon energy. The maximum direct bandgap values
were found to be 3.91 eV for NbOy films on ITO-coated PET and 4.07 eV for NbOy, films on
ITO-coated glass, both deposited at an O,/ Ar flow rate ratio of 0.40. The direct band gap
values obtained are consistent with those reported in previous studies [9,13].

A red shift (decrease in bandgap energy) was observed with increasing film thickness,
potentially due to enhanced disorder and the presence of defects associated with substo-
ichiometric Nb,Os (as confirmed by RBS, Table 2). The direct bandgap energy behavior
observed may be linked to an increase in oxygen ion vacancies within the NbOx thin films
as the deposition time increases [144].

Table 5 summarizes the transmittance and bandgap values for all samples investigated.

Table 5. Transmittance maximum (maximum of the interference fringes) and band gap of the NbOy
thin films grown at 0.40 and 0.56 O, / Ar flow rate ratios with different deposition times on ITO-coated
PET substrate and ITO-glass substrate.

Transmittance (%) Bandgap (eV) Transmittance (%) Bandgap (eV)
(Thin Films Grown on (Thin Films Grown on (Thin Films Grown on  (Thin Films Grown on
ITO-Coated PET ITO-Coated PET ITO-Coated Glass ITO-Coated Glass
Substrate) Substrate) Substrate) Substrate)
0.40 O,/ Ar-15 min 81% 3.91 78% 4.07
0.40 O,/ Ar-30 min 80% 3.91 77% 4.02
0.40 Oy / Ar-60 min - - 83% 3.94
0.56 O,/ Ar-15 min 81% 3.91 77% 4.05
0.56 O,/ Ar-30 min 80% 3.90 83% 4.04
0.56 Oy / Ar-60 min - - 82% 3.98

3.3. Electrical Characterization

The electrical resistivity, at room temperature, of the NbOjy thin films at 0 (without
oxygen introduction), 0.16, and 0.32 O,/ Ar flow rate ratios was measured using the four-
probe method [43,145]. The thin films’ resistivity was calculated using Equation (1):

\Y%
p= TWFB (1)

where p represents the resistivity, V the measured voltage, i the applied current, w the
film thickness, and F3 a correction factor related to the geometry of the sample [8,146].
Correction factors were determined through geometric series calculations. The contacted
area was assumed to be infinitesimally small, a highly accurate approximation for the
physical configurations employed. The four-point probes were arranged collinearly and
equidistantly.

Figure 11 illustrates the electrical resistivity of NbOy thin films as a function of oxygen
content in the sputtering atmosphere. The NbOy film grown at an O,/ Ar flow rate ratio of
0 exhibited a resistivity of 98.2 uQ)-cm, consistent with previous studies [147].

A significant increase in resistivity was observed with increasing oxygen content,
reaching values in the thousands of p()-cm (Figure 11a,b). The film prepared at an O, /Ar
flow rate ratio of 0.32 displayed a metallic appearance and the highest resistivity of approx-
imately 2000 uQ)-cm, potentially attributed to the presence of metastable suboxides (NbOy,
0<x<1)[11].

Upon further increasing the oxygen content in the sputtering atmosphere, a threshold
was reached beyond which the film structure transitioned from crystalline to amorphous.
Concomitantly, optical transparency emerged, accompanied by significant changes in elec-
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trical properties. The samples exhibited notably high resistivity, consistent with previously
discussed findings.
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Figure 11. Electrical resistivity of NbOy thin films measured at room temperature: (a) grown on
silicon substrate at different O,/ Ar flow rate ratios (using the four-probe method); (b) grown on
ITO-coated glass with different deposition times (by impedance spectroscopy at a frequency of 1 kHz).

Figure 12 presents the bulk electrical conductivity of NbOy thin films grown on ITO-
coated glass at an O,/ Ar flow rate ratio of 0.40 and varying deposition times as a function
of frequency.
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Figure 12. Electrical conductivity (RT) of NbOy films grown on ITO-coated glass as a function of
frequency.

Figure 13 illustrates the frequency-dependent real part of the impedance for NbOy thin
films grown on ITO-coated glass at an O,/ Ar flow rate ratio of 0.40 and varying deposition
times. Analysis of both the electrical conductivity (Figure 12) and the imaginary part of the
impedance (Figure 13) as functions of frequency reveals a dielectric relaxation phenomenon
occurring at approximately 1 kHz. This indicates consistent dielectric behavior across
all samples.

Figure 14 shows the Cole—Cole plot of the NbOy thin films grown on ITO-coated
glass at a 0.40 flow rate ratio of O,/ Ar with different deposition times, as a function of the
frequency. The Cole—Cole plot revealed a dielectric relaxation phenomenon close to the
Debye model [148].

Figure 15 presents the dielectric constant (¢’) of transparent NbOy thin films grown
on ITO-coated glass at an O,/ Ar flow rate ratio of 0.40 for deposition times of 15, 30, and
60 min. While both samples exhibit similar profiles, the thicker films (60 min deposition)
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display higher ¢’ values across the frequency range (1 Hz to 10® Hz), reaching a maximum
of approximately 28 at 1 kHz.

8.0

75 F

70 Q000000000
o

65 [
60 o O 0400,/Ar-60 minutes

O 0400,/Ar-15 minutes
O 0.400,/Ar-30 minutes

55 [ N
50 |
45 F
40 |
35p0000000000000,, °

30 F %o

25 F 8

20 | o
15 | Oo
1.0
05
00 000000000
05 F

Z'1kQ

EOOOOOOOOOOOOOOOOOOgg
8e

I 1 1 1 1 I
1 2 3 4 5 6

log (v/ Hz)

Figure 13. Real part of the impedance of NbOy films grown on ITO-coated glass as function of
frequency.
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Figure 14. Cole—Cole plot of NbOy films grown on ITO-coated glass.
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Figure 15. Dielectric constant of NbOy films grown on ITO-coated glass at a 0.40 flow rate ratio if
O,/ Ar as a function of frequency.
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Variations in the dielectric constant as a function of frequency suggest structural
differences among the NbOy thin films with varying deposition times, consistent with RBS
findings. The obtained dielectric constant values agree with those reported in previous
studies [149,150].

3.4. Electrochromic Characterization

A critical aspect of electrochromic materials is their capacity to maintain structural
integrity and performance over repeated cycles. The NbOy thin films deposited on ITO-
coated PET substrates demonstrated excellent reversibility and cyclability when subjected
to 15 cycles in a lithium perchlorate-propylene carbonate electrolyte at a scan rate of
10 mVs~! between —2.0 V and 2.0 V (Figures 16-19). This consistent behavior indicates
robust stability.
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Figure 16. (a) CV curves (the arrows indicate the scan direction) and (b) evolution of representative
transmittance (AT represents the relative optical transmittance difference) of NbOy films grown on
ITO-coated PET substrates at a 0.40 O,/ Ar flow rate ratio with 15 min of growth time at a scan rate of
10 mV/s.
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Figure 17. (a) CV curves (the arrows indicate the scan direction) and (b) evolution of representative
transmittance (AT represents the relative optical transmittance difference) of NbOy films grown on
ITO-coated PET substrates at a 0.40 O,/ Ar flow rate ratio with 30 min of growth time at a scan rate of

10 mV/s.
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Figure 18. (a) CV curves (the arrows indicate the scan direction) and (b) evolution of representative
transmittance (AT represents the relative optical transmittance difference) of NbOy films grown on
ITO-coated PET substrates at a 0.56 O,/ Ar flow rate ratio with 15 min of growth time at a scan rate of
10 mV/s.
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Figure 19. (a) CV curves (the arrows indicate the scan direction) and (b) evolution of representative
transmittance (AT represents the relative optical transmittance difference) of NbOy films grown on
ITO-coated PET substrates at a 0.56 O,/ Ar flow rate ratio with 30 min of growth time at a scan rate of
10 mV/s.

Upon cycling, the transparent NbOy films exhibited reversible and consistent color
changes from transparent to brown, characteristic of electrochromic behavior. Nb,Os thin
films, containing Nb°* sites, are typically colorless. The intercalation of charges during
the redox process reduces Nb>* to lower valence states, such as Nb**, resulting in film
darkening. Subsequent de-intercalation re-oxidizes the film to its original colorless Nb,Os
state. This coloration and bleaching process is attributed to the following electrochemical
redox reaction [31,33,38]:

Nb,Os(colourless) + xLi™ + xe™ <+ LixNbyOs(dark) ()

In Equation (2), the insertion coefficient, x, represents the fraction of Li* ion sites within
the Nb,Os lattice that can be occupied. Typically, nearly fully lithiated crystalline niobium
oxides and their various phases exhibit a blue coloration, while amorphous niobium



Coatings 2024, 14, 1127

19 of 27

oxides tend towards brown [151,152]. The observed brown coloration of the amorphous
NbOx thin films in this study, consistent with XRD and Raman results, is attributed to the
reduction reaction.

Figures 16a—19a present cyclic voltammetry (CV) curves for NbOy films grown on ITO-
coated PET substrates with varying O,/ Ar flow rates (0.40 to 0.56) and deposition times
(15 and 30 min). Upon cathodic sweeping, the NbOy thin films exhibited a progressive
intensification of brown coloration. Conversely, anodic sweeping resulted in bleaching and
a return to a colorless state.

Figures 16b—19b illustrate the evolution of relative transmittance for the investigated
NbOy thin films. During the cathodic sweep, the current density increased, reaching a
negative maximum at —2.0 V vs. Ag/AgCl/KClI (3M), accompanied by the development
of a brown coloration. This coloration arises from the intercalation of electrons and Li* ions
into the NbOx film, reducing Nb®* to lower valence states such as Nb**.

Upon reversing the potential sweep to anodic conditions (from —2.0 to 2.0 V vs.
Ag/AgCl/KCI (3M)), the current density transitioned from negative to positive, peaking
at approximately 1.0 V before decreasing as the film bleached. This bleaching process
corresponds to Li* de-intercalation from the film structure.

The cyclic voltammograms (Figures 16a—19a) exhibit a broad peak during the anodic
scan and a characteristic “spike” at —2.0 V vs. Ag/AgCl/KCl (3M) during the cathodic
scan, consistent with previous studies [33,62].

The diffusion coefficient of lithium ions during the intercalation and deintercalation
process into the NbOy host lattice was obtained by the Randles-Sevick equation [36]:

Jp = 2.72 x 10°n%/2D'/2Co!/2 ©)

where |, represents the peak current density (A/ cm?), n is the number of electrons involved
in the redox process (assumed to be 1), D signifies the diffusion coefficient of ions (anodic
ipq and cathodic ipc) (em?/s), C represents the concentration of active ions in the electrolyte
solution (mol/cm?3), and v is the scan rate (V/s). Lithium ion diffusion coefficients deter-
mined for both intercalation and de-intercalation processes indicate potential lithium ion
trapping within the NbO, structure. This phenomenon may be associated with surface
roughness and film morphology.

The correlation between intercalated /de-intercalated charge and color reversibility
was found to be more pronounced in NbOy films with lower O,/ Ar flow rates (0.40).

Coloration efficiency, defined as the change in optical density per unit charge injected
per unit electrode area, is another critical electrochromic parameter. The equation for
coloration efficiency is

n(n) = 500 @
(%)

In Equation (4), AOD represents the change in optical density, Q is the intercalated charge,
and A is the electrode area. The maximum coloration efficiency achieved in this study was
30 cm?/C for NbOy films grown at an O,/ Ar flow rate ratio of 0.40 for 15 min (Table 6). This
work presents the first reported electrochromic parameters for NbOy thin films deposited on
ITO-coated PET substrates. Table 7 provides a comparison of electrochromic performance
values for Nb,Os thin films grown on glass substrates reported in the literature.

Table 6. Cyclic voltammetry measurements of the NbOy films grown on ITO-coated PET substrates
at 0.40 and 0.56 O,/ Ar flow rate ratios with 15 and 30 min of growth.

Sample 0.40 O,/Ar 0.40 O,/Ar 0.56 O,/Ar 0.56 O,/Ar
15 min 30 min 15 min 30 min
Scan rate (mV/s) 10 10 10 10
jpc (A/cm?) 3.67 x 1074 4.60 x 1074 428 x 1074 2.81 x 1074
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Table 6. Cont.

Sample 0.40 O,/Ar 0.40 O,/Ar 0.56 O,/Ar 0.56 O,/Ar
15 min 30 min 15 min 30 min
Vpe (Vag/agcl/kcl M) —2.00 —2.00 —2.00 —2.00
jpa (A/cm?) 1.28 x 107* 214 x 10~* 1.30 x 107* 1.51 x 1074
Vpe (VAg/AgCl/KCl GM)) —-1.20 —1.04 —-1.14 —1.02
Diffusion coefficient Dinsertion 1.82 x 10°10 2.36 x 10710 2.86 x 10710 1.07 x 1010
(cm?s™1) Dextraction 221 x 1011 6.19 x 1011 2.29 x 1011 3.07 x 1011
Intercalated charge (C/ cm?) 0.017 0.028 0.017 0.017
Deintercalated charge (C/cm?) 0.016 0.026 0.014 0.016
Reversibility (%) 96% 95% 82% 89%
Coloration efficiency at 630 nm (em2/Q) 30 27 26 25

Table 7. Electrochromic performances of NbOy thin films reported in the literature.

From the Technique of Substrate Reversibility AT Color Te(s) Tb(s)
Literature Growth (%) Efficiency (CE)
cm?/C
Nb,Os [153] RF FTO coated glass - - 47 13.3 75
sputtering
Nb,Os [31] Sol-gel/dip coating ITO-coated glass - 33 26 2 3
Nb,Os [62] Sol-gel/dip coating ITO-coated glass - - 22 - -
Nb,Os [154]  Sol-gel/dip coating ITO-coated glass - - 15 - -
Nb,Os [58] Spray pyrolysis FTO-coated glass 85% - 13 3.7 4.7
Nb,Os [128] RF 1731 (high - 254 4.63 - -

sputtering temperature glass)

3.5. Mechanical Characterization

The mechanical integrity of flexible devices is paramount, particularly under bending
conditions. Bending tests conducted on ITO-coated polyethylene terephthalate (PET)
substrates and transparent niobium oxide (NbOy) thin films revealed a critical bending
radius of 6.5 mm for the former and 5 mm for the ITO-NbOy composite, beyond which the
number and length of cracks increased significantly (Figure 20a—f).

Post critical bending, the ITO-coated PET substrate demonstrated a rapid exponential
increase in electrical resistance, whereas the ITO-NbOy composite exhibited a more gradual
rise. These findings suggest that the NbOy layer mitigates the rapid mechanical degradation

of the underlying ITO electrode.
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Figure 20. Surface SEM micrographs of ITO-coated PET substrate (a—c) and NbOy films grown on
ITO-coated PET substrate at a 0.52 flow rate ratio of O,/ Ar-15 min (d—f£) at 0 cycles, critical bending
radius and 20,000 cycles; (g) electrical resistance variation of the samples after bend-testing using the
collapsing radius geometry.

4. Conclusions

NbOy thin films with thicknesses ranging from 51 to 198 nm were successfully de-
posited on rigid and flexible substrates via DC reactive sputtering. XRD analysis indicated
a structural transition from crystalline Nb to amorphous NbOx at an O,/ Ar flow rate ratio
of 0.32. XPS revealed a corresponding evolution in chemical composition, with an increase
in oxidation state from Nb? to Nb®* as the flow rate ratio of O, /Ar ratio increased. RBS
measurements demonstrated a decrease in the Nb/O ratio with rising O,/ Ar flow and an
increase in the Nb /O ratio with longer deposition times.

These transparent and flexible films exhibited a maximum optical transmittance of
83% in the visible range and a bandgap energy of 4.07 eV. Dielectric studies revealed a
maximum dielectric constant (¢’) of 28 at 300 K and 1 kHz for films grown at an O, /Ar
flow rate ratio of 0.40 for 60 min.

Electrochromic measurements on NbOjy films deposited on ITO-coated PET substrates
demonstrated a maximum coloration efficiency of 30 cm?/C and a reversibility of 96%. In
situ electrical resistance measurements revealed an increase in resistance for ITO-coated
PET substrates subjected to bending.
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