Downloaded via DEUTSCHES ELEKTRONEN-SY NCHROTRON on May 7, 2025 at 09:07:48 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

THE JOURNAL OF

PHYSICAL
CHEMISTRY

A JOURNAL OF THE AMERICAN CHEMICAL SOCIETY This article is licensed under CC-BY-NC-ND 4.0 @ ® @ @

pubs.acs.org/JPCC

Niobium Oxide Films with Variable Stoichiometry: Structure,
Morphology, and Ultrafast Dynamics

Published as part of The Journal of Physical Chemistry C special issue “Francesc Illas and Gianfranco Pacchioni
Festschrift”.

Samuele Pelatti, Stefania Benedetti, Giuseppe Ammirati, Patrick O'Keeffe, Daniele Catone,
Stefano Turchini, Xinchao Huang, Yohei Uemura, Frederico Lima, Christopher Jackson Milne,
and Paola Luches*

Cite This: J. Phys. Chem. C 2025, 129, 8206-8214 I: I Read Online

ACCESS | [l Metrics & More ’ Article Recommendations | Q Supporting Information

ABSTRACT: Niobium oxide can be stabilized in three distinct

stoichiometries, each exhibiting unique physicochemical properties reduction mild oxidation p—
relevant to various technological applications. This study presents a q_-‘
novel procedure for fabricating niobium oxide films and tuning their .

stoichiometry among the three most stable oxide phases. Starting with a \ /
magnetron-sputtered film predominantly composed of Nb,Os, its

structure and stoichiometry are optimized through thermal treatment in [ |

an O,/N, flux. A vacuum reduction treatment transforms the as-grown strong oxidation

film into the NbO phase, which can then be reoxidized under

controlled oxygen partial pressure to achieve the NbO, phase. The films are characterized in terms of surface composition using X-
ray photoemission spectroscopy, structure through X-ray diffraction, optical properties via UV—vis spectrophotometry, and
morphology using scanning electron microscopy. Additionally, we show that X-ray absorption near-edge spectroscopy at the Nb K-
edge, performed with X-ray free-electron laser radiation, can provide insights into the electronic structure and subsurface
stoichiometry of the films. The ultrafast mechanisms underlying photoinduced processes in NbO, are also discussed.

B INTRODUCTION between the Mott (electron—electron correlation) and Peierls
(electron—lattice coupling) mechanisms,” although distin-
guishing between these two mechanisms in the case of
photoinduced IMT is difficult due to the low critical

Niobium oxide films exhibit interesting optical and electrical
properties, making them relevant for various technological
applications such as solid electrolytic capacitors, transparent

conductive oxides, photochromic devices, memristors, dye- temperature in this material. On the other hand, the thermally
sensitized solar cells, and more.'™® Niobium oxides exhibit induced IMT in NbO, occurs at a much higher temperature
three relatively stable stoichiometries: NbO, NbO,, and (1080 K) and involves a transition from a body-centered
Nb,Os, each characterized by distinct physicochemical proper- tetragonal semiconducting phase to a rutile metallic phase. The
ties. Among these, Nb,Og, containing Nb ions in the 5+ Nb 4d electrons in NbO, are less localized and energetically
oxidation state, is the most thermodynamically stable phase. It more dispersed compared to VO,, resulting in weaker electron
exists in different crystalline polymorphs4 and is used as a correlation. However, the Nb—Nb dimerization suggests the
photocatalyst due to its strong redox ability, " as well as in Li- possibility of Peierls-driven insulating behavior. The literature
ion batteries.” The NbO phase, in which the cations adopt the remains divided on the precise nature of the phase transition in

lowest +2 oxidation state, has an ordered cubic structure in the NbO,. Theoretical studies propose that NbO, exhibits Peierls-
Pm3m space group. NbO is a conducting oxide with a

superconductor behavior at 1.38 K.” It is used in capacitors in
combination with Nb,Os as a dielectric.”® A further
thermodynamically stable phase is NbO,, in which the cations
adopt the intermediate 4+ oxidation state. NbO, shares
similarities with other strongly correlated oxides, such as VO,,
with both materials exhibiting a thermally induced insulator-to-
metal transition (IMT) at a material-dependent critical
temperature of 70 °C for VO, and 810 °C for NbO,. In
VO,, the IMT is said to take place via a cooperative interplay

like mechanism,'® while other works emphasize a Mott-

dominated transition."”'” The abrupt change in conductivity
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has interesting applications in memresistive devices, ultrafast
electrical switches and thermal sensors.'”

Nb,Os and NbO, are known to be indirect band gap
semiconductors.'* The indirect gap observed in the literature
for reference Nb,O; samples ranges from 3.0 eV on
commercial powders,” to 3.4 eV on films prepared by dual
ion assisted deposition'® and 3.3—3.5 eV in films directly
obtained by magnetron sputtering in high oxygen flux.'” The
value of the indirect bad gap for NbO, is approximately 0.7—
12 eV

As for various other transition metal oxides, an interesting
topic is the possibility to modify the properties by light
irradiation. Interesting research lines in this field are for
example studies of photoexcitations in materials including
Nb,Os, relevant for a detailed description and optimization of
photocatalytic activity.'”*° In NbO,, in analogy with the case
of vanadium dioxide,”' "> it was shown that the thermally
induced phase transition can also be triggered by light
absorption,'** a very appealing aspect in view for example
of application in ultrafast switches. However, in the case of
NbO, the detailed atomic scale mechanisms that drive the
transition are still largely unknown. In particular, the role of
electronic correlations and the interaction with the lattice in
the transition are still largely debated.'"'”**™*> A detailed
understanding of the transition mechanism, besides being
interesting for basic science, may lead to a design-driven
optimization of the material for application in devices.

Previous works have focused on the growth of niobium
oxide films in a specific stoichiometry. In particular, physical
synthesis methods have been used to grow films with thickness
from several tens to several hundreds of nm using pulsed laser
<1epositionl4’26 or magnetron sputtering,”’n’28 either using
pressed oxide powder targets’’ or metallic Nb targets in
controlled conditions of temperature and O,/Ar flux.'”***’
However, achieving a high degree of control of the
stoichiometry in niobium oxide films during the growth and
being able to achieve the different stoichiometric phases
resulted to be a quite challenging task. Using reactive
deposition in different conditions of temperatures and O,/Ar
flux many earlier studies reported only the formation of a
dominant Nb,Os phase with minor changes in the degree of
crystallinity and in the optical and electric properties.’*™**
Moreover, the high reactivity of Nb to O, severely affects the
deposition rate'” and additionally complicates the stoichiom-
etry control. More recently, Hossein and co-workers managed
to obtain the NbO, and the Nb,O; phase using different
growth temperatures and O,/Ar ratio."” The use of postgrowth
treatments is highly desirable to allow for a obtaining the
different oxide phases without the need of optimizing the
growth parameters, often dependent on the specific apparatus
used. This approach was used by Logacheva et al, who used
post growth treatments in O, at different temperatures to
obtain NbO, and Nb,O;, but the study is limited to the
analysis of the structure and surface morphology of the films.*

This work aims to describe a robust procedure for obtaining
niobium oxide films in the three stable stoichiometries through
thermal treatments under oxidizing and reducing conditions.
Briefly, the procedure starts from a film in the most stable
Nb,Os-like stoichiometry that is then reduced in vacuum to
obtain a dominant NbO phase and can be later reoxidized in
controlled O, partial pressure to obtain a dominant NbO,
stoichiometry. The Nb,Oj stoichiometry can be reobtained by
heating in O, flux. The advantage of the procedure described
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here is that it allows us to obtain niobium oxide films in the
three different stoichiometric phases starting from a single film.
A complete characterization of the three different oxides in
terms of structure, optical properties, morphology and surface
composition is reported. Furthermore, the NbO, films are also
characterized by Femtosecond Transient Absorption Spectros-
copy (FTAS), to investigate the photoinduced IMT, exploring
how the ultrafast dynamics are affected by excitation energy
and intensity, and discussing the observed ultrafast transient
absorbance with reference to recent works.

The results obtained provide a reference for perspective
studies of the dynamics of light-induced processes using
element-sensitive ultrafast X-ray techniques. As a first step in
that direction, we show and discuss also X-ray absorption near-
edge spectroscopy (XANES) measurements at the Nb K edge
acquired on some of the films using ultrashort high-energy
photon pulses generated by the European X-ray Free Electron
Laser (EuXFEL). The feasibility of such high-energy measure-
ments, that provide accurate information on the electronic
properties of the films, pave the way for future studies of light-
induced processes in the investigated materials.

B EXPERIMENTAL PROCEDURES

The substrates used for the growth of niobium oxide films were
(100) Si wafers with a 600 nm surface thermal oxide film for X-
ray photoemission spectroscopy (XPS) and X-ray diffraction
(XRD) measurements. UV-grade fused silica substrates were
instead used for UV—vis spectrophotometry measurements
that require transparent supports. Both kind of substrates were
cleaned with a bath in acetone at 150 °C for S min, followed by
an ultrasonic bath in acetone and an ultrasonic bath in
isopropanol at 80 °C for 3 min.

The niobium oxide films were grown by reactive magnetron
sputtering, using a 3 in. metallic Nb target and a DC current at
a power of 125 W in a flux of 1 sccm of O, and 20 sccm of Ar.
The substrate was heated at a temperature of 500 °C during
the deposition.

The thickness of the films was controlled during the growth
by a quartz microbalance, calibrated by a stylus profilometer.
The films investigated here have a thickness of 150 nm. The
uniformity of the thickness after growth was checked by stylus
profilometry in different positions along a line across the
surface.

The optimized procedures to obtain the different dominant
stoichiometries are schematically shown in Figure 1. After
deposition, to obtain a pure Nb,Os film, the sample was
annealed using a tube furnace at 600 °C in 50% O, and 50%
N, flux at S bar for 1 h. To obtain NbO, the deposited NbOx
film was annealed in ultrahigh vacuum (UHV) at P=1 X 10~
mbar at 600 °C for 1 h. After reduction, to obtain NbO,, the
NbO samples were further annealed at 750 °C in vacuum at P
=1 X 107° mbar of oxygen for 1 h.

XPS was used to determine the stoichiometry of the samples
after the growth and during the treatments by measuring the
evolution of the Nb 3d line shape. The XPS measurements
were performed in a UHV apparatus equipped with a double-
anode Mg/Al K, X-ray source and a hemispherical electron
analyzer. For the present experiments Al K, photons were used
and the XPS spectra were collected at normal emission
geometry. Quantitative information on the sample stoichiom-
etry were obtained by fitting the Nb 3d spectra using three
Voigt shaped doublets with width, branching ratio and binding
energy as reported in the Supporting Information (Table S1).

https://doi.org/10.1021/acs.jpcc.4c08535
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Figure 1. Flowchart describing the procedures to obtain the three
different niobium oxide stoichiometries.

NbO, | [ Nb,O; ]

These values are consistent with previously published results
found in refs 34, 3S.

UV—vis spectrophotometry was used to assess the optical
absorptance of the samples. The apparatus used was equipped
with a Xenon light source to produce a white light emission
spectrum and the desired wavelength was selected and scanned
by using a grating monochromator. In this study, the optical
properties of the samples were studied in a wavelength range
from 250 to 800 nm. A linear polarizer after the
monochromator was used to select light with s polarization.
A silicon photodetector was used to measure the intensity of
the light transmitted or reflected by the sample. In the
geometry used during the experiment, the sample normal
formed an angle of 22° with the incident light. The
transmittance T and reflectance R were measured and the
absorptance A was obtained as A = 1 — (T + R).

X-ray diffraction (XRD) was used to characterize the
crystallinity of the films and the different structural phases
present. The XRD measurements were acquired using a
Bragg—Brentano 20-w apparatus with Cu K, photons. The
diffraction circle had a radius of 240 mm, and a proportional
point detector was used.

A Scanning Electron microscope (SEM) with a field
emission gun was used to image the surface morphology of
the samples.

The FTAS measurements were conducted using a femto-
second laser system that produces 35 fs pulses at 1 kHz with a
pulse energy of 4 mJ. The pump pulses at 535 nm wavelength
were generated using the output of an optical parametric
amplifier, covering the tunable energy range of the pump pulse.
The probe beam was a white light supercontinuum spanning
250—1600 nm, generated in a commercial TA spectrometer
(FemtoFrame II, IB Photonics) using different setups
depending on the spectral range.”® In the TA experiments,
the pump and probe beams were focused on the sample with
diameters of 200 and 150 yum, respectively. The temporal delay
between the pump and probe was varied by adjusting the
optical path length of the probe. Successive acquisitions on the
same sample spot indicated that the material was not
permanently changed within the fluence range investigated
(up to 33 mJ/cm?).

The XANES measurements were achuired at the FXE
instrument of the European XFEL facility.””** The XFEL pulse
was delivered in train mode, using 20 pulses per train at a
repetition rate of 282 kHz and 10 trains per second, i.e., 200
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pulses per second. The X-ray pulse duration was 50 fs fwhm.
The pulse energy from the undulator source was ~450 uJ. A
two-bounce Si(111) monochromator provided a monochro-
matic beam with energy resolution AE/E ~ 10™* and the
incoming beam flux was estimated to be ~10° photons/pulse.
The photon energy was scanned across the near range of the
Nb K-edge (18,970—19,040 eV). The beam was focused by
compound refractive lens to a spot size with a diameter of
approximately 20 pm. The incoming beam intensity was
measured by monitoring the scattering signal from a thin
Kapton film. The XANES measurements were performed at
room temperature in total fluorescence yield. Biased PIN
diodes and digitizer (2 Gs/s, 12 bits) were employed as the
detection system, and a Zr filter with 4T ~ 3 was installed in
front of the fluorescence diode sensor. The correlation
between the incoming pulse intensity and fluorescence signal
was checked before the XANES measurement. Due to the
stochastic nature of XFEL pulses that originate from self-
amplified stimulated emission (SASE) mode, the monochro-
matic beam intensity fluctuates from pulse to pulse, so low and
high thresholds were applied to filter out the weakest and
strongest pulses from the digitizer raw data.

B RESULTS AND DISCUSSION

The changes in stoichiometry induced in the niobium oxide
films by the various thermal treatments can be identified by the
modifications in shape of the Nb 3d XPS spectra, shown in
Figure 2. After growth, the films have a dominant Nb,Os
stoichiometry (see Supporting Information, Figure S1). To
optimize the Nb,Ojy stoichiometry the film was heated at 600
°C in O, and N, flux in ambient pressure for 1 h. The Nb 3d
XPS spectrum (Figure 2a) shows the presence of two well-

o NbO
— fit

Intensity [a.u]

s e e e ST S T ST W B

216 214 212 210 208 206 204 202 200

Binding Energy [eV]

Figure 2. Nb 3d XPS spectra of the niobium oxide film, after the
thermal treatments detailed in Figure 1, and corresponding fit (solid
lines). The individual Nb%*, Nb*, and Nb** components used for the
fitting are also shown.

https://doi.org/10.1021/acs.jpcc.4c08535
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defined peaks at 210.1 and 207.4 eV, which are characteristic
of the Nb,O; phase.”

When the as-grown sample is annealed in UHV at 600 °C
for 1 h the Nb 3d XPS spectrum (Figure 2b) shows a
significant change of shape with two dominant peaks appearing
at lower binding energies, 206.5 and 203.7 eV, characteristic of
the NbO phase.” A further annealing of the NbO film at 750
°C in an O, pressure of P = 1 X 107° mbar for 1 h results in a
further change of spectral shape (Figure 2c) with the two main
peaks shifting to 208.2 and 205.6 eV, characteristic of the
NbO, phase.'” When comparing the XPS spectra of the
different niobium oxide phases to the peaks of the Nb,Oj
phase, the peaks of the NbO and NbO, films appear
qualitatively broader, they apparently deviate from 2:3
branching ratio and they show a certain degree of asymmetry
toward higher binding energies with respect to those of the
Nb,OS phase. This evidence suggests the presence of minority
phases, in addition to the dominant one. The fits of the spectra,
using three doublets related to Nb**, Nb*", and Nb**, reported
in Figure 2 (see also Supporting Information, Table S1), show
that the Nb,O; film has a 100% Nb** oxidation state, while the
NbO film has a 77% Nb**, 15% Nb*, and 8% Nb*>*
concentration, with the minority phases possibly deriving
from partial surface oxidation as confirmed by XPS spectra
acquired at grazing emission (see Supporting Information,
Figure S2). The NbO, film is composed of 82% Nb* and 18%
Nb**, where the Nb*" ions are located preferentially at the
surface also in this case. It has to be noted that XPS is a very
surface-sensitive technique with a probing depth of only a few
nm at normal emission. Therefore, the measured concentration
of nonstoichiometric phases measured by XPS for the NbO
and NbO, samples may possibly be limited to the film surface,
as suggested by the spectra acquired at grazing emission (see
Supporting Information, Figure S3).

XRD measurements were performed in order to assess the
degree of crystallinity of the films. Figure 3 reports 20-@ scans
for the three different films. The diffraction pattern of the
Nb,O; film (red line in Figure 3) contains several peaks with a
very small intensity that can be attributed to the simultaneous
presence of different crystallographic phases: a monoclinic, an

NbO, (400)
Si(200)
NbO, NbO, (800)
<
=1
£
©
S |Nbo NbO (111) (200)
k) (220)
2
k7]
C
E Nb,O;
| NbO, 01-071-0020
N |,I . ,II IO
| NbO 01-078-0723
20 30 40 50 60
20 (deg)

Figure 3. XRD 26-w scans (in log scale) acquired on the niobium
oxide film, after the thermal treatments detailed in Figure 1. The
peaks from the JCPDS cards of the NbO and NbO, phases used as

references for the assignment are also shown.
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orthorhombic and a tetragonal phase, in agreement with the
literature.'” The XRD pattern of the NbO film (black line in
Figure 3) contains significantly more intense peaks, as
compared to the Nb,Oj phase, possibly deriving from a higher
degree of crystallinity. The most intense peak at 42.5° can be
ascribed to NbO(200), the intermediate intensity peak at 36.7°
to NbO(111) and the low intensity peak at 61.8° to NbO
(220) (JCPDS 01-078-0723).

The NbO, XRD pattern (blue line in Figure 3) shows a very
intense peak at 26° related to NbO, (400), and the
corresponding peak related to NbO,(800) (JCPDS 01-071-
0020). The prevalence of these peaks is related to a preferential
[100] orientation. The other peaks at 35° and 52°, with a
markedly lower intensity, can be related to other NbO,
orientations. The peak at 42.5° is assigned to a minority
NbO phase still present in the film, possibly originating from a
noncomplete reoxidation. This phase is likely located in the
deeper layers below the surface, since it is not visible in the
XPS spectra of Figure 2c¢, consistent with the idea that
reoxidation starts from the surface and a minority fraction of
the film bulk is left in the NbO phase. The weak and narrow
substrate-related peak appearing in the NbO, diffractogram
derives from a forbidden Bragg-reflection. Its presence is
critically dependent on sample alignment. The XRD spectra
confirm the expected polycrystalline nature of the films. The
coherence length has been determined from the full width at
half-maximum of the Bragg peaks using the Scherrer formula,*’
which indicates that the average crystallite size is similar for the
three films: approximately 15 nm for Nb,O5 and NbO, 24 nm
for NbO.,.

The UV—vis absorptance spectra of the films are shown in
Figure 4a. The Nb,O; film (red line) shows an absorptance

0.8

0.6

absorptance

0.4
—— Nb,O4
0.2+ — NbO
— NbO,
00 1 n 1 i L L 1 " 1 L
300 400 500 600 700 800

wavelength (nm)

Figure 4. UV—visible absorptance spectra of the niobium oxide film
after the thermal treatments detailed in Figure 1.

peak in the near UV with a maximum at 300—350 nm, related
to transitions from the O 2p valence band to the Nb 4d
conduction band. At higher wavelengths the absorptance
decreases reaching values below 0.2 at 800 nm. The overall
behavior is consistent with the trend observed in the literature
for Nb,Ojs reference compounds.’' The spectrum shows some
additional oscillations that are ascribed to interference effects,
often observed in slightly absorbing thin films.** A reliable
evaluation of the band gap is partially hindered by the presence
of such oscillations.

The UV—vis spectra of the NbO (black line) and NbO,
films (blue line) expectedly show a much higher absorptance in
the visible range than the Nb,Oj film. In particular, the NbO
film shows a maximum above 300 nm and a mild decrease of
absorptance at higher wavelengths in the visible range. In the
NbO, sample case the absorptance slightly increases in the

https://doi.org/10.1021/acs.jpcc.4c08535
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300—600 nm range and it decreases smoothly at higher
wavelengths, in agreement with previous works on NbO,
films.*

Figure 5 shows the SEM images of the surface morphology
of the three films. The Nb,Og film (Figure Sa) shows a

Figure 5. SEM images acquired on the niobium oxide film, after the
thermal treatments detailed in Figure 1: (a) Nb,Os, (b) NbO, and (c)
NbO,.

nonuniform granular surface morphology with grains having a
lateral size varying from tens of nm to several hundred nm and
an irregular shape, induced by the thermal treatment at 600 °C
in O, flow. The heat treatment at the same temperature in
vacuum, that leads to NbO formation, instead brings a
significantly different surface morphology (Figure Sb), with
regular interconnected maze-like domains with a width of the
order of 100 nm and dense irregular holes of comparable size.
The NbO, film (Figure Sc) has a similar surface morphology
as the NbO film, although the contrast of the SEM image is
lower than in Figure Sb, showing that the oxidation in UHV-
compatible conditions at slightly higher temperatures (750 °C)
does not significantly alter the surface morphology.
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Figure 6 shows the Nb K-edge XANES spectra of the film
after oxidation in O,/N, flux (Nb,O;) and after UHV

|— NbO, B
— Nb,Os

1.6 C

1.4

1.2

1.0

wE)

0.8
0.6
0.4

0.2

| |

0.0 . . .
18.98 19.00 19.02 19.04

photon energy (keV)

Figure 6. Nb K-edge XANES spectra of the Nb,Os film after
oxidation in O,/N, flux (red curve) and of the NbO, film obtained
after UHV reduction and reoxidation in UHV-compatible oxygen
partial pressure (blue curve), as detailed in Figure 1.

reduction and reoxidation in UHV-compatible oxygen partial
pressure (NbO,). The investigations by FEL-based XANES
were limited to the two semiconducting Nb,O; and NbO,
phases, on which future studies of photoexcited states may
provide insight into challenging questions. In the Nb,Oq
spectrum a broad pre-edge feature (A in Figure 6) is visible
at 18.995 keV, ascribed to dipole—forbidden 1s — 4d
transitions that become allowed due to local structural
distortions that break the inversion symmetry and by the
hybridization between the Nb 4d and Sp levels and the O 2p
levels.** The two relatively broad and intense edge features (B
and C in Figure 6) are related to 1s — 4p transitions, in which
the absorption coeflicient of Nb is modulated by scattering
effects involving the second and the first coordination shell of
the Nb atom, respectively.””*® The overall shape of the
spectrum shown in Figure 6 is compatible with the spectrum
measured on reference Nb,O; powders (see Supporting
Information, Figure SS) and with those reported in the
literature for Nb,Os.*”** In the XANES spectrum of the film
obtained by UHV reduction and reoxidation in UHV-
compatible oxygen partial pressure conditions, the A pre-
edge feature is not clearly observed, likely being too close to
the main absorption edge and cannot be resolved from the B
feature. Overall, the spectrum is compatible with those
observed in the literature for NbO, films.*”** The edge
positions were measured considering the maximum of the first
derivative of the spectra. The NbO, film edge position (19,000
eV) is 3 eV below the Nb,O; one (19,003 eV), with the shift
being compatible with the one reported in the literature for
reference compounds®’ and the Nb,Og edge position being
compatible with the one observed on reference Nb,Oq
powders (Supporting Information, Figure SS). The compar-
ison between XANES and XPS spectra allows to have
information on the differences in composition of the film
bulk and surface. XANES measurements at the Nb—K edge are
in fact sensitive to the whole film thickness due to the large
probing depth of high energy X-rays, while XPS with Al K,
photons is a very surface sensitive technique with a probing
depth limited to a few nm. The XANES spectrum of the NbO,
film, showing features related to Nb*" ions, indicates that the
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non-negligible concentration of Nb>* ions observed by XPS in
the NbO, film is confined on the film surface and it has a
negligible weight when the whole film is probed.

The energy resolution of the XANES spectra shown in
Figure 6 is limited by the short lifetime of the Nb K-edge core-
hole. In spite of this limitation, the XANES spectra are
sensitive to the electronic structure of Nb in the two different
films. We underline that the spectra in Figure 6 have been
acquired using ultrashort photon bunches in relatively short
times, of the order of 10 min, achieving a signal-to-noise ratio
of the order of 107> (see also Supporting Information, Figure
S6). This evidence opens up the possibility of performing
pump—probe XANES studies of the dynamic modifications of
the electronic structure in such films with subps time
resolution, in view for example of assessing the dynamics of
photoexcitation in Nb,Og or the light-induced phase IMT
transition in NbO,.

Considering possible future experiments by time-resolved
XANES following photoexcitation, the IMT in the NbO, film
was investigated by FTAS. The measurements were performed
by collecting transient absorption (TA) spectra in the Vis-NIR
and in different excitation regimes, changing fluence and
wavelength of the pump pulse. Figure 7a reports TA spectra
collected at selected time delays (0.1, 0.2, 0.3, 0.5, 1.0, and 2.0
ps) and acquired with a pump at 535 nm, with a fluence of 6.6
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Figure 7. (a) TA spectra of the NbO, film at the pump photon
wavelength of 535 nm and a pump fluence of 6.6 mJ/cm? at selected
time delays (0.1, 0.2, 0.3, 0.5, 1.0, and 2.0 ps). The vertical blue band
and orange bands cover the pump scattering and the spectral region
without white light, respectively; (b) temporal dynamics of the
transient signal obtained at the probe wavelength of 450 nm (blue),
730 nm (red), and 1100 nm (violet). Full lines represent experimental
data while semitransparent lines represent the fitting of the incoherent
dynamics; (c) oscillatory components of the TA signal due to the
modulation by coherent phonons obtained at the probe wavelength of
450 nm (blue), 730 nm (red), and 1100 nm (violet). Scatter points
represent experimental data while semitransparent lines represent the
fitting of the oscillation due to excitation of coherent phonons.
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mJ/cm? (the complete false-color map is reported in Figure S6
of SI). The TA spectra show a large negative signal of
photoinduced absorption (PIA) in the 400—1600 nm probe
wavelength range. This PIA signal is due to absorption of
photoexcited states in the NbO, film and it has temporal
dynamics related to the excited carrier dynamics in these
photoexcited states.

Figure 7b shows the temporal dynamics obtained at selected
probe energies that reveal oscillatory features in the transient
signal. This oscillation was analyzed by subtracting the
incoherent decay dynamics from the signal and isolating the
oscillatory behavior due to the excitation of coherent phonons.
These oscillations persist across a range of excitation fluences
and are observed for pump wavelengths at 535 and 800 nm,
while they disappear at both shorter (370 nm) and longer
wavelengths (1150 nm). The invariance of the oscillation
frequency across excitation fluences suggests that these
oscillations are tied to the excitation of coherent optical
phonons. Table 1 reports all the results obtained in the
different excitation regimes.

Table 1. Frequency of the Excited Coherent Phonons
Obtained for NbO, Samples Excited with Different Optical
Pump Wavelengths and Fluences and Probed at Different
Wavelengths

pump wavelength  probe wavelength fluence wavenumber
(nm) (nm) (mJ/cm?) (em™)
535 450 6.6 162 £ 2
535 730 6.6 166 + 2
535 1100 6.6 167 + 1
53§ 730 8.8 164 £ 1
53§ 730 22 161 £1
800 1100 22 163 + 3

The average oscillatory wavenumber obtained in the
different conditions is (165 + 3) cm™', that likely indicates a
lattice vibration mode strongly coupled to the electronic
system, as observed also in the case of other systems.”””' An
optical phonon mode in NbO, ﬁlms is observed at a frequency
of 165 cm ™ in literature studies.'” The results shown in Flgure
7 are compatible with those obtained by Wang et al,,'* who
attributed the coherent phonon modes in the NbO, ﬁlm to Nb
atomic motions within dimers, demonstrating that the films
with dominant NbO, stoichiometry here investigated,
reproduce the excited state behavior reported for state-of-
the-art NbO, films.

The power dependence performed at 535 nm pump
wavelength in the fluence range of 1—35 mJ/cm? is reported
in Figure 8 together with the linear fit of the two different
slopes shown by the data.

The data present a slope change at fluences around 12 mJ/
cm?. This change is attributed to an IMT by the literature.'" At
this fluence, Wang et al. observe that the transient signal at 6
um begins to increase sharply near the threshold fluence
indicating a sudden narrowing of the band gap % Furthermore,
the result is also consistent with the photoinduced nonthermal
metallization of a NbO, film proposed in the fluence range
from 10 to 17.5 mJ/cm®'" An interesting point to note from
Table 1 is that the frequencies of the emitted phonons do not
significantly change on going from below to above the IMT
threshold. These phonons are associated with Nb atomic
motions within dimers which is precisely the motion that
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Figure 8. Transient intensity obtained at the time delay of 1.5 ps and
probed at the pump photon wavelength of 535 nm and probe photon
wavelength of 450 nm (blue scatter), 730 nm (red scatter), and 1100
nm (violet scatter) as a function of the pump fluence. Dashed lines
represent the linear fits obtained at both low and high fluence regimes.

Kulmuss et al. suggest is involved in a Peierls-type transition in
NbO,."” In this picture our experimental results would be
more consistent with a Mott-dominated behavior."”” In
addition, the spectral response of the film remains the same
below and above the threshold, suggesting that the IMT does
not permanently change the material and that the transition is
reversible. These evidence make NbO, an intriguing candidate
for further investigations, particularly using pump—probe
XANES and X-ray or ultrafast electron diffraction techniques,
to unravel the underlying dynamics of its phase transitions and
to disentangle electronic and structural contributions defini-
tively.

B CONCLUSIONS

The present study demonstrated that using magnetron
sputtering it is possible to obtain niobium oxide films and to
modify their stoichiometry by heating treatments in vacuum,
obtaining oxide films with Nb in one of its three most stable
oxidation states. In particular, a thermal treatment at 600 °C in
UHV reduces the film to the NbO stoichiometry, while a
controlled heating treatment at 750 °C in O, in UHV-
compatible conditions leads to the NbO, stoichiometry. The
structure and stoichiometry of the Nb,O; phase can be
optimized by a heating treatment at 600 °C in O,/N, flux. The
femtosecond transient absorbance spectroscopy performed on
the NbO, film shows evidence of the excitation of coherent
phonons of 165 cm™ and the optical pump power dependence
studies presented are consistent with a photoinduced insulator
to metal transition occurring in this material at 12 mJ/cm?.
The frequency of the emitted phonons does not significantly
change on going from below to above this threshold suggesting
that structural changes may not be heavily involved in the
IMT, but this conclusion would need to be confirmed by other
ultrafast techniques sensitive to the structure and electronic
properties of the individual elements, such as time-resolved
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XANES studies. The films obtained represent good candidates
on which to assess the light-induced ultrafast evolution of the
properties. The feasibility of such studies is demonstrated by
the Nb—K edge XANES measurements obtained using
ultrashort XFEL pulses.
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