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Undoped and doped NbyOs thin films were successfully deposited on silicon wafer by sputtering technique from
high purity NbyOs and Tb40; targets and annealed by rapid thermal annealing between 400 °C and 900 °C.
Chemical and structural investigations of undoped and Tb-doped NbyOs films were made, leading to the
determination of stoichiometry and identification of phase transformations with increasing annealing temper-
ature and Tb®' ion content. The optical properties’ analysis (spectrophotometry UV-Vis-NIR, spectroscopic
ellipsometry) of those undoped and doped NbyOs films led us to the determination of refractive index and
electronic properties evolution with annealing temperature and Tb®" ion content. The structural evolution was
confirmed by analysis of Raman spectra of undoped and doped NbyOs films. The photoluminescence properties
of Tb3* ion-doped NbyOs thin films were also studied. The correlation between the photoluminescence of T3+
ion and the electronic properties of the Nb,Os host matrix is highlighted. The relationship between the structural

modifications, the electronic properties of the host matrix, and the photoluminescence of T

1. Introduction

Niobium pentoxide films find many applications in several modern
technologies due to their interesting properties. They are considered as
corrosion-resistant materials[1], waveguides constituent materials for
second harmonic optical generation[2], oxygen-sensitive materials for
sensors[3], electrochromic materials[4,5], and catalytic material[6].
Due to their high refractive index n and low extinction coefficient k
values in the visible range, NbyOs thin films are more particularly
interesting for many optical functionalities as a building block of optical
waveguides|2] with linear and non-linear properties. Moreover, in the
low k spectral range, high n materials are attractive for building alter-
nation with low n materials leading to high refractive index contrast,
which is crucial for realizing interference optical filters[7].

Niobium pentoxide thin films are produced in different manners.
They can be grown by chemical processes such as chemical vapor
deposition[8], Atomic Layer Deposition (ALD)[9], or sol-gel method
[10]. Moreover, they can be produced by physical processes such for
instance by plasma electrolytic oxidation[11], or by Physical Vapor

b3* ion is established.

Deposition (PVD). Among PVD techniques, the magnetron radio-
frequency sputtering[12] method allows growing homogenous thin
films and to tune the incorporation of elements including rare earth (RE)
elements in the pentoxide niobium host matrix by co-sputtering[13].

Rare earth-based phosphors are used in a wide range of applications
such as in fluorescent lamps[14], biochemical sensors[15], X-ray
intensifying screens[16], and down-converting layers[17,18]. In the
literature, some studies can be found on NbyOs doped with other RE3*
ions (Eu®t, La®*, Sm3*, Er®)[11,19-21]. Those studies showed efficient
RE3* ions photoluminescence originating from 4f to 4f transitions in
those doped NbyOs host matrices. To our knowledge, no studies have
been realized on terbium (Tb) doping of the NboOs host matrix. The
Tb®* ion is known to produce green emissions originating from radiative
recombination from 5D4 to iF6 withi=1, 2, 3,...7 energy levels within 4f
energy levels[22].

Few works in the literature reported NbyOs depositions with the
sputtering technique[13]. In this study, we investigate undoped and
Tb®* doped NbyOs thin films grown by radio frequency magnetron
sputtering technique and subsequent Rapid Thermal Annealing (RTA).
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This work aims to explore the growth conditions by sputtering and rapid
annealing of undoped and Tb-doped Nb2Os films, subsequently. Com-
bined structural and optical properties studies of the same undoped and
doped matrix allow us to understand the mechanisms of light absorption
and optical emission in the Nb2Os host matrix.

The use of well-understood RE ions as a phosphor offers the advan-
tage of its stable emission properties due to the optically active 4f
electrons masked by the outer 5 s2-5p6 electron shell. Hence, in this
work, different undoped and Tb-doped NbyOs samples deposited by
magnetron sputtering technique have been grown with various Tb>* ion
contents and post-deposition annealing temperatures. Structural prop-
erties were investigated using Rutherford Backscattering Spectroscopy
(RBS), X-Ray Diffraction (XRD), and Transmission Electron microscopy
(TEM) in High-resolution mode (HRTEM), scanning mode with High
Angle annular dark-field (STEM HAADF). The optical and luminescent
properties were examined using several techniques (ellipsometry, opti-
cal transmission, Raman, photoluminescence spectroscopy) and related
to the structural properties.

2. Material and methods

Undoped NbzOs films were prepared by magnetron radiofrequency
sputtering on (1 00) oriented P doped double faces polished Si substrate.
A two-inch diameter 99.95% pure Nb,Os target was used in pure argon
(Ar) atmosphere under a flow of 10 sccm. The power density (Pnb20s) on
the Nb,Os target was 4.44 W.cm 2. In addition, the pressure during the
deposition was stabilized at 0.4 Pa (3mTorr) for 1 h and the deposition
temperature of the substrate was fixed to 200 °C, respectively. Tb-doped
Nb2Os films were prepared in a similar way as undoped NbzOs by
simultaneous magnetron radiofrequency co-sputtering of NbyOs and
Tb407 99.95% pure two-inch diameter target. To adjust the doping rate,
the power density (PDrtp407) on the Tb4O7 target was varied by adjusting
to the following six values 1.78, 2.07, 2.37, 2.66, 2.96, and 3.26 W.
cm ™2, respectively. After deposition on the wafers, these were cut into
1 cm x 1 cm samples, which were annealed in the AS-One RTA system
from Annealsys Company. The RTA is characterized by a temperature
rise with a ramp of 20 °C.s! up to a stable temperature setpoint which
was held for 4 min under an argon atmosphere at 1013 hPa. The tem-
perature setpoint (Ta) ranges from 400 °C to 900 °C with 100 °C steps.
Subsequently, the samples were cooled down to room temperature using
water circulation in 180 s. All the Tb-doped samples were annealed with
similar post-deposition annealing conditions.

The layer compositions were determined by RBS at the Edwards
Accelerator Laboratory of Ohio University[24] using a 4.5MV tandem
accelerator. To avoid channeling of the substrate by the analysis beam,
the samples were oriented at an angle of 7.5° with respect to the
incoming ion beam and placed on the sample holder so that no major
plane was within 20° to the vertical or horizontal. The samples were
irradiated with a 2.2 MeV “He ™ ion beam. The energy resolution ob-
tained on the sample was 20-30 keV, depending on the depth at which
the analysis was performed. The elemental concentration was obtained
by fitting the data with RUMP simulation software[25] with an accuracy
of 2 % for Nb, 7.6 % for O, and 8 % for Tb with 2% of systematic error.

X-ray diffraction experiments were performed with a Bruker D8
Discover equipment using a parallel beam geometry with a Gobel mirror
for K, copper radiation source (A = 1.5418 fo\). The diffractometer has an
Euler cradle allowing various movements where sample and detector are
rotated. The diffraction angle between the incident beam and the de-
tector is 20, while w is the angle of incidence between the X-ray source
and the sample surface. The recorded scans use symmetric geometry
with 20 = 2w conditions. All measurements were carried out using the
same optics settings (e.i. 1.2 mm slits, Soller slits of 2.5°, 1D LYNXEYE
XE detector) in the 260 range 10-100° by 0.0118° and 0.5 s per step,
respectively. DIFFRAC. EVA Brucker software was used to determine the
peak positions with the full width at half maximum (FWHM) of the
selected XRD peak and to calculate the interplanar spacing dpx that led

to the determination of phases.

Transmission Electronic Microscopy observations were performed
with a double corrected (probe and imaging) JEOL ARM200F micro-
scope equipped with a cold FEG (Field Emission Gun) source operated at
200 kV. The point-to-point resolution was about 1.0 A in high-resolution
mode (HRTEM). This microscope was also implemented with a scanning
system (STEM) which offered the possibility to generate chemical
contrast images (resolution of 0.78 A) owing to a high angle annular
dark-field (HAADF) detector as well as STEM EDX chemical mapping at
a nanometer scale owing to a CENTURIO JEOL EDX spectrometer. The
chemical maps were obtained from scans using 5 ms acquisition time,
about 1000 counts per second accumulation with a dead-time of about
2%, respectively. The thin foils for electron transparency were prepared
with a focused ion beam (FIB) system (FEI HELIOS NanoLab 660).
Before the thinning procedure, to protect the film surfaces from the
gallium beam, a thin carbon film (a few tens of nm thick) was deposited
on the top of the sample film. Afterward, a platinum film (a few microns
thick) was deposited to protect the whole film from the gallium beam
during the thinning process. The carbon film allowed the top of the film
to be discriminated from the bottom of the platinum protection during
TEM observations.

The optical reflectance of samples was measured using a Perkin
Elmer 1050 Lambda UV-Vis-NIR dual-beam spectrophotometer with a
Universal Reflectance Accessory (URA). This URA allows performing
absolute specular reflectance measurement at an angle ranging from 8°
to 65°. The samples were measured at an angle of incidence of 8° by an
incoming wave polarized in TE mode and with an optical beam of square
shape and size of 5x5 mm?. A transfer-matrices method-based program
was created to calculate the TE and TM polarized reflectance, trans-
mittance, and absorbance of a stack of layers comprise between a
superstrate of air and a substrate. Nb,Os material dispersion formula
used is described by the Tauc-Lorentz (TL) model, which is suitable for
describing amorphous semiconductors and insulators. The agreement
between the measurement and the fit was determined with a Chi-
squared like function.

Amax 2
X%/RA _ % %": (R(,'al(/DTofrnm (/D) (1)

where N was the number of points, R.4(4) and Ry,s(1) are respec-
tively the calculated and measured reflectance at one wavelength 1, Tol
is a tolerance factor that has the dimension of a variance chosen equal to
0.01 during calculation.

This dispersion model uses several parameters of physical interest
which are the bandgap energy Eg, the oscillator’s strength Aj;, the energy
position E; of absorption/extinction coefficient peak, and the broad-
ening term C;. Depending on the kind of samples, single or double os-
cillators TL models were used to better describe the dielectric property
of investigated material. The known materials as from superstrate or
substrate are described by either direct refractive indexes file or by
suitable particular dielectric model. Adopting an adapted modeling and
fitting program based on the transfer matrix method and the Genetic
algorithm method[26] the unknown film thickness, rough layer, and
dielectric function parameters were obtained by fitting experimental
reflectance obtained by Universal Reflectance Accessory (URA) mea-
surement. Experimental uncertainties were obtained by a Monte Carlo
re-sampling technique[26] based on uncertainties obtained from
measurements.

The thickness and complex refractive index of samples were deter-
mined using Horiba Jobin-Yvon UVISEL Variable Angle Spectroscopic
Ellipsometer (VASE) method. The experimental ellipsometer function I,
and I, deriving from classical function A and y, were recorded with
multi-angle of incidence of 65°, 70°, 75° and in an energy range of 1.5 to
6 eV with 0.01 eV energy step. A structural and dielectric model was
built in the deltapsi2 software[27] comprising a semi-infinite substrate
surmounted by a homogeneous layer of the studied material and
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surmounted by a layer of materials having an effective refractive index
described by the Bruggeman effective medium (EM) model describing
the layer surface roughness formed by a certain ratio of the studied
material and void of air. The studied material’s film thickness and
complex refractive index were determined by fitting experimental data
I. and I using DeltaPsi2 software. All samples were measured with a
spectroscopic ellipsometer before and after annealing. Similarly, as in
reflectance, a TL dielectric model[28-30] was chosen for studying all the
samples according to the previous description of NbyOs refractive index
n and extinction coefficient k, respectively [31], and to its Kramers-
Kronig consistency. A double oscillator TL model with height parame-
ters was used for unannealed samples while a single oscillator TL model
with five parameters was used for annealed samples. Experimental un-
certainties were obtained by a Monte Carlo re-sampling technique based
on TL models parameters uncertainties obtained by prior fitting with
Horiba software.

Raman measurements were performed using the Bruker SENTERRA
Raman microscope equipped with 1200 grooves/mm grating, thermo-
electrically cooled Andor IDus DU420 CCD detector, and the Bruker
OPUS software. The spectral resolution of the Raman system was better
than 3 cm™!. The 50X objective was used for all Raman spectra collec-
tions. The films were excited with a 532 nm green laser with 20 mW
optical power. The Raman spectra were collected in the 190 cm™! to
1100 cmlspectral range with an exposure time of 40 s and 5 times
averaging to reduce the noise. The Raman spectra background correc-
tion was performed for NbyOs and Tb-doped Nb,Os films measured to
eliminate signal from Si substrate. Also, the Raman spectra evolution
due to use the Tb4Oy target sputtering power and post-growth thermal
annealing effects were carried out for all samples by performing the
Raman spectra deconvolution and fitting procedures to determine the
peak position and FWHM of selected Raman spectra using the Originlab
Pro software.

To investigate the absorption, excitation, and emission mechanisms,
PL measurements were realized at room temperature. The PL set-up used
a Crylas CW FQCW-266-25 laser as an excitation source at 266 nm
wavelength with a power density of 3 W.cm ™2, The PL signal is collected
and dispersed through a Horiba Jobin-Yvon TRIAX180 monochromator.
At the monochromator exit, the emission is detected using a Hamamatsu
(R5108) PM tube and the detector signal is amplified by a FEMTO
DLPCA-200 trans-impedance amplifier. The signal is recorded by a DSP
SR830 lock-in amplifier referenced at the excitation light chopped fre-
quency and driven using a homemade LabVIEW program controlled by
PC.

3. Results

In this work, undoped Nb,Os films and Tb-doped Nb2Os were pre-
pared on Si substrate according to the method described previously in
the experimental section. First, undoped samples were produced with a
variation of post-deposition annealing conditions. Secondly, Tb doped
samples were made with a variation of the rare earth concentrations and
similarly to undoped samples post-deposition, annealed with the same
conditions as undoped samples. Different Tb doping rates tuned by the
variation of power density (PDrp407) were investigated. First, we present
hereafter the combined analysis of the composition and microstructure of
non-doped and doped Nb2Os films by RBS, XRD, and TEM followed by the
study of optical properties by ellipsometry, spectrophotometry, and Raman
spectroscopy as a function of the sputtering and annealing parameters. In the
last step, we will present the PL spectroscopy of the Tb doped NbzOs films
according to the method described in the experimental method.

3.1. Structural studies
To characterize the film’s composition, RBS measurements were

conducted for selected two undoped samples, one unannealed and the
other annealed at 800 °C. The RBS spectra show Nb and O peaks heights
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Fig. 1. RBS spectra of Nb,Os samples (a) undoped unannealed and annealed at
800 °C (b) doped with various PDtp407 of 1.78, 2.07, and 2.66 W.cm™2 and
annealed at 800 °C, respectively.

¢ RBS measurement ¢
a linear interpolation

Tb (at.%)
@

1

16 1.8 20 22 24 26 28 30 32 34
-2
Tb,O, target power (W.m™)

Fig. 2. Terbium atomic concentration in at.% as a function of the power den-
sity on the TbsO; target. The two red points were determined by linear
interpolation.

and widths that remain identical before and after annealing, confirming
the stability of the film stoichiometry with annealing treatment. Element
contents present in the films were estimated by fitting the RBS profile
shown in Fig. 1(a). Peaks attributed to Nb and O are similar for the
unannealed and annealed samples. The determination of the stoichi-
ometry for these two samples by RBS leads to the same stoichiometry of
Nb204.9.10.3 after, taking into account the uncertainties, in accordance
with expected NbyOs theoretical stoichiometry. Moreover, between 1
and 1.5 MeV energy range, we observe a very weak peak intensity
attributed to the signature of the Ar atoms. We believe that the Ar peak
originates from Ar plasma used during sputtering deposition and re-
mains present after films annealing.

To pursue the analysis of films composition, RBS measurements were
made for Tb-doped samples annealed at 800 °C with a different power
density (PDrp407) of 1.78, 2.07, 2.66, and 3.26 W.cm_z, respectively.
Peaks attributed to Nb and O were found similar for samples deposited
with different PDrp407, while the Tb peak’s intensity increases. The
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Table Al
Indexing of annealed Nb,Os NTOA600 for XRD measurements with JCPDS
reference used for phase identification for TT-Nb,Os.

20 JCPDS file no.: 00-028-031
TT-Nb,Os pseudohexagonal

S 6000 A NT0A600 20 d ) hkl
© 5 -5
:-/ 5000 -% gg g SNM 4§A800 o e S ©o0
= o——r — s .2 8 28.78 28.587 3.124 (100)
8 4000 _% 55 8 NT2.42A800 36.87 36.712 2.446 (101)
- S — bl S 46.19 46.234 1.962 (002)
= S =8 == B "~ NT3.56A800
% 3000 A &, % 8 £ &z 55.26 55.187 1.660 (102)
c ph /" N Bk <. __SZ 56.37 56.141 1.637 (111)
Q9 2000 3 g5 ~ NT4.67A800
c X = . N N
- A M = + 8 8

1000 —% = NT4 G5AB00

~ = . NT5.03A800 Table A2
0 pA T 210 T 310 T 4-0 510 B i Indexing of annealed Nb,Os NTOA700, NTOA800, and NTOA900 for XRD mea-

Fig. 3. X-ray diffraction spectra from 10° to 60° with peaks indexation when
samples were crystalized of (a) undoped series of Nb205, (b) doped series of
Nb205. The symbol + indicates substrate peaks.

elemental composition of Tb-doped NbyOs thin films was estimated by
fitting the RBS profile displayed in Fig. 1(b). It was found, after taking
into account the uncertainties, that stoichiometry of Tb-dope NbyOs
0.4 is comparable with the one of undoped samples and close to, the
theoretical stoichiometry of the Nb,Os material. The determination of
the Tb®* ion concentration as a function of the target power density
PDrp407 is displayed in Fig. 2. The elemental composition in Tb of the
samples with the PDyp407 of 2.36 and 2.96 W.cm™2 was obtained by
linear interpolation, marked by two red points in Fig. 2. It is seen that
Tb3" ion concentration linearly increases with the power density
PD1p407 Up to 2.66 W.cm 2 resulting in 4.67 at.% of Tb content, fol-
lowed by Tb%" ion concentration saturation approaching 5 at.% for
higher PDrp407. The variation of power density applied on the Tb40;
target affects logically the proportion of RE incorporation but surpris-
ingly does not affect the O concentration, which was found constant.

Following the determination of the stoichiometry of the undoped and
doped samples we name the set of samples by the following nomencla-
ture, N for Nb,Os, then T followed by its atomic concentration in at.%
and A for the RTA annealing followed by its temperature in degrees
Celsius. As an example, with this nomenclature, sample NTOAOOO means
unannealed and undoped NbyOs sample while NT4.67A800 means
Nb,Os:Tb sample with 4.67 at.% of Tb annealed at 800 °C.

The undoped samples were characterized by XRD, leading to the XRD
diagrams shown in Fig. 3. In Fig. 3(a), no diffraction peaks were detected
for the unannealed sample NTOAOOO and annealed NTOA400 and
NTOA500 samples. This indicates the amorphous character of NbyOs's
samples NTOA000 and NTOA500. For samples annealed between 600 °C
and 900 °C (see Fig. 3(a)), respectively NTOA600, NTOA700, NTOR800,
and NTOA900, some diffraction peaks were detected with a slight po-
sition variation with annealing temperature (Ta). For sample NTOA600,
the diffraction peaks match with the pseudohexagonal phase (TT-

surements with JCPDS reference used for phase identification for T-Nb,Os.

20 JCPDS files no.: 00-030-0873
T-Nb,Os5 orthorhombic

NTOA700 NTOA800 NTO0A900 20 d(Aa) hkl
22.64 22.63 22.66 22.061 3.930 (001)
28.44 28.41 28.43 28.401 3.140 (180)
28.89 28.83 28.92 28.890 3.088 (200)
30.53 - - 30.168 2.960 (804)
31.60 31.65 - 31.937 2.800 (115)
36.92 36.58 36.59 36.604 2.453 (181)
- 370.01 37 0.09 36.994 2.428 (201)
46.25 46.21 46.30 46.159 1.965 (002)
51.01 51.01 51.00 50.89 1.793 (380)
55.38 55.17 55.13 55.368 1.658 (202)
- 56.44 56.31 56.37 1.631 (381)

Nb,Os) reference pattern (JCPDS file no.: 00-028-031[32,33]), where
lattices parameters are a = b = 3.607 A, ¢ = 3.925 A. These observations
are confirmed by several authors who determined the threshold T, of
the amorphous to crystalline transition in the TT-NbyOs crystalline
phase after annealing at 500 °C [31] or after annealing at 500-600 °C
[3,31]. For the samples further annealed between 700 °C and 900 °C, the
diffraction peaks match with reference pattern (JCPDS files no.: 00-030-
0873[31,32]) corresponding to the orthorhombic phase (T-Nb205),
whose lattice parameters are a = 6.175 A, b=29.175 ./°\, and c = 3.93A.
All measured and reference peak positions are reported in Table A.1 in
Appendices.

The XRD spectra obtained for undoped and doped films with varying
Tb3* ion concentrations and annealed by RTA at 800 °C are shown in
Fig. 3(b). We observed diffraction peaks at identical positions for
undoped and doped samples. These peaks are attributed to the T-NbyOs
orthorhombic phase as previously found and confirmed for the undoped
samples [32,34]. All XRD measured and reference peak positions are
reported in Table A.2 in Appendices.

TEM investigations were performed for undoped and doped samples
annealed at 800 °C. Fig. 4 shows cross-sectional views of the selected
undoped (Fig. 4(a)) and Tb-doped (Fig. 4(b)) Nb,Os film deposited on Si
substrate in bright and dark field modes. Typically, a NbyOs film of
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Fig. 4. (a) Bright-field and the corresponding (b) dark-field TEM images of the undoped sample (NTOA800) and (c) bright-field and the corresponding (d) dark-field
TEM images of a doped sample (NT4.67A800). The images were taken with the electron beam parallel to the [110] direction of Si.

. (200) (201)
O .
+ (001)

1 ®)

Fig. 5. (a) HRTEM image NT0OA800, with enlargement of the red squared region associated with Fast Fourier Transform of image. (b) HRTEM image of NT4.67A800,
with enlargement of the red squared region associated with Fast Fourier Transform of image.

variable thickness beetwen 140-150 nm range surmounting at a thin
silica layer of 3 nm and the silicon substrate is observed. The Nb,Os film
thickness fluctuation is due to a significant roughness at the film surface.
The Bragg contrast seen in darkfield mode in the film (see Fig. 4(b)),
indicates the presence of various crystalline orientations or, in general,
material phase nature. The large grains with a diameter of several
hundred nanometers lying parallel to the substrate are also well visible.
TEM micrographs made in the cross-sectional view of NT4.67A800 film

are presented with bright field mode in Fig. 4(c) and dark field mode in
Fig. 4(d), respectively. The cross-section views show a film of about 185
nm thick with a multicrystalline structure with an observable grain size
ranging from 10 to 70 nm. Moreover, no texture or no obvious orien-
tation relationship between the grains is observed. Some empty voids
are also found in the film with a size comparable to the smallest grains.
Also, a thin silica layer of a few nanometers at the film/substrate
interface is visible for the undoped film.
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mr- STEM HAADF
-

Fig. 6. (a) STEM HAADF image of the NT4.67A800 grown on Si. Chemical maps of Nb (b), Tb (c), and O (d) elements.
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Fig. 7. Optical measurement conducted for NTOA800
sample: (a) spectrum of reflectance measured by URA
at 8° of incidence in TE polarization represented in
green dot-line, the black line is the result of fitting
with TL1 model simple oscillator calculated in the
same condition (X%RA = 1.78). (b) Is et Ic spectra
measured with VASE equipment with three incident
angles for blue and redpoint lines respectively and the
corresponding fits on DeltaPsi2 software with TL1
model ()&, ase = 12.99). (c) n and k spectra between
1.5 V and 6 eV deduced from URA (green dot-line
Fig. 7(a)) and VASE (blue and red dot-lines Fig. 7
(b)) measurements with error bars.
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at 900 °C.

The HRTEM investigations were made on undoped and doped sam-
ples annealed at 800 °C. Fig. 5(a) is a typical HRTEM image of a large
single crystal region of the NTOA800 film that shows several lattice
planes. The lattice magnification shown in Fig. 5 reveals two planes
families perpendicular to each other. The Fast Fourier Transform (FFT)
of Fig. 5(a) is consistent with a [130] projection of the T-NbyOs ortho-
rhombic phase and therefore confirms its orthorhombic structure.

Fig. 5(b) is a typical HRTEM image of the NT4.67A800 showing a
large crystallite. An enlargement of a central region of the crystallite
seen in Fig. 5(b) shows different families of lattice planes of the niobium
oxide. The FFT of Fig. 5(b) is consistent with a [01 0] projection of the T-
NbyOs orthorhombic phase. Also small grains, not shown here, were
found after FFT with projection consistent with TT-Nb2Os or P-NbyOs
(tetragonal phase)[35]. Due to the low volume fraction of those minority
phases, the XRD diagram did not show the corresponding peaks.

STEM HAADF micrographs for NT4.67A800 sample are presented in
Fig. 6. Fig. 6(a) shows a STEM HAADF image with various contrasts
between grains confirming different chemical compositions present. The
darkest regions are the empty cavities in the films. The Nb and O
element composition maps shown ion Fig. 6(b),(c) have, fewer counts in
selected areas corresponding to empty cavieties (e.i. dark spots in Fig. 6
(a)). It is interesting to note that the grains seen as brightest spots on the
Tb map (Fig. 6(c)) contain larger Tb content indicating non-uniform Tb
distribution in the fim. The overall Tb concentration in the film
measured by EDX is close to 5.6 at.% which is in good agreement with
the values obtained from RBS analysis which is less sensitive to detect
local dopant distribution fluctuation. Indeed, the brightest grains seen in
Fig. 6 have a Tb content of up to 18.5 at.% whereas the gray ones have
only 1.1 at.%, respectively. These fluctuations in Tb composition from
grain to grain may induce changes in the expected dominance of
orthorhombic NbyO5 phase by a mixture of other phases for a specific Ty
as observed in TEM.

3.2. Optical properties

The refractive index n and the extinction coefficient k are the main
parameters to characterize a linear optical material. The complex
refractive index (e.i. n + ik) was investigated using two complementary
techniques described in the Material and Methods: first, optical reflec-
tance measurement using URA, and second Ellipsometer using VASE.
Indeed, the first method is based on intensity measurement, while the
second is based on polarization rotation measurement. These comple-
mentary characterization methods have been performed on an NTOA800
sample to validate the use of the VASE method for the following part of
this work. Fig. 7 shows measured reflectance displayed as black dot-line.
Using the developed fitting routine we have computed the reflection,
transmission, and absorption spectra of a specific material layer
described by the Tauc-Lorentz dielectric function single oscillator model
(TL1) as previously described. Here, the NbyOs thin film is considered
homogenous and overlapped by a composite layer of NbyOs and air to
simulate the roughness with the effective medium approach. As seen in
Fig. 7(a), the black line is the result of the fitting corresponding to the
best chi-squared function value (y2;, = 1.78) obtained by fitting the
URA reflectance measurement. Fig. 7(c) displays the n and k coefficients
deduced from this fit.

In addition to the URA approach, ellipsometric measurements
(VASE) have also been carried out for the undoped NTOA800 sample.
The experimental data I. and I; were fitted by adjustable parameters of
Tauc-Lorentz’s model (see Fig. 7(b)) and thickness. As previously
mentioned, the NbyOs thin film was considered homogenous and over-
lapped by an interface layer composed of Nb,Os film and air to simulate
the roughness with the EM approach. The URA reflectance fitting pa-
rameters and VASE measurement TL1 parameters along with estimated
film thicknesses are displayed in Tablel. The n and k curves, deduced
from fitting parameters of Tauc-Lorentz’s model are shown in Fig. 7(c).
A good agreement between these two complementary approaches ap-
pears through the overlapping of n and k curves in Fig. 7(c). To compare
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Fig. 9. Bandgap energy as a function of annealing temperature T, (Venkataraj
et al.[31], Atta et al.[38], this work,) or deposition temperature (Chen et al.
[42]). Grey areas illustrate the different phases according to the Tx.

the parameters in table 1, the relative-parameters difference is calcu-
lated as follows.

A — 100 % ‘PiVASE - PiVURA‘ (2)
Pivase

where Pysg and Pyyra correspond to TL1 parameters obtained by
fitting VASE and URA data, respectively. For all parameters considered,
the relative difference A is less than 1%, reflecting a good agreement
between these two complementary methods.

Based on the above presented analysis we believe that the dielectric
function TL1 accurately describes the optical linear properties of the
Nb,Os samples. Furthermore, the reflectance measurement confirms the
results obtained with the VASE model using the ellipsometric technique.
Consequently, VASE measurements and analysis using three incident
angles (i.e. 65°, 70°, and 75°) are systematically applied hereafter.

All undoped NbyOs samples, both unannealed and annealed at
various T temperatures with 100 °C increments up to 900 °C were
measured by VASE technique. Samples were considered as homoge-
neous layers, however for samples annealed between 700 °C and 900 °C
an additional interface layer was considered due to the surface rough-
ness change with the T, increase. Corresponding refractive index and
extinction coefficient dispersion were described by either a single
oscillator Tauc-Lorentz (TL1) model for samples annealed between
400 °C and 800 °C or a double oscillator Tauc-Lorentz (TL2) model was
used for the unannealed samples and one annealed at 900 °C. Fig. 8(a)
and (b) display the corresponding n and k spectra of the NTOA400 and
NTOA900 samples with estimated error bars. The n and k spectra
comparably evolve with energy to those of the ones of Nb,Os material
reported by Gao et al.[36,37]. The refractive index values in the visible
and UV are similar to those reported in the literature [23,31,38] for
material deposited using a RF sputtering technique. The extinction co-
efficient value is close to zero over the energy range 1.5 eV to 3 eV then
increases to a maximum after 5 eV. Furthermore, one may notice that
the n and k maxima blue shift with T, change from 400 °C to 800 °C.

Fig. 8(c) and (d) show the n and k spectra of the two extreme samples
of the set, unannealed and annealed at 900 °C. As explained above, these
samples turned out to be different, as a TL2 dual oscillator model was
required, as opposed to the other samples described by a TL1 single
oscillator model. As already mentioned, these samples turned out to be
different, as far as the TL2 dual oscillator model was considered, in
contrast to the remaining samples well described by a TL1 single oscil-
lator model. As seen in Fig. 8 the refractive index n spectra, as well as the
extinction coefficient k spectra evolved as compared to their counterpart
shown in Fig. 8(a) and (c). The last one clearly shows a higher

2,50

] (@)

2,40 1

2,354 | n

2,30 T +

2,254

-[(b)

n at 1.9eV

ot %

5,0

4(I)0 5(I)O 6(I)O 7(I)0 860
Temperature (°C)

Fig. 10. (a) Refractive index n (at 1.90 eV) evolution with T, for samples
annealed between 400 °C and 800 °C(blue squares) and Nb,Os film thickness
(orange triangles), obtained with VASE function T. (b) Calculated Nb,Os
density p with error bars.

absorption coefficient in a range of 1 eV to 3.5 eV. The absorption
change between the unannealed Nb2Os and annealed at 900 °C films can
be related either to chemical differences or to structural modifications of
the NbyOs film induced by annealing. The RBS measurements showed no
change in stoichiometry between unannealed and annealed at 800 °C
samples. However, the XRD analysis demonstrated a continuous NbyOs
structural evolution with the annealing temperature varying from
amorphous (including unannealed samples and annealed up to 500 °C)
to TT-NbyOs phase (including samples annealed between 500 °C and
650 °C) and T-NbyOs phase (including annealed samples between
700 °C and 900 °C).

Furthermore, to analyze the values obtained for a single oscillator
dielectric function model we selected the bandgap energy (E;) param-
eter of the single oscillator TL1 model. Consequently, the E; values for
samples annealed at T4 varying between 400 °C and 800 °C are
considered and presented in Fig. 9. These Eg energies vary from 3.4 eV to
3.0 eV with the increasing T4. In the literature, the E, energy, among
others, depends on the nature of the material, growth method, substrate,
annealing technique, but also on how the measurement is interpreted in
terms of structural and dielectric models. Different authors[13,39-41]
reported NbyOs bandgap energy to be in a similar energy range from 3
eV to 4 eV but its evolution with T4 exhibited a different trend. Fig. 9
shows the evolution of Eg as a function of T, [31,38] or deposition
temperature[42] of NbyOs films synthesized by similar/comparable
sputtering methods.

In this work, we observed that bandgap energy decreases with the Ty
with an abrupt descent corresponding to the transition from amorphous
to crystallized phases. Atta et al.[38] have also observed such a decrease
in a similar temperature range. Also, Chen et al.[42] have reported a
decreasing of the bandgap energy with Ty while remaining under 400 °C
and therefore in the amorphous phase. On the other hand, surprisingly
Venkataraj et al.[31] observed the opposite behavior with an almost
constant bandgap energy value followed by its increase almost at the
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transition between the amorphous and crystallized phases.
Subsequently, we selected results obtained for T ranging from

400 °C to 800 °C where a single Tauc-Lorentz oscillator model was used.

The refractive index n selected at 1.90 eV (652 nm) because of the

negligible extinction coefficient value and the film thickness are re-
ported in Fig. 10(a). We observed that the n@1.90 eV value is slightly
decreasing for T varying from 400 to 500 °C and then followed by a
monotonic increase close to 8% while the film thickness is first slightly
increasing followed by a 8% decrease. Such antagonistic behaviors of
refractive index n and thickness with T4 have already been observed in
at least two studies, which related the variation of the density of the
materials with the TA[23,31]. To further investigate this fact, we esti-
mate the NboOs density p, using the Lorentz-Lorenz law[43] which links
the refractive index n and the density p given by the following formula:

-1 4 Ny
W23y ®

where a,, is the molecular electronic polarizability, N, is Avogadro
constant and M is the Nb,O5 molecular weight equal to 265.81 g.mol %,
respectively. In the current case, we consider only the electronic
polarizability at 1.90 eV (652 nm). The molecular electronic polariz-
ability a,, could be expressed as the sum of electronic polarizability of
individual ions[44] as a, = Aa, + Ba,_, where A and B are the stoi-
chiometric factors and a, and a_ are the electronic polarizabilities of
Nb5* and O? respectively. In the literature, these values are a, =
0.076 x 10 2*cm?® [45] and a_ = 2.4 x 10~%*cm® [46], and the molecu-
lar electronic polarizability is found to be a, = 12.15 x 10~%*cm?,
respectively.

To determine the molecular electronic polarizability a.,, we initially

relied upon the data obtained from the relationship ﬁﬁ;i = f(p) pre-

sented by Venkataraj et al. [31]. However, according to the formula (1),
"
which surprisingly was not made by the authors. The linear fit passing
by the origin point led us to the determination of a, = 13.1081 +
0.4025 x 10~%*cm® in accordance with the value previously obtained
from literature instead of the Venkataraj et al value of @, = 6.327 x
10~24cm3. Using this a, = 13.1081 + 0.4025 x 10~2*cm® and the for-
mula (1), we have determined the p value as a function of annealing
temperature Ty as shown in Fig. 7(b).

Evolving like the variation of the refractive index with the annealing
temperature Ty, the density values obtained remain in the density range

the variation of

vs. p requires passing through the origin point,

2,50

] (@) (c)

2,40 1 %

2,35 +4

RN ]

2,25 4

n at 1.9eVvV

55 t t t t t t

Fig. 12. (a) and (b) Evolution of Tb-doped
Nb,Os refractive index n at 1.90 eV and
film thickness measured with VASE and
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with 4.67 at.% of Tb as a function of Ta
L170 ° temperature. (c) and (d) Evolution of Tb-
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of 4.70 to 4.95 g.cm~° in good agreement with those obtained in liter-
ature[31]. First, a slight decrease from 4.75 to 4.70 g.cm’?’ for annealing
temperature varying from 400 °C to 500 °C was observed, followed by a
monotonic increase up to 4.95 g4c1n’3 for Tp = 800 °C. This significant
density increase occurs simultaneously with a decrease in the film
thickness. Such densification of the film is concomitant with the struc-
tural modifications from amorphous to crystalline phase observed by the
XRD measurements showing that the Nb,Os samples annealed at 400
and 500 °C remain amorphous whereas for samples annealed between
600 °C and 800 °C, the crystallized phases TT, then T are observed,
respectively.

Fig. 11(a) and 11(b) show n and k spectra respectively for the first
three samples NTOA800, NT2.42A800, and NT4.67A800 annealed at
800 °C. The shape of the spectra does not differ significantly from ones
observed for the undoped samples, however, some dependence of n
value on Tb®* ion concentration is evidenced. Indeed, it can be seen that
in 1 eV to 3 eV region where absorption is equal to zero (k = 0) the n
value decreases when the Tb®" ion content increases. It shall be
mentioned that for the NTOA800, NT2.42A800, and NT4.67A800 sam-
ples which have a very close Tb content, both n and k retain similar
values (not shown) in agreement with the uncertainties.

The bandgap energy (Eg) values obtained for doped annealed sam-
ples are reported in Table B.1 in Appendice. The Eg values were deter-
mined using a single oscillator TL1 model for all doping and T, ranging
from 400 to 800 °C, while a double oscillator TL2 model was used for an
annealed sample at 900 °C, respectively. It was found that the E; does
not change with Tb content increase while the E, decreases with
annealing temperature Ty. Specifically, the Eg value is the range between
3.35 eV — 3.55 eV for T4 ranging from 400 °C to 600 °C, then in the
range 3.3 eV — 3.4 eV for T of 700 °C, and then deacreses to 3.1 eV —
3.3 eV for T4 of 800 °C and 2.6 eV — 2.9 eV for samples annealed T4 of
900 °C. The bandgap energy decrease with the T4 annealing temperature
for the Tb-doped samples is comparable to that observed for the undo-
ped samples, where such E,; change was accompanied by a structural
transformation from an amorphous phase to successive crystallized
phases.

The density p values for Tb-doped Nb,Os were determined with a
similar approach as for the undoped Nb,Os sampes. The refractive index
n at 1.90 eV, Tb-doped films thickness, and calculated density p values
are represented as a function of T, for a selected Tb concentration of
4.67 at.% are shown in Fig. 12(a) and (b). Surprisingly, and contrary to
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the results for undoped samples, the refractive index, the thickness, and
the density p are quasi constant with Ts. The nvalue is close 2.3 at 1.9 eV
incident photon energy, similarly to the one of the amorphous undoped
sample. Also, the density p value (4.70 gem™>) does not change and
remains relatively unchanged for all Tb-doped samples. However, this
value is smaller than the one found for the undoped sample annealed at
800 °C (4.95 gcm’g) corrabortating a NbyOs material structural modi-
fication due to the Tb doping.

Fig. 12(c) and (d) shows the refractive index n at 1.90 eV, the Tb-
doped film thickness, and calculated NbyOs density as a function of
Tb3* ion concentration for T4 of 800 °C, respectively. It is seen that the
refractive index value decreases with the increasing Tb content while
the film thickness increases. Accordingly, the n value at 1.90 eV de-
creases from 2.46 to 2.27 as well as the calculated density p values de-
creases from 5.05 g.cm > to 4.66 g.cm . Thus, Tb-doped Nb,Os density
decreases at the same time as film thickness increases with Tb doping.
Therefore, we conclude that Tb incorporation seems to make the Nb,Os
film less dense and relatively thicker due to the formation of void cav-
ities as observed in TEM and STEM-HAADF analysis for NT4.67A800
film. Furthermore, VASE measurements confirmed that Nb,Os films
became less dense and thicker with increasing Tb content for a given T4
temperature.

3.3. Raman spectroscopy

Fig. 13 shows Raman spectra of Si substrate, reference Nb,Os film
(NTOA800), and Tb-doped Nb2Os film (NT4.67A800), respectively. It is
seen in Fig. 13(a) that the main Si peak for all samples is located at ~
520 cm L. In brief, the Si sample was used as a gauge whereas a distinct
Raman band associated with Nb,Os at 701 cm ! (red dashline) arises
from the deconvolution procedure of the Raman specrum for reference
undoped Nb,Os thin film annealed at 800 °C as shown in Figure C.1. in
Appendices. The Tb-doped NbyOs thin film shows three distinct Raman
peaks at 325.8 em !, 703.6 cm ™" and 808.4 cm Y, respectively. The
Nb,Os related Raman peak at 701 cm ™ is shifted to 703.6 cm ™! due to
the Tb doping process. According to Dash et al. [47] the Raman spectrum
of Nb,Os thin film grown on Si substrate shows five peaks at 238 em ™,
304 cm’l, 647 cm’l, 695 cm’l, and 993 cm’l, respectively. In our case
due to the very strong Si substrate background signal, only the peak near
695 cm~! was considered and unambiguously determined by the
deconvolution process. This peak corresponds to a transverse optical
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(TO) mode (doubly degenerated) which is related to the stretching mode
of NbOg polyhedral typically observed in the Nb,Os orthorhombic phase
[47-49]. In our case, Raman spectrum deconvolution gives a peak at
701 cm~! which is red-shifted concerning the peak at ~ 690 cm ™. As
reported by Zhou et al. [50], this redshift can be induced by the inter-
action between Si substrate and orthorhombic phase NbyOs film.
Furthermore, peaks at ~ 325.8 cm ™' and ~ 808.4 cm ™! only seen for Tb-
doped Nb,Os thin film are due to the presence of Tb>* ion in the host
lattice. It has been established from TEM and XRD studies that the thin
films of NbyOs undergo a significant phase change with Tj, remaining
amorphous after annealing at 400 °C and 500 °C, then mostly pseudo-
hexagonal (TT-Nb3Os) at 600 °C, then mainly orthorhombic (T-Nb2Os)
for 700 °C to 900 °C annealing temperatures. Therefore, to get better
inside into the annealing effect on Tb-doped Nb,Os thin films evolution,
the Raman spectra of unannealed and selected annealed samples are
shown in Fig. 13(b). All spectra shown were collected for the same Tb
concentration (4.67at.%), normalized, and shifted up for clarity. Fig. 13
(b) shows peaks at 301 cm’l, 434 cm’l, 520 cm’l, 610 cm’l, 670
em 1,941 cm™}, 961 em ™!, and 983 cm ™! identified as typical Si bands
[51]. Only an unannealed Nb205:Tb3+ sample shows distinct broadband
at ~ 808.4 cm ! which changes with increasing T4 and merges with
Raman spectra background level for the sample annealed at 800 °C. For
Tb-doped NbyOs samples annealed at 400 °C and 600 °C, there are no
significant Raman peaks position change observed due to Tb doping.
Finally, for the Tb-doped Nb,Os sample annealed at 800 °C, three
distinct Raman peaks have appeared at 325.8 em ™}, 703.6 cm™ > and
808.4 cm 2, respectively.

For the Tb-doped NbyOs thin films with increasing Tb content, the
NbyOs Raman peak shifts from 701 em ! to 703.6 cm™! as shown in
Fig. 13(a). The Raman spectra evolution due to Tb doping was investi-
gated for selected NbyOs thin films deposited with various Tb content of
1.42at.%, 2.42at.%, 4.67at.%, and5.03at.%, respectively, and annealed
at 800 °C. The corresponding Raman spectra are shown in Figure C.1. in
Appendices. The deconvoluted Raman spectra show that the Nb,Os peak
varies slightly between ~ 702 cm-1 and 704 cm-1 with the Tb concen-
trations. This shift of Nbo,Os peak to higher wavenumbers may indicate

900 -
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Fig. 15. (a) PL relative intensity map obtained for the °D,—’Fs transition line integrated between 530 nm and 570 nm for Nb,Os doped with various Tb content and
annealed between 400 °C and 900 °C for all annealed samples as a function of terbium concentration and annealing temperature: (a) in full view and (b) in detail

view for the most concentrated.
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that the bond length between ions in the NbyOs host lattice changed
with increasing the Tb content. Indeed, the Tb®' ion substituting for
Nb>* ion could form TbNbO4 phase and/or TbyO3 phase, respectively,
causing host lattice distortion and subsequent modification of the bond
length in the NbyOs lattice [48,52]. Moreover, there are two supple-
mentary Raman peaks assigned to Tb>" ion seen at ~ 325.8 cm™land ~
808.4 cm L. The first one represents a typical doubly degenerate mode
for c-type Tby03 due to the oxygen vibrations and indicates the presence
of the c-type TbyO3 grains. The second Raman peak at ~ 808.4 cm™?
represents the Tb®" ion vibration in the TbNbO4 phase present in the
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NbyOs sublattice. The Raman spectrum, of the unannealed sample,
shows broad bands superimposed to the Si Raman signal indicating the
existence of the amorphous structure where the NbOg, NbO7, and NbOg
polyhedral are present [48,53]. Samples annealed between 400 °C and
600 °C, show no distinguishable Raman peaks for NbyOs phase and
phases containing Tb®" ion because of the strong Si Raman background.
For samples annealed at T4 up to 800 °C, the Raman peaks resulting from
better ordered orthorhombic phase structure became more intense and
therefore more resolved [48].

3.4. Photoluminescence properties

Photoluminescence (PL) spectra were recorded for undoped and
doped samples annealed at several T4 temperatures. PL was detectable
only for doped samples annealed at a temperature equal to or>800 °C.
Fig. 14 depicts the PL spectra in the visible range. Fig. 14(a) and (b)
show the PL spectra with various Tb>" ion contents and annealed at
800 °C and 900 °C, respectively. The most intense peak at 549 nm
wavelength, attributed to D4 to ’Fs transition of the Tb>*, is detected.
Other peaks with lower intensities were identified at around 490 nm,
590 nm, and 625 nm attributed to °Dy to 7, F; (j = 6, 4, 3), respectively.
Apart from the Tb>* ion bands, no other PL bands were detected for
undoped samples (NTOA800 and NTOA900). The PL emission results
from radiative recombination resulting from the excited °D level. This
energy level is populated either by direct resonant excitation or by non-
radiative recombination from upper levels. In our case, by using exci-
tation at 266 nm upper levels of Tb®" ion might be populated. Consid-
ering the small excitation cross-section of Tb®" ion due to parity
forbidden of intra-4f shell transitions [54] we expect that indirect
excitation of Th®" ions through energy transfer from the NbyOs host
matrix is probable. One can consider also involvement of energy levels
above the 5D4 and up to 4.67 eV (266 nm) including 5D2, 3 5H5, 7,and 5H4.
Non-radiative recombinations from those upper levels may populate the
°Dy level, at the origin of observed radiative transitions. However, the
higher the number of recombination steps, the less efficient this mech-
anism is. Indeed, the probability of populating the °D level evolves with
the product of the probabilities of each transition between the energy
levels above the °Dy (i.e. bottleneck effect). For this reason, the 5D2,3
levels, reported at about 3.26 eV and 3.5 eV by Dieke et al. [55], are most
likely indirectly excited by energy transfer from some electronic states of
the NbyOs host matrix. Thus, non-radiative recombinations originating
from the 5D2, 3 levels can also populate the °D, level at the origin of the
radiative recombination.

Fig. 15 shows the relative PL intensity map of the main T
5D4—’Fs transition line as a function of T4 and Tb concentration
determined by RBS. The relative PL intensity represented by the color
scale framed between 0 and 1 was calculated by the ratio of integrated
between 530 nm and 570 nm the >D4—’F5 peak intensity over the same
integrated peak intensity for the sample with the most intense band.
Fig. 15 shows those calculated relative PL intensity represented by the
circles, the area between circles was linearly interpolated. The largest PL
relative intensity is obtained with the Tb®* content of 5.03 at.% and Ta
=900 °C. Fig. 15 shows two trends, first the PL emission increases and
becomes measurable for an annealing temperature T4 above a threshold
value, and second, the PL relative intensity increases with the Tb con-
centration up to a maximum and then decreases weakly. The first trend
can evidence the effect of the annealing on rare-earth ions doped host
matrix [54]. Thus, one may expect that Tb doping contributes to the
improvement of the host matrix by traps passivation (e.i. dangling bonds
at grains interface, non-radiative defects, etc) that could lead to PL
quenching[53]. Moreover, we have shown in Section 3.1 that NbyOs
undergoes a structural evolution with the T4 manifested by the optical
properties modification. More specifically, the observed bandgap energy
shows a decrease with the T, leading to the lowest bandgap energy
values of 3.1 eV — 3.3 eV for 800 °C and 2.6 eV — 2.9 eV for 900 °C,
respectively. This NbyOs bandgap energy reduction leads to a greater

b%* ion
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Table A3

Indexing of annealed Nb,Os NTORTA800, NT1.42RTA800, NT2.42RTA800, NT3.54RTA800, NT4.67RTA800, NT4.85RTA800, and NT5.03RTA800for XRD mea-
surements with JCPDS reference used for phase identification for TT-Nb,Os and T-Nb,Os.

20 JCPDS files no.: 00-030-0873
T-Nb»Os orthorhombic

NTOA800 NT1.42A800 NT2.42A800 NT3.56A800 NT4.67A800 NT4.85A800 NT5.03A800 20 d (A) hkl
22.63 22.71 22.70 22.66 22.69 22.67 22.67 22.061 3.930 (001)
28.41 28.59 28.51 28.39 28.43 28.41 28.38 28.401 3.140 (180)
28.83 28.93 28.87 29.04 29.23 29.26 28.97 28.890 3.088 (200)
- - - - - - - 30.168 2.960 (804)
31.65 - - - - - - 31.937 2.800 (115)
36.58 - 36.55 36.64 36.68 36.72 36.66 36.604 2.453 (181)
370.01 - 37.05 37.03 36.96 - - 36.994 2.428 (201)
46.21 - 46.38 46.42 46.34 46.31 - 46.159 1.965 (002)
51.01 - 50.96 - 50.86 - - 50.89 1.793 (380)
55.17 - 55.33 - 55.42 55.31 - 55.368 1.658 (202)
56.44 - - - 56.51 - - 56.37 1.631 (381)

Table B1

Bandgap energy obtained from VASE measurements for all doped annealed between 400 °C and 900 °C samples, with TL2 for A900 series and TL1 for other series.

Tb3* proportion

Name NT1.42 NT2.42 NT3.56 NT4.67 NT4.85 NT5.03
A400 3.46 3.47 3.48 3.5 3.48 3.407
Ta A500 3.46 3.5 3.54 3.54 3.54 3.549
A600 3.36 3.44 3.52 3.54 3.56 3.551
A700 3.292 3.378 3.369 3.401 3.413 3.401
A800 3.17 3.27 3.27 3.28 3.26 3.284
A900 2.814 2.806 2.734 2.590 2.509 2.925

energy adaptation of the upper energy levels of the host matrix with
respect to the 5D2) 3 levels, and could therefore increase indirect excita-
tion of the Tb>" ion by energy transfer from the host matrix conduction
band to higher excited states of Tb3* ion. For Tb-doped Nb,O5 annealed
at a lower Ty, higher bandgap energies ranging from 3.35 to 3.55 eV
were obtained, which reduced the energy match between the host ma-
trix energy levels and the 5D2,3 levels and subsequently alter the energy
transfer efficiency. Taking into account the small direct excitation cross-
section of Tb*' ion and the opposite change trends observed for the
bandgap energy and the relative intensity of PL, we conclude that the
mechanism of excitation of the Tb>* ion probably occurs predominantly
via an indirect excitation by energy transfer from excited energy levels
of the NbyOs host matrix to the 5D2’3 levels.

The second trend shows that for a given annealing temperature Ty
over the threshold value the PL relative intensity increases with Tb
content up to a maximum followed by saturation and a shallow
decrease. As an example, at Ty = 800 °C, the PL relative intensity in-
crease with Tb®" concentration saturates at 4.67 at.%, and then de-
creases. This PL relative intensity quenching is likely due to the
formation of RE aggregates triggered by high Tb concentration and well
known as RE concentration quenching [56,57]. The modification of the
NbyOs host matrix observed in previous sections due to high Tb con-
centration may also play a role in the observed PL quenching.

4. Discussion and conclusion

Thin layers of NbyOs were deposited by sputtering from a high purity
Nb,Os target on a silicon substrate. The deposition was followed by a
rapid RTA annealing step at temperatures varying between 400 °C and
900 °C. The composition of the NbyOs samples was studied through the
RBS, which led to the determination of the Nb and O contents corre-
sponding to NbyOs within the error range. The XRD measurements show
that the samples of Nby,Os unannealed and annealed at 400 °C and
500 °C are amorphous while the samples annealed between 600 °C and
900 °C are crystallized with a pseudohexagonal (TT- Nb2Os) majority
phase for RTA at 600 °C and orthorhombic (T-NbyOs) phase for T4 above
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700 °C. This result was confirmed by TEM analysis, which proves that
the NbyOs sample annealed at 800 °C is in an orthorhombic (T-NbyOs)
phase. The refractive index of Nb,Os5 samples was found of two kinds,
depending on annealing conditions. For unannealed and 900 °C
annealed samples, the refractive index was found with a high n value
(>2.3), and the extinction coefficient k was found with a high value (up
to 0.25) in the visible range (between 1 eV and 3 eV). While for samples
annealed between 400 °C and 800 °C the refractive index remain with a
high n value (>2.3), but the extinction coefficient k was found equal to
zero in a visible range (between 1 eV and 3 eV). This last kind of NbyOsg
presents a refractive index which is in good accordance with those re-
ported in the literature. For Nb,Os samples annealed between 400 °C
and 800 °C, a small variation of refractive index n was observed leading
to the determination of NbyOs film densification with increasing Ta,
which is confirmed by a film thickness decrease. Nb,Os thin films doped
with Tb*" were successfully deposited by co-sputtering of NbyOs and
Tb407 targets on a silicon substrate followed by an annealing treatment.
The successful Tb doping was evidenced by RBS measurements that
showed for all Nby,Os samples, the stoichiometry of Nb,Os was kept. The
Nb and O contents seem constant with increasing Ty, and Tb dopants
concentration. The RBS measurement carried out on series annealed at
800 °C led to the determination of the Tb content as a function of the
power density applied to the Tb4O7 target during the deposition, Tb3*
incorporation content was found evolving linearly with power density
up to 2.66 W.cm™2 for 4.67 at.% of Tb, followed by a concentration
saturation approaching to 5 at.% for higher power density PDrp407. XRD
and TEM data show that the doped sample annealed at 800 °C (sample
NT4.67A800), similarly to the undoped case, has orthorhombic majority
phase (T-NbyOs), TEM measurements evidence the presence of other
minority phases TT-Nb2Os or P-Nb,Os in the form of small crystallites.
Moreover, TEM analysis reveals that thin films are inhomogeneous and
constituted by some grains and empty cavities. In this sample, some
grains have a high Tb>* proportion (18.5 at.%), and other grains have a
low Tb3* proportion (1.1at.%). The refractive index n was found to vary
inversely proportional to the Tb" content and the thickness increased.
This effect could be attributed to the observed reduction of density
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occurring with Tb®* incorporation and is supported by TEM observation
of empty cavities. The formation of these cavities seems to be triggered
by the incorporation of Tb3* ions in the NbyOs host matrix followed by
annealing and remains partially unexplained. Raman’s analysis shows
different behavior of NbyOs films depending on the phase trans-
formation driven by the annealing temperature T5. Amorphous films do
not show a specific measurable Raman signature, while a peak at 701
cm ! corresponds to transverse optical (TO) mode (doubly degenerated)
related to the stretching mode of NbOg polyhedral is observed in the
NbyOs orthorhombic phase. Tb doped film show different features
regarding the Nb,Os phase, the unannealed amorphous NbyOs:Tb>*
sample shows distinct broadband at ~ 808.4 cm !, while other phases
do not show a Tb related Raman signature. However, the incorporation
of Tb is identified by the Nb,Os Raman band (701 cm 1 for undoped)
shift with increasing incorporation of Tb, from 702 cm ! to 704 cm .
This shift could confirm the formation of grains enriched in terbium, as
observed by TEM.

The PL emission results from the T ions thanks to radiative
recombination from Dy to 7Fj (j = 6, 4, 3) levels. The study of the
emission of PL as a function of the T, temperature and the Tb content
has enabled us to show that, the healing of optical defects and a mod-
erate Tb content allow obtaining the PL emission. Moreover, the PL
emission results from radiative recombination originating from the
excited level °Dy. This Dy level is probably populated by non-radiative
recombinations from higher levels, the 5Dg,g levels immediately above
5D, are most likely excited. Given the low direct absorption cross-
sections of RE ion energy levels, an indirect excitation by resonant en-
ergy transfer from NbyOs host matrix energy levels is probable. Non-
radiative recombinations may populate the 5D, level at the origin of
the observed radiative recombinations. Indeed, PL signals were
measured for the sample annealed at 800 °C and 900 °C, and no signal
was detected for other samples annealed at lower Ta. The variation of PL
intensity seems to be correlated with the bandgap variation of NbyOs
related to the structural modification obtained from a particular
annealing temperature Ta. The Nb,Os bandgap reduction observed for
annealing at 800 °C and 900 °C led to a greater energy adaptation of the
energy levels of the host matrix with the 5D2’3 levels and could therefore
increase indirect excitation of the Tb®* ions by energy transfer from host
matrix energy levels to upper levels (5D2,3) of Tb3" ions. The excitation
mechanism of the Th®* ions probably occurs via an indirect excitation
by energy transfer from excited energy levels of the NbyOs host matrix to
the Dy 3 levels. Local variation of Th>" concentration was observed by
TEM, however, it was not possible de correlate this local variation of Tb
content with the variation of PL emission. Nb,Os film seems to be either
a transparent medium with a large bandgap with poor energy matching
with upper energy levels of Tb®* ions or a less transparent host matrix
with a reduced bandgap with more favorable energy matching with
upper energy levels of terbium ions. The study of another rare earth as a
dopant of the host matrix NbyOs such as Europium could lead to a
greater energy matching of the NbyOs upper energy levels and the upper
energy levels of RE ions.
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Appendix

A) XRD measurements.

Indexing of measured XRD peaks is listed in Table Al for samples
NTOA600, NTOA700, NTOA800, and NTOA900 with JCPDS reference
used for phase identification. For T below 600 °C, no crystalline phases
were measured with XRD, samples are amorphous. The crystalline phase
appeared for T4 over 600 °C. XRD peaks measured on sample NTOA600
were attributed to the TT-NbyOs phase. Moreover, for samples
NTO0A700, NTOA800, and NTOA900, XRD peaks were attributed to the T-
Nb,Os phase.

Indexing of measured XRD peaks is listed in Table A3 for samples
NTOA800, NT1.42A800, NT2.42A800, NT3.56A800, NT4.67A800,
NT4.85A800, and NT5.03A800 with JCPDS reference used for phase
identification.

B) VASE measurement.

Hereafter, bandgap energies obtained from VASE measurements for
all doped samples annealed between 400 °C and 900 °C are given. For
samples annealed between 400 °C and 800 °C, a Tauc-Lorentz simple
oscillator TL1 model was used while for samples unannealed and
annealed at 900 °C a double Tauc-Lorentz oscillator TL2 model was
used.

C) Raman measurement.

The deconvoluted Raman spectra for Nb205 samples are shown in
Fig. C.1.
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