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b CIRIMAT, Institut Carnot Chimie Balard CIRIMAT, CNRS-INP-UPS, Université Toulouse 3 Paul Sabatier, 118 Route de Narbonne, Toulouse Cedex 9 F-31062, France
c School of Electrical Engineering and Computer Science, Ohio University, Athens, OH 45701, USA
d Department of Physics and Astronomy, Ohio University, Athens, OH 45701, USA

A R T I C L E  I N F O

Keywords:
Tantalum pentoxide
Magnetron Sputtering
Optical Materials
Refractive index

A B S T R A C T

This work investigates the impact of growth conditions, oxygen flow, sputtering power density, and annealing 
temperature on the optical performance of Ta2O5 thin films grown on Silicon (Si) substrate by RF sputtering. The 
objective is to determine whether the amorphous or crystalline phase provides the optimal trade-off between 
high refractive index (n), low optical loss (k), and broad optical transparency window (Esize). A near- 
stoichiometric Ta/O ratio of 0.38, close to the ideal 0.40, was achieved at a power density of 3.29 W/cm² 
and oxygen flow of 8 sccm. Crystallization begins at TA= 650 ◦C, resulting in a predominant orthorhombic and a 
minor hexagonal phase as demonstrated by XRD and confirmed by TEM. This crystallization was accompanied by 
a densification of 7.85 g.cm− 3 at 750 ◦C, but showed signs of structural degradation at 850 ◦C. Ellipsometry 
shows an increase in n during crystallization to 2.24 at 750 ◦C, before decreases at 850 ◦C. The onset of k 
redshifts from 4 eV to 3 eV, and the optical band gap (Eg) dropped from 4.14 eV to 2.5 eV following crystalli
zation. Transmittance (T), calculated using the transfer matrix method (TMM), showed an average of 80 % over 
1–4 eV range for amorphous films and narrowed below 3 eV in crystalline films due to defect-induced mid-gap 
states. Our findings underscore a critical balance where crystallization enhances the refractive index of Ta2O5 
thin films at the expense of a restricted transparency window in the NIR-visible range.

1. Introduction

Tantalum pentoxide (Ta2O5) films received much interest in 
advanced technologies owing to their important properties. They are 
commonly used in a wide range of electronic, optical, and optoelectronic 
devices such as bandpass interference filters [1], anti-reflection coatings 
on solar cells [2], corrosion resistance protective coatings [3], optical 
waveguides material [4,5], or insulator for microelectronic applications 
such as capacitors [6,7]. Due to their high refractive indexes (n), low 
extinction coefficient (k) values, giving high transparency window from 
near-IR to the near-UV, Ta2O5 thin films show good compatibility with 
recent optical functionalities such as advanced structured multilayer 
waveguide for nonlinear optics applications [8–10].

Ta2O5 thin films are synthesized by various growth techniques. But 
the functional properties of the material strongly depend on the growth 
technique, substrate, and growth conditions. For instance, Y. Sekido 
used e-beam evaporation to grow Ta2O5 films for implementation as a 
covering layer of electrodes to maintain high electrochemical energy 
storage [11]. I. Porqueras et al. have reported that the Ta2O5, also grown 
by the e-beam technique, could be implemented as an IR-visible trans
parent ion conductor active layer in electrochromic applications [12, 
13]. Moreover, He et al. have used the pulsed laser deposition method to 
study the impact of growth conditions, in particular, the oxygen pressure 
on the morphological and optical properties of Ta2O5 film [14]. In 
addition, J.P. Masse et al. have studied the effect of annealed tempera
tures on the optical properties of chemical vapor-deposited Ta2O5 films 
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[15]. It has been reported that Ta2O5 film grown by plasma enhanced 
CVD (PECVD), using organometallic precursors such as Ta(OC2H5)5 or 
Ta(OCH3)5, contain residual contaminants carbon (C) and hydrogen (H) 
originating from the incomplete decomposition of precursors during the 
growth process. Among these various techniques employed for fabri
cating tantalum oxide, the magnetron sputtering technique is favored to 
avoid C and H contamination [15,16]. The sputtering method also has 
the advantage of rapidly producing homogenous films on large sub
strates by sputtering tantalum target, as requested by the optoelectronic 
industries. For example, H.J. Quah et al. have grown Ta2O5 by dual RF 
magnetron co-sputtering to be integrated into electronics as a passiv
ation layer in MOS-based devices [17]. Zhang et al. have used Ta2O5 to 
produce high-performance UV and visible meta-surfaces polar
ization-independent UV meta-lenses, spin-selective meta-holograms 
operating in the near UV and blue spectrum and full visible region 
structural color generating Mie resonators [18].

Most of these studies used silicon wafer substrates due to their ease of 
integration in microelectronics manufacturing [19,20]. The use of other 
substrates, such as fused silica and glass, which have an optical trans
parency window in the visible range, is interesting for colorless opto
electronic devices. While Nb2O5 has shown potential for optical thin film 
applications due to its high refractive index of around 2.30 and minimal 
optical absorption (<10− 4) in the visible range [21], Ta2O5 stands out as 
a compelling alternative with a comparable refractive index and sig
nificant optical transparency. Ta2O5 and Nb2O5 are both promising 
candidates for the aforementioned applications, offering superior 
chemical resistance and greater thermal stability compared to other high 
refractive index materials like TiO2 [15,22].

The refractive index and extinction coefficient of Ta2O5 are reported 
to be dependent on the chemical composition, J.P. Masse et al. studied 
the evolution of the optical and microstructural properties of Ta2O5 
grown by PECVD and annealed over a broad temperature range up to 
900 ◦C. Using FTIR and SIMS analyses, they showed that increasing the 
annealing temperature reduces the refractive index by approximately 
4 %, from 2.13 to 2.05. This reduction was attributed to carbon 
desorption in the form of CO2 or CO, while the optical loss k remained 
below 10− 4. FTIR measurements confirmed this desorption through the 
disappearance of characteristic peaks in the 1300–1600 cm− 1 range, 
associated with bidentate chelating and bridging modes of COO groups 
bonded to Ta atoms [15]. Meanwhile, Chaneliere et al., in a separate 
study on Ta2O5 grown by CVD, reported that annealing at high tem
perature 800 ◦C under O2 is insufficient to eliminate hydrocarbon 
contamination, which can be beneficial for optical properties [23].

S. Boughaba et al. investigated Ta2O5 deposited by PLD under 
different oxygen pressure. They found that films synthesized under low 
oxygen pressure (0.14 Pa) were oxygen-deficient and exhibited a high n 
of around 3.2 with a non-negligible k~0.4–0.6. In contrast, the injection 
of oxygen in the PLD chamber (above 2.56 Pa) improved stoichiometry, 
resulting in n around 2.22 and a significantly reduced absorption (with 
k < 10− 4) [24].

Szymanowski et al. demonstrated that increasing ion bombardment 
during PECVD deposition of Ta2O5 leads to higher carbon incorporation, 
which does not degrade the film’s optical performance. They further 
noted that achieving fully oxidized films requires very high oxygen flow 
rates (100–200 sccm), which yield a refractive index of 2.15 and 
extremely low optical loss (k < 10− 6) [25].

Growth conditions alongside annealing treatments under various 
atmospheres and temperatures can induce crystallization and structural 
transitions, which in turn affect the material’s optical properties, 
including the refractive index, extinction coefficient, band gap and op
tical transmittance. Several studies have shown that the low- 
temperature deposition of Ta2O5 favors the formation of the amor
phous phase [26,27] while the post-annealing of this latter at temper
atures higher than 650 ◦C promotes the formation of crystalline phases 
[15,28]. The Ta2O5 atomic structure consists of a combination of hex
agonal (δ-Ta2O5) and orthorhombic (β-Ta2O5) phases, with the β-phase 

becoming predominant at annealing temperatures above 775 ◦C [23,29, 
30].

For instance, I. Perez et al. investigated the effect of annealing on 
Ta2O5 thin film grown by RF magnetron sputtering and showed that the 
crystallization occurs above 675 ◦C, with a structural transition occur
ring around 750 ◦C from δ-Ta2O5 to β-Ta2O5 phase. They mentioned that 
this structural evolution is accompanied by microstructural changes 
from flake-like structures on surface to more compact grains, indicating 
densification and improved crystallinity. A significant widening of the 
optical band gap from 2.4 eV to 3.8 eV during crystallization, and they 
specified that the values for δ-Ta2O5 are slightly smaller than values for 
the β-Ta2O5 [28]. J.P. Masse et al. also identified the same structural 
transition from δ-Ta2O5 to β-Ta2O5 between 800 ◦C and 900 ◦C, which 
was accompanied by an increase in n from 2.05 to 2.11. This transition 
led to a significant rise in absorption (k > 10− 4), attributed to optical 
scattering at grain boundaries [15].

Mansour S. Farhan et al. achieved crystallization of Ta2O5 film into 
the δ-Ta2O5 phase by electron beam evaporation, using ion bombard
ment with 300 eV oxygen ions. This resulted in a high refractive index of 
2.14 larger than that obtained at 400 eV oxygen ions, potentially due to 
the degrading effect that the higher ion bombardment energy has on the 
coating refractive index. The enhanced grain size and crystallinity at 
300 eV led to a low optical loss (k = 1.5 ⨮ 10− 3) [31].

W.J. Liu et al. reported that annealing Ta2O5 films grown by plasma 
ion assisted deposition (PIAD) resulted in the formation of nano
crystalline structures within the amorphous matrix, as revealed by high- 
resolution transmission electron microscope (HRTEM). This micro
structural changes contributed to an increase in the refractive index 
from 2.13 at 325 ◦C to 2.16 at 425 ◦C, with a slight increase in the optical 
loss (k = 4.5 ⨮ 10− 3)[32].

W. Ren reported that annealing Ta2O5 grown by electron beam 
evaporation (EBE) on quartz and silicon substrates at 900 ◦C improves 
the film’s morphology and reduces surface roughness. This crystalliza
tion process reduces structural defects, which contributes to enhanced 
optical transmittance of 82 % over the 1.12–4 eV range for Ta2O5/ 
quartz. For Ta2O5/Si, the optical band gap increases to 4.46 eV upon 
annealing at 900 ◦C, likely due to slight diffusion of silicon into the film, 
leading to the formation of SiO2 and tantalum silicate [33]. 
Cross-sectional high-resolution transmission electron microscopy ob
servations show the presence of a native SiO2 oxide layer at the Ta2O5/Si 
interface [32,34,35]. Besides, electron energy loss spectroscopy mea
surements (EELS) made on Ta2O5/Si heterostructures depict a Ta/Si 
inter-diffusion through the interface, with significant diffusion of Ta into 
the SiOx interlayer compared to the out-diffusion of Si into Ta2O5 [34].

Md. Islam. Sherajul et al. demonstrated using density functional 
theory (DFT) calculations that introducing oxygen vacancies defects in 
the Ta2O5 lattice generates localized mid-gap defect states and shifts the 
fermi level towards the conduction band. These mid-gap defects act as 
an intermediate energy level between the valence and the conduction 
bands, allowing electron excitation across the band gap [36]. Addi
tionally, interlayer oxygen vacancies were found to induce a 
semiconductor-to-metal transition. Experimentally, Cevro et al. reported 
that the band gap reduces from 4.3 eV for stoichiometric Ta2O5 to 4.0 eV 
in sub-stoichiometric films, and can decrease further to near-zero (0 eV) 
in the presence of a high density of metallic tantalum aggregates [26].

This study investigates radiofrequency (RF) sputtered Ta2O5 thin 
films and the effects of rapid thermal annealing (RTA), focusing on the 
amorphous to crystalline phase transition. The objective is to optimize 
amorphous Ta2O5 for high refractive index and low optical losses in the 
UV–visible-IR range. We primarily investigate the sputtering deposition 
parameters (sputtering power density and oxygen flow) to determine the 
optimal growth conditions for achieving a high refractive index close to 
the bulk value (nbulk=2.02–2.16) with a negligible extinction coefficient 
(k < 10− 4), in order to maintain high optical transparency across a broad 
UV-Visible spectral range. Following growth optimization, the second 
aspect of this work explores the impact of RTA under a neutral 
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atmosphere on the structural and optical properties of the Ta2O5 layer. 
We provide a detailed investigation of the relationship between the 
optical properties of Ta2O5 synthesized by sputtering and its chemical 
and structural characteristics. The film composition was investigated 
using Rutherford Backscattering Spectroscopy (RBS), while structural 
properties were examined by means of X-ray diffraction (XRD), Fourier 
transform infrared spectroscopy (FTIR), and nanoscale properties were 
characterized thanks to transmission electron microscopy (TEM). We 
present a robust and versatile method for accurately determining the 
optical properties of Ta2O5 thin films, even on non-transparent sub
strates such as silicon. This approach combines advanced modeling 
techniques, using the Transfer Matrix Method, with reliable spectro
photometry data to provide precise optical constants consistent with 
ellipsometric measurements. This technique not only enables accurate 
determination of Ta2O5 transparency but also offers a practical solution 
to common challenges in the optical characterization of heterostructures 
composed of various film materials on non-transparent substrates.

2. Experimental section

Ta2O5 films were deposited on double-side polished, (001) oriented, 
two-inch diameter Boron doped Silicon (Si) substrates using magnetron 
Radio Frequency (RF) sputtering, for a duration of 1 h. The tantalum 
(Ta) oxide films were grown by sputtering a three-inch diameter, 99.9 % 
pure Ta2O5 target in a confocal configuration in atmosphere composed 
of a mixture of argon (Ar) and oxygen (O) atmospheres. In the first series 
of samples (SP), the sputtering power density varied at 2.19, 3.28, 4.38, 
5.48, and 6.57 W/cm², while argon and oxygen flow rates were held 
constant at 40 sccm and 12 sccm, respectively. In the second series (SO), 
the sputtering power density and Ar flow were kept fixed at 3.28 W/cm² 
and 40 sccm, while the oxygen flow increased from 0 to 16 sccm. The 
effect of annealing was studied using SA series; the growth conditions 
were set at 3.28 W/cm², Ar flow of 40 sccm and O flow of 8 sccm (refer to 
Table A1 in supplementary information SI). The rapid thermal annealing 
treatment after deposition was performed after deposition at tempera
ture (TA) ranging from 450 ◦C to 850 ◦C in 100 ◦C increments for 2 h, 
with a temperature ramp of 20 ◦C/s in neutral atmosphere.

The compositions of the deposited thin film were determined by 
Rutherford Backscattering Spectroscopy (RBS) at Edwards Accelerator 
laboratory of Ohio University using a 4.5 MeV tandem accelerator. The 
samples were positioned at a 7.5◦ angle to the incoming beam and 
exposed to a 2.2 MeV 4He ion beam. The energy resolution achieved on 
the samples ranged from 20 to 30 keV, depending on the investigation 
depth. RUMP simulation software was employed to analyze the RBS data 
and calculate the elemental concentrations, which were then used to 
determine the material density. The density was calculated by dividing 
the RBS-driven areal mass density (g. cm− 2) by the film thickness 
measured by ellipsometry.

The structural properties of the films were analyzed using a Bruker 
D8 Discover diffractometer equipped with monochromatic Cu Kα1 ra
diation (λ = 1.5406 Å). The crystal orientation was assessed through 
grazing incidence X-ray diffraction (GIXRD). All measurements were 
conducted with an identical optical configuration, including Soller slits 
set at 2◦, a slit width of 1.2 mm, and 1D LYNXEYE detection mode, 
covering a 20–60◦ angular range. The measurements were taken with a 
step size of 0.0198◦ and a step time of 2 s, resulting in a total scan 
duration of approximately 2 h. Peak indexation was performed using 
X’Pert high score plus software to determine the structural details of the 
tantalum oxide. The films’ structure was also investigated by infra-red 
transmission measurements using a Nicolet IS50 FTIR spectrometer, 
with a 0◦ incidence angle and TE-polarized incident wave. The spectra 
were corrected from interferences fringes and from the Si substrate 
contribution based on the most intense peak at 624 cm− 1 corresponding 
to the Si-C stretching mode of substitutional C in the Si wafer [37].

Nanoscale investigations were conducted using conventional and 
high-resolution transmission electron microscopy (CTEM and HRTEM) 

with a double-corrected field emission gun JEOL ARM 200 F, operated at 
200 kV and integrated with a scanning setup (STEM). The microscope 
was also equipped with a CENTURIO energy dispersive X-ray spec
trometer (JEOL). Thin (electron transparent) foils for observations were 
prepared using a dual-beam focused ion beam system (FEI Helios 
Nanolab 660). Before applying the platinum (Pt) protection required for 
the Ga beam thinning process, a carbon film of a few tens of nanometers 
was deposited directly onto the films to distinguish clearly the top of the 
film. The structural characterization techniques we employ are also 
fundamental in other advanced manufacturing fields, including solid- 
state additive manufacturing to investigate the impact of processing 
conditions on microstructure, hardness, wear and corrosion resistance 
[38–41].

The film thickness, refractive index (n), extinction coefficient (k) and 
band gap (Eg) were determined using Horiba Jobin-Yvon UVISEL vari
able Angle Spectroscopic Ellipsometer (VASE) method, which relies on 
changes in the polarization state of the incident beam after reflection. 
The experimental functions Ic and Is, derived from the ellipsometric 
angles Ψ and Δ, were measured over an energy range of 1.5 eV up to 6 eV 
at three different incident angles of 65◦, 70◦ and 75◦, using a rotating- 
compensator spectroscopic ellipsometer. These ellipsometric experi
mental functions Ic and Is were modeled by combining a structural and 
dispersion model using the Deltapsi2 software. The structural model 
employed in this study consisted of two layers atop a semi-infinite 
substrate. The first layer represents the deposited Ta2O5 material, 
while the second layer accounted for surface roughness. The refractive 
index of the surface roughness layer was described by the Bruggeman 
effective medium approximation (EMA) model, simulating a mixture of 
the deposited material and air voids. Based on previous studies of Ta2O5 
[24,42–45], the single oscillator Tauc-Lorentz (TL) dispersion model 
was chosen to describe the deposited material and to fit the experi
mental functions Ic and Is for all samples. This dispersion model in
corporates several parameters, including the band gap energy Eg, the 
oscillator’s strength A, the relative permittivity at an infinite energy ε∞, 
the energy position of extinction coefficient peak E0, and the broadening 
term C.

To investigate the optical transmittance of Ta2O5, a few films were 
grown on fused silica substrates. Visible range spectra were measured 
using a Perkin Elmer Lambda 1050 UV–visible-NIR dual-beam spectro
photometer. Measurements were conducted at normal incidence with an 
incident wave polarized in TE mode with a beam size of 5 × 5 mm². The 
optical reflectance Ta2O5/Si films were measured using the same spec
trophotometer, equipped with a Universal Reflectance Accessory (URA), 
at an incidence angle of 8◦ with an incident wave polarized in TE mode 
and a beam size of 5 × 5 mm².

3. Results and discussion

3.1. Structural, microstructural and compositional characterization

The composition of the sputtered tantalum oxide films grown on Si 
substrates was determined using RBS measurements across samples 
deposited at various sputtering power densities, oxygen flow rates, and 
annealing temperatures. Fig. 1 illustrates that the as-deposited film of 
the SO series grown without oxygen flow (0 sccm) was found to be low 
oxygen-deficient, exhibiting a Ta/O ratio of approximately 0.44, 
compared to the expected stoichiometry of Ta2O5 (~0.4). However, the 
introduction of oxygen flow reduces the Ta/O ratio, yielding a stable 
mean value of 0.38 regardless of the oxygen flow. S. Boughaba et al., 
observed that Ta2O5 thin films grown by PLD at low oxygen pressure 
were highly-oxygen-depleted, with a Ta/O ratio between 0.6 and 0.7, 
while a stable ratio of around 0.38–0.44 could be achieved at higher 
oxygen flow [24]. The results of our study align with those findings, 
indicating that higher oxygen flow during growth leads to an increased 
oxygen content in films limited by Ta2O5 stoichiometry. Similarly for SP, 
the composition remained consistent with a Ta/O ratio of around 0.38, 
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like those grown under varying oxygen flows. For SA series, the Ta/O 
ratio peaked at 0.42 at 450 ◦C and 650 ◦C, before decreasing to 0.39 at 
850 ◦C. The values obtained in our study demonstrate a consistent and 
near-stoichiometric Ta2O5 composition (Ta/O ~0.4), with a relative 
variation of 5 %. An increase in the cationic ratio Ta/O from 0.400 to 
0.405 was also observed by L. Wang [46], accompanied by a shift in the 
binding energy of the adsorbed oxygen peak from 532.35 to 532.48 eV 
in XPS analysis, which is typically associated with oxygen vacancies. 
This aligns with our findings between 450 ◦C and 650 ◦C and may 
suggest oxygen depletion in our films. Additionally, the films contained 
a small concentration of Ar, approximately 0.025 %, originating from 
the sputtering atmosphere. P.H. Chang et al. reported an increase in the 
Ta/O ratio from 0.369 at 600 ◦C to 0.377 at 1000 ◦C [47]. The opposite 
trends observed in the Ta/O ratio arise from differences in oxygen 
availability, interface behavior, and annealing conditions, as their 
approach involved direct current (DC) sputtering of a pure Ta target 
with a 10 s annealing. While, the decrease in the ratio at 850 ◦C observed 
in our study indicates a conservation of oxygen. This suggests that ox
ygen is being retained or less lost in the Ta2O5 film. At high tempera
tures, residual oxygen causes silicon oxidation, leading to the formation 
of 13 nm thick SiO2, even under inert conditions (as shown in the TEM 
section). This thickening of the SiO2 layer from 3 nm to 13 nm, over the 
2 h annealing period, limits oxygen loss by acting as a diffusion barrier 
and leads to a subsequent reduction in the Ta/O ratio. In contrast to our 
findings, in the case of Chang’s study, the use of a sputtered 35 nm SiO2 
layer that acts as a diffusion barrier, combined with a brief 10 s 
annealing treatment, effectively limits interfacial oxygen exchange. 
Alongside a growing atmosphere richer in oxygen (30 % instead of 16 % 
in our case), the films show a slight increase in the Ta/O ratio with 
temperature, reflecting moderate oxygen loss without compensation. 
These differences highlight the critical role of oxygen injected into the 
chamber, annealing duration, and oxygen dynamics at the interface.

According to the RBS findings, the density (ρRBS) of Ta2O5 has been 
calculated and presented in Fig. 1(B) as a function of the growth con
ditions. For SO, the density decreases from 7.52 g.cm− 3 as the oxygen 
flow increases from 4 to 8 sccm, and then stabilizes around 7.46 g.cm− 3 

for oxygen flows between 8 and 16 sccm. With increasing sputtering 
power density (SP), no significant variation is observed across different 

power densities (as can be seen in the inset of Fig. 1(B)). In contrast, for 
SA, ρRBS increases from 7.46 to 7.85 g.cm− 3 as TA rises to 650 ◦C, then 
decreases to 7.55 g.cm− 3 for 850 ◦C. The lower density values compared 
to the bulk density of 8.2 g.cm− 3 [48] are due to a less complete crys
tallization, stemming from a reduced volumetric atomic concentration. 
However, they are consistent with the densities reported for thin films, 
ranging from 6 g.cm− 3 to 7.85 g.cm− 3 [6,49]. The observed increase in 
film density from 7.46 at 450 ◦C to 7.85 g.cm− 3 at 650 ◦C, alongside a 
stable Ta/O ratio of 0.42, highlights a densification process related to 
the onset of crystallization, as also reported in previous work [50–52]. 
The consistent Ta/O ratio points to lattice reordering as the main 
contributor to densification, rather than compositional variations such 
as oxygen depletion. At 850 ◦C, we observe a decline in both density to 
7.55 g.cm− 3 and cationic ratio, which could be a signal of an emerging 
structural degradation. Although the exact mechanisms remain to be 
confirmed, potential factors include grain enlargement, the emergence 
of void, and the formation of SiO2 diffusion barrier. As grains enlarge 
under high annealing temperature treatment, the reduction in grain 
boundary area might promote void formation, leading to a less compact 
structure. This assumption will be further explored through TEM anal
ysis in the subsequent section.

Fig. 2 presents the X-ray diffraction patterns for Ta2O5 films annealed 
at different temperatures. As shown in Fig. 2(A), no significant diffrac
tion peaks were observed for the as-deposited films or those annealed at 
temperatures up to 550 ◦C. However, a double-hump feature is visible 
between 2θ = 25◦ and 35◦, suggests the absence of long-range crystal
line order, indicating an amorphous Ta2O5 phase for TA up to 550 ◦C. At 
higher TA (650 ◦C – 850 ◦C), several prominent diffraction peaks were 
detected, starting at 650 ◦C, pointing to the formation of a poly
crystalline Ta2O5 phase. This suggests that annealing at 650 ◦C induces 
crystallization of Ta2O5 on a silicon substrate, consistent with numerous 
studies [28,33,44,53–55]. The annealed samples exhibit multiple XRD 
reflections at various positions. A key challenge lies in distinguishing 
between overlapping phases. The orthorhombic phase (β-Ta2O5) shares 
many reflections with the hexagonal phase (δ-Ta2O5), but β-Ta2O5 can 
be identified by additional minor reflections, particularly around 44.75◦

and 49.75◦, as marked by asterisks in Fig. 2(B) [28,56,57]. These sup
plementary peaks serve as important markers for phase identification. In 

Fig. 1. (A) Variation of the cationic Ta/O ratio with annealing temperature (SA) and oxygen flow (SO), with lines included as visual guides. Inset: Ta/O ratio variation 
as a function of sputtering power density (SP). (B) Density ρRBS of Ta2O5 as a function of oxygen flow (SO) and annealing temperature (SA), with associated error bars. 
Inset: density as a function of sputtering power density (SP).
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our study, the intensity of these minor reflections increases as TA rises, 
suggesting a progressive structural transformation favoring the ortho
rhombic phase. According to Lehovec [58], the sample annealed at 650 
◦C exhibits distinct reflections at various 2θ values, corresponding to the 
(001), (110), (111), (002), (020), (310), (112) and (311) planes. As TA 
increases to 850 ◦C, an increase in the intensity of these minor peaks is 
observed in Fig. 2(B), underscoring the orthorhombic phase as the pri
mary phase emerging at elevated temperatures. Previous studies have 
demonstrated that annealing can result in films with two different 
crystal phases, orthorhombic β-Ta2O5 and hexagonal δ-Ta2O5, 

depending on the treatment [28]. J. P. Masse et al. [15] showed that 
Ta2O5 films annealed between 600 ◦C and 800 ◦C contain both phases, 
with the orthorhombic phase becoming dominant at temperatures above 
900 ◦C. In our case, the presence of the hexagonal phase in the annealed 
films appears minimal, and the films are primarily composed of the 
orthorhombic phase, a conclusion that will be further supported by TEM 
measurements. Based on the structure reported by Lehovec [58], the 
observed diffraction peaks correspond to the orthorhombic β-Ta2O5 
phase, which is the first crystalline structure to form upon annealing. 
The lattice parameters for this phase are a = 6.29 Å, b = 3.72 Å, and c 

Fig. 2. (A) X-ray diffraction pattern from 20 to 60◦ with indexed peaks for crystallized Ta2O5 thin films and Ta2O5 Lehovec reference [58] used for phase identi
fication. (B) Magnified view of the region between 40 and 55◦, highlighting minor peaks (*) and (**) essential for phase identification, in comparison to the reference 
patterns JCPDS files: 00–025–0922 for orthorhombic β-Ta2O5 and 00–019–1299 for hexagonal δ-Ta2O5 phase. (C) FTIR spectra of Ta2O5 films annealed at different 
temperatures (SA), measured at normal incidence (0◦).

Table 1 
XRD indexing of annealed Ta2O5 films using JCPDS reference patterns for phase identification.

Annealed samples Reference JCPD files:

650(◦C) 750(◦C) 850(◦C) β-Ta2O5 Lehovec [58] β-Ta2O5 

00–025–0922
δ-Ta2O5 

00–019–1299
2θ (◦) 2θ (◦) hkl 2θ (◦) hkl 2θ (◦) hkl
22.96 22.94 22.96 22.96 (011) 22.902 (001) 22.902 (001)
28.68 28.61 28.74 28.32 (110) 28.795 (200) 28.401 (100)
37.04 36.94 36.97 36.71 (111) - - 36.806 (101)
45.17 44.88 44.75 - - 44.74 (340) - -
46.89 46.84 46.82 46.47 (002) 46.687 (002) 46.789 (002)
- 49.74 49.75 49.87 (020) 49.728 (0220) - -
50.78 50.62 50.68 50.86 (310) 50.705 (2151) - -
55.84 55.77 55.72 55.55 (112) 55.77 (0132) 55.66 (102)
- - - - - 56.291 (3111) - -
56.27 56.23 56.32 56.37 (311) 56.328 (2210) - -
59.37 59.08 59.03 58.52 (220) - - 58.806 (200)
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= 7.89 Å, which align with TEM measurements. However, the minor 
reflection, particularly the peak around 44.75◦, could not be identified 
using the framework proposed by Lehovec [58] (see Fig. 2(B) and 
Table 1). To resolve this ambiguity, the orthorhombic phase (β-Ta2O5) 
reference pattern (JCPDS file n◦: 00–025–0922) identifies the reflection 
as (340), confirming the orthorhombic phase with lattice parameters a 
= 6.19 Å, b = 40.29 Å, and c = 3.88 Å, even though it remains unde
tected by TEM. By comparison, the hexagonal δ-Ta2O5 phase pattern 
reference (JCPDS file n◦: 00–019–1299) reproduces the primary 
diffraction features but fails to account for the minor peaks, particularly 

those observed at 44.75◦ and 49.75◦ (see Fig. 1(B) and Table 1). These 
findings are corroborated by TEM measurements, which further confirm 
that the annealed films are primarily composed of the orthorhombic 
phase.

The angular distribution of the strongest peak remains consistent 
across all samples, and the full width at half maximum (FWHM) remains 
unchanged, indicating that the crystallite size is unaffected by TA. To 
confirm this, the crystallite size D was estimated using the Scherrer 
equation (1): D= Kλ/Γcos(θ), where K= 0.9, λ = 1.5406 Å and Γ is the 
FWHM of the selected peak. The crystallite size was found to be around 

Fig. 3. TEM images of Ta2O5 films, grown under 8 sccm and 3.28 W.cm− 2, annealed at 450 ◦C, 650 ◦C and 850 ◦C. Subfigures (a), (c), and (e) show bright field 
images, while subfigures (b), (d), and (f) present the corresponding dark field images.
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38 nm and did not show significant variation with increasing TA.
To further explore the changes in vibrational modes in Ta2O5 during 

the annealing treatment, FTIR measurements were performed. Accord
ing to H. Szymanowski [25], the FTIR spectrum of Ta2O5 thin film grown 
on silicon substrate typically displays three peaks at 518 cm− 1, 
640 cm− 1 and 870 cm− 1. In our case, for the amorphous Ta2O5, i.e., 
as-deposited and annealed up to 550 ◦C, a peak is observed at 624 cm− 1, 
which progressively diminishes in intensity as TA reaches 550 ◦C. This 
decrease coincides with the emergence of a peak at 520 cm− 1, resulting 
from a vibrational mode transition to Ta-O stretching in crystalline 
Ta2O5 [25], a trend also observed in reference [14]. A closer examina
tion in the 450–650 cm− 1 spectral region reveals that the peak shoulder 
at 520 cm− 1, present in the amorphous films, suggests the existence of a 
minor fraction prearranged or local crystallized Ta2O5, a feature beyond 
XRD detection.

At higher annealing temperature, new distinct mid-infrared peaks 
emerge at 1080 cm− 1 and 810 cm− 1, associated with the transverse 
optical phonon modes TO3 and TO2 of SiOx [59]. Their progressive 
appearance suggests an oxidation of Si substrate, driven by thermal 
treatment. Up to 550 ◦C, the position of TO3 peak remains unchanged 
but shifts to lower wavenumbers at higher temperature, approaching the 
value for unstrained, thermally grown SiO2 at 1078.5 cm− 1 [60]. Ac
cording to E. San Andrés et al. [60], a similar shift in the TiO2/Si system 
is attributed to relaxation within the SiO2 lattice. The intensification and 
shift of TO3 at 850 ◦C suggest structural changes, potentially linked to 
oxygen incorporation or relaxation [61], calling for TEM measurements.

TEM investigations were conducted on Ta2O5 films annealed at 
450 ◦C, 650 ◦C, and 850 ◦C. Fig. 3 presents the cross-sectional TEM 
images of the annealed Ta2O5 films on Si substrates in both bright- and 
dark-field modes. A 274 nm thick Ta2O5 layer was deposited on a thin 
native amorphous SiO2 layer, and the underlying Si substrate is visible. 
The TEM images of the sample annealed at 450 ◦C (Fig. 3(a) and (b)) 
show no Bragg contrast, confirming the amorphous nature of the film 
already observed by XRD measurements. At 650 ◦C (Fig. 3(c) and (d)), a 
mixture of amorphous and crystalline regions is observed, indicating the 
onset of crystallization, consistent with XRD data and FTIR analysis. At 
850 ◦C (Fig. 3(e) and (f)), the Ta2O5 film is fully crystallized, with the 
dark-field image revealing contrast fluctuations due to slight variations 
in crystalline orientation within grains. The XRD-estimated grain size 
(38 nm) differs from the larger grains (~200 nm) observed via TEM, 
which also revealed voids (~50 nm) in the film. Additionally, as illus
trated in Fig. 3(c) and (e), the SiO2 layer thickness increased from 3 nm 
at 650 ◦C to 13 nm at 850 ◦C, aligning with the enhancement of SiOx- 
related FTIR peaks and suggesting oxygen incorporation. Fig. 4(a) and 
(b) depict HRTEM images of the same films annealed at 650 ◦C and 
850 ◦C, respectively. The HRTEM images of 450 ◦C annealed film that 
confirmed it amorphous nature is not shown here. Both images verify 
the orthorhombic structure of Ta2O5. In each case are shown typical 
examples of grains oriented along the [10–1] direction of the Ta2O5 
phase. Some regions remain amorphous at 650 ◦C and no evidence of 
hexagonal Ta2O5 at either temperature.

Fig. 5(a) and (d) present STEM EDX images of crystallized Ta2O5 
films annealed at 650 ◦C and 850 ◦C, respectively, with the corre
sponding elemental maps for Ta and O shown in Fig. 5(b) and (c) for 
650 ◦C, and in Fig. 5(e) and (f) for 850 ◦C. The uniform distribution of 
tantalum and oxygen in the films indicates good compositional homo
geneity. However, dark contrasts observed in Fig. 5(d) at 850 ◦C confirm 
the presence of voids, as noted earlier. Additionally, Fig. 5(b) highlights 
a slightly higher oxygen concentration at the bottom of the film 
annealed at 650 ◦C (75 at%, Ta/O=0.31) compared to the top (71 at%, 
Ta/O=0.41), while the oxygen distribution is more uniform at 850 ◦C 
(73 at%, Ta/O=0.39), aside from the voids. The ratio at the top of the 
film, as determined by TEM, matches the values obtained from RBS 
measurements (Ta/O=0.415 at 650 ◦C and 0.380 at 850 ◦C). In parallel, 
the increase of oxygen content near the film/substrate interface reflects 
oxygen migration, resulting in the SiO2 layer thickening from 3 nm up to 

13 nm after annealing at 850 ◦C.

3.2. Ellipsometric and spectrophotometry optical analysis

The refractive index (n) and extinction coefficient (k), key parame
ters for characterizing linear optical materials, were examined using 
spectroscopic ellipsometry and reflectometry on Ta2O5 films deposited 
on Si substrate under varying sputtering power densities, oxygen flow 
rates, and annealing temperatures. Ellipsometric data, represented by 
the Ic and Is functions, were collected at three incident angles (65◦, 70◦, 
and 75◦) over a 1–6 eV spectral range, as shown for the as-deposited film 

Fig. 4. HRTEM images of Ta2O5 films annealed at 650◦C (a) and 850◦C (b). 
Insets provide magnified views of well-oriented crystalline regions and their 
corresponding Fast Fourier Transform (FFTs) patterns, confirming a [10–1] 
orientation of the orthorhombic structure of tantalum oxide in both samples.
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of the SA series in Fig. 6(A). The values of n and k were obtained using 
fitting parameters based on the Tauc-Lorentz (TL) model and film 
thickness. For modeling the amorphous Ta2O5 films on silicon, the 
structure was treated as a homogeneous layer with an additional ~3 nm 
thick roughness layer, represented by a mixture of Ta2O5 and air voids 
using the effective medium approximation (EMA).

The complex refractive index (ñ = n + ik) was also analyzed using 
optical reflectance measurements with a Universal Reflectance Acces
sory (URA), as a complementary technique to Variable Angle Spectro
scopic Ellipsometry (VASE). While VASE determines the refractive index 
and extinction coefficient through polarization rotation, URA measures 
variations in light intensity, providing a means to validate the VASE 
results. This comparison was carried out on a sample to confirm the 
accuracy of VASE for analyzing all samples.

The reflectivity spectra obtained from URA were fitted using a ge
netic algorithm combined with the simplex method [62], employing the 
Transfer Matrix Method (TMM) and Tauc-Lorentz dielectric modeling. 
The TL model parameters derived from both ellipsometry and the fitted 
URA measurements are summarized in Table A2 (see SI). Fig. 6(B) shows 
the experimental reflectivity of a Ta2O5/Si sample (pink dotted line) 
compared to the fitted result (black line). The fitted parameters were 
then used to calculate theoretical values for n and k, with uncertainties. 
Fig. 6(C) displays the n and k values obtained from both ellipsometry 
and the fitted reflectivity spectrum, along with their associated un
certainties. Uncertainties in n and k values were determined using a 
Monte Carlo resampling method, a statistical approach [62]. Based on 
the parameter uncertainties derived from the TL dispersion model pro
vided by the DeltaPsi2 software, an N-sized population of randomly 
generated optical indices and extinction coefficients was created. These 
distributions were rigorously evaluated for conformity to a Gaussian 
distribution using student’s t-tests and skewness assessments and sta
tistically analyzed to provide the mean values of n and k, along with 
their standard deviations (σ). Assuming Gaussian distribution 

properties, the uncertainties associated with n and k were each taken as 
2σ. This approach demonstrates that the TL model accurately describes 
the optical behavior of Ta2O5 films, with strong agreement between 
results obtained from both VASE and URA methods, confirming the 
reliability of the analysis.

Figures SI-1(A) and (C) illustrate the evolution of n and k of the Sp 
series. Except for the film grown at 2.19 W/cm², where Ic and Is func
tions fitting issues suggest a potential quality or compositional de
viations, all other samples exhibit a similar trend in both n and k. Our 
optical results closely align with the results reported by J. Masse et al. 
[15], with values in the visible and UV regions consistent with other 
studies [63], particularly for amorphous Ta2O5 grown via RF sputtering 
[42]. The n exhibits a sharp peak around 5 eV, while the k peaks at 6 eV, 
both associated with strong absorption near the band gap energy of 
Ta2O5. For higher sputtering power densities (3.28 W/cm² to 
6.57 W/cm²), k remains negligible in the 1-4 eV range, rising to a 
maximum around 6 eV. However, for the film grown at 2.19 W/cm², 
both n and k deviate significantly, with k showing higher absorption 
between 1 and 3 eV. This difference in optical properties between the 
low and higher power densities results from a pronounced stoichio
metric imbalance in Ta2O5, suggesting that low power density does not 
produce pure Ta2O5. In addition, the band gap values obtained using the 
TL model, stabilized around 4 eV as the sputtering power density 
increased from 3.28 to 6.57 W/cm (refer to Table A1 in SI). However, a 
different behavior was observed compared to previous studies. For 
instance, X. Chen et al. [42] reported an increase in Eg with sputtering 
power density, which they attributed to variations in the bonding be
tween oxygen and tantalum atoms.

The refractive index at 2 eV (n2 eV), chosen due to the negligible k, 
and the Ta2O5 film thickness, is presented in Figure SI-2(A). Considering 
the calculated error bars, n remains constant around 2.14, as the sput
tering power increases up to 6.57 W/cm². Meanwhile, the Ta2O5 
thickness increases monotonically, confirming its chemical stability, as 

Fig. 5. (a) (d) STEM EDX and (b-f) STEM HAADF images of the Ta2O5 film annealed at 650◦C and 850◦C, respectively, with the corresponding elemental maps of (b, 
e) oxygen and (c, f) tantalum.
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observed in RBS measurements. A similar trend was reported in another 
study where n showed minimal variation, while the thickness increased 
with power density [42,64]. This is expected because, under constant Ar 
pressure, increasing sputtering power raises the kinetic energy of the 
particles sputtered from the target, leading to increased film thickness 
[42]. Additionally, the extinction coefficient at 6 eV (k6 eV) remains 
stable around 1.40, without any significant changes as a function of 
sputtering power density (see Figure SI-2(C)).

Figures SI-1(B) and (D) illustrate the n and k spectra of the SO series. 
The evolution of n and k follows a similar trend to that observed in the SP 
series. However, the ellipsometry measurements reveal that Ta2O5 
grown under 0 sccm oxygen flow displays significantly different optical 
properties compared to those grown with oxygen flow (see Figure SI-1 
(B)). In contrast, R. Shakoury [65] showed that Ta2O5 grown without 
oxygen (0 sccm) exhibited similar optical characteristics to those grown 
at low oxygen flow rates of 1 and 2 sccm. In Figures SI-2(B) and (D), the 
n2 eV reaches 2.15, while the k6 eV reaches a maximum under 12 sccm of 
oxygen flow. S. Boughaba et al. [24] reported a similar decrease in the 
refractive index for Ta2O5/Si films deposited by pulsed laser deposition 
(PLD) with increasing oxygen pressure, stabilizing around 2.15–2.18, 
which was attributed to highly dense Ta2O5 films. H. Szymanowski et al. 
[25] found a similar trend in PECVD-grown samples, noting that high 

oxygen flow is essential for fully oxidized Ta2O5 deposition. Despite the 
variations in oxygen flow, the band gap Eg remains stable, ranging be
tween 4.04 eV and 4.15 eV (see Table A1 in SI), while L. Wang et al. 
observed a decline from 4.20 to 4.14 eV between 25 and 35 sccm, linked 
to increased oxygen vacancies and stoichiometric deviation in Ta2O5 
films [46]. The Ta2O5 film thickness decreases by 60 %, from 326 nm to 
192 nm, as the oxygen flow increases from 4 sccm to 16 sccm (Figure. 
SI-2(B)). This reduction is explained by the shorter mean free path of 
sputtered particles as oxygen ions in the chamber increase, leading to a 
lower deposition rate and thinner films [66].

The study conducted on the initial two series successfully identified 
the optimal growth conditions to initiate the investigation of annealing 
treatment. The sputtering power density was increased to 3.28 W/cm² 
from 2.19 W/cm² to avoid suspected variation in Ta2O5’s composition, 
which was evident at lower sputtering power. In parallel, the oxygen 
flow was fixed at 8 sccm to maintain stoichiometric Ta2O5 and prevent 
excessive absorption, which increases at higher oxygen flow, such as 12 
sccm. VASE ellipsometry measurements were performed on the as- 
deposited and annealed Ta2O5 films at various temperatures. Ellipso
metric data fitting for films annealed between 650 ◦C and 850 ◦C was 
performed without including surface roughness. Fig. 7 (A) and (B) show 
n and k spectra of the as-deposited and annealed Ta2O5 up to 550 ◦C, 
including estimated error bars. These curves are similar to those 
observed in the initial two series (SP and SO). However, the spectra of 
films annealed above 650 ◦C in Fig. 7 (C) and (D), show notable dif
ferences compared to the as-deposited and annealed below 650 ◦C. Be
tween 650 ◦C and 850 ◦C, the maximum of n blueshifts, while the k onset 
redshifts from 4 eV to 3 eV. These shifts may result from chemical or 
structural changes induced by the annealing process. Although stoichi
ometry deviates by 5 %, this is insufficient to account for the significant 
changes in n and k. However, XRD, FTIR, and TEM measurements 
revealed a notable structural transformation from amorphous to ortho
rhombic phase after annealing at 650 ◦C. This crystallization induces a 
redshift in k onset and reflects changes in the electronic structure, 
affecting the Eg energy and the optical response of Ta2O5.

The n2 eV increases with temperature, reaching a maximum at 750 ◦C 
before dropping to 2.18 at 850 ◦C (see Fig. 8(A)). This tendency mirrors 
the RBS-derived density variation (Fig. 1(B)). The increase in n2 eV and 
concurrent thickness reduction between 650 ◦C and 750 ◦C suggest 
densification during crystallization, as confirmed by XRD. Beyond 750 
◦C, the opposite tendency reflects a degradation of density in the crys
talline phase, as supported by TEM measurements. Additionally, an in
crease in k6 eV is observed from 1.38 to 1.61 between 450 ◦C and 650 ◦C, 
accompanied by a redshift in the k onset (see Fig. 8(B)). These behaviors 
point to enhanced absorption caused by electronic structure changes 
during densification. Above 750 ◦C, the non-monotonic behavior of k6 eV 
reflects perturbations in the electronic properties, consistent with the 
observed drop in density (Fig. 1(B)).

The evolution of density (ρLL) was further supported by the Lorentz- 
Lorentz Law expressed by the following equation (2): ρLL =

3
4π

MTa2O5
αNA

(
n2

2eV − 1
n2

2eV +1

)

, where α is the molecular electronic polarizability, Na 

is Avogadro’s constant, M is the Ta2O5 molar mass (equal to 441.89 g. 
mol− 1) and n2 eV is the refractive index at 2 eV, respectively. The global 
molecular electronic polarizability of Ta2O5 is expressed as the sum of 
electronic polarizability of the corresponding ions Ta5+ and O2- as α= A 
αTa5+ + B αO2-, where A and B are the stoichiometric factors, and αTa5+
and αO2- are the electronic polarizabilities of Ta5+ and O2-, respectively. 
These latter were found in the literature to be equal to αTa5+ = 2.82 ⨮ 
10− 24 cm3 and αO2-= 2.40 ⨮ 10− 24 cm3, and the molecular electronic 
polarizability of Ta2O5 is found to be α = 1.76 ⨮ 10− 23 cm3. Based on the 
obtained α value, ρLL remains in the range of 6.36–6.63 g.cm− 3, which is 
approximately 74 % of the bulk density (8.72 g.cm− 3). The ρLL values 
are lower by one factor than ρRBS potentially attributed to the α value, a 
parameter that has not been extensively investigated in the literature. 

Fig. 6. (A) Measured Is and Ic spectra, derived from the ellipsometric angles Ψ 
and Δ, using VASE at three different incident angles (65, 70 and 75◦) of the as- 
deposited Ta2O5 film belonging to the SA series, the measured data appears as 
blue and red points with the TL model fits following as smooth lines obtained 
using DeltaPsi2 software. (B) Optical reflectance recorded at an 8◦ incidence 
angle in TE polarization: The pink dotted line represents the measured data 
from URA, while the black line corresponds to the fit obtained using the TL 
model. (C) The refractive index (n) and the extinction coefficient (k) derived 
from VASE measurements and calculated from URA reflectivity data, along with 
associated uncertainties.
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Considering its potential effect, we determined α using the equation (2) 
through ρRBS, to establish a more accurate value and ensure the corre
lation between optical parameters and the material’s chemical compo
sition. Fig. 9(A) shows that the polarizability decreases from 1.51⨮10− 23 

cm− 3 to 1.47⨮10− 23 cm− 3 upon annealing up to 650 ◦C, consistent with 
the observed densification and structural ordering, and comparable to 
reported TaOy values [43]. Beyond this temperature, polarizability in
creases up to 1.52⨮10− 23 cm− 3 at 850◦C. This non-monotonic evolution 
reflects the density trend and is consistent with variations in n2 eV, k6 eV, 

and film thickness. The initial decrease in polarizability is attributed to 
the amorphous to crystalline transition, where denser atomic packing 
reduces the ability of electron clouds to distort, in accordance with the 
Clausius-Mossotti relation [67]. The subsequent increase at higher 
temperatures likely arises from defect formation or partial structural 
disorder, which enhances local polarizability. Since the dielectric 
response in our material is governed primarily by electronic polariza
tion, these variations directly reflect changes in the electronic structure 
and local-field effects.

Fig. 7. (A)(C) Refractive index n, and (B)(D) extinction coefficient k of Ta2O5 thin films, grown at 3.28 W/cm² under 8 sccm, as a function of photon energy. Data is 
shown for both as-deposited and annealed samples at varying temperatures, with uncertainty represented by error bars.

Fig. 8. (A) Evolution of the refractive index at 2 eV and film thickness, and (B) extinction coefficient at 6 eV for Ta2O5 films annealed between 450 ◦C and 850 ◦C. 
The colored regions indicate the amorphous and crystalline phases based on annealing temperature; with the lines serving as a guide to the eye.
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To explore the origin of the observed optical changes, we examined 
the evolution of the optical band gap using the TL model for both the as- 
deposited and annealed samples (Fig. 9(B)). A central aim of this study is 
to understand the changes in the electronic structure, as both the band 
gap and optical transmittance are highly sensitive to defects, which can 
significantly alter the nature and onset of optical transitions.

The presence of defects is further evidenced by the trend in the op
tical band gap (Eg) with annealing. The increase in Eg up to 550 ◦C is 
consistent with the compensation of oxygen vacancies in the amorphous 
phase, a behavior widely reported in the literature by Cheng et al. [68], 
D. Briand et al. [69], and T. Sertel et al. [45]. Beyond these annealing 
temperatures, the trend in Eg drastically reverses, decreasing to 2.54 eV 
at 650 ◦C (2.37 eV at 850 ◦C), suggesting the formation of oxygen va
cancies. This behavior contrasts sharply with the findings of W. Ren et al.
[33], where annealing treatment enhanced crystallinity and reduced 
oxygen vacancy concentration. In that study, Eg was observed to in
crease from 4.46 (300 ◦C) to 4.51 eV (900 ◦C), an effect attributed to the 
diffusion of Si into Ta2O5 films, forming SiO2 and tantalum silicate at the 
interface. Such variation in structural quality is opposed to the optical 
trends observed in our study.

However, other theoretical studies show that introducing oxygen 
vacancies in Ta2O5 leads to the formation of defect states near the 
conduction band edge [36]. These states can participate in optical 

transitions, reinforcing the possible role of oxygen vacancies in the 
observed optical variations. The significant decrease in the band gap can 
be explained by the fact that in amorphous Ta2O5, the delocalized states 
and the presence of localized tail states near the band edges hinder 
electron transitions into conductive states [70,71]. This results in a 
wider band gap than that in its crystalline form. Crystalline phases 
introduce shallow defects or tail states near the band edges, such as 
oxygen vacancies, which contribute to the observed reduction in the 
optical band gap. This is confirmed by RBS and TEM measurements, 
which show a slight oxygen deficiency and migration towards the sub
strate interface in the annealed samples. Additionally, the formation of 
voids at 850 ◦C could contribute to the creation of localized states within 
the band gap [72]. In comparison with alternative hypotheses from the 
literature, such as the formation of SiO2, crystallization, changes in the 
nature of the band gap, or Ta clustering, our findings clearly indicate 
that oxygen vacancies, by introducing mid-gap states, are responsible for 
sub-bandgap absorption. These oxygen vacancies (V₀), singly charged 
(V⁺), and doubly charged (V²⁺) act as active color centers by introducing 
defect states within the band gap of Ta2O5. Typically, V₀ introduces a 
shallow donor level approximately 0.5–1.2 eV below the conduction 
band minimum (CBM), V⁺ creates a mid-gap state around 1.5–2.0 eV 
below the CBM, and V²⁺ can result in deeper levels up to 2.5 eV below 
the CBM [73–75]. These states facilitate sub-bandgap photon 

Fig. 9. (A) Optical molecular polarizabilities at 2 eV for Ta2O5/Si at different annealing temperatures, compared with literature values for TaOy [43]. (B) Band gap 
energy of Ta2O5 as a function of annealing temperature from ellipsometry measurements, compared with literature data [33,45,50,68,69]. (C) Upper: Theoretical 
optical transmittance of the Ta2O5/Si heterostructure. Lower: Experimental optical transmittance of Ta2O5 on fused silica substrate, measured with TE polarization 
at 0◦.
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absorption, thereby reducing optical transparency. The corresponding 
increase in the extinction coefficient (k) near 3 eV observed in annealed, 
crystallized samples suggests a narrowing of the UV transparency win
dow. Therefore, optical transmittance measurements are required to 
confirm this hypothesis.

To explore the optical impact of these changes, we combined theo
retical and experimental approaches to measure transmittance. Since 
the silicon substrate is nontransparent, we performed theoretical cal
culations of optical transmittance by applying the TL model parameters 
obtained from fitting the samples optical reflectivity measured by URA 
using the TMM method. In parallel, we measured the optical trans
mittance of Ta2O5 grown on fused silica substrate due to its transparency 
in the visible range. As shown in Fig. 9(C), the as-deposited Ta2O5/Si 
and annealed films up to 550 ◦C exhibit high optical transmittance at 
lower energies, with distinct interference patterns, and remain relatively 
stable. Sharp transmittance drop was observed at 4.5 eV for annealing 
temperatures up to 550 ◦C, attributed to direct optical transitions within 
the Ta2O5 band gap.

However, a notable reduction in transmittance is observed above 
3.5 eV for samples annealed above 650 ◦C, reflecting changes in the 
Ta2O5 film optical properties. This spectral redshift is associated with a 
contraction of the band gap to 2.54 eV at 650 ◦C and a concurrent rise in 
the extinction coefficient (k) at 3 eV. Such optical behavior suggests the 
onset of sub-bandgap absorption, rather than inter-band optical transi
tions from O-p to Ta-d orbitals. In fact, high temperature annealing in
duces defects that generate mid-gap states, likely due to oxygen 
vacancies, forming a band-tail extending to 2.54 eV at TA = 650 ◦C 
(2.37 eV at TA=850◦C). Concurrently, the increase in the extinction 
coefficient (k) reflects earlier absorption relative to the standard 4 eV 
onset observed in the amorphous samples. The convergence of band 
tailing, the rise in the extinction coefficient (k), and the transmittance 
drop offer strong evidence for the role of defects on optical properties. 
The theoretical transmittance of Ta2O5/Si closely matches the experi
mental transmittance of Ta2O5/fused silica, although with reduced 
interference effects, probably due to changes in the film structure. 
Comparing both results, the transmittance of Ta2O5/fused silica shows 
no significant drop until annealing temperatures exceed 750 ◦C. This 
delayed decrease in transmittance may be attributed to differences in 
thermal behavior, arising from the distinct properties of the Si and fused 
silica substrates.

To understand the role of oxygen vacancies, one must consider that 
while both samples annealed at 450 ◦C and 650 ◦C maintain a Ta/O ratio 
of 0.415, only the crystalline film annealed at 650 ◦C reveals an 
enhancement in sub-bandgap absorption. This suggest that crystalliza
tion may render the optical transition allowed. Furthermore, the 
persistence of these optical transitions at 850 ◦C, despite a lower density 
of oxygen vacancies (as indicated by a Ta/O ratio of 0.39), implies that 
ordered regions retains the conditions for these transitions to remain 
active.

Since TEM analysis reveals no signs of metallic inclusions and clus
tering at higher TA, the observed band gap narrowing is unlikely to result 
from compositional changes. This contrasts with the case reported by M. 
Cevro et al. [26], where metallic Ta clusters significantly reduced the 
band gap (Eg) to 0 eV.

Additionally, theoretical work by S. Sathasivam [76] suggests that 
the reduction in the band gap (Eg) of Ta2O5 may result from a transition 
from an indirect to a direct band gap upon crystallization. A similar 
trend was observed in Nb2O5, a closely related material, during the 
annealing process [21]. While both crystallization and phase transitions 
induced by thermal annealing can significantly alter the electronic 
structure of Ta2O5, these factors alone cannot explain the drastic band 
gap reduction from 4 to 2 eV observed in our samples.

To better understand the mechanism driving the changes in refrac
tive index and extinction coefficient, and to compare with existing 
literature, we refer to a prior study on Ta2O5 synthesized through 
plasma-enhanced chemical vapor deposition (PECVD) using Ta(OC2H5)5 

precursors [15]. As reported in Table 2, the presence of Carbon in the 
Ta2O5/Si system has an impact on the refractive index. Once carbon 
removal initiates at 400 ◦C, the resulting decrease in film density leads to 
a decrease in n by roughly 4 % from 2.13 for as-deposited to 2.05 for 
films annealed at 600 ◦C. Upon further annealing, crystallization at 800 
◦C recovers n by increasing film density, generating optical scattering at 
grain boundaries. Despite this recovery, the reported values remain 
lower than those achieved in our study (2.13–2.24). Another work on 
the same system deposited by low-pressure chemical vapor deposition 
(CVD) with the same precursor showed an increase in n from 2.15 to 
2.24 at 800 ◦C, which closely aligns with our results. The incomplete 
removal of carbon shows that it acts as a stabilizer, contributing 
alongside densification to the observed index enhancement [23]. Unlike 
carbon-assisted methods, our sputtered films achieve higher indices, 
through densification, in agreement with similar sputtering studies [35, 
42,77]. As densification was not quantified in those studies, our study 
demonstrates its correlation with crystallization and optical changes. 
Based on the refractive index, we derived the Ta2O5’s density through 
the Lorentz-Lorentz law. Despite the underestimated density due to the 
use of approximate polarizability values, the obtained values follow the 
same behavior as those from RBS measurements. To address this, we 
refined the accuracy of Ta2O5’s polarizability by aligning it with 
RBS-measured densities and propose a revised set of reference values at 
different annealing temperatures.

The cationic ratio Ta/O plays a crucial role in tuning the refractive 
index and the extinction coefficient. The Ta2O5/Si system grown by 
pulsed laser deposition (PLD) shows a high sensitivity of the Ta/O to the 
oxygen pressure [24]. A substantial increase in the ratio to 0.65 is 
observed under low pressure, while higher oxygen environment reduces 
it to 0.40. A similar trend was observed in our sputtered films, with a 
drop in Ta/O from 0.44 to 0.415. Low-oxygen films show higher n~ 
2.72–3.1 but suffer from high optical losses, whereas oxygen-rich films 
achieve a desirable balance between good n~ 2.25–2.30 and low ab
sorption (<10− 4) (See Table 2).

The band gap changes in response to thermal process, impacted by 
structural evolution and variation in the film’s microstructure. The 
Ta2O5/quartz system shows a decrease in the band gap (from 4.39 to 
4.25 eV), accompanied by a decline in optical transmission (77–73 %) 
and a restriction of the optical transparency window, reflecting the ef
fect of packing densification and crystallinity [50]. Other studies on 
quartz report a reduction in Eg attributed to weak Si diffusion, while 
transparency remains unaffected since crystallization is delayed until 
900 ◦C [33] (See Table 2).

One of the most remarkable outcomes of our study is the significant 
50 % reduction in band gap upon crystallization, relative to previously 
reported values (See Fig. 9(B)). While such variations are often attrib
uted to changes in the electronic structure, the pronounced reduction 
implies an additional effect, the formation of defect states within the 
band gap. These are mostly due to oxygen vacancies, a conclusion 
reinforced by RBS measurements revealing oxygen deficiency in 
annealed samples (Ta/O=0.415). At higher annealing temperatures, 
further structural changes such as void formation are observed, poten
tially leading to additional mid-gap states. We also addressed a limita
tion in characterizing the optical transparency of Ta2O5 grown on an 
opaque substrate, such as silicon. By applying the parameters obtained 
from reflectivity fitting within the TMM framework, we quantified the 
theoretical transmittance without requiring transparent substrates. The 
correlation between the transmittance trends, bandgap reduction, and 
increased extinction coefficient supports the presence of trap states 
acting as absorption centers.

We investigated the optical performance of our films by following 
changes in the optical transparency window size (Esize= E1.55 eV-Einter

band) relative to the refractive index. Here, the E1.55 eV was fixed at the 
visible-NIR boundary due to insufficient of available data beyond this 
energy, and Einterband reflects the transmittances drop at the UV–visible 
boundary. As shown in Fig. 10, despite being grown on opaque Si 
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substrate, our results are in strong agreement with studies on trans
parent substrates, confirming the reliability of our theoretical approach. 
Upon crystallization, Esize decreased by 33 %, which can be attributed to 
the formation of defect states within the band gap, such as the presence 
of oxygen vacancies. Meanwhile, the increase in n reflects the densifi
cation of Ta2O5 during crystallization. According to the desired func
tionality, the refractive index of Ta2O5 can be enhanced at the expense of 
the transparency window size through crystallization.

4. Conclusion

Ta2O5 thin films were deposited by radio-frequency sputtering from 
a high-purity Ta2O5 target onto silicon substrates. Optimal growth 
conditions, achieved at a sputtering power density of at least 3.29 W/ 
cm² and an oxygen flow rate of 8 sccm, resulted in near-stoichiometric 
Ta2O5 with a Ta/O cationic ratio of 0.38 and film density around 
7.50 g.cm− 3, close to the bulk value, as confirmed by RBS. Under these 
conditions, amorphous Ta2O5 films with a refractive index n2 eV= 2.14 
and a negligible extinction coefficient (k < 10− 4) over UV–visible-IR 

Table 2 
Comparative table of refractive index n, extinction coefficient k, cationic ratio Ta/O, band gap energy Eg, transmittance T, and optical transparency window.

Methods Substrate
Condition

n k Ta/O
Eg 

(eV)
T 

(%)
Transparency 

Window Esize (eV)T(◦C) Pressure

PECVD 
[15]

Si

AD

-

2,13
< 10− 4

-400 2,11
600 2,05
800 2,075 0,02

LPCVD 
[23]

AD
-

2,156
-800 (O2) 2,243

RF-sputtering [77]
AD

10− 6 (Torr)
2,13

-
4,65

-200 2,16 4,73

RF-sputtering [35]
AD

3,3 (Pa) 2,10 -
600

PLD 
[24]

AD 0,14 (Pa) 3,10 0,7 0,6 0,5

-2,67 (Pa) 2,25 < 10− 4 0,65 4

400
0,14 (Pa) 2,72 0,45 0,43 1
2,67 (Pa) 2,30 < 10− 4 0,4 4

dc-sputtering [50]
Quartz

AD
2 × 10− 6 (mbar)

2,02
-

4,44 70 1,55*− 3,87
500 2,15 4,39 77 1,55*− 3,64
700 2,25 4,25 73 1,55*− 3,10

PIAD 
[25]

AD - 2,02
< 10− 4 -

375 2,16

IAD 
[46]

Silica 250
25 (Sccm) 2,17

-
4,17

80 1,55*− 4,4230 (Sccm) 2,166 4,20
35 (Sccm) 2,165 4,14

EBE 
[33]

Si
300

-

4,46

-
-900 4,51

Quartz 300 4,32 1,55*− 4,42
900 4,46

* Set at 1.55 eV to align available data and ensure uniform comparison.

Fig. 10. Optical performance of high refractive-index transparent Ta2O5: Transparency window size Esize as a function of refractive index n. The grey dashed region 
represents crystallized films, while pink region corresponds to amorphous films. Arrows reflect the processing steps (growth conditions and annealing process).
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spectral range (1.55–4 eV) were obtained.
In the second phase of the study, the deposited films underwent 

Rapid Thermal Annealing (RTA) at temperatures ranging from 450 ◦C to 
850 ◦C, in 100 ◦C increments. X-ray diffraction (XRD) measurements 
indicated the onset of crystallization at 650 ◦C, with the orthorhombic 
phase becoming dominant at higher temperatures. Transmission Elec
tron Microscopy (TEM) further confirmed this progression, revealing an 
amorphous structure at 450 ◦C, a mixed amorphous/crystalline phase at 
650 ◦C, and the formation of void cavities at 850 ◦C, suggesting degra
dation of the crystalline matrix at elevated temperatures.

Following crystallization, the refractive index reached a maximum of 
2.24 at 750 ◦C, before declining to 2.18 at 850 ◦C. This trend is due to 
densification occurring between 650 ◦C and 750 ◦C from 7.62 to 7.85 g. 
cm− 3, followed by density degradation to 7.55 g.cm− 3 at 850 ◦C. In 
parallel, the extinction coefficient onset redshifts from 4 to 3 eV, 
accompanied by a significant reduction of the band gap Eg from 4 to 
2.54 eV at 650 ◦C (2.37 eV at 850 ◦C). This restriction results from the 
creation of mid-gap states, likely due to oxygen vacancies, which lead to 
sub-bandgap absorption and limit the size of transparency window to 
1.83 eV.

Amorphous Ta2O5 exhibits the optimal balance of optical properties 
compared to its crystalline counterpart, with a refractive index 
n2 eV= 2.15, negligible extinction coefficient, and an extended trans
parency window in the 1.55–4.5 eV range (275–826 nm). These char
acteristics make it particularly suitable for advanced optical 
applications, supporting its use in optical coatings for filters, wave
guides, and metasurface materials.
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