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ABSTRACT

Tantalum nitride (Ta;N5) is a promising semiconductor for solar-driven photoelectrochemical (PEC) water splitting, but its per-

formance is limited by intrinsic defects. Here, we investigate the effect of titanium (Ti) doping (0-10 at%) on the structural,

compositional, and optoelectronic properties of Ta;Ns thin films. At low concentrations (<2 at%), Ti** preferentially substitutes

Ta at four-coordinated sites, enhancing nitrogen incorporation and suppressing defect states associated with under-coordinated

Ta. This leads to improved carrier dynamics and prolonged electron-hole lifetimes. Higher doping levels (>3.5 at%) result in

occupation of three-coordinated sites, inducing increase in the oxygen content, lattice distortion, and defect formation that dete-

riorate carrier lifetimes. PEC measurements reveal that optimized Ti doping significantly reduces charge transfer resistance and

nearly seven-fold increase in the photocurrent. These findings underscore the importance of controlled Ti doping for defect engi-

neering and band structure tuning to boost the PEC performance of Ta;Ns thin films.

1 | Introduction

Photoelectrochemical (PEC) water splitting has emerged as a
promising method for converting solar energy into chemical fuels
such as hydrogen and oxygen [1-3]. The PEC process is particu-
larly attractive due to the abundance of solar energy and water,
along with the absence of harmful byproducts. By enabling effi-
cient energy storage, PEC water splitting addresses both energy
and environmental challenges [3, 4]. The performance of PEC

water splitting is fundamentally governed by the band structure
of the semiconductor photoanode. Nearly 43% of the solar spec-
trum lies within the visible range (400-700 nm), making semi-
conductors with bandgaps in this range particularly effective
for light absorption and solar energy conversion, while also
ensuring appropriate band-edge positions for water oxidation
and reduction. Titanium dioxide (TiO,) was the first widely stud-
ied material due to its excellent chemical stability and photoca-
talytic properties. However, its large band gap (=3.2 €V) restricts
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light absorption mainly to the ultraviolet (UV) region, necessitat-
ing the development of alternative materials with enhanced visi-
ble light absorption [5].

Recent research has been devoted to nitrides and oxynitrides
such as Tas;N;s [6], BaTaO,N [7], LaTiO,N [8], and SrTaO,N
[9], which exhibit suitable band-edge positions and relatively
narrow band gaps. Among them, Ta;Ns, an n-type semiconduc-
tor [10, 11], has gained substantial attention due to its optimal
bandgap of 2.1-2.2 eV, theoretical saturation photocurrent den-
sity of 12.6 mA/cm?, and band positions that align well with the
redox potential of water [6, 12-18]. These attributes make Ta;Nj5
a promising candidate for PEC applications, with a theoretical
solar-to-hydrogen (STH) conversion efficiency of 15.9% [16].
Furthermore, the flat band potential of Ta;N5 is more negative
than the water reduction potential, suggesting a low onset poten-
tial for water oxidation [15]. Despite such desirable properties,
the PEC performance of Ta;Ns remains limited by poor charge
transport. Consequently, pure Ta;Ns photoanodes often suffer
from low photocurrent density, high onset potential, poor stabil-
ity, and low photon-to-current efficiency. In response to these
challenges, intensive research has been dedicated to exploring
different ways to mitigate these limitations. For instance, Fu
et al. [18]; demonstrated a significant improvement in applied
bias photon-to-current efficiency from 2.29% to 3.46% through
heterostructure engineering, employing n-type In:GaN and
p-type Mg:GaN as top and bottom interfaces of Ta;Ns.
Similarly, Pihosh et al. [16]; reported a reproducible STH conver-
sion efficiency of approximately 12%, achieved by suppressing
optical and charge-carrier recombination in Ta;Ns nanorods
loaded with catalysts. Furthermore, Kwon et al. [19]; showed
a reduction in onset potential from 0.69 to 0.27 V by implement-
ing Z-scheme charge transport in Ta;Ns grown on Si, with NbN,,
acting as an electron mediator and CoFeO, as a cocatalyst. These
studies highlight that the slow surface kinetics in Ta;Ns can be
effectively addressed through artificial heterostructure engineer-
ing [7, 14, 18].

Another significant challenge in Ta;N5 is the presence of intrin-
sic point defects and impurities, which are difficult to control
during synthesis and severely impact performance [16].
Typically, Tas;Ns is synthesized by nitridation of tantalum oxide
(Ta0,) under ammonia atmosphere, a process that can introduce
residual oxygen up to 10 at% resulting in unintended defects such
as substitutional oxygen impurities at nitrogen sites (Oy), nitro-
gen vacancies (vy), and reduced Ta states (Ta**) [20]. Density
functional theory (DFT) calculations suggest that Oy defects cre-
ate shallow donor states, enhancing the n-type conductivity of
Ta;Ns and improving photogenerated current [21]. However,
other studies indicate that Oy defects at Ta;Ns interfaces hinder
water adsorption, leading to a higher onset potential [12, 13, 22].
Additionally, deep-level trap states have been observed in TazNs,
though their origin remains debated. Some reports attribute these
states to conduction band (CB) electron trapping at reduced Ta
centers, while others suggest they arise from vy defects causing
sub-band-gap absorption. These defects contribute to severe pho-
tocarrier trapping and recombination, ultimately degrading PEC
performance [20]. Therefore, developing strategies to suppress or
passivate these defect states is essential for improving the effi-
ciency of Ta;Ns photoanodes.

To mitigate challenges related to charge transport and trapping,
various strategies have been explored, including optimizing
synthesis conditions, fabricating nanostructures, and construct-
ing layered heterojunctions [6, 14, 16-18, 23-28]. Among these,
foreign atom doping has been extensively investigated, yielding
significant performance enhancements and various range of
dopants along with co-doping strategies have been studied.
However, the impact of metal doping and oxygen impurities
has varied across different studies. Seo et al. [29]; introduced
Mg-Zr co-doped Ta;Ns, which exhibited a negative shift in the
onset potential and an enhanced photocurrent. Subsequent the-
oretical studies confirmed that Zr doping induces a cathodic shift
in the onset potential of Ta;Ns, while Mg doping enhances the
photocurrent. Experimental findings further suggest that Mg-Zr
[30], Zr-Cu [31] co-doped Ta;Nj5 significantly suppresses the for-
mation of reduced Ta species. Recent DFT calculations and non-
adiabatic molecular dynamics simulations, revealed that Ta
reduction induced by vy is a key factor in reducing the carrier
lifetime of Ta;Ns photoanodes [21, 32-34]. They also demon-
strated that Mg doping can modulate the charge distribution
of Ta species near vy. However, dopants with larger ionic radii
can introduce residual strain, potentially affecting crystalline and
introducing charge-trapping states at grain boundaries. For
example, La** (103 pm), Mg>* (72 pm), and Zr** (72 pm) have
significantly larger ionic radii compared to Ta>* (64 pm), mean-
ing that excessive doping can lead to substantial structural alter-
ations [14, 17, 30]. Though, recently Fan et al. [15] performed
hybrid DFT calculations as predicted Ti as a promising dopant
for Ta;Ns has been proposed. Their findings indicate that increas-
ing Ti doping concentrations shifts both the valence and CB
edges of Ta;Ns toward more negative potentials, which contrasts
with the role of oxygen impurities also Ti** has an ionic radius
61 pm which a quite near to Ta>*. Ta;Nj crystallizes in an ortho-
rhombic structure (SG: Cmcm), with two nonequivalent Ta and
three distinct N sites. Thus, by carefully controlling the levels of
O and Ti doping, the band-edge positions can be optimized to
enhance the PEC performance [15]. Also, the formation of point
defects alters both local and overall electronic structures with
in-gap defects significantly affecting charge transport and photo-
carrier recombination, affecting PEC efficiency. Thus, the charge
compensation through precise doping at controlled concentra-
tions offers a promising strategy to mitigate intrinsic in-gap states
and reduce exciton recombination rates [13].

In this regard, Ti emerges as promising dopant due to its similar
ionic radii to Ta and ability to suppress Oy incorporation, leading
to lower onset potentials. While Ti doping has been shown to
enhance PEC performance, its exact role in modifying local
and electronic structure remains unclear. Furthermore, the
unconventional two-step process oxidation followed by nitrida-
tion of Ta foils results in high oxygen content (>10 at%) in Ta;N5
films, complicating evaluation of compensation effects. So far,
the understanding the nature of these defects and influence of
doping, particularly with Ti, is largely limited to theoretical cal-
culations [13, 15]; and only limited experimental reports are
available [34]. A systematic experimental characterization of
point defects and understanding of doping are lacking.

In this study, we employ a highly controllable single-step reactive
magnetron co-sputtering deposition process to synthesize Ti-doped
Ta;Ns thin films. The ultrahigh vacuum (UHV) conditions
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minimize impurity incorporation from residual gases. This
approach allows for precise control over layer composition,
thickness, and crystallinity [35-37]; facilitating a systematic inves-
tigation of Ti incorporation effects on structural and optical prop-
erties. We utilize synchrotron-based bulk sensitive hard X-ray
photoelectron spectroscopy (HAXPES) and X-ray absorption near
edge spectroscopy (XANES) measurements complimented by the
theoretical simulations to understand the role of site-specific
substitution of Ti on defect states. By elucidating the impact of
Ti doping on defect states and charge transport, this study aims
to provide critical insights into optimizing Ta;Ns photoanodes
for efficient solar water splitting.

2 | Experimental and Computational Details
2.1 | Thin Film Growth

Ti-doped Ta;Nj; films were deposited on 1 x 1 cm? n-type Si(111),
Ta, fused silica (SiO,) substrates using reactive direct current
magnetron co-sputtering of elemental 75 mm Ta (99.99% purity)
and 50-mm Ti (99.99% purity) targets. Si has resistivity 1-6 Q cm
and Ta substrates have sheet resistance of 2-5 ohm/sq. The target
to substrate distance is 12 cm. Prior to deposition, all substrates
were cleaned using Hellmanex III solution, acetone, and isopro-
panol for 15 min each, followed by drying in N, gas flow. During
the sputtering, a gas mixture of Ar, N,, and O, were used with the
gas-flow ratio of 2:3:0.2. Ti doping was done by co-sputtering Ti
and Ta where the Ti concentration was controlled by varying the
Ti magnetron power from 0 to 100 W while keeping the Ta power
fixed to 300 W. The deposition chamber was evacuated to the
base pressure of 2.6 x 107° Pa (2 x 10~® Torr) before the deposi-
tion while during the film growth the pressure was 0.67 Pa
(5 mTorr) due to the flow of process gases. The substrates were
rotated at 30 rpm for better uniformity. Initially the 10 nm seed
layer of TaO, thin film was deposited at ambient temperature,
and then substrate temperature was raised to 1000°C for the final
film deposition. The approx. thickness of the grown films was in
between 550 and 600 nm. More details and growth parameters
can be found elsewhere [35-37].

2.2 | Thin Film Characterization

The crystal structure of samples was analyzed by 6/26 X-ray dif-
fraction (XRD) using a PANalytical Bragg-Brentano diffractom-
eter with a Cu-Ka, 4 = 1.5406 A source. The composition of the
films was measured by a combination of Rutherford backscatter-
ing spectrometry (RBS) and time-of-flight elastic recoil detection
analysis (ToF-ERDA) [38]. 2MeV He* primary ion beam was
incident at 5° to the sample normal, and the backscattered par-
ticles were detected at an angle of 170°. For ToF-ERDA measure-
ments, a 36 MeV iodine (**I%") primary beam was incident at an
angle of 67.5° with respect to the sample surface normal. The
light element composition was extracted from elemental depth
profile using Potku code [39]. The morphology of films was char-
acterized using a field-emission gun scanning electron micro-
scope (SEM), LEO 1550 Gemini. To investigate the local and
electronic structure, XANES measurements were performed at
room temperature (RT) in florescence mode at BL-09 beamline,

at the Indus-2 synchrotron radiation source at RRCAT, Indore,
India. The background removal of the XANES spectra was done
using ATHENA software [40]. HAXPES measurements were per-
formed at the P22 beamline of the PETRA III synchrotron radi-
ation source (Hamburg, Germany) using incident photon energy
of 6keV measured at RT. A hemispherical energy analyzer
(SPECS Phoibos 225 HV) was employed, with an overall energy
resolution of approximately 150 meV [41]. The steady-state
photoluminescence (PL) spectra are measured using FLS 1000
EDINBURG INSTRUMENTS PL spectrometer under excitation
of a 473 nm laser measured at RT. The time-resolved PL was
acquired with 375 nm picosecond laser pulsed at a repetition rate
of 10 MHz as an excitation source with the emission was col-
lected at 580 nm measured at RT. The absorbance was measured
using an Agilent Cary series ultraviolet-visible (UV-vis) spectro-
photometer. The UV-vis spectra were measured on films grown
on fused silica substrates, and PEC measurements were
performed on the films grown on Ta substrates, while the
remaining characterizations were carried out on films grown
on Si (111) substrates.

2.3 | Photoelectrocatalysis Characterization

PEC experiments were run in a 150 mL quartz tube filled with
120 mL of 1M NaOH + 0.1 M K, Fe(CN)y solution (measured
pH = 12.8). The cell was configured in a three-electrode configu-
ration, with the Ti-doped Ta;Ns photoanode as the working elec-
trode, Ag/AgClI3M KCl as the reference electrode, and a Pt mesh
as counter electrode. All the measured potentials were converted
to RHE scale by using the Nernst equation:

VRHE = VAg/AgCl + V?&g/AgCl +0.059 = pH

where V%g / AgC1=O‘2OOV is the standard redox potential of the

Ag/AgCl couple against SHE scales. Electrochemical measure-
ments were carried out through a Gamry Interface 1000 poten-
tiostat, while illumination was provided by a Quantum Design
solar simulator, LS 0306, with a 300 W Xe lamp coupled with
an AM 1.5 G filter. The total light irradiance was 100 mW/cm?
on a 4cm circular spot. For each electrode, at the beginning,
a cyclic voltammetry (CV) was run at 50 mV/s with 10 mV step
to clean the surface and stabilize the system. Linear sweep vol-
tammetry, LSV, was run at 10 mV/s and 5 mV, while light was
automatically chopped every 2 s through a homemade chopper.
Open circuit potentials, OCPs, were run after stabilization
(Varite < 0.5 mV/s), by switching from dark to light every 2 min.
Finally, electrochemical impedance spectroscopy, EIS, was run
from 0.55 to 1.2 V versus RHE, from 20kHz to 0.1 Hz with a
10 mV rms AC perturbation.

2.4 | Computational Details

First-principles calculations were performed by means of DFT
and the projector augmented wave method (PAW) [42]; as imple-
mented in the Vienna ab-initio simulation package (VASP6) [43];
accounting for the effect of spin—orbit interaction. The calcula-
tions were made both with unit cells containing 6 Ta and 10 N
atoms as well as in supercells with a plane-wave expansion cutoff
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energy set to 400 eV. The calculations were made using a 1x1
primitive unit cell Ta;Ns structure with a,=b,= 5.521 A and
¢, =10.357 A. The on-site Coulomb correction (GGA + U) [44];
for Ta was calculated as U=3.5 [45], reflecting the screened
atomic correlation energy [46]. A 2x2 supercell containing
12 Ta and 20 N atoms was needed to include Ti substitution
on the different sites. XAS were calculated using a full width
at half maximum core-hole lifetime set to 0.8 eV at the Ti 1s-edge.

3 | Results and Discussion

3.1 | Effect of Ti Doping on Structure and
Composition of Ta;N; Films

Figure 1a shows 6/260 XRD patterns acquired from the as-deposited
thin films on Si(111) with varying Ti power together with a sim-
ulated reference pattern of Ta;Ns. Regardless of the Ti power, all
diffraction peaks closely align with the reference pattern indicat-
ing that all films retain orthorhombic crystal structure (space
group: Cmcm) and implying that Ti incorporation does not alter
the overall crystal structure of Ta;Ns. Although the XRD patterns
appear similar across all Ti-doped samples, a systematic shift in
diffraction peaks toward higher 260 values can be seen as indi-
cated by vertical drop lines. This shift results from the lattice
contraction with increasing Ti power. The calculated lattice

parameters (a, b, and c) as a function of Ti power are presented
in Figure 1b. There is a decreasing trend in all three lattice
parameters as the Ti power increases. Given that the ionic radius
of Ti** (60.5 pm) is slightly smaller than that of pentavalent Ta>*
(64 pm), this reduction in lattice parameters hints the substitu-
tion of Ta atoms by Ti within the Ta;Ns matrix rather than inter-
stitial occupation or the formation of secondary phases [15].

To assess the bulk composition of the as-deposited films, RBS and
ERDA were conducted. The representative curves are shown in
Figure S1, and the obtained film composition is summarized in
Table S1. The concentrations of Ta, Ti, N, and O as functions of Ti
sputtering power are plotted in Figure 1c. The results indicate a
linear increase in Ti content with increasing Ti sputtering power,
ranging from 0 at% at 0 W to a maximum of 10 at% at the highest
power setting of 100 W. Concurrently, the Ta content succes-
sively decreases. Thus, the contraction of unit-cell parameters
along with composition supporting the notion that Ti atoms
are substituting for Ta atoms in the Ta;N5 structure. In addition
to the variations in Ti and Ta content, a noticeable increase in O
concentration is observed with increasing Ti doping. Specifically,
the O content rises from approximately 1.5 at% in undoped Ta;N’s
films to about 6 at% at the highest Ti doping levels (see Figure 1c).
A similar trend of increased oxygen content upon Zr doping has
been reported, which contrasts with recent findings on Ti-doped
TasN; films, where oxygen content decreased with Ti incorpo-
ration [34]. One possible reason for the notable increase in
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FIGURE1 | (a)X-ray diffraction (XRD) patterns of undoped, Ti-doped (30 and 100 W) Ta;Nj; thin films, compared with simulated XRD patterns of

orthorhombic Ta;Ns. Vertical drop lines are included to enhance the visibility of peak shifts. (b) Lattice parameters as a function of Ti doping. (c) Atomic

concentrations of Ta, Ti and N, O plotted with respect to Ti sputtering power. (d) Anion (N + O) to cation (Ta+Ti) ratio plotted as a function of Ti atomic

concentration. A guideline is included to show the trend across the data points.
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oxygen content with Ti doping concentration in the present study
could be the difference in growth methods compared to earlier
reports. As Wagner et al. [34] deposited Ti-doped TaO, films and
then converted Ta;Ns via NH; annealing. Another factor could
be the higher affinity or solubility of Ti for oxygen compared to
Ta, which may promote enhanced oxygen incorporation during
film growth in the current samples.

Apart from Ti and O, the N content plays a crucial role in deter-
mining the electrical and optoelectronic properties of TaszNs
films, as vy are known to act as deep donors that contribute
to charge recombination [12, 20, 22, 35]. The measured N con-
centration initially shows a slight increase from 58.1 to around
60 at% as Ti sputtering power increases from 0 to 30 W (see
Figure 1c). It indicates that the undoped Ta;Ns has a slight N
deficiency, which decreases after Ti doping (2 at%). However,
beyond this Ti doping level, N content begins to reduce signifi-
cantly. This suggests that moderate Ti doping may help mitigate
N deficiency in Ta;Ns films, but excessive Ti incorporation above
3.5 at% eventually leads to N reduction, possibly due to changes
in the growth kinetics or enhanced O uptake. Further, the ratio of
anion (N + O) to cation (Ta + Ti) elements as a function of Ti
concentration is plotted in Figure 1d. This ratio is compared with
the ideal stoichiometric ratio for Ta;N5 (1.66). It reveals a dome-
like trend, where the anion to cation ratio initially increases with
Ti doping, reaching an optimal value within the Ti concentration
range of 2.0-3.5 at%. Beyond this range, the ratio decreases again,
indicating deviations from Ta;Ns composition at higher Ti dop-
ing levels. This behavior suggests that low to moderate Ti doping
may improve film stoichiometry by compensating for intrinsic
vy, but excessive doping disrupts the balance, leading to
increased O incorporation and N reduction.

A recent study by Wagner et al. [34] reported that the XRD pat-
terns of Ti-doped (up to the 3.5 at%) Ta;N5 thin films deposited
using two-step growth method on n-type Si substrates. They
showed films remain unaltered, suggesting no significant
changes in the lattice parameters after doping. Additionally, they
observed a decrease in bulk oxygen content with increasing Ti
concentration, which contrasts with the present findings which
could be due to difference in growth methods. However, despite
the small mismatch in ionic radii of Ti and Ta, the introduction of
Ti can still induce lattice strain and impact the crystallite size
(CS) of the films. To evaluate this effect the lattice strain was esti-
mated using relative change in the a, b, c lattice parameters, and
CS was estimated using the Scherrer equation [47] from the (023)
reflection as marked in Figure 1a and calculated CS are given in
Table S1 of SM. It indicates that at low Ti doping levels (up to
2 at%), the CS remains relatively at approximately 41-43 nm,
with minimal strain (—0.01%). However, at higher doping levels
(3.5 at%), a noticeable reduction in CS is observed (31-33 nm).
This decrease is accompanied by a small compressive strain
(—0.05%), which suggests that excessive Ti doping can introduce
lattice distortions and defect formations. The reduction in CS at
higher Ti concentrations may negatively impact the charge trans-
port properties of the films, as smaller grain can introduce more
grain boundaries, which act as recombination centers for charge
carriers [48]. Overall, the structural compatibility between Ti and
Ta due to their similar ionic sizes suggests that substitutional
incorporation of Ti at Ta sites is feasible up to a doping concen-
tration of approximately 2 at%. At this optimal doping level,

Ti might compensate the excess donor states created by vy or
Oy defects without significantly modifying the crystal structure.
Representative surface morphologies of the undoped and 2 at%
Ti-doped thin films are shown in Figure S2, demonstrating that
the plate-like morphology is retained after Ti doping. Cross-
sectional SEM images reveal column-like structures, which are
often visible in dcMS-grown films [49, 50]. The thickness of
the undoped Ta;Ns film is ~560nm, increasing to around
580 nm upon Ti incorporation. To further investigate synergistic
effect, a detailed analysis of the electronic structure of these films
is presented in the following section.

3.2 | Electronic Structure Studies Using HAXPES
and XANES

To investigate the influence of Ti doping on the electronic struc-
ture Ta3Ns, bulk-sensitive HAXPES measurements were con-
ducted. With a probing depth of approximately 15-20 nm at
6 keV, this technique does not require surface cleaning treatment
or Ar etching, making it well-suited for analyzing the bulk
chemical and electronic structure. Figure 2a,b present normal-
ized HAXPES spectra of the Ta 4f and N 1s core-levels for
undoped, 2, and 3.5 at% Ti-doped Ta;N5 thin films, respectively.
In Ta 4f core-levels, the primary peaks observed at approximately
25.6 and 27.5eV correspond to the spin-orbit split Ta 4f;,, and
4fs/, core-levels, which are characteristic of the Ta;Ns phase. In
the case of the undoped Ta;Ns sample, both peaks exhibit a
noticeable asymmetry toward the lower binding energy region,
which is typically indicative of the presence of sub-stoichiometric
Ta species, such as Ta®®*, Very often such lower asymmetry is
assigned to the Ta3* charge-state [14, 17, 20, 51]. Interestingly,
this asymmetry reduces with Ti doping to 2 at% but becomes
more pronounced again at 3.5 at% Ti doping. This trend suggests
that Ti incorporation at lower concentrations may stabilize the
electronic structure of Ta;Ns by reducing the presence of
lower-valence Ta species. However, at higher Ti doping levels,
structural distortions or oxygen incorporation may again lead
to the re-emergence of these lower energy features. Similarly,
the N 1s peak intensity exhibits an enhancement at 2 at% Ti dop-
ing compared to the undoped Ta;Ns sample but subsequently
decreases at 3.5 at% Ti doping (see inset of Figure 2b). This obser-
vation suggests that N concentration in films improves at the
optimum Ti doping level of 2 at%.

To gain more insight into the chemical states present in the films,
the Ta 4f peaks were deconvoluted into three distinct doublets
(Ta 4f;/»-Ta 4fs/,) using a fixed area ratio of 4:3 and a spin-orbit
splitting of 1.9 eV (see Figure S3). The binding energies of the
Ta 4f;,, components were identified at 24.8, 25.6, and 26.2 eV,
corresponding to reduced Ta species (Ta® "), stoichiometric
Ta;Ns (Ta’*), and oxygen-substituted Ta;Ns (TaON), respec-
tively. Quantitative analysis of these species is provided in
Table S2. In the undoped TazN; thin film, the estimated relative
at% composition of Ta in the form of Ta®* Ta,;Ns, and TaON
is approximately 26.6%, 58.4%, 15.0%, respectively. Notably, after
doping with 2 at% Ti, the fraction of Ta;Ns increases to 84.3%,
while the reduced Ta® 3% species are drastically suppressed
to 3.7%. Meanwhile, the TaON component exhibits only a slight
change to 12%. This result strongly suggests that Ti doping at
2 at% helps to suppress the formation of reduced Ta species and
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FIGURE 2 | (a) Ta4f, (b) N 1s core-level hard X-ray photoelectron spectra with an inset shows zoomed view of undoped, 2 and 3.5 at% Ti-doped

TazNs thin films. (c) Valance band spectra measured using hard X-rays of undoped, 2 and 3.5 at% Ti-doped Ta;Nj thin films. Inset shows zoomed view

near Fermi-Level.

stabilizes the near stoichiometric Ta;Ns phase. However, at a
higher doping concentration of 3.5 at%, the composition shifts
once again, with Ta;Ns decreasing to 59.4%, while TaON and
Ta®~* species increase to 22.2% and 18.4%, respectively.
Thus, excessive Ti doping may lead to incorporate more Oy or
structural distortions that reintroduce reduced tantalum species.
To further understand the electronic structure, the valence band
(VB) of these samples was probed using HAXPES, as shown in
Figure 2c. The band edge position of undoped Ta;Nj5 is located
approximately 2.1eV below the Fermi-level (Eg), remaining
unchanged with 2 and 3.5 at% Ti doping without creating new
acceptor states. Additionally, the overall shape of the VB for
the 2 at% Ti-doped sample closely resembles that of undoped
TasNs, indicating minimal changes in the VB structure.
However, at higher Ti doping (3.5 at%), noticeable modifications
occur, with new states emerging around 5eV. A particularly
important observation is the presence of distinct in-gap defect
states near the Eg, as shown in the inset of Figure 2c. In undoped
TasNs, two distinct defect states appear at ~0.22 and 0.93 eV
(assigned as feature a and b, respectively) below Er. Recent
DFT calculations attributed similar defect features to vy/Ta>"
and Oy states [20]. Oy is predicted to generate shallow donor
levels just below the CB, whereas the vy and reduced Ta defects
form deep trap states below the CB, respectively. Furthermore,
with optimal Ti doping (2 at%), feature a is significantly
suppressed, while feature b shows a slight enhancement.
However, the overall area under the curve of these defect states
is significantly reduced after optimum doping, suggesting that a
Ti incorporation of ~2 at% effectively mitigates some of these
deep trap states.

Furthermore, due to weaker signal at lower doping and overlap-
ping Ti 2p and Ta 4p,,, core-level, it is difficult to do any
qualitative assessment using HAXPES (see Figure S4). Thus,
to understand the electronic structure and confirm the isostruc-
tural incorporation of Ti into the Ta;Ns, element sensitive

XANES measurements were performed. XANES is highly sensi-
tive to both the local electronic structure and coordination envi-
ronment of the absorbing atom, making it an invaluable tool for
investigating the incorporation of Ti into Ta;Ns. Figure 3a
presents the Ti K-edge XANES spectra for 0.5, 2, and 3.5 at%
Ti-doped samples, along with reference spectra for Ti, TiN,
and TiO,. Herein, the K-edge corresponds to the electronic tran-
sition from the Ti 1s core-level to unoccupied 4p orbitals, allowed
by the dipole selection rule (Al ==*1). A key feature of XANES
spectroscopy is that an increase in the valence state of the absorb-
ing ion leads to a systematic shift of the absorption edge to higher
energies [52]. Additionally, for a given oxidation state, the edge
position is further influenced by the electronegativity of the coor-
dinating anions, higher electronegativity results in a higher
energy shift. In the case of Ti incorporation into Ta;Ns, Ti ions
are expected to achieve a maximum oxidation state of Ti** and be
coordinated primarily with nitrogen atoms. Based on trends
shown in the reference spectra, the Ti species incorporated
within the Ta;Ns matrix should exhibit an absorption edge that
falls between those of TiN and TiO,. Thus, the absorption edge
positions of Ti-doped samples are observed between those of TiN
and TiO,, strongly indicating that Ti is present in a tetravalent
oxidation state (Ti**) and is iso-structurally incorporated
into the Ta;Ns lattice. It can be further evidence in Figure 3a,
where the covalency is plotted as a function of edge energy.
Additionally, the spectral features show no obvious contribution
from metallic Ti or TiN like states, which would be expected to
appear at lower photon energies. This effectively rules out the
possibility of TiN phase formation in the doped films, at least
up to 3.5 at% Ti doping. Instead, the results suggest that Ti pri-
marily substitutes Ta atoms in the Ta;N5 lattice while remaining
coordinated with N and O atoms in the first coordination shell.

Figure 3b,c shows two illustrations of the orthorhombic
TasNs crystal structure. Here, Ta occupies two nonequivalent
crystallographic sites which are coordinated with three or
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FIGURE 3 | (a)Simulated Ti k-edge X-ray absorption near edge spectra compared with experimental once obtained for 0.5, 2, and 3.5 at% Ti-doped
samples and Ti, TiN, TiO, references, with an inset depicting covalency as a function of absorption edge energy, derived from the first derivative of the
spectra. DFT-GGA optimized crystal structures of Ta;Ns with Ti substituted at different sites of Ta, namely, (b) Ti; and (c) Ti,. Density of states plots of

3.1 at% Ti-doped (d) Ti; and (e) Ti, sites in TasNs.

four-coordinated N atoms. Thus, to investigate the site-specific
substitution behavior of Ti in this structure, we performed sim-
ulations of Ti K-edge XANES spectra. First, we obtained relaxed
atomic structures of Ta;Ns with Ti substituting at the two distinct
Ta sites: Ti;, substituting Ta atom coordinated by three nitrogen
atoms; and Ti,, substituting Ta atom coordinated by four nitro-
gen atoms. The theoretical XANES spectrums were calculated
using VASP6 based on these relaxed structures. The relaxed
structures are given in Figures 3b,c for Ti;, and Ti, sites substi-
tutions, respectively. The simulated spectra show excellent agree-
ment with the experimental Ti K-edge XANES data, reproducing
all major spectral features marked as a, b, ¢, d, and e (see
Figure 3a). Simulated spectra were aligned to experimental once
using reference Ti spectra where an intense pre-feature a can be
seen. At low Ti doping concentration (0.5 at%), distinct features
labeled as b, ¢, and d are observed in the experimental spectrum.
Notably, these features are only replicated in the simulated spec-
trum for Ti, substitution, suggesting that Ti preferentially occu-
pies the four-fold N-coordinated Ta sites at low doping level.
However, at higher Ti concentrations, feature d disappears,
and a new feature e emerges in the experimental spectrum along-
side with reduction in pre-feature a intensity, these observations
are again reproduced exclusively in the simulation for the Ti; site,
where Ti replaces the three-fold coordinated Ta. From these
results, it can be concluded that the site preference of Ti in
the Ta;Njs lattice is doping/concentration dependent. At lower
Ti concentrations, Ti substitution is structurally favorable at
the Ta site (Ti,) bonded with four coordinated N. While at higher
concentrations, Ti preferentially occupies the Ta site (Ti;) which
is coordinated with three N atoms. This site-dependent substitu-
tion behavior plays a critical role in determining the local struc-
ture and electronic environment of Ti in Ta;Ns, as revealed by

the XANES simulations. The computed density of states
(DOS) for both these Ti-doped Ta;Ns structures at Ti, and Ti,
site are shown in Figures 3d,e, respectively. Herein, the VB
(below Ef) is dominated by N 2p states hybridized with Ta 5d
and Ta 5p states with some contribution of Ta 6s states and Ti
3d states. While the CB is dominated by Ta 5d, Ti 3d hybridized
with N 2p with smaller contributions of Ta 5p, 5s, N 2s, and Ti 4s,
4p orbitals. Interestingly, it can be seen for both Ti sites; there are
no new states that appear within the band gap while a strong
contribution from Ti 3d states analogs to Ta 5d states can be seen
in the CB. However, the observed Ti 3d states near CB can nar-
row a bandgap slightly of Ta;Ns alongside as compared to Ti;, Ti,
site, which shows strong contribution near CB minima can be
seen. It is worth to mentioning here that Ti substitution alone
cannot create new in-gap defect states [13, 15]. However, to
reproduce the exact in-gap defect states observed in the VBS
shown in Figure 2c detailed DFT calculations on more complex
super-structures are required.

3.3 | Optical Properties of Ti-Doped Ta;N; films

Figure S5 presents the UV-Vis absorption spectra for Ta;N; films
with varying concentrations of Ti doping (0-10 at%). The
observed absorption onset corresponds to electronic transitions
from the N/O 2p orbitals, which predominantly constitute the
VB to the Ta 5d orbitals forming the CB [12]. With increasing
Ti doping, a redshift in the absorption edge is evident reduction
of the optical bandgap at least at higher doping of Ti (>3.5 at%).

Furthermore, Figures 4ab present the room-temperature
measured steady-state and time-resolved PL emission spectra
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FIGURE 4 | (a) Fitted steady state and (b) time resolved photolumi-
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Ta;N; thin films measured at room temperature. Steady-state PL spectra
were fitted using the Lorentz function and TRPL spectra were fitted using
double exponential decay function and the fitting parameters of TRPL are
given in table S3, Supporting Information.

of Ta;N; thin films with different Ti doping. In the steady-state
PL, as the Ti concentration increases, the spectra broaden and
exhibit a redshift, signifying a progressive narrowing of the opti-
cal band gap or presence of multiple emission processes (see
Figure 4a. To gain deeper insights, we fitted the PL spectra using
a Lorentzian shape profile. For the undoped Ta;Ns sample, the
absorption band at approximately 2.13eV corresponds to the
intrinsic band edge emission of Ta;Ns, while the broad peak near
2.05 eV is very often associated with Oy defects, introducing shal-
low donor levels below the CB. Additionally, a deep-level emis-
sion at 1.78 eV is observed, which might be attributed to radiative
recombination by vy or reduced Ta (Ta®*) [20]. These
obtained defects agree with the in-gap defect states visualized
in VBS. However, it is not possible to distinguish the contribution
of these two types vy or reduced Ta (Ta®~®*) defects solely based
on room-temperature PL data and required the low-temperature
PL measurements [20]. However, the observations of these in-gap
emissions corroborate with RBS and HAXPES results showing
that undoped Ta;Ns sample has 1.5 at% O and slightly lower
N concentration, which can produce reduced Ta states. With
0.5 at% Ti doping, the PL spectra are primarily dominated by
Oy and v/ Ta® ™+ defect-related emissions since Ti has more
affinity towards O as compared to Ta thus as Tir, substitution
incorporated more Oy, thus the intensity of defect band at
2.03 eV is enhanced (see Figure 4a). Interestingly, 2 at% Ti dop-
ing, the near-band-edge emission is significantly enhanced,
whereas defect emissions are suppressed. However, at 3.5 at%
Ti doping, both the band-edge emission and defect-related emis-
sions continue to strengthen, with their intensities progressively
rising to 10 at% Ti. Also, PL spectra exhibit redshift in emission at
Ti doping levels >3.5 at%, consistent with the absorption spectra
and DOS calculations. This bandgap narrowing is attributed to

the incorporation and hybridization of Ti 3d states within the CB,
which altering the electronic structure of TazNs. Thus, PL results
suggest that at an optimum Ti doping concentration of 2 at%,
defect-related emissions are suppressed. These results are in good
agreement with the theoretically predictions which show that the
controlled Ti-O co-doped Ta;Ns, Ti doping can compensate for
the effect of O impurities as well as reduce the Ta** charge states
by creating charge compensation effect [15].

To gain further insight into the effect of Ti doping on carrier
dynamics, time-resolved PL measurements were conducted, as
plotted in Figure 4b. Herein, the prolong lifetime can be directly
visualized for the optimum Ti-doped Ta;Ns thin films. To get fur-
ther details, the decay curves were fitted using the biexponential
decay model, and the fitting parameters are listed in Table S3 of
the SM. The fast component lifetime (z;) is ascribed to the defect-
related trapping of the photogenerated carriers while the slow
component (z,) originates from the electron-hole recombination
from conduction to valence band [17]. The extracted values
reveal a significant variation in carrier lifetime across different
doping levels. The PL decay of the undoped Tas;Ns is dominated
(83.28%) by the r; suggesting the dominance of defects related
recombination with a lifetime of 0.99 ns and average <z> of
1.70 ns. With the small doping of Ti (0.5 at%) it is slightly
increase, and for optimum doping the fractional intensity of
the fast component (f;) reduces drastically to only 1.76%.
Furthermore, at higher doping of 3.5 at% dominance of fast decay
component can be seen. The longest exciton lifetime is observed
at an optimum doping level of 2 at%, which coincides with the
suppression of in-gap defect bands in the steady-state PL spectra
and HAXPS results. It is well-documented that such defect
states serve as charge carrier recombination centers, leading to
increased nonradiative recombination and reduced carrier life-
times [17, 33, 51]. The shorter exciton lifetime observed in the
undoped Ta;Ns sample further corroborates the presence of a
higher density of point defects, which facilitate rapid carrier
recombination. The significant reduction in the fast decay com-
ponent at 2 at% Ti doping strongly suggests that defect states are
effectively passivated at this concentration, thereby reducing
nonradiative recombination pathways. The reduction in exciton
lifetime at 3.5 at% Ti doping indicates an increase in nonradiative
recombination processes, likely due to the reintroduction of
defect states, increase in O content thus increased carrier trap-
ping at high Ti concentrations. This suggests that excessive Ti
incorporation may lead to unintended defect formation, thereby
counteracting the beneficial effects observed at optimum doping
concentrations. The redshift in the emission spectra at higher
doping levels further supports the notion of electronic structure
modifications, which could potentially affect charge transport
and recombination dynamics.

3.4 | PEC Properties

PEC experiments were run in a 1 M NaOH solution, with the
addition of a hole scavenger to enhance charge extraction from
the photoanode and to prevent surface self-oxidation. It is known
that one of the main bottlenecks of Ta;Ns is the slow charge-
transfer mechanism at the solid-liquid interface, where the accu-
mulation of the photogenerated holes leads to oxidation of the
surface and passivation of the electrodes [53, 54]. The addition
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of a valence hole scavenger like K,Fe(CN)g accelerates the extrac-
tion of the holes from the photoanode, thus preventing the holes
from being consumed through surface oxidation. In particular, by
progressively increasing the atomic concentration of Ti in the
Ta;N; films, there is a clear trend in photocurrent values, which
keep increasing up to 2 at% Ti doping, and then decrease again at
higher Ti doping (3.5 at%), also the anodic shift in the onset
potential under constant light illumination as can be seen in
Figure 5a [34]. Furthermore, Figure 5b compares the chopped
LSV curves where a seven-fold increase in photocurrent density
of 2 at% Ti-doped films can be seen as compared to the undoped
one. Interestingly, there are no big differences in the photopoten-
tial sustained by these two films under illumination (see
Figure 5c). Thus, increased photocurrent value shown by the
doped film cannot be then ascribed to a larger photo potential
solely [34]. But another key aspect that can be observed in the
OCP measurements is the different relaxation time to reach
the steady-state situation under dark conditions, Figure 5d.
Assuming pseudo-first-order kinetics, this parameter can be
quantitatively estimated with the following formula [55]:

T (V)
= dt

where kg is the Boltzmann constant, T is the solution tempera-
ture, and e is the electron charge (the raw portion of the curve
used for decay time estimation is reported in the Figure S6). As
discussed in the earlier section the 2 at% Ti-doped film shows a
much slower decay time as compared to the undoped one. Thus,
charge recombination has been greatly reduced by the incorpo-
ration of Ti, which is coherent with the observed increased car-
rier lifetime. Overall, Ti doping has removed defect states which
could be responsible for shorter photocarriers lifetime due to the
higher recombination rate.

Furthermore, the impedance data were fitted with the equivalent
circuit in the inset of Figure 5e, and the estimated resistances are
reported in Table S4. At low applied potentials, lower than
0.9 V RHE, both space charge resistance (Rg) and charge transfer
resistance (R.;) have comparable values, but Ry drops much
before R, suggesting at intermediate potentials, reaction kinetics
is controlled by the charge-transfer velocity at the interface
[56, 57]. As compared to the undoped film, both the loops appear
to be smaller in the Ti-doped one. Specifically, at 0.9 V RHE, the
R and Ry, resistances are 3.4 and 0.4 kQ cm?, respectively, in the
undoped film, and of 1.4 and 0.4 kQ cm? in the doped one. The
role of Ti is then particularly evident in the charge-transfer loop,
where an easier transfer of holes from the material to the elec-
trolyte is allowed by Ti incorporation. This is the indication of the
removal of unfavorable intra band-gap defects, which, behaving
as trap states or recombination centers, reduce the efficiency of
the film in exploiting photogenerated holes.

Finally, Figure 5f, a Mott-Schottky evaluation of the undoped
and 2% Ti-doped film is reported. The flat-band potential is
shifted by ~100 mV to more anodic potential after the incorpo-
ration of Ti, compatible with a down-shift of the Er upon removal
of the intra-bandgap defects. This aspect does not translate into a
significant lower onset potential of photocurrent in the Ti-doped
film, likely because of the charge-transfer kinetics being the
kinetic bottleneck of the system. All the results from the
Mott-Schottky analysis are reported in Table S5.

3.5 | Electronic Structure Near Er and Band
Diagram

The schematic band diagram is given in Figure 6, where the band
positions are aligned using the VBS and PL results. It shows
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influence of Ti doping on the electronic structure of Ta;N; films,
particularly with respect to defect states and band structure
[14, 20]. As the dominant defects related to vy/Ta® ®* and
Oy related defects are directly visualized VB spectra and sup-
ported by the PL measurements. In undoped Ta;Ns, prominent
in-gap defect states exist, which lead to rapid recombination of
excitons. Specifically, vy/reduced Ta which reported to be lies
below the water reduction potential, thus responsible for reduced
PEC [20]. Though the Tir, has an electron acceptor character, the
VB spectra remain unaltered around VBM. These results are in
agreement with recent theoretical work of Fan et al. [15], which
shows the associate Tit,-On complex introduces a deep transition
level. Thus at optimum Ti doping of 2 at%, these defects are sig-
nificantly minimized due to charge balance Ti-O [13]. However,
when the Ti concentration exceeds the optimal level, these defect
states reappear, and the band gap begins to shrink due to the
emergence of Ti 3d states near the CB minimum, as shown in
Figure 6. This not only reintroduces recombination centers
but also reduces the efficiency of charge separation and light
absorption balance. At higher Ti doping, the emergence of addi-
tional defect indicates complex defect interactions and requires
detailed theoretical calculations. Overall, the results demonstrate
that Ti doping plays a crucial role in controlling defect states, and
excessive doping can negatively impact PEC performance and
degrade electronic properties.

4 | Conclusion

The present work has yielded important insights into the inter-
play between structural, optical, and electronic properties.
Structural, compositional, and spectroscopy analysis confirms
that the films retain the orthorhombic structure even with
increasing Ti content up to ~10 at%. The systematic lattice con-
traction along with estimated composition is consistent with the
substitution of Ta>* by the slightly smaller Ti** ions. Doping-
dependent site preference is also observed, where Ti initially
favors substitution at Ta coordinated with four-fold N site at
low concentrations and shifts to the three-fold N coordinated
at higher doping levels. The optimal Ti doping (2 at%) reduces
the presence of lower-valence Ta species and stabilizes the
TasNs phase effectively modifying the electronic transitions.
At an optimal Ti doping, the near-band-edge emission is

significantly enhanced while defect-related emissions are sup-
pressed, resulting in an extended exciton lifetime compared to
the undoped film. This improvement indicates that moderate
Ti-O incorporation passivates in-gap defect states, thereby reduc-
ing nonradiative recombination and improving carrier dynamics.
However, further increase in Ti content leads to increased O con-
tent and lattice distortion, reappearance of defect states, and a
higher density of nonradiative recombination centers, ultimately
impairing PEC performance. Collectively, these findings empha-
size the importance of precise doping control. While Ti substitu-
tion can beneficially modify the electronic structure and reduce
defect-mediated recombination at moderate levels, surpassing
the optimal concentration introduces adverse effects that com-
promise charge transport and overall device performance.
These insights provide a pathway for optimizing Ta;Ns-based
materials for advanced PEC applications.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Supporting Fig. S1: (a) and (b) shows the RBS and
Time-of-Flight ERDA profiles of the undoped Ta;Ns. (c) and (d) RBS and
ERDA profiles of 2 at% Ti doped Ta;Ns thin films. Supporting Fig. S2:
SEM images of (a) undoped and (b) 2 at% Ti-doped Ta;N; thin films with
insets showing the respective cross-section images. Both samples retain
similar morphology indicating homogenous doping of Ti within the
Ta;Ns matrix. The cross-section images show the columnar growth of
films. Supporting Fig. S3: Fitted XPS core-level spectra of (a) Ta 4f
(b) N 15 (¢) O 1s of pristine and Ti-doped Ta;N; thin films for undoped,
Ti doping level of 2 at% and 3.5 at%. All the spectra are fitted using
CASAXPS software using Shirley background and combination of
GL(30) peak functions. Supporting Fig. S4: Ti-2p core-level HAXPS
spectra on the Ta;Ns thin films for Ti doping of 0.5, 2, 3.5 and 10 at%.
No detectable Ti signal appears at the lowest doping level of 0.5 at%.
However, at higher Ti doping contents (2, 3.5, and 10 at%), a broad Ti
2ps/» peak emerges at shoulder of Ta 4p,,, peak. Supporting Fig. S5:
UV-vis absorption spectra of Ta;Ns thin films with Ti doping of 0, 0.5,
2, 3.5 and 10 at%. Inset compares the raw absorbance spectra with simu-
lated data after removal of interference oscillations at low energy.
Supporting Fig. S6: Zoom on the raw data used for estimating the
OCP decay time. The corresponding formula from the manuscript was
directly applied to the raw curve, by numerically estimating the deriva-
tive. Supporting Table S1: Composition analysis via RBS/ERDA of the
Ta3;Ns thin films grown at various Ti power. All the samples contain
approx. 2 at% argon which is not listed and normalized to get the atomic
composition. The crystallite size (CS) is measured using the Sherrer’s
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formula d = 0.91/fcos(0), where M is the wavelength of incident X-ray, f is
the FWHM of the (023) reflection and 0 is the corresponding angle.
Supporting Table S2: Quantitative composition analysis Ta in the form
of reduced Ta species (Ta®®*), TasNs (Ta®h), and oxygen substituted
Ta3Ns (TaON) for undoped and the 2 and 3.5 at% Ti doped Ta3;Ns thin
films. Supporting Table S3: Fitted parameters for the TRPL decay curve
of Ti-doped Ta;N5s thin films. To extract the average electron-hole recom-
bination lifetime. TRPL decay curves were fitted using the biexponential
equation using FAST Version 3.5.0 Edinburgh Instruments. The f; and f,
are the fractional intensities; t; and t, are the lifetimes; is the intensity-
weighted average lifetime, which is equal to fit;, + f,72; and ¥* is the
reduced chi-square value. Supporting Table S4: Fitted parameters from
EIS impedance spectra, by using the equivalent circuit in Figure 5(e).
Supporting Table S5: Flat potential, carrier concentration and space-
charge width as extracted by fitting the linear region of the Mott-
Schottky plot.
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