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Abstract

TiO2 is widely recognized as a high performance photocatalyst for photocatalytic applications.
Oxygen vacancies (Vo) and titanium defects are known to make a significant contribution to
the enhanced photocatalytic efficiency of TiOz, accordingly control of these two centers is
pivotal to optimizing the surface photochemical activity. In this work, the formation of Vo and
Ti** ions induced by n-type doping of TiO2 with Nb is demonstrated using a combinatorial
investigation approach. Chemical Beam Vapour Deposition (CBVD) is used to fabricate Nb
concentration-graded (NbxTi1-x)O2 anatase films with 0.009 < x <0.033 over a five micrometer
length on a single chip. Cathodoluminescence (CL) microanalysis shows the luminescence
intensity decreases with increasing Nb concentration; however, the presence of a self-trapped
exciton (STE) emission, characteristic of anatase TiOz, indicates that the Nb incorporation does
not affect the structural properties of TiO2. Notably, the introduction of Nb donors induces the
formation of the signature luminescence bands of Vo and Ti®* at 2.05 and 2.60 eV at 80 K,
respectively, and their intensities rise by up to 28% with increasing Nb content. The formation

of Vo and Ti*" is attributed to the effect of excess electrons locally produced by Nb donor



doping. The thermal activation energies for the STE and defect-related emissions are found to
be identical at 32 £ 4 meV, suggesting that that the recombination kinetics is mediated by Nb
donors. Significantly, we demonstrate that the near-surface Vo density can be further increased
by two different post-growth treatment approaches: (i) remote hydrogen plasma and (ii) low-
energy electron beam irradiation (LEEBI), without effecting the valence state of Ti. Our results

open opportunities to optimize the photocatalytic properties of TiO2 by defect engineering.
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INTRODUCTION

TiO2 is a wide bandgap semiconductor with significant applications in photocatalysis,
photoreduction of CO2 and decomposition of organic pollutants in water, perovskite solar cells
and Na ion batteries due to its unique chemical properties, band structure and strong oxidizing
ability [1-3]. In particular, the demonstration of TiO2 anodes for effective photocatalytic
hydrogen production has led to intensive research on this material [4]. TiO2 in the anatase phase
has a bandgap of ~ 3.2 eV and is transparent in the visible and infrared spectral region, which
severely hinders its practical applications in environmental remediation and photocatalysis. One
promising approach to overcome this obstacle is high-pressure hydrogenation of anatase TiO2
nanoparticles, which results in black titania capable of absorbing light in the visible and infrared
range [5]. The success of this post-growth treatment to improve the optical properties of TiO2
for solar photocatalysis has been attributed to multiple effects, including the formation of
various defects, such as Ti-H bonds, oxygen vacancies (Vo) and interstitial (Tii), and reduction
of Ti** to Ti®*. Although the exact enhancement mechanism is still a subject of considerable
debate, it is that clear enhancing the photochemical activity of TiO2 can be achieved by
controlling these defects [6-8]. A common method to tune the electronic and defect structure of
TiOz2 is by the incorporation of n-type dopants, for example P or Nb substitution on the Ti site

and F substitution on the O site. Theoretical calculations, infrared absorption spectroscopy and



electron paramagnetic resonance show that common donor dopants, Nbri and H, as well as
intrinsic Vo defects have ionization energies between 10 to 100 meV [9-11]. However, the
influence of donor impurities on the physiochemical and defect properties of TiO2 is poorly

understood to date.

Photoluminescence (PL) and cathodoluminescence (CL) are powerful techniques used
to investigate defect structure and catalytic surface sites in TiO2. Anatase TiOz2, in both bulk
and nanostructured forms, typically exhibits a broad emission that contains a main emission
peak centered at ~ 2.4 eV. This peak has been shown to be independent of post-growth
annealing and has been attributed to an intrinsic emission with a large Stokes shift of ~ 1 eV,
arising from the recombination of self-trapped excitons (STEs) within distorted TiOs octahedra
[12-14]. Additionally, two common sub-bandgap emission bands located at ~ 2.1 and 2.6 eV
have been assigned to Vo and excitons bound to Ti** ions, respectively [14-16]. Both Vo and
Ti®" are known to be efficient recombination centers in TiO2 and play an important role in
photocatalytic water oxidation [17]. A previous CL investigation of Nb-doped TiOz2 reports two
emissions in the 2.4 — 2.7 eV range; however, their relationship with Nb doping is not clearly
evident [18]. Herein, the present work describes a detailed investigation into the effect of excess
electrons associated with n-type Nb doping on the formation of Vo and the reduction of Ti**
ions in anatase TiO2. Our results from the investigation into graded Nd-doped TiO: films on a
single chip provide unambiguous evidence for the correlation between excess electrons and the
concentrations of Vo and Ti®*. Moreover, the work demonstrates the utility of ion and electron
irradiation for producing Vo and Ti** defects in TiO2. These post-growth methods are promising
as they provide a means to tailor the surface photoelectrochemical activity TiOz to controls its

photocatalytic efficiency for bespoke applications.



EXPERIMENTAL DETAILS

Nb-doped TiO2 thin films were deposited on Si wafers using the Chemical Beam
Vapour Deposition (CBVD) technique as described in detail previously [19, 20]. Briefly the
deposition was carried out using two liquid precursors of titanium tetraisopropoxide (Ti(OiPr)4
(TTIP) and tetraethoxy(dimethylaminoethoxy) niobium (Nb(OEt)s(dmae)) as shown the
schematic in Figure 1(a). These precursors were heated at 32 and 60 °C, respectively, for source
evaporation. The base pressure of the chamber was 5 x 10 Pa. The substrate was kept at 500 °C
and the chamber pressure was ~ 2 x 10 Pa during deposition. X-ray diffraction (XRD) was
performed on a Bruker D8 Discover diffractometer using monochromatic Cu Ko radiation.
Correlative investigation of the local Nb concentration and its impact on defects was carried
out on a single chip using quantitative X-ray microanalysis and cathodoluminescence (CL)
spectroscopy. X-ray microanalysis was conducted on a Zeiss EVO LS15 SEM equipped with
an Energy Dispersive X-ray (EDX) analysis system. Cathodoluminescence (CL) was performed
using a FEI Quanta 200 scanning electron microscope (SEM) equipped a QE65000 Ocean
Optics spectrometer and a parabolic mirror for optical collection. Results were compared with
undoped anatase TiO2 powder (obtained from Sigma-Aldrich) to investigate the impact of Nb
doping. To investigate the effect of hydrogenation on defects in Nb-doped TiOz, remote plasma
treatment was carried out in atomic H environment for 5 mins using a hydrogen plasma source
at room temperature (Trion plasma chamber operated at pressure = 10 mTorr, Hz flow rate =
20 sccm and plasma power = 150 W). In low energy electron beam irradiation (LEEBI)
investigations, continuous irradiation was carried out with an electron beam energy of 10 keV
and a beam current of 90 nA, while collecting CL spectra at 6-minute intervals. All CL spectra
were converted from the wavelength to energy scale, and corrected to the response of the optical

collection system.



RESULTS AND DISSCUSION

Figure 1(a) shows a schematic of the CBVD fabrication setup with the positions of the
Ti and Nb precursor sources used to produce the Nb concentration-graded Nb-doped TiOz2 film
on a 4-inch Si wafer. The colour intensity variation across the central blue square qualitatively
illustrates the Nb concentration gradient across the (NbxTi1-x)O2 sample. The film thickness is
~590 nm. The 26 XRD pattern of the film is presented in Figure 1(b), all the peaks can be
indexed to the TiO2 anatase phase structure according to the JCPDS card no. 21-1272. There
are no observed XRD peaks corresponding to TiOz2 rutile or brookite phases, which is consistent
with the previous finding that Nb doping stabilizes the anatase phase and inhibits its
transformation to other TiO2 phases [21]. No peaks related to Nb oxides are detectable,
suggesting that the TiO2 film possess highly dispersed Nb cations and that Nb substitutes on
the Ti site. Substitutional incorporation of Nb on Ti cation sites is expected since Nb°*
(r=0.64 A) and Ti** ions (r = 0.61 A) have similar ionic radii. A line of analysis locations
along the flow direction of the Nb precursor on the graded TiO2 film are selected for correlative
analysis of composition-property relationships. Typical SEM images of the (NbxTi1x)O2 film
at three locations are presented in Figure 1(c, d, €), which show that the film is composed of
close-packed rectangular columnar crystals; detailed descriptions of the film structure were
provided in our previous studies [22, 23]. The characterization locations A-E, labelled on the
SEM image in the inset of Figure 1(f), are equally spaced with center-to-center separation of ~
1.2 um. The surface structure is virtually identical at all of the analysis locations, indicating the
film morphology is unaltered by varying the Nb doping concentration. Analysis by atomic force
microscopy (AFM) imaging also reveals similar surface structures with an identical surface
roughness Ra = 5.5 + 0.5 nm over a 5 x 5 um? area at these analysis positions (AFM images
presented in supplementary Figure S1). EDX elemental microanalysis is used to quantify the

local Nb x-fraction of the (NbxTiix)O2 film at each analysis point as shown in Figure 1(f),



which reveals the Nb peak gradually decreases in the direction from A to E. The EDX spectra
display characteristic X-ray emission peaks corresponding to Ti and O without any impurity
peaks other than a Si peak arising from the substrate. EDX analysis using AZtec EDS software
(Oxford Instruments) yields a Nb x-fraction of 0.033 + 0.003, 0.024 £ 0.003 and 0.009 + 0.002
at location A, C and E, respectively. The decrease in the Nb concentration from A to E over a
distance of ~5 mm in the flow direction of the Nb precursor is consistent with the stoichiometric

ratio of the precursors in the fabrication [23].
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Figure 1. (a) Schematic of the CBVD fabrication to produce a Nb-doped TiOz2 film with the Nb
concentration-graded (NbxTi1-x)O2 sample in the center of the wafer. (b) XRD pattern of the
film together with the standard data from JCPDS 21-1272 with all peaks indexed to the anatase
phase. (c, d, €) SEM images of the film at 3 locations along the flow direction of Nb precursor,
showing similar columnar structures. (f) Representative EDX spectra measured at 10 kV,
showing a gradual decrease in the Nb content from x = 0.033 at location A to 0.009 at E (the
analysis locations A-E marked in a low-resolution SEM image). Upper right inset shows the
Nb Lo EDX peak at 2.17 keV. (f) Corresponding CL spectra acquired at the same acceleration
voltage (10 kV) and analysis locations, together with the spectrum of undoped TiOz2, showing
the shoulder peaks associated Vo and Ti®* defects due to the Nb incorporation. Both the Nb-
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doped and undoped TiO2 exhibit the STE emission at ~ 2.4 eV.



Figure 1(g) shows the CL spectra acquired at 80 K under identical excitation conditions
(10 kV, 7 nA) at five locations A-E, which reveals that the CL intensity decreases with
increasing Nb concentration. The overall spectral line shape and peak positions are unchanged,
indicating the Nb incorporation has a negligible effect on the crystal structure. The reduction in
CL intensity with increasing Nb concentration is likely due to the development of defects that
act as competitive non-radiative recombination channels; such observation has previously been
reported by other authors [24]. As shown in Figure 1(g), the CL spectra of both Nb-doped and
undoped TiO2 are dominated by the intrinsic STE emission at ~ 2.4 eV, which is characteristic
of anatase TiO2 [14, 25]. Compared with undoped anatase TiO2, the Nb-doped TiO2 film
exhibits a slight blueshift of ~ 54 meV, which can be explained by the Burstein-Moss effect
arising from the electron filling of the conduction band (CB) by ionized Nb donors. The Nb-
doped film also exhibits two shoulder peaks centered at 2.05 and 2.65 eV, which have
previously been attributed to Vo and Ti®* ions, respectively [14, 16]. Both shoulder peaks are
absent in the spectrum of undoped TiOz, indicating the formation of these recombination centers
are strongly influenced by the Nb doping. With increasing the local Nb concentration, the two
shoulder peaks become more pronounced, indicating higher densities of Vo and Ti** defects.
Notably, the Nb-doped TiO2 film exhibits no emission in the infrared region below 1.5 eV,

which rules out any possible emission associated with interstitial Ti** [26].
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Figure 2. (a) Typical deconvoluted CL spectrum using three Gaussian components representing
emission bands associated with Vo, STE and Ti%*. At 80 K, these bands are centered at 2.05 eV
(FWHM = 0.57 eV), 2.38 eV (0.51 eV) and 2.65 eV (0.59 eV), respectively. (b) Integrated
intensities of Vo and Ti®* defect bands relative to the intrinsic STE emission as a function of

local doping Nb concentration. The dashed lines are linear fits to the data.

Both the STE and defect-related peaks in anatase TiO2 are expectedly broad due to
strong electron-photon coupling producing highly overlapped emissions; accordingly spectral
deconvolution is needed to extract meaningful results from the luminescence spectra. Curve
fitting is made with the position of a main Gaussian peak constrained to the peak of the overall
spectrum at 2.38 eV at 80 K as shown in Figure 2(a). This peak represents the intrinsic STE
emission in anatase TiO2. On either side of the STE peak, the spectral line shape is fitted with

two broad Gaussian peaks at 2.05 and 2.65 eV and a linear background; these two peaks are



ascribed to the recombination via Vo and Ti®* centers, respectively [12, 14]. This curve fitting
approach results in reasonable full width at half maximum (FWHM) values comparable with
those reported in the literature [15, 27]. Figure 2(b) displays the integrated intensities of Vo and
Ti®* peaks relative to the STE band, which is an intrinsic feature of anatase TiO2 and
independent of defects. (See the integrated intensities of the three emission bands associated
with STE, Ti** and Vo as a function of the Nb x-fraction in Figure S2.) Both the relative peak
areas of the Vo and Ti** bands gradually increase with increasing Nb concentration as explained
above. Overall the densities of Vo and Ti®* defects respectively increase by 19% and 28% with
increasing the Nb x-fraction in the (NbxTi1-x)O2 film from x = 0.009 to 0.033. The formation of
Ti®* ions can be explained by excess free electrons generated by Nb donors. These delocalized
electrons fill empty states at the bottom of the CB and shared by many Ti*" sites, whereas
trapped electrons can convert Ti*" ions to the Ti®* state [28]. It is shown theoretically that
delocalized and trapped electrons can coexist in the lattice of TiO2 [28]. The creation of Vo
defects with increasing Nb concentration is counter-intuitive since the incorporation of Nb
donors would seemingly lead to an increase in the formation energy of Vo donors and hence
lower their density. Defect modelling reveals that the Vo formation energy (Evo) in TiOz rises
as the Fermi level increases towards the conduction band [29]. However, this dependence
between Evo and the Fermi level does not apply during the non-equilibrium CBVD of the Nb-
doped TiOz2 film. Instead, Vo defects are increasingly created as the local Nb vapour is raised

because the growth conditions become more cation-rich favouring Vo formation.
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Figure 3. (a) Representative temperature-resolved CL spectra of the Nb-doped TiO2 film. (b)
A typical fitted CL spectrum using 3 Gaussian peaks that are associated with STE, Ti** and Vo.
(c, d and e) Arrhenius plots of In(lo/I(T)-1) versus 1000/T and linear analysis using integrated
intensities obtained from the curve fitting. The activation energies of the STE, Vo and Ti®*

bands are equivalent at Ea = 32 £ 4 meV.

Temperature-resolved CL, performed on location C in the Nb-doped TiOz2 film, is used
to investigate the temperature effect on the luminescence properties. The spectra, shown in
Figure 3(a), reveal all the three luminescence bands decrease with increasing temperature as
competitive non-radiative channels are activated. The STE peak is blue shifted by 105 meV
with increasing temperature from 80 K to 300 K. A similar blueshift trend was previously
observed in undoped anatase TiO2 [30]. This behavior in indirect anatase TiO2 was attributed
to the widening of the direct bandgap with temperature due to electron-phonon interactions
dominating over thermal expansion contribution [31]. Consequently, a gradual increase in the

peak energies of the emission bands with temperature is taken into the curve fitting approach
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(see the peak position shifts in Figure S3). An example of the deconvolution to the CL spectrum
at 200 K taking into account the blueshift of the STE peak with temperature is presented in
Figure 3(b). Arrhenius analysis of the STE, Vo and Ti** bands is performed to determine the
activation energy of their electronic transitions as illustrated in Figure 3(c, d, €). Notably, the
activation is found to be identical for the three bands with Ea = 32 + 4 meV, indicating their
recombination kinetics is mediated by a shallow electronic state, most likely the introduced Nb
donors. To further probe the characteristics of Vo and Ti* defects in anatase TiOz, the FWHMs

of their signature emission bands are fitted according to the configuration coordinate model

FWHM = 2.36v/Shw /coth (5=) [1]

where S is the Huang-Rhys factor, and % is the effective phonon energy. The best fit result,

[32]:

shown in Figure S4, is obtained for Vo with S = 6.3 + 0.4 and 7w = 38 + 3 meV, and for Ti**
with S=7.1+ 0.6 and /i = 28 £ 3 meV. These phonon energies cannot be attributed to any of
the known phonon modes in anatase TiO2 on the basis of Raman data [33] as they represent an

average energy of local phonons involved in the optical transition.
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Figure 4. (a) CL spectra of the Nb-doped TiO2 film normalized to the STE peak before and
after H plasma treatment. The relative intensity of the Vo peak increases further by 15% due to
the H plasma while the Ti** emission is unaltered. Inset shows the raw spectra showing the
overall CL intensity drops by 60% due to plasma-induced damage to the film. (b) Normalized
CL spectra of the LEEBI treated Nb-doped TiO2 film at various irradiation times up to 54 mins
at 80 K, showing a further increase in the relative Vo peak intensity by 12%. Measured CL
spectra, displayed in the inset, show the overall emission increases by 38% after LEEBI

treatment for 54 mins due to the removal of competitive non-radiative defects.

Now, we turn to the creation of Vo and Ti®* defects using H remote plasma and LEEBI

methods. As shown in Figure 4, the spectral line shape and peak positions for the Nb-doped
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TiO2 film are unaltered when it is treated by either H plasma or LEEBI, indicating that these
treatments cause no discernible damage to the crystal structure. Figure 4(a) shows the CL
spectra of the Nb-doped TiO2 film normalized to the STE emission peak before and after plasma
treatment, which reveals the relative intensity of the Vo peak increases further by 15% due to
the H plasma. This result indicates the H plasma is a highly effective treatment to create near-
surface Vo defects, while the peak associated with Ti%* ions is unaffected. The measured CL
spectra, displayed in the inset of Figure 4(a), shows the overall CL intensity decreases by 60%
due to the plasma treatment; such effect has been observed previously and attributed to the
formation of near-surface structural defects caused by the plasma exposure [34]. It is known
that hydrogen can be trapped at the Vo site and Ho is considered to be more stable than hydrogen
interstitials (Hi) in anatase TiO2 [35]; however, the increase in the Vo density in this work
indicates the H remote plasma is an effective approach to extract O atoms from the TiO2 surface
to produce Vo, and a significant portion of these created Vo sites remain as point defects.
Previous investigations show Vo defects are generated near the location of Ti%* in reduced TiOz
in order to maintain charge equilibrium [36]; however, this work demonstrates that the H

plasma exposure can efficiently produce Vo without changing the valence state of Ti atoms.

Similarly, for LEEBI treatment, the Vo peak becomes more pronounced upon
irradiating with low energy (10 keV) electrons and its relative intensity is observed to further
increase by 12% compared with the as-grown film after treating for 54 minutes as shown in
Figure 4(b), which displays the normalized CL spectra at various LEEBI times. The LEEBI
treatment does not induce any changes to the peak shape and positions of the signature Vo, STE
and Ti%* bands as shown in the inset of Figure 4(b) and supplementary Figure S5. Remarkably,
the CL emission is found to be monotonically enhanced with increasing LEEBI time due to the
formation of a sub-surface electric field induced by charge trapping [37]. Accordingly, the

gradual increase in the overall CL emission is attributed to the electric field induced
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electromigration of mobile charged defects either into or out of the electron-solid interaction
volume [38], which decreases the density of non-radiative defects that compete with the
radiative STE, Vo and Ti®* channels. The increase in the intensity of the Vo signature peak due
to LEEBI is unexpected because the 10 kV electron beam energy is well below the threshold
displacement energy (> 200 keV) for O and Ti atoms in TiO2 [39]. Hence, the LEEBI exposure
cannot create Vo defects by a knock-on mechanism. However, the near-surface Vo
concentration can possibly increase during LEEBI by either (i) the outward electromigration of
existing charged Vo centers towards the film surface or (ii) the dissociation of weakly bound
Vo-related defect complexes by the sub-surface electric field. These results show LEEBI is a

possible approach to locally tune the Vo density in TiOa.

CONCLUSIONS

We demonstrate a growth approach as well as two post-growth methods to generate Vo
and Ti®" defects in anatase TiO: for the enhancement of photocatalytic properties.
Combinatorial investigation of concentration-graded (NbxTi1x)O2 films on a single chip shows
that doping anatase TiO2 with Nb induces the formation of Vo and Ti®" defects. X-ray
microanalysis and CL characterization of the (NbxTi1-x)O2 film with spatially varying Nb x-
fractions up to x =0.033 reveal the film retains the anatase crystal structure and exhibits
characteristics of STEs as in undoped TiO2. However, the Vo and Ti* defect densities are found
to increase by up to 28% due to excess electrons produced locally by the Nb doping. Further
increases in the Vo density in the Nb-doped TiO2 can be achieved through hydrogen remote
plasma treatment and LEEBI, while the valence state of Ti is unaffected by these treatments.
These results conclusively indicate that a combination of donor doping and H ion plasma can

produce a high concentration of active surface Vo sites for photocatalytic applications.
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