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ABSTRACT

Understanding the mechanisms of charge generation and their recombination in rutile T102 is of key importance
in the design of optoelectronic and photocatalytic devices. In this study, we investigate the impact of both
extrinsic and intrinsic defects on photoluminescence (PL) decay dynamics. The exploitation of two-photon
fluorescence lifetime imaging microscopy (FLIM) enabled differentiation to be made between photo-
luminescence originating from dislocations and bulk in Nb-doped rutile TiO2. It was found that dislocations
pinned at grain boundaries feature lower photoluminescence intensity and faster decay times (by 100 ps) than
those in the bulk. This can be reversed upon reduction, whereby trap states are preferentially formed near to
dislocation sites. We also evaluated the dependence of the extrinsic doping level on the charge carrier dynamics
of rutile, and show that PL lifetimes are governed by predominant Auger processes that are insensitive to
reduction, unlike dislocations. We believe that the oxygen deficiency suppression of charge carrier recombina-

tion at grain boundaries is the key factor in improving the photocatalytic activity of real TiO2-based materials.

1. Introduction

Titanium oxides present themselves as promising materials with
respect to various (photo)catalytic applications, mostly because of the
ease of bandgap engineering via reduction, which is currently being
widely investigated [1-3]. Many research groups have studied the key
limiting factors against achieving high efficiencies, namely charge car-
rier dynamics, separation and recombination processes in both anatase
and rutile TiO2 [4-7], whereas the (110) surface of the latter offers good
electron extraction performance in perovskite-TiO2 solar cells [8]. Most
promising materials are characterized by the purposely-induced high
density of defects, especially oxygen vacancies, e.g., oxygen-deficient
TiO:2 is a promising candidate for photoelectrochemical water-splitting
[9] and energy storage applications [10]. However, it has been re-
ported that even though so-called black TiO2 offers a narrow bandgap,
and therefore a great absorption range [11], it possesses downsides such
as the high density of bulk vacancy defects acting as recombination sites
and reducing the photocatalytic activity [12]. On the other hand,
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supplying the crystal with one-dimensional defects such as edge dislo-
cations can both narrow the bandgap of TiO2 [13] and provide trap
centers for electrons [14]. It was recently experimentally-demonstrated
that dislocations help considerably enhance photocatalytic activities
owing to the modification of bandgaps by applying strain [2,15]. The
use of oxygen-deficient high grain boundary density TiO2 anodes for
sodium-ion batteries has been shown to greatly enhance both the per-
formance and stability of energy storage devices [16]. The same idea lies
behind the improvement of lithium-oxygen battery performance on the
basis of using high-grain boundary nanoporous TiO2 as an electro-
catalyst [17]. Importantly, dislocations can be mechanically-induced in
transition metal oxides, which allows for the tailoring materials with
desired properties [18].

This relationship between the properties of oxides and the presence
of defects of different dimensionalities is not always fully understood,
and therefore a model system with precisely controlled density defects is
needed. One such extensively-investigated system is bicrystal, whereby
one can analyze not only the influence of point defects but also extended
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defects, which are of key importance in real materials [19]. Bicrystal
boundaries are sites that contain a multitude of dislocations, wherein the
type and spacing can be controlled by changing the tilt angle [20,21].
The broken symmetry results in strain gradients that give rise to the
remarkable electrical and mechanical properties of dislocations [22].
Dislocations in oxide materials have been the subject of simulations that
show that they can be a site of preferential reduction and increased
diffusion [23 24]. All of the abovementioned factors make bicrystal
boundaries fascinating model systems for understanding the properties
of real polycrystalline or ceramic materials. Bicrystals are typically
artificially-synthesized by cutting two crystals, polishing their surfaces,
joining them at the desired angle and, finally, heating them in the air at
elevated temperatures and high pressures for many hours (e.g., 10 h at
1500 °C for TiO2[25]). However, it has been shown through the analysis
of etched surface patterns that bicrystal production process induces the
formation of new dislocations, even far from the boundary [25,26] and
therefore synthetic bicrystals do not fully reflect the boundary’s natural
state. In this study, we investigate a bicrystal that has naturally formed
during typical crystal synthesis and which has not been additionally
pressed or annealed, and which therefore most faithfully reflects the
ideal grain boundary as a line of dislocations.

Herein, we determine the impact of dislocations present at the low-
angle boundary on the key factor limiting photocatalytic activity,
namely the dynamics of photogenerated charge carriers. Although a few
recent papers focused on the electro- and cathodoluminescence in-
tensities of differently formed dislocations and boundaries [27-29], a
more detailed information of the temporal behavior of charge carriers is
needed. The intensity of photoluminescence (PL) is used as a measure of
the recombination of the generated excitations [30], whereas the decay
profiles shed light on the mechanisms of photocatalysis [31]. It is the
idea of designing active layers with longer carrier lifetimes driving the
development of highly-efficient tandem solar cells [32]. However,
traditional PL measurements do not provide spatially-resolved data - in
order to obtain such information at the microscale, it is necessary to
utilize fluorescence lifetime imaging microscopy (FLIM). FLIM is a
technique that enables photoluminescence imaging in a time domain
and is widely used in the life sciences [33,34], but also finds applications
in areas ranging from investigations of recombination in the grain
boundaries of solar cells [35] to the identification of paint pigments and
the study of their decay in time period dating in the conservation sci-
ences [36-40]. We employ two-photon FLIM microscopy equipped with
time-correlated single-photon counting in order to achieve the best
temporal sensitivity and spatial resolution below a single micrometer.
This enabled, for the first time in the case of titanium oxides, the sepa-
ration of signals from the bulk, dislocations, and area close to the grain
boundary. By using a low concentration of pentavalent niobium dopant
in rutile TiO2crystals with alow-angle bicrystal boundary and annealing
them under oxidizing or reducing conditions, we address the question of
what the impact is of extrinsic and intrinsic defects on the photo-
luminescence process and, therefore, on the recombination efficiency. In
this paper, we prove that two-photon excitation photoluminescence
microscopy enables differentiation to be drawn between the charge
carrier dynamics in bulk and dislocations, as well as the effects of oxygen
vacancy self-doping upon reduction and aliovalent Nb doping.

2. Materials and methods

In order to investigate the photoluminescent properties originating
from defect states, we selected bulk rutile TiO2 crystals. We used
Verneuil-grown undoped and Nb-doped TiO2(110) epi-polished rutile
single crystals (Shinkosha Co. Ltd.) with dimensions of 10 x 3 x 0.5
mm3. Two nominal Nb doping levels were utilized: 0.5 wt% (0.43 at.%)
(for most experiments) and 1 wt% (0.86 at.%). In the case of 0.5% Nb-
doped TiO2(1 10), the presence of a natural bicrystal boundary was
detected, which featured a tilt angle of ~ 1°. Samples containing a
bicrystal boundary were either oxidized (1 h, 1000 °C, 200 mbar O2) or
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reduced (1 h, 1000 °C, vacuum pressure of 10-6 mbar) in a high-vacuum
(HV) quartz tube heated in a furnace. Bicrystals were investigated using
an FEl Quanta 3D FEG field-emission scanning electron microscope
(SEM), where the electron backscatter diffraction (EBSD) method was
utilized for determining tilt angles. For the transmission electron mi-
croscopy (TEM) measurements, a thin lamella was cut across the grain
boundary using a gallium focused ion gun. The chemical mapping of Nb,
O and Ti (by means of energy-dispersive X-ray spectroscopy, EDX) and
nano-beam diffraction (NBD) measurements were carried out in a Titan
Cubed G2 60-300 microscope, equipped with an X-FEG Schottky high-
brightness source and a monochromator. Strain field maps were calcu-
lated with the geometric phase analysis (GPA) [41] of atomically-
resolved HAADF STEM images using the Strain++ software [42].

The FLIM measurements determining the spatial distribution of
photoluminescence lifetimes were performed at room temperature using
an upright scanning fluorescence microscope (A1R; Nikon) equipped
with a water immersion objective (NA 1.1) with a pulsed high-repetition
rate Ti:Sa-laser (Xexc = 740 nm (1.68 eV); 100 fs pulse width; 80 MHz
repetition rate; MaTai HP DeepSee; Spectra Physics, Newport Coopera-
tion, Santa Clara, CA, USA) for two-photon excitation. The incident laser
intensity amounted to ca. 1.4 x 1017 photons/pulse cm~2. The images
were generated by a raster scanning (512 x 512 pixels) focused laser
beam over the sample with a minimum estimated voxel size of
approximately 1.5 Jrmin z (i.e., perpendicular to the sample surface) and
0.82 |min the lateral, x and y directions. The time course of the pho-
toluminescence intensity (decays) passing a broadband emission filter
(410-650 nm) was detected by a GaAsP-hybrid photodetector (HPM-
100-40, Becker & Hickl, Berlin, Germany) operating in single-photon
counting mode and reconstructed and analyzed for each pixel by
means of time-correlated single-photon counting (TCSPC) electronics
(Simple-Tau, Becker & Hickl) and software (SPCM64 and SPClmage 8.0,
Becker & Hickl). Photoluminescence decays at each pixel were fitted by
a single exponential function, yielding a reasonable y2 parameter below
2 for each pixel (mostly in the range 0f 0.8-1.5). Only the PL decays from
undoped TiO2(1 10) crystals were fitted by a bi-exponential function
and the slower decay times were compared.

3. Results and discussion

3.1. Structure and composition

SEM and TEM investigations were performed in order to determine
the structure and composition of the low-angle bicrystal boundaries in
Nb-doped (0.5% wt.) rutile TiO2 crystals. An EBSD texture analysis
confirmed an angle of one degree separating two single crystals (Fig. 1
a-c). Both crystals had an exposed (110) surface, which is the most
thermodynamically-stable. Up until now, the majority of TiO2bicrystals
analyzed had larger tilt boundary angles ofbetween 5 [14] and 66° [43].
Such a small angle as that used in the presented case limits the inter-
action between neighboring dislocations in a boundary, making results
easier to generalize. To directly verify the dislocation structure and
crystallinity, a lamella across the bicrystal boundary was cut from a
region marked in green in Fig. 1a. The HAADF-STEM image reveals a
periodic contrast at the boundary, as shown in Fig. 1d, suggesting an
array of individual dislocations separated by 36 nm, propagating in the
(010) direction. The monocrystalline rutile structure was found in both
crystals, as demonstrated by a selected-area electron diffraction (SAED)
pattern (Fig. 1d insets). There was no evidence of secondary phase for-
mation near this grain boundary.

Although the structural impact of the dislocations present at the
boundary is limited to their nearest vicinities, there could be a compo-
sitional effect from reaching out further. To address this issue, detailed
EDX data were collected (Fig. 2). No significant difference was observed
in the concentration of the three elements (Nb, Ti, O) between the
dislocation cores and the pure bulk crystal, as can be seen in the maps
(Fig. 2 a) and on the integrated spectra (Fig. 2 b-e). This was also shown
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Fig. 1. Natural TiO2:Nb (110) boundary structure. (a), (b), (c) Electron backscatter diffraction (EBSD) image quality and inverse pole figure (IPF) maps, providing ~

1-degree tilt-angle between the two crystals. (d) HAADF-STEM image of the boundary, showing an array of dislocations (dark spots); insets: SAED patterns depicting

[001] zone axis diffraction of rutile TiOz2.

Fig. 2. Chemical composition at the TiO2:Nb boundary. (a) HAADF-STEM image of the investigated region. (b) EDX spectrum overview and particular spectra
exhibiting no significant difference in (c) Nb-L, (d, e) Ti-L, Ti-K and O-K lines from TEM EDX.

by the SEM EDX in the boundary area (see Fig. S2 in the Supplementary).
Comparing the EDX spectra near the Nb-L line energy between the
dislocation core and pure bulk region, one can conclude that if there is a
relative difference in niobium concentrations between the two regions,
it should be smaller than ~ 11% (at the level of one standard deviation)
from the statistical signal to background considerations, comparing the
variance of counts at the Nb-L peak across the dislocation to the mean
value. Such a lack of Nb signal enhancement at the grain boundary
appears to not be the general case for all transition metal oxides, e.g.,
Nb-doped SrTiO3 [44]. Literature studies on TiO2 ceramics prove that

segregation occurs in Ce-doped samples; however, in the Nb-doped
samples, dopant segregation is limited [45]. Cathodoluminescence ex-
periments performed on SrTiO3 crystals suggest enhanced oxygen
migration at dislocations [27], but the oxygen concentration appears to
be unchanged in the case of TiO2, as depicted in Fig. 2b and d.

A closer look at the atomic arrangement in the individual disloca-
tions is provided in Fig. 3a by the HAADF-STEM. A pair of edge-on
dislocations is located at each spot, with the missing half-planes in the
(110) and (—110) directions. The rutile crystal appears to be defect-
free in-between the dislocations. In order to visualize the strain
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Fig. 3. Characterization of the structure of the individual dislocations present at the boundary. (a) Atomic-resolution HAADF-STEM image of a boundary viewed

from the [001] projection. (b) GPA analysis strain maps (8xx, £yy, £xy, Axy) at the boundary.

gradients emerging from dislocations, geometric phase analysis (GPA)
was employed, providing strain matrix elements (&, eyy, 6xy) and
dilatation (Axy), which is a trace of the distortion matrix. The calculated
values of those coefficients shown in Fig. 3b indicate lattice distortions
of up to 10% in the nearest vicinity of the dislocation, stretching out up
to 5 nm from the core, with no significant distortions thereafter. Such
strain fields originating from the dislocations affect the electronic
structure of the surrounding crystal, which can in turn lead to an
enhancement in photocatalytic activities by decreasing the band gap
and supplying greater density to the states in their vicinity [15]. Band-
bending limits the motion of the charge carriers, which makes both
electrons and holes more likely to separate and localize, enhancing the
photocatalytic activity of TiO2 [46]. However, the opposite effect of
enhanced electron mobility along dislocations, which makes them
conducting channels in the TiO2 matrix [13,47,48,49] should decrease
the likelihood of electron localization near the dislocations. Dislocations
in rutile TiO2 are expected to provide n-type conduction paths, with
overall conductivity depending on the overlap of space charge zones
[49] In order to resolve which mechanism is predominant in the rutile
TiO2, it is necessary to directly measure the lifetime of charge carriers at
the boundary.

3.2. Photoluminescence

Having demonstrated that the bicrystal boundary consists of an array
of equidistantly-spaced dislocations and no significant difference in the
chemical composition is observed, we will now address the impact of
dislocations on optoelectronic properties as measured by means of two-
photon FLIM. Although many studies have attempted to correlate PL
intensity with the photocatalytic activity of titanium oxides [50,51], itis
commonly accepted that the PL lifetime is a significantly better measure
of the PL, as the emission intensity is strongly dependent on many fac-
tors, which include crystal structure, particle size, and optical configu-
ration [39].We employed a high-power pulsed laser with photon energy
(1.68 eV) that was smaller than the bandgap (3.1 eV) to excite the crystal
via two-photon absorption and detect both the PL intensity and lifetime
of the sample. Two-photon absorption is a non-linear process that de-
pends on the illumination power squared, and therefore the spatial
resolution is enhanced by comparison to one-photon absorption,
amounting in our microscope to about 300 nm laterally and 500 nm out-
of-plane (see Fig. 4i). This makes the two-photon PL mapping a tool of
choice for the characterization of grain boundaries, capable of

identifying even individual dislocation bunches, as we demonstrated
recently in the case of an SrTiO3 bicrystal [26]. Two-photon PL mea-
surements can also help overcome one of the biggest factors limiting
progress in understanding the performance of real thin film-based de-
vices, namely the inability to identify grain boundaries using other
methods than electron microscopy [52]. Additionally, two-photon FLIM
measurements of photoluminescence allow for the much faster investi-
gation of large sample areas (100 s of pm2in one minute) and do not
entail a demanding sample-preparation method.

In the case of simple undoped rutile TiO2, PL decay has a double
exponential character with two distinguishable deactivation channels:
slow and fast. The slow decay channel characterized by a longer pho-
toluminescence decay time is commonly attributed to the recombination
of excitons via oxygen defects [53]. Such defects, present on either the
surface or in bulk, serve as trap centers for electrons, suppressing the
carrier recombination [54]. Additionally, trapped electrons on oxygen
vacancies scatter free electrons, decreasing their mobility, which
thereby helps to separate electron-hole pairs and finally increases their
lifetime [53]. The fast PL decay component is likely associated with
direct electron hole recombination in the bulk [55]. The situation for the
Nb donor-doped rutile investigated here is straightforward, and is
characterized by a single exponent, leaving only slow decay. For each
sample, one exponential fit with one parameter set for the PL temporal
behavior was obtained. Single decay characteristics for both bulk TiO2
and the bicrystal boundary are shown in Fig. 4g and h. The TiO2 PL
lifetimes obtained from the batch-fitting of decay characteristics at each
pixel are plotted in Fig. 4a-c and the corresponding intensities are
shown in Fig. 4d-f.

In rutile TiO2, titanium atoms present at the dislocation cores have a
mixed 3+/4 + valence that is based on calculations that suggest the
confinement of those states [13]. Therefore, the boundary area, which is
enriched in dislocations, should behave differently when exposed to
light. This is visually depicted in Fig. 4b and e, where the bicrystal
boundary, being in principle an arranged line of dislocations, has a
shorter PL lifetime and lower intensity than the TiO2 matrix, which is
homogeneous. Literature studies suggest dislocations in TiO2 acting as
traps for electrons but not holes, making recombination less effective
[14]. This was directly proven by our PL measurements, which showed
less intensity of PL at the boundary compared to the bulk TiO2 (Fig. 4e).
Such behavior is also reflected in the PL lifetimes shown in Fig. 4b: for
the stoichiometric sample (s-TiO2), the PL lifetime at the boundary is
200 ps lower than in the bulk. Moreover, aregion around the boundary a
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Fig. 4. Photoluminescence (PL) lifetime and intensity maps of the (a, d) oxidized (ox-TiO2:Nb), (b, e) stoichiometric (s-TiO2:Nb), and (c, f) reduced (r-TiO2:Nb)

bicrystal boundary. All of the lifetime maps feature a common linear color scale (500-1200 ps). The black bars indicate a 50 pm lateral scale. (g, h) PL decay profiles

for the bulk and boundary, respectively. (i, j) Two-photon excitation PL microscopy scheme and a simple model of PL generation in Nb-doped TiO2. (k) PL lifetime

distributions for stoichiometric, reduced, and oxidized samples with bulk (m) and boundary (+) indicated for each sample. (I) Summarized average PL lifetimes for

each sample and area.

few micrometers-wide features slightly higher PL lifetimes (ca. 50 ps)
than the boundary itself, which is visible as a shoulder in the PL lifetime
histograms shown in Fig. 4k. This could be understood as either a
consequence of induced ionic polarization in the crystal or as a result of
a space charge zone similar to that observed in SrTiO3 [56,57] and the
TiO2 bicrystal boundaries [58]. It is worth noting that the substantial
impact observed on PL intensity and dynamics at the boundary is aresult
oflight interaction with a line of sparsely-distributed dislocations, with a
separation of 36 nm (Fig. 1). For grain boundaries in real polycrystalline
films, the influence would be more significant, as the dislocation density
there is much higher.

The PL mechanism induced by two-photon absorption is depicted in
Fig. 4j. With a sufficiently high density of incident photons, as illumi-
nated by the pulsed laser excitation, an electron-hole pair is created by
two quasi-simultaneous absorption events of photons with the energy
lower than the bandgap, which was 1.68 eV in this case. The electron
was excited to the conduction band with an energy of 3.36 eV above the
valence band maximum. Then, it returned to the lowest available
allowed state and relaxed from there to the ground state in accordance
with Kasha’'s rule, emitting a PL photon with a high probability (quan-
tum yield). In rutile TiO2(1 10), 0.5% Nb extrinsic doping induces a state
0.8 eV below the conduction band minimum [59]. It is mostly the Ti 3d

state, which originates from oxygen vacancies [1,60], with a small
contribution from Nb 4d [59]. The excess electron in the doped rutile is
mainly localized at the adjacent Ti atoms and partially at the Nb site
itself, and is much more localized than in the Nb-doped anatase TiO2
[59]. As we measure PL dynamics at room temperature, such a state is
considered a deep-level trap. From this state, a radiative recombination
occurs that results in a green PL emission, measured here both in terms
of intensity and, more importantly, lifetime. The emission maximum of
Nb-doped TiO2is located at around 440 nm [39], with a broad tail of up
to 650 nm [61]. The reason would be similar to the case of undoped
TiO2 where bandgap states as well as self-trapped exciton states exhibit
a wide range of configurations that explain the broad emission spectral
width [62].

The situation at the grain boundary is different, as the crystallo-
graphic order is disrupted and so is the electronic structure. For the
undoped rutile TiO2, the dislocation core region is associated with a
band of unoccupied states extending 0.3 eV below the bulk conduction
band minimum, with no corresponding occupied states above the
valence band maximum [14]. This suggests that a dislocation would
serve as a 1D trap for electrons but not holes, as was also observed for
dislocations in MgO [63]. However, in the case of the substitutional
doping of Nb in TiO2, these states most likely lie above doping-induced
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Ti 3d levels and the trapping mechanism is suppressed, as it is ener-
getically less favourable. This was proven by PL measurements (Fig. 4),
when a decrease in the PL lifetime at the boundary is observed. The
higher mobility of charge carriers along dislocations [13,47] increases
the cross-section for non-radiative Auger processes, in turn decreasing
the PL lifetimes. This appears to be a more general situation, as lower PL
lifetimes at the grain boundaries were also measured for the case of the
as-grown multicrystalline Si [64].

Having described the role of extended defects in the grain boundaries
on PL dynamics, it is now necessary to address the influence of point
defects in TiO2 especially oxygen vacancies, whose concentration
governs most electronic and structural properties.

The thermal reduction of rutile TiO2results in self-doping by oxygen
vacancies [65], whereas for Nb-doped crystals, an additional Nb segre-
gation occurs [3,66]. For the mild reduction conditions (1000 °C, UHV),
an out-of-plane depletion of niobium is observed to the depth of tens of
nanometers, simultaneously forming an Nb-rich conductive layer with a
new reconstruction on the (110) surface [3]. As the FLIM signal is
averaged almost a micrometer in the axial direction, this resegregation
does not affect the PL decay due to its very low relative contribution to
the total signal. Here, the ordered array of dislocations at the boundary
is preserved and no structural changes were noted (see Figure S3 in the
Supplementary Material). Although the reduction does not change the
PL dynamics in the bulk, the situation at the boundary is different. For a
stoichiometric crystal, the boundary has a slower and less intense PL;
however, when the crystal is reduced, this situation is reversed (Fig. 4c,
f). Bulk PL decay does not change after reduction, whereas the PL life-
time of a boundary increases substantially, by 300 ps (compare Fig. 41).
This suggests that electrons are more efficiently trapped at reduced
dislocation sites, as levels lie deeper in the gap and are close to the
valence band maximum [14]. In transition metal oxides, dislocations
and therefore grain boundaries are more efficiently reduced than the
matrix [19,26,67-69] and produced oxygen vacancies serve as effective
trap states, helping to separate and localize photogenerated charge
carriers. Recent studies conducted on the Nb-doped SrTiO3films prove
that increased electroluminescence at the formed conducting paths are
related to the increased amount of defect states associated with oxygen
vacancies[28]. [67]This could be the reason for the strong correlation
observed between photo-induced exciton pair lifetimes and the photo-
catalytic activity of nanocrystalline titania [51]. Other studies suggest
that Ti3+ states induced by edge dislocations improve photocatalytic
activity by up to two times compared to dislocation-free TiO2 nanowires
[2]; however, according to our results, these are most likely reduced
dislocations.

Oxidation significantly decreases the PL lifetimes for both TiO2bulk
and grain boundary (see Fig. 4a, d and Fig. S1 in the Supplementary
Material for a comparison of the same area before and after oxidation).
This is most likely a result of the induced concentration gradients of Nb.
Close to the surface, the concentration of niobium in Nb-doped TiO2and
annealed under oxidizing conditions is substantially larger than in the
bulk phase. At the same time, an increase in titanium vacancies was
observed [66]; however, such defects do not influence the lifetimes of
photogenerated pairs, as Ti cation vacancies induced by irradiation do
not greatly affect positron lifetimes in TiO2 [70]. The main contribution
for decreased PL lifetimes is segregation-induced enrichment in
niobium, which results in the formation of an Nb2TiO7-type structure
[66]. At this point, an increased concentration of pentavalent Nb do-
nates further excess electrons, which, by Auger processes, suppress the
radiative recombination of electron-hole pairs, leading to the more rapid
relaxation of excited electrons.

The FLIM method provides a possibility for the mapping of charge
carrier dynamics at the sub-micrometer scale. Fig. 5 displays a com-
parison of PL lifetimes at a grain boundary for stoichiometric and
reduced Nb-doped TiO: crystals. The effective achieved resolution is
below 300 nm, based on the FWHM criterion (Fig. 5d). The theoretical
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Fig. 5. Spatial information on PL lifetimes and Nb concentrations for stoi-
chiometric (s-TiO2 and reduced TiO2 (r-TiO2). (a) PL lifetime map of stoi-
chiometric TiO2(110). (b) PL lifetime of thermally-reduced TiO2(1 10). (c) Line
profile taken from (a) across the bicrystal boundary. (d) Line profile taken from
(b) across the boundary. (e), (f) EDX Nb-L line intensity profiles across the
boundary for stoichiometric and reduced crystals, respectively, exhibiting a
uniform Nb concentration for both samples. The insets shows STEM maps for

the same areas.

resolution is estimated as for NA > 0.7 [71] and in our case it

yields 310 nm (for NA = 1.1 and X = 740 nm), which means that the
FLIM measurements of the boundary have reached their physical limit.
However, confined structure of dislocations revealed by TEM suggests
that a boundary response originates from the area even smaller,
confined to the nearest vicinity of dislocations and presumably the zone
of increased amount of oxygen vacancies around, as it was observed for
cathodoluminescence measurements of dislocations in SrTiO3 [29]. The
bicrystal boundary present in a reduced crystal exhibits a narrower PL
response zone to a two-photon excitation (Fig. 5b), which could be also
connected to small, in-plane concentration gradients of niobium that
emerge during annealing. We consider this effect unlikely, as no sig-
nificant concentration gradient was measured by EDX TEM. In order to
prove this, background-corrected Nb-L line intensity profiles across the
boundary are shown in Fig. 5e and f for stoichiometric and reduced
crystals, respectively. Although the Nb intensity is low, no systematic
differences in the concentration at the boundary are present, proving
that the nominal concentration of extrinsic defects is uniform and
relative changes are below 11%.

In order to gain insight into the correlation between extrinsic donor
concentration and PL dynamics, a set of Nb-doped crystals were
measured. Aliovalent doping is known for its beneficial impact on
photocatalytic activity, e.g., Fe doping resulted in the enhancement of
methylene degradation [72]; however, this dependence on doping
concentrations may be non-monotonous, as 0.8 at% Fe-doped TiO2films
exhibited the highest photocatalytic activity, which then decreased. This
was the rationale for us to investigate the impact of the three Nb doping
levels (0%, 0.5 wt%, 1.0 wt%) on PL dynamics, the results of which are
shown in Fig. 6.There is a clear effect from the increasing of donor
doping on PL lifetimes. The undoped rutile TiO2(1 10) crystals feature a
long, double-exponential PL decay process, similar to undoped SrTiO3
[26]. The dominating long component, corresponding to oxygen
vacancy-mediated recombination [53], has a lifetime of 2 ns, which is
significantly increased to 4.6 ns following thermal reduction (Fig. 6a and
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Fig. 6. Nb concentration and reduction influences on PL time-integrated intensities and lifetimes of rutile TiO2(110). (a, d) undoped TiO2(110). (b, €) 0.5% Nb

doping of TiO2(110) with a natural bicrystal boundary. (c, f) 1% Nb-doped TiO2(110) sample. (g) Representative PL decays for all samples. (h) PL lifetime dis-

tributions of undoped, 0.5% Nb and 1% Nb samples. (i) PL lifetime values averaged over a set of images for each sample.

d). Such values are seemingly smaller than the lifetimes obtained for
rutile single crystals using time-resolved photoelectron spectroscopy;
however, here we measured a signal averaged over hundreds of nm in
the bulk, compared to the purely surface effect measured by Ozawa et al.
[73]. We show that PL lifetimes can also be tuned by doping, where Nb
substitution limits charge carrier dynamics, resulting in singular expo-
nential behavior and a drop in PL lifetimes to 900 ps (for 0.5 wt%
doping) and 430 ps (1 wt%). These values are in good agreement with
previous studies on doped TiO2 nanoparticles, in which 480 ps lifetimes
were measured for an Nb concentration of 0.6 at.% (0.7 wt%) [61].
Surprisingly, the PL dynamics of the doped samples were insensitive in a
reduced state (see Fig. 6 d - f), unlike the undoped rutile. Therefore, the
origins of changes in PL dynamics via the self-doping of oxygen va-
cancies during reduction and substitutional aliovalent doping, respec-
tively, differed.

As we assume that both undoped and doped rutile TiO2 have similar
PL emission spectra, as was already proven by Yamada et al. [4], dif-
ferences mustoriginate from the different density of defects and donated

charge carriers. The influence of doping on the photocarrier dynamics is
twofold. With more pentavalent niobium atoms present, the number of
Ti3+ increases, and therefore more charge carriers could be trapped in
these defect centers [23]. This could lead to the suppression of recom-
bination and, consequently, to a PL lifetime increase. At the same time,
the charge carrier density itself is enhanced as aliovalent Nb atoms
donate electrons to the matrix, which then preferentially form polarons
[74]. This would result in electron-electron-hole Auger processes
becoming enhanced and a faster decay rate of photogenerated carriers,
also contributing to the lower PL intensity. Moreover, other mecha-
nisms, including the Shockley — Read — Hall recombination and self-
trapped exciton (STE) processes, could play a role [75]. In order to
resolve the impact of those main contributions (trapping and Auger
processes) in more detail, we follow a simple rate equation describing
the decay of charge carriers n [4]:

dn t 0
i An - Bn2- CNex (1)
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where A is the monomolecular nonradiative recombination coefficient,
representing single-carrier trapping processes, B is the bimolecular
radiative recombination coefficient, C is the Auger recombination co-
efficient that involves three carriers, such as the electron-electron-hole
and electron-hole-hole processes, n is the photogenerated carrier con-
centration, and Ne stands for excess electrons donated by doping. The
measured PL intensity is therefore proportional to B /ppaBn2.

The Auger component is approximated as being dependent on Ne2n
instead of n3, as the concentration of photogenerated charge carriers n
due to the two-photon absorption is much lower than the charge carriers
donated by the Nb donors. It could be estimated as:

_ftF11
U_ ~2hv

where ft is a two-photon absorption coefficient that we assume, for the
bulk rutile, is on the order of 0.9 mm/GW (for similar conditions of 1.58
eV (774 nm) photon energy and a 290 fs pulse laser) [76], F is a laser
power density that was approximately 2 mW/pm2 t is the time of
interaction, here 0.3 ms (80 sfor image /7 (512 x 512) pixels) and hv the
photon energy (2.7 x 10_19J for 740 nm). This estimation results in a
concentration of photogenerated electron-hole pairs of 1015 cm~3
which is orders of magnitude smaller than the concentration of excess
electrons in the Ti 3d band donated by either extrinsic Nb doping or the
self-doping of oxygen vacancies upon reduction [47]. Therefore, as we
are far from the saturation of absorption, we probe the pure changes in
charge carrier dynamics due to the different defects’ presence in rutile
TiO2 and laser beam-induced effects can also be neglected.

Our measurements entailed two-photon excitation and emission with
a low quantum yield. Hence, the B coefficient could be neglected in Eqg.
(1) due to the low PL efficiency and PL lifetime being a simple function
of donated d-type electrons:

t_ (A+CN/)-1

For the two doping concentrations investigated, Ne would be equal to
1.3 x 1020 cm~3 (0.43 at.%) and 2.6 x 1020 cm~3 (0.86 at.%). For
measured PL lifetimes of 883 ps (0.43%) and 417 ps (0.86%), these
coefficients yield A _ 3.57 x 108s~1and C _ 1.25 x 10_32 cm6 s~1,
which is in agreement with the values calculated by Yamada and
Kanemitsu (A _ 1.9 x 107 s~1and C _ 1.0 x 10~3 cm6 s~1) [4].
However, such a simplistic approach neglects the compensation mech-
anisms, which may significantly affect the donated electron concentra-
tion, i.e., there could be a compensation as high as 99.42%, reported for
the 10% Nb occupation of Ti sites at 10-5 mbar O2 and 50% compen-
sation for 10~9 torr O2 at 750 °C [77]. When also including the activa-
tion energy for electron transport in Nb-doped TiO2of approximately 80
meV, the ratio of localized polaronic to free electrons occupancy would
be 1:20 at RT [78]. This would yield free carrier concentrations of 6.5 x
1018 cm~3 and 1.3 x 1019 cm~3 for 0.43% and 0.86% doping levels,
respectively, where the rest electrons are dressed up in small and large
polarons. Taking this correction into account, the final coefficients
would be A _ 2.11 x 108s~1land C_ 5.0 x 10~30cm6s~1.

Nevertheless, this substantial content of the nonradiative Auger
recombination coefficient is one reason for the observed PL lifetime
suppression for increasing the doping of TiO2. A similar observation was
made for the case of Nb- and La-doped SrTiO3crystals where, in general,
PL lifetimes drop with increasing concentrations of donated electrons
[44,79].

In oxides, reduction results in the formation oxygen vacancies and
the charge carrier concentrations increase. The density of oxygen va-
cancies VO formed in Nb-doped TiO2 during thermal annealing under
heavily reducing conditions (1000 °C for 1 h) is on the order of 3 x 1019
cm~3, as has already been measured via thermogravimetric analysis [3].
Here, the conditions were much less reducing (below 10~7 mbar of O2)
and the estimated VO concentration was in the range of 1 x 1017 cm~3.
This is much below the concentration of excess electrons donated by
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extrinsic doping in the Nb-doped TiO2 matrix, and therefore reduction
does not change the carrier dynamics and hence PL lifetimes (compare
Fig. 6i). Our PL lifetime data indicate, however, that oxygen vacancies
formed in undoped TiO2 via reduction according to our protocol, are
playing a dominating role, as the lifetime of the slow PL decay compo-
nent increases more than twice, to 4.6 ns (Fig. 6a and d). Therefore, the
trapping near oxygen vacancy sites is the predominant process that
enhances charge carriers’ separation and, in turn, slows down their
recombination. Similar behavior was observed in vacuum-annealed
SrTiOs crystals in which positron lifetime observations indicate life-
time increases compared to untreated SrTiO3 (121-151 ps to 260-276
ps), which was described as an influence of Sr and oxygen vacancy
complexes [80].

To conclude the PL dynamic measurements, the PL lifetimes of all
TiO2 rutile samples with different doping levels and reduction states
measured in this study are presented in Table 1. The values are averaged
over a few large-scale images for each sample.

To demonstrate that we are dealing with a real two-photon process,
the dependence of PL intensity and lifetimes on laser power was inves-
tigated, and the results are shown in Fig. 7. The power dependence on
the observed PL intensity is purely quadratic and fits well with one
parameter for both 0.5 wt% Nb-doped TiO2bulk and boundary aswell as
a rutile with a 1% Nb doping level (Fig. 7 a). The PL lifetime is also
independent of the incident light power (Fig. 7 b), suggesting that we
remain far from the saturation of absorption-emission processes. Addi-
tionally, no light irradiation-induced damage to the investigated crystals
was observed when the same area was assessed using the increasing
laser power and back to low power measurements. Fig. 7 ¢ presents the
PL lifetimes of a doped rutile TiO2 following two-photon excitation with
the light of wavelengths in the range between 720 nm (2 x 1.72 _ 3.44
eV) and 860 nm (2 x 1.44 _ 2.88 eV). No significant change in the
charge carrier dynamics was observed for either doping level. This
observation serves as proof that the excitation occurs in a defect state
below the stoichiometric rutile conduction band, as the reported
bandgap width is in the range of 3.1-3.3 eV. Therefore, the above-
mentioned description of electron-hole pair creation is valid for a
broader spectrum of the incident light, making the doped rutile a
promising candidate for optoelectronic devices that operate in sunlight.

4. Conclusions

In summary, in this study we confirmed that PL in rutile TiO2 is
heavily dependent on the oxide defect state. The use of two-photon
excitation, in combination with FLIM microscopy, enabled us to differ-
entiate between effects related to intrinsic or extrinsic defects of a
different dimensionality. Specifically, the photoluminescence dynamics
in extended defects differed compared to the bulk TiO2, as
experimentally-observed ordered arrays of dislocations in an Nb-doped
rutile bicrystal boundary contributes to lower PL intensities and shorter
lifetimes. This situation can be reversed through the use of thermal
reduction, which does not affect the bulk PL properties of Nb-doped TiO2
but enhances the intensity and lifetimes at the boundary. We have also

Table 1

Averaged PL lifetimes for rutile TiO2(1 10) single crystals with Nb doping levels
from O to 1 wt% (for undoped samples, only the long decay was taken into ac-
count). The lifetimes are shown with statistical errors in picoseconds.

Photoluminescence lifetimes [ps]

Sample Undoped 0.5% Nb TiO2(110) 1% Nb
TiO2(110) Vatrix éounJar TiO2(110)
y
As 2025 + 31 862.9 + 782 + 15 417 + 16
received 8.9
Reduced 4630 + 116 885 + 11 986 + 21 448 + 17
Oxidized 528.1 + 519 + 10 -
8.2
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Fig. 7. Laser power and wavelength dependence on the PL lifetimes and intensities of the rutile TiO2 with two donor doping levels. (a) Intensity increases with laser

power and exhibits a purely quadratic characteristic for the boundary and bulk of 0.5% and 1% Nb-doped TiOz2, whereas the PL lifetimes are constant, regardless of

the laser power (b). (c) PL lifetimes are independent of the incident photon energy for the range of (720-860 nm) for both Nb concentrations.

studied the influence on the PL dynamics of one of the most common
donor doping. The increase in pentavalent Nb doping in the rutile crystal
enhances the non-radiative Auger processes, resulting in adrop in the PL
lifetimes from 2 ns for the undoped, through 900 ps for 0.5 wt% content,
to 433 ps for a 1% Nb concentration. Therefore reduction finally leads to
the longer PL lifetimes in the undoped rutile TiO2, whereas shorter PL is
observed for the Nb doping. Interestingly, PL lifetimes proved to be in-
dependent of the energy of the incident photon pair (in the range of
2.88-3.44 eV), which proves that absorption is realized to the bandgap
Ti 3d state.

The suppression of nonradiative recombination is critical for
achieving high levels of efficiency in optoelectronic devices. Our results
suggest that reduction may pave the way to enhancing the photo-
catalytic behavior of real titanium oxide materials, such as thin films
with the high densities of grain boundaries, via increasing the photo-
generated charge carriers’ lifetimes.
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