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Abstract: TiO2 is currently one of the most employed material in photocatalysis and optoelec-
tronic applications. By doping with different elements, tailored luminescent and optoelectronic
properties can be obtained, which further enhances its applicability. The achievement of deeper
knowledge and control on the recombination processes via light-metal doping engineering
promises a wider use in optoelectronic applications. In this work, the luminescent properties of
undoped and Li-doped anatase TiO2 nanoparticles obtained by hydrolysis process are studied,
by means of photoluminescence (PL) measurements from 10 K to room-temperature. TiO2
presents a wide emission which covers the visible range, while Li-doping quenches the emission
on the low visible region. By terms of time-resolved luminescence (TR-PL), lifetime of the
recombination processes can be obtained, in which a decrease on lifetime values can be observed
for the doped samples.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Titanium dioxide (TiO2) is currently one of the most suitable metal oxide semiconductors (MOs)
due to its low toxicity, abundance, and low price, as well as to its photocatalytic and optoelectronic
properties [1]. TiO2 (titania) is widely used in photocatalysis and optoelectronic applications,
as it possesses remarkable properties such as a high photoluminescence quantum yield, good
electrical conductivity, wide bandgap, and high refractive index, among others. The applications
of titania cover several fields in photonics as well, as it has been used in waveguides [2], optical
resonators [3], photocatalysis [4], and solar cells [5], among others. In fact, the combination of
titania with other compounds to assemble composites is a well-known practice in fields such as
hybrid silicon solar cells [6], gas sensors, and thermoelectric materials [7]. Moreover, MOs are
particularly regarded as interesting electron transport layers (ETL) due to the versatile processing
conditions and electronic properties [8,9]. In the search of improved performance and novel
applicability, further studies are required in the study of titania nanostructures.

TiO2 has different polymorphs, rutile, anatase and brookite, among which anatase and rutile are
the most popular ones [5]. In particular, anatase TiO2, which has an indirect band gap of 3.2 eV
at room temperature, is a metastable phase, considered to exhibit better photocatalytic activity
than rutile, the stable phase [1], although mixed phases can also show improved photocatalytic
performance anatase properties are strongly linked to the morphology, dimensions, composition,
and surface-to-volume ratio. A common approach to tailor its optoelectronic response consists
in doping TiO2 with different elements [2,4,10,11] which can increase optical gain in different
wavelengths [2], or improve the electrical conductivity, as well as the photocatalytic performance
[4,12]. Several dopants have shown to play a role on tailoring the luminescence properties,
mostly transition metals as Cu- [13], Fe-[14] Mn-[15], Cr-[16] or rare earths-[17], by adding
novel states in the bandgap or alter the radiative recombination paths. Among the light-metal
dopants, Lithium is recently arising increasing attention as a potential dopant for anatase, as it
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has shown superior photocatalytic activity [12,18] and enhanced electrical conductivity, which
improves the overall performance in Lithium ion batteries (LiBs) [10,11], leading as well to
enhanced stabilization of anatase phase against rutile [11,19]. However, the radiative processes
involved in the Li doped TiO2 luminescence still need to be deeply investigated in order to exploit
the applicability of this material, as less works have been reported in this field despite to potential
interest of the Li doped titania nanostructures.

Although, great research has been conducted on the synthesis and characterization of titania
nanoparticles so far, the mechanisms related to the excitation and relaxation processes in titania
are not fully understood yet [1,20], and requires of further studies. The limitation on the charge
mobility in titania can be a limiting factor for applications, hence necessary research has to be
conducted to shed light in this topic. Among the different characterization techniques which
allow this study, the most common one is the steady-state photoluminescence (PL) spectroscopy
at room temperature (RT) and low temperature, down to 4K, as at RT some contributions are
difficult to observe and analyze [16].

Recently, time-resolved PL (TR-PL) has been employed to resolve the lifetime of photo-
generated electrons and holes in anatase, providing insights on the dominant decay mechanisms
[1,20–23], the study of which can lead to improved knowledge of the photocatalytic and
luminescent behaviour. TR-PL has been employed to study anatase layers [20], mixed anatase-
rutile phases [23], or nanoparticles, focusing on the effect of the pH [1] however fewer works
consider the effect of dopants by means of TR-PL, despite their great influence in the luminescence.
In fact, the work from Dozzi of et al. is one of the very few studies using TR-PL for doped
anatase, in their case F-doped anatase [24]. Currently, the formation of MOs-heterojunction
to improve ETL layers are gaining interest, where significant PL quenching confirms superior
electron extraction ability [9], in that sense doping-MOs is also a potential approach.

Herein, optical and electric properties from Li-doped TiO2 nanoparticles have been studied
by diverse techniques. The luminescent-dependence of Li-doped TiO2 nanoparticles has been
analyzed by means of the temperature-dependent PL-measurements and time-resolved photolu-
minescence (TR-PL) spectra at temperatures down to 10 K. The kinetics of the luminescence
bands as a function of the Li doping and the temperature are discussed based on the non-radiative
transitions obtained from the Arrhenius analysis of the PL intensity and lifetime decay.

2. Experimental section

TiO2 and Li-doped TiO2 nanostructures were synthesized following a hydrolysis method, as
reported in a previous work [11]. To summarize, stoichiometric amounts of the precursors
were mixed into a beaker and then distilled water was used to induce the hydrolysis at room
temperature. Then, the product was centrifuged with distilled water until reaching neutral pH
and then dried in an oven at 50°C during 12 h. Finally, the product was annealed at 250°C during
24 h. Three different samples were analyzed in this case: undoped TiO2 and Li-doped TiO2
with Li in two weight percentages, respective to the precursor weight (20 and 30%) labeled
as TiO2, TiO2:Li0.2 and TiO2:Li0.3. The Li doped samples showed a Li content of 0.50% at.
(TiO2:Li0.2) and 0.65% at (TiO2:Li0.3), as confirmed by inductively coupled plasma optical
emission spectroscopy (ICP-OES) measurements [11].

The microstructural analysis was performed using a transmission electron microscope (TEM)
JEM 1400 plus JEOL. The morphological characterization was carried out by Raman spectroscopy
at room temperature using a Horiba Jobin-Yvon LabRam Hr800 (Horiba, Kyoto, Japan) with a
continuous wave He-Cd laser (λ= 325 nm). The laser was focused onto the sample surface using
a 40× objective (numerical aperture= 0.5, Thorlabs LMU-40X-NUV), which led to a laser spot
diameter around 1 µm for the UV. The scattered light was collected with the same objective and
dispersed with a grating of 2400 L/mm and finally acquired with an air-cooled CCD detector
Synapse.
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Particles were pressed into pellets for the following measurements. Synchrotron radiation
X-ray photoelectron (XPS) spectroscopy have been performed at the CNR Beamline for Advanced
dichroism (BACH) at the Elettra synchrotron facility in Trieste, Italy. The photoelectron spectra
were acquired using a Scienta R3000 electron energy analyzer. All core-levels and valence band
spectra were recorded with a total energy resolution of 180 meV. For those measurements, the
samples were prepared as pellets. Li 1s was calibrated to Ti 3s (62.5 eV) [11] while the surveys
was calibrated using C 1s core level at 284.6 eV.

Steady state Photoluminescence (PL) and time resolved photoluminescence (TR-PL) measure-
ments were acquired with an Edinburgh Instruments FLS1000 system, equipped with double
monochromator and a cryogenic setup to operate from 10 K up to RT with a variable light source
from a 450 W ozone-free Xenon lamp for steady-state. Lifetime measurements were obtained
using a pulsed LED with excitation wavelength of λLED= 256.8 nm and ∼1 ns pulse width as
excitation source and with a repetition rate of the pulses of 5 MHz.

For the electrical characterization, Hall effect measurements were performed at room tem-
perature using a current of 10 nA on a Hall Ecopia AMP55T with four gold probes and using
HMS-7000 control electronics. Contacts were prepared with silver paste (RS Silver Conductive
186-3600).

3. Discussion

3.1. Structural characterization of undoped and Li-doped TiO2 nanoparticles

Due to the high yield of the synthesis method, large quantity of TiO2 nanoparticles can be
obtained, for both the Li-doped and undoped samples. Prior to the luminescence study, the
morphological, structural, compositional, and electrical properties of the samples were analyzed.
In our previous report [11] the presence of Li in the samples was assessed by ICP-OES analysis,
which indicated values in the range of 0.5–0.65 at. %. XRD measurements confirmed the
only presence of anatase for all the synthesized samples, no rutile or other crystalline phases
were observed. The synthesized particles present averaged sizes between 6–7 nm, as observed
from TEM images, being slightly bigger the particles doped with Li. All particles present
a round shape and good size-homogeneity, as observed in the TEM image form TiO2:Li0.3
(Fig. 1(a)), being similar for the rest of the samples [11]. The corresponding SAED pattern (inset
in Fig. 1(a)), shows only the expected diffraction planes for anatase TiO2, further assuring the
phase homogeneity of the samples.

The Raman spectra for each sample (TiO2, TiO2:Li0.2 and TiO2:Li0.3) are shown in Fig. 1(b).
Vibrational modes from rutile are not observed in the Raman spectra despite the UV laser
employed as excitation source. Only Raman peaks corresponding to anatase active vibrational
modes [11,25] are identified for all the samples. These modes are, for the undoped sample,
positioned at 152 cm−1 (Eg), 203 cm−1 (Eg), 404 cm−1 (Eg), 521 cm−1 (B1g +A1g), and 632 cm−1

(Eg), respectively. Some of the Raman modes are slightly shifted towards lower wavenumber,
as well as showing a wider FWHM as well, due to the small size of the synthesized particles.
A wider contribution is observed around 800−840 cm−1, commonly related to B1g overtone
scattering [25], although its origin is still under debate. Variations in the relative intensity as well
as the positions of the Raman peaks can be appreciated as a function of the amount of dopant, as
observed in Fig. 1(b), which can be attributed to defects and stoichiometry changes in the samples
due to the lithium insertion. The most notable change in the Li-doped samples is the quenching of
the Eg mode, a vibration mode which is associated with symmetric bending vibrations of O-Ti-O
groups. This mode is sensitive to changes in the stoichiometry of the material and the presence
of oxygen vacancies, most likely created due to the charge imbalance induced by Lithium doping,
hence larger oxygen deficiency is observed in the Li doped samples.

To analyze the presence of lithium in the samples, XPS measurements were also conducted on
the TiO2 materials pressed into pellets [11]. From the XPS surveys acquired at 253 eV, shown in
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Fig. 1. (a) TEM image of TiO2:Li0.3 nanoparticles. Inset shows the corresponding SAED
pattern. (b) Raman spectra of TiO2, TiO2:Li0.2 and TiO2:Li0.3 samples and (c) XPS survey
of TiO2:Li0.2 and TiO2:Li0.3 samples acquired with a beam energy of 253 eV.

Fig. 1(c), the core level from Li 1s can be clearly observed at 55.4 and 55.5 eV for TiO2:Li0.2 and
TiO2:Li0.3, respectively, thus confirming Li doping. No Ti3+ contribution was observed in the
samples, which indicates that the lithium incorporation is mediated by the formation of mostly
oxygen vacancies.

Overall, the structural characterization confirms the high crystallinity of the synthesized
nanomaterial as well as the phase homogeneity, being anatase the only titania phase observed.

By means of Hall effect, the electrical conductivity of the samples was obtained at room
temperature. The conductivity values are shown in Table 1. All the samples exhibit n-type
conductivity, as expected, and conductivity values in the range of 10−6 to 10−7 S cm−1. As
observed, Li doped samples are more conductive than undoped TiO2. The enhancement in the
conductivity could be due to changes in particle size, porosity, and defects promoted during
doping. Nonetheless, effects related to the grain size and the structure of the pressed pellet could
also affect the conductivity [26]. In this case, the increased oxygen deficiency observed in the
Li doped TiO2, in agreement with Raman measurements, could also be related to the increased
conductivity.

Table 1. Variation in the conductivity of the undoped
and Li doped TiO2 nanoparticles.

Sample σ (S·cm−1)

TiO2 (1.2± 0.1)·10−7

TiO2:Li0.2 (8.3± 0.9)·10−7

TiO2:Li0.3 (2.2± 0.1)·10−6
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3.2. Temperature dependent photoluminescence

The study of the variation of the PL signal as a function of the temperature allows to get insights
in the thermally activated processes and defect-states involved in the radiative and non-radiative
recombination paths in the samples under study. Figure 2 shows the series of the PL spectra
acquired under the excitation obtained from a Xe discharge lamp monochromated at 290 nm (4.3
eV), which is larger than the anatase optical bandgap (∼387.5 nm, 3.2 eV). In this work, series of
spectra were acquired over a variable range of temperatures, from 10 K to 300 K (RT), in steps of
10 K. Previous reports have pointed out the possible transition from anatase to rutile during UV
laser irradiation [27], thus minimum exposure time was employed in this case in order to avoid
possible phase transition.

Fig. 2. Photoluminescence (PL) spectra as a function of the temperature obtained under
290 nm excitation between 10 and 300 K in steps of 10 K for the samples (a) TiO2 (b)
TiO2:Li0.2 and (c) TiO2:Li0.3. The corresponding deconvolution to Gaussian functions of
the PL spectra at 10 or 300 K are also included beside each Figure.

The luminescence from all the samples shows a clear temperature dependence following a
decrease in the PL total intensity as the temperature rises from 10 K to RT. Similar temperature
dependent behavior in the PL signal has been commonly reported for other semiconductors, owing
to the increase in the probability of the non-radiative recombination paths as the temperature rises,
among other factors. In order to analyze the temperature dependent PL signal, deconvolutions to
Gaussian functions of representative spectra acquired at 10 K and 300 K were also performed for
each sample, as shown in Fig. 2. In this case, three main contributions are required to obtain a
good fit for undoped TiO2 (1.9, 2.3 and 2.9 eV), while only two contributions at 1.9 eV and 2.3
eV are necessary for achieving a good fit for the Li doped samples.

PL spectra of anatase TiO2 is commonly attributed to different physical origins, such as oxygen
vacancies, self-trapped excitons (STEs), surface states or localized excitons [1,14,20,21,28,29].
The first two contributions are commonly referred to as red band (1.9 eV) and green band (2.3
eV), associated with oxygen deficiency-related defects [1,11,22,28]. In particular, the green
band involves recombination of electrons in the conduction band or shallow traps with holes
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trapped in deep defect states, while the red band is usually related to recombination of electrons
in deep traps with holes in the valence band. Besides, the relative intensity of the red band (1.9
eV), related to sub-surface oxygen vacancies, is lower as the content of Li increases. On the
other hand, the emission 2.9 eV, marked with an asterisk in Fig. 2(a), is commonly related to
self-trapped excitons (STE) in anatase TiO2 [16]. This STE-band, which is only observed in
undoped TiO2, starts to be noticeable at temperatures below 150 K, as at higher temperatures
STE de-trapping is promoted. The absence of the STE-related emission (2.9 eV) in the Li-doped
samples, together with the increase in the relative intensity of the green emission (2.3 eV) can
be associated with the defect structure introduced by Li doping, which enhances the formation
of oxygen vacancies (VO) defects, in agreement with Raman spectroscopy (Fig. 1(b)). At low
temperature, below 100 K, narrow and weak emissions can be also observed around 3.0 eV only
for the undoped TiO2 sample, which can arise as a result of strong exciton–phonon interaction
in TiO2 under high-power UV irradiation [16], or the presence of excitons bounded to shallow
defects. Furthermore, PL spectra from all the samples show a bathochromic redshift as the
temperature decreases, being this effect most noticeable for TiO2:Li0.2.

Fig S1 shows the PL spectra from the undoped and Li doped samples acquired at a fixed
temperature (either 10 K or RT). At RT all the samples show a similar emission (Fig S1(b)),
however at 10 K, differences can be distinguished in the PL spectra as a function of the Li
doping (Fig. S1(a)), being the PL signal from undoped TiO2 wider and more complex, due to
the presence of the STE-band. Despite the fact that all the samples show similar luminescence
intensity, the highest PL intensity at 10 K is observed for TiO2:Li0.2, while TiO2:Li0.3 shows the
lowest PL, which could indicate that low-Li content may slightly enhance photoluminescence
radiative recombination processes. Differences with the Li content on the PL intensity can be
observed in Fig. S1(c). Some other studies [30] report variable Li incorporation as a function
of the amount of dopant, being Li more favorable to occupy interstitial positions at low doping
conditions and also substitutional positions at higher doping doses, which can also alter the
luminescent behaviour.

In the analysis of the temperature dependent PL, competitive processes between radiative
recombination paths and thermally activated non-radiative recombinations are usually considered.
Actually, the PL intensity quenching with increasing temperature is a well-known defect-related
phenomenon which has been explained for several semiconductors, including anatase TiO2,
following different models, which mostly rely on the empirical Arrhenius expression [20], for
which in anatase is usually given as:

IPL(T) =
IPL
0

1 + A · exp
(︂
−

EA
kB ·T

)︂
+ B · exp

(︂
−

EB
kB ·T

)︂ (1)

In Eq. (1), IPL(T) represents the emission intensity as a function of the temperature, IPL
0 denotes

the PL emission intensity in the limit of low temperatures, A and B are coefficients A=τR/(τA+
τA↓) given by the ratio of the luminescent radiative lifetime and the inverse transition probabilities
of the non-luminiscent states and the luminiscent ones, and the ground states, kB is Boltzmann’s
constant, and EA and EB are an activation energy for thermal quenching process. Depending on
the model, these EA and EB could be ascribed to some features occurring during the luminescence
process that involve defect-related centers.

Figure 3(a) shows the PL intensity integrated over the whole emission represented versus
1/kBT, where a clear decrease in the PL signal is observed as the temperature raises, mainly
at temperatures above 100 K. The PL quenching with the temperature is similar for the three
samples under study, although slight differences in the decay profiles can be observed as a
function of the Li doping. In all the cases, at least, two activation processes with energies EA
and EB are required, as indicated in Eq. (1), to account the experimental results and to obtain a
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good fitting to the model, in which a ground state, a radiative state, and two thermally activated
non-radiative channels are considered [20]. The fitting parameters corresponding to each sample
are shown in Table 2. Comparable PL quenching as the temperature rises is observed for all
the samples, therefore only slight variations are expected in the values of A, B and EA and EB,
in agreement with the estimated values depicted in Table 2. This could indicate that probably
two processes with similar origin should be considered in the PL emission for all the samples,
probably involving intragap defect-states.

Fig. 3. Photoluminescence (PL) emission intensity of the total intensity of the different
samples (TiO2 TiO2:Li0.2 and TiO2:Li0.3) as a function of 1/kBT obtained under 290 nm
excitation wavelength between 10 and 300 K each 10 K. The solid line are the fitting results
from Eq. (1)

Table 2. Fitting parameters of experimental data which shows the
activation energies obtained from Arrhenius fitting of the PL curves

vs. 1/kBT using an excitation wavelength of λex =290 nm

Sample A EA[meV] B EB[meV]

TiO2 0.4± 0.1 5.7± 0.9 7.3± 0.6 37.9± 2.2

TiO2:Li0.2 0.4± 0.1 3.7± 0.4 4.1± 0.1 22.2± 0.7

TiO2:Li0.3 0.8± 0.1 11.9± 0.9 11.5± 1.5 58.4± 3.8

From Table 2 we can observe that for all the samples the activation energy EB is around six
times larger than EA, while the order of magnitude of both activation energies, in the meV range,
is in good agreement with previous reports [20]. Furthermore, the activation EA is below the
room temperature (kBT= 25.9 meV) for all the cases, while EB is higher for TiO2:Li0.3 showing
values over kBT also for undoped TiO2, therefore being more difficult to be thermally activated.
Based on the activation energies of the thermally activated non-radiative processes, the quantum
efficiency of the radiative recombinations is low at RT for all the samples thus leading to lower
PL signal as the temperature rises.

Considering the good fitting of the temperature-dependent PL signal, only slight variations in
the recombination channels are induced by Li doping in anatase TiO2. Apart from the quenching
of both the STE-emission at 2.9 eV and the narrow emissions around 3 eV, Li doping promotes
the formation of oxygen vacancies related defects which leads to the prevalence of the green-band
emission at 2.3 eV.
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3.3. Time-resolved photoluminescence

TR-PL measurements have been carried out for all the samples at 10 K. This technique provides
very valuable information on the luminescence mechanism as it allows to observe the PL
decay after an excitation pulse, which can be employed to calculate the lifetime of the diverse
recombination process. The results are shown in Fig. 4. In this study, the instrument response (IR)
after stimulation, displayed as a black line in Fig. 4, has been removed to discern the information
given by our sample and subtract any noise from the instrument.

Fig. 4. Decay time fit (red solid line) corresponding to the curves (blue) obtained at 10 K
for (a) TiO2 (b) TiO2:Li0.2 and (c) TiO2:Li0.3 in which the instrument response (IR, black
solid line) has been considered.

Among the different functions which can be employed to fit the decay exponential times
proposed in the literature [24] in our case the best fitting results were obtained with three
exponential decay components, according to Eq. (2).

I(t) = B1e
(︂
− t

τ1

)︂
+ B2e

(︂
− t

τ2

)︂
+ B3e

(︂
− t

τ3

)︂
(2)

where Bi (i = 1, 2, 3) and τi correspond to the amplitude and lifetimes, respectively, of the three
luminescent components. The parameters estimated from the fitting of the TR-PL results to
Eq. (2) are shown in Table 3.

This multi-exponential decay can be associated with multiple trapping and de-trapping of
carriers. In this case, the dynamics of the photo-excited carriers lie in the ns range for all
the samples, in agreement with some other reports also considering three main components.
However, it can be observed that two processes (τ1, τ2) are faster while the third one (τ3) is
slower. The two fastest components can be ascribed to exciton recombinations, while the third
component can be attributed to surface processes involving intragap defect-states [24]. In fact,
in Ref. [29] three components with τ1∼2.5 ns, τ2∼25 ns and τ3∼300 ns were also reported, in
agreement with the order of magnitude from our observations (Table 3). In our case, lifetimes
values are always lower for the Li doped samples, actually the lowest values are estimated for the
sample TiO2:Li0.3, as shown in Table 3. In this case, the photoexcited charge carriers can rapidly
recombine by radiative or non-radiative paths in the ns range, which can be associated with the
PL decay as the temperature increase up to RT, as observed in this work. Considering that all the
samples consist in anatase with low dimensions and high surface to volume ratio, surface trapped
stated should be considered in the analysis, probably related to oxygen deficiency. Furthermore,
the lower lifetime values observed for the doped samples could indicate an enhancement of the
charge carriers recombination by Li doping.



Research Article Vol. 12, No. 8 / 1 Aug 2022 / Optical Materials Express 3098

Table 3. Exponential fitting results of the PL decay.

Sample τ1[ns] τ2[ns] τ3[ns]

TiO2 4.9 21.8 222.89

TiO2:Li0.2 3.4 14.4 88.1

TiO2:Li0.3 3.1 8.4 64.2

4. Conclusions

In this work, undoped and Li doped TiO2 nanoparticles synthesized by hydrolysis have been
analyzed in order to assess the variations induced by Li doping. Only slight morphological
changes have been observed in the nanoparticles, which exhibit dimensions around 6–7 nm.
However, variations in the electrical and optical properties as well as in the oxygen deficiency
have been promoted as a function of Li doping. Hall effect results show that Li doping enhances
the electrical conductivity in the nanoparticles, while some of the Raman modes from the Li
doped samples exhibit a low quenching which can be related to the higher presence of defects
and oxygen vacancies. Regarding the luminescence of the analyzed samples, variations have
been observed as a function of the temperature and the presence of Li. Undoped TiO2 presents a
wide emission in the visible range which can be ascribed to three main contributions, a red band
(1.9 eV), a green band (2.3 eV), and a band related with the presence of STE (2.9 eV). For the
lithium doped samples, the STE-related band is completely quenched, which indicates a different
defect structure and variable recombination process dynamics promoted by Li doping. Despite
extensive study regarding this material, some of its most fundamental luminescent mechanisms
have not been fully understood yet. In the search of novel insights in this field, techniques such as
steady photoluminescence as a function of temperature and Time-Resolved photoluminescence
(TR-PL) can lead to improved knowledge of the thermally activated processes and defect-states
involved in the radiative and non-radiative recombination paths. In this work, the temperature
dependent PL shows a quenching of the luminescence as the temperature raises, which has
been fitted to a model including two thermally-activated non-radiative channels. The estimated
activation energy of the thermal quenching processes, in the range of meV, are lower for the Li
doped samples. The PL decay and the study of lifetime values, by means of TR-PL, indicates
a tri-exponential model where the presence of Li favors the fast recombination of luminescent
surface trapping sites, in the ns range.
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