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The photoluminescence emission spectrum at low temperature of the TiOs anatase shows a broad band
around 2.3 eV that has been largely attributed to self-trapped excitons (STE). In this work, time-resolved
experiments conducted at low temperature on a thin layer and a single crystal give new insights into the
carrier dynamics inside TiOs. The decay of the photoluminescence with time can be described by a single
power law from the ps up to ms time range. The decay rate increases with increasing temperatures.

We propose to interpret these observations by a collision mechanism between self trapped exciton that
diffuse via hopping processes. These excitons, which are stabilized by the indirect bandgap of anatase TiOa,
can be ionized at higher temperatures and leads thus to an acceleration of the observed dynamics

PACS numbers: 78.47.jd,78.20.-¢,78.55.-m

I. INTRODUCTION

Titanium dioxide TiOs is a semiconductor known for
its photocatalytic activity and its ability to transport
carriers!. It is known as non-toxic, resilient and abun-
dant and is thus widely used in photo-conversion applica-
tions!. TiO, can be found in two main crystalline forms,
rutile and anatase, that are stable at ambient temper-
ature. Both phases have been widely studied for pho-
tovoltaics, especially after the creation of the first dye-
sensitized solar cell by Graétzel in 19912, For photocat-
alytic application, the most interesting phase is anatase
due to its higher photo-conversion efficiency as compared
to rutile>. This phase is organized in TiOg octahe-
dra' and presents an optical gap of 3.31 eV.* The pho-
tocatalytic properties come from the photo-generation,
within the material, of charge carriers, electrons (e) and
holes (h), that will diffuse towards the surface where they
become available for redox reactions. Therefore, most
photocatalytic applications of TiOs use nanoparticles for
which the surface to volume ratio is important. Another
possibility is to use thin layers (~ 10-20 nm) deposited
on the surface of another material. This configuration
avoids the creation of TiO5 nanoparticles.

The photocatalytic properties are intimately related to
the optoelectronic behavior of TiOs. Several studies were
conducted in the 1980’s>6 to get a better comprehension
of the excitonic states in various TiOg polymorphs in-
cluding rutile and SrTiO3. The optoelectronic properties
of SrTiO3 are very close to those of anatase TiO2. A first
extensive study on the photoluminescence of anatase has
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been made by Tang et al.”8. The experiments showed

an absorption in the near-UV and a broad photolumi-
nescence in the visible spectral range (very large stokes
shift) at low temperature that is usually explained by the
formation of self-trapped excitons (STE). The analysis
of the Urbach tail gave more hints about the presence of
STE. Hosaka et al.” also studied the photoluminescence
of TiOy and its dependence on the polarization of the
excitation light proving that the luminescence is not due
to defects but is intrinsic of the material. Finally, the
dependence with temperature of the luminescence has
been studied by Bieber et al.'% and Gallart et al.''. The
decrease of the photoluminescence intensity with temper-
ature has been interpreted using a 4-energy level model
that explains the hopping of the carriers to surface states
and the quenching of the luminescence. The carriers in
TiO5 can then be considered as polarons that interact
weakly with each other but are strongly bound to the
lattice. This model has been successfully used by Begin
et al.!? to link this 4-level model to the photoactivity of
various commercial powder of anatase.

Time resolved experiments have also been re-
ported'®14, An extremely long dynamics was evidenced
and confirmed in other papers'®'6. The fit of the data
was made either by a double exponential'” or by a com-
bination of an exponential and an empirical power func-
tion!314, The decay of the photoluminescence in anatase
as then been explained by two different STE formation
paths.

In spite of this abundant literature, the exact nature
of carriers in anatase TiOs is still unclear, the respec-
tive roles of free carriers, free excitons, polarons, and
STE states remain ambiguous, and many interpretations
are offered in recent reviews" %1820, In this regard, the



present work is based on a comprehensive experimental
study of the photoluminescence time decay and aims at
bringing a new and clarified understanding of the exper-
imental data.

Il. SAMPLES AND EXPERIMENTAL SETUPS
A. Anatase samples

We used two types of anatase samples. The first one is
a commercial single crystal presenting a surface with 110
orientation (SPL, The Netherlands), labeled as ” A110” in
the following. The second one is a thin (80 nm) layer that
has been deposited on commercial glass via magnetron
sputtering using an understochiometric TiO9 target. The
deposition has been made in the presence of oxygen. A
thermal activation is needed for crystallization to occur.
It is made at 650°C during 10 min in an industrial oven.
This sample will be labeled ”Magnetron”.

B. Temperature dependent photoluminescence
measurements

Photoluminescence (PL) experiments have been con-
ducted at different temperatures using a ”Cryo Indus-
tries” cryostat where the sample was fixed to a cold fin-
ger by a silver paste. The explored temperature range
goes down to 10K. The excitation source was a LASOS
single frequency diode-pumped solid state laser emitting
in the UV at 320 nm. The PL emission was spectrally
resolved by a SPEX 270M spectrometer and recorded by
a liquid nitrogen cooled CCD camera.

A white-light lamp coupled to a monochromator al-
lowed us tuning the excitation wavelength and recording
PL excitation spectra (300 to 400 nm).

C. Time resolved photoluminescence measurements:
Streak camera

Time-resolved photoluminescence experiments were
carried from room temperature down to 10K using an
?Oxford Instruments” cryostat. As before, the sample
was fixed to the cold finger. The excitation source comes
from a 1030 nm pulsed Ytterbium laser (Tangerine laser
from Amplitude). Mixing the second harmonic with a
continuum generates 320 nm pulses with a duration of
270 fs. The repetition rate is adjustable between 1 and
100 kHz. The detection setup consists of a spectrometer
paired with a Hamamatsu streak camera (C10627) syn-
chronized with the excitation pulse. The acquisition were
made in photon counting mode.

Ill. RESULTS
A. Photoluminescence excitation

Let us start by describing the excitation photolumi-
nescence spectra of the two samples. The maximum of
emission occurs at an excitation of 3.4 eV (365nm) for
the single crystal (Fig. 1) as expected from the literature
10,1121 " The maximum of the thin layers is deeper in the
UV (Fig. 2) at 3.9 €V (320 nm). This bandgap increase
can be explained by confinement effects.
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FIG. 1: Low temperature (7 = 10 K) PLE map of the

A110 sample. The top and right graphs are respectively

an excitation spectrum (fixed emission at 2.28 eV) and a
PL spectrum (fixed excitation at 3.4 eV)
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FIG. 2: Low temperature (7 = 10 K) PLE map of the
Magnetron Anatase sample. The top and right graphs
are respectively an excitation spectrum (fixed emission at
2.28 ¢V) and a PL spectrum (fixed excitation at 3.8 eV)

The emission band is nearly the same for both samples.
It is characterized by a very broad emission band with a
maximum of 2.4 eV. This emission band is asymmetric: a



fit by at least two Gaussian peaks is needed to get a good
agreement with the experimental data. The PLE spectra
show a large difference of nearly 1.1 to 1.5 eV between
the excitation and the emission energies (large Stokes
shift), a fact that is usually related to the formation of
STE.

B. Temperature dependent photoluminescence

Measurements of the PL intensity as a function of tem-
perature were performed on the thin layers (Magnetron)
and the single crystal (A110). The photoluminescence of
the samples decreases significantly with temperature as
seen in Figure 3. This is described in Ref.!! by a 4-level
model that includes thermally activated dark states. The
spatial separation of carriers would thus be thermally ac-
tivated and these carriers could then be transferred to
distant sites at the surface where they will be involved in
redox reactions: This explains the photocatalytic activity
of such samples. This will be discussed in the following.
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FIG. 3: Temperature decrease of the PL intensity emit-
ted by the Magnetron sample between 22K and 251K

C. Time resolved photoluminescence

Time resolved photoluminescence (TR-PL) measure-
ments were performed on the single crystal and mag-
netron sample at 10K. As shown in Fig. 4 and 5, the
obtained data can be plotted on a 2D map. The abscissa
is the wavelength of the detected light. The ordinate is
the time scale. Various time resolutions can be attained
with the Streak camera. Here, in 4 (a) and 4 (b), the
time resolution is respectively 42 ps (240 pixels in 10 ns)
and 4.2 ns (240 pixels in 1 us).

The two samples are showing a long-lived broad emis-
sion between 450 to 580 nm. This emission is compa-
rable to what has been previously observed in the lit-
erature!* 16 and in our static experiment as well. It is
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FIG. 4: TR-PL measured on the A110 single crystal at
10K for two different time ranges of the streak-camera.

characterized by a long lifetime: photoluminescence can
still be observed several microsecond after the arrival of
the laser pulse.

The decay of the photoluminescence with time can be
analyzed by integrating the pulse intensity over the whole
emission band and at different time ranges of the Streak
camera. The PL intensities have been further renormal-
ized with regard to its respective time range: considering
for example that 1 pixel in the 10 ns time range merge
the same number of photons as 10 pixels in the 1 ns time
range. The PL intensity plotted on the y-axis is thus, in
arbitrary unit, the value per time unit. Furthermore, as
the log-log-scale representation must not suffer any axis
shift, we determine precisely the time origin by fitting
the TR-PL rise by a Gaussian function and taking the
position of its maximum as zero time. This procedure al-
lows us to superimpose all the data measured on different
time ranges, as shown on Fig. 6 and 7.
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FIG. 5: TR-PL measured on the Magnetron sample at
10K for two different time ranges of the streak-camera.

1. Low temperature experiments

The decays at a temperature of 10 K are shown on
Fig. 6 for both samples. The different data acquired for
each range of the Streak-camera adjust nicely into a curve
that covers nearly 4 orders of magnitude on the signal
intensity and 6 orders on the time delay. With the log-
log scale that is used, the curve becomes nearly linear
for times longer than 1 ns, with a slope around —0.8 for
Magnetron sample and —0.6 for the A110 one, showing
that the emission dynamics can be described by a single
power law with only three parameters (see below). The
curvature at shorter time delays fits also well with such a
power law with no need of adding an exponential decay
(see below the discussion) as shown on Fig. 7.
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FIG. 6: PL decay of the two A110 and magnetron sam-

ples at 10K. The respective slope at long time (t>10

ns) are —0.75 for the thin layer and —0.57 for the single

crystal. The experimental curves are the compilation of

the data for different streak camera measurement ranges.

Fits by a power law are superimposed on the experimen-
tal data (see text).

2. \Variation of the TR-PL curves with temperature

Fig. 7 shows the evolution of the TR-PL intensity at
various temperatures for the Magnetron sample. As ex-
pected from the static temperature dependence photolu-
minescence, the increase of temperature drives a decrease
in the photoluminescence intensity. The comparison be-
tween the integrated time resolved curves and the static
ones on Fig. 8 shows a correlation between the two sets of
data. It is reasonable to think that both observations in
static and time resolved experiments are the consequence
of the same temperature dependent mechanism.

IV. DISCUSSION

The usual emission spectrum feature of the TiOq
anatase is observed in the thin layer and in the bulk sam-
ples as shown on Fig. 2. No notable difference can be seen
between the PL emission data of the two samples and the
changes in the PLE spectra can be attributed to confine-
ment effect, as a decrease of the domain size can give rise
to a blue shift of the transitions. The visible broad emis-
sion band with a large Stokes shift has been attributed in
the literature to different recombination mechanisms in-
cluding oxygen vacancies or surface states 131422, How-
ever, the most commonly cited mechanism is the forma-
tion of a self-trapped exciton 8922, The creation of the
STE comes from two different effects that are cumula-
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tive. First, a strong electron-phonon interaction tends
to create polarons. Second, the Coulomb interaction be-
tween carriers leads to their binding into an exciton. As
explain in Ref.!!, the STE in bulk TiO, anatase is in-
trinsic and is made of two different type of carriers. One
is a polaron that is strongly bound and localized in the

lattice. The other is a carrier weakly bound to the first
one. This configuration explains the large emission band:
such kind of pair of carriers allows the creation of a wide
range of configuration that gives rise to the distribution
of the emission. Since the two carriers are bound into an
exciton and spatially close one to the other, the width of
the distribution is similar for the single crystal and the
thin film because it is related to local order. Moreover,
the detrapping of a weakly bound carrier will explain the
quenching of the PL with the temperature, as discussed
below.

The main result of our TR-PL measurements is the
power-law variation of the photoluminescence with time
that we will now discuss in the framework of this descrip-
tion.

A. Power law and collision processes

The main feature that is observed from our data is the
decay of the emitted intensities, measured on different
samples, that presents a power law dependence with time
as evidenced by a straight line at large time delays in
a log-log representation. This is a typical feature of a
collision process, whose basic equation for the population
n(t) describes the interaction between ¢ particles with a
nonlinear term:

dn(t) q
— = t 1
" — o) (1)
that gives, for an initial population n(0)
n(0
n(t) = & e

(1+(¢g—1) Cna=1(0)t)aT
When ¢ > 1/ (C ni71(0))

0~ (g=iren) (a

The usual case deals with collisions between 2 particles,
(¢ =2) and:

___n(0)
") =T e ) )

This standard equation of a collision process implies that
the recombination probability is simply the product of
the probabilities of having the ¢ particles at the same
location, as it would be the case for the superposition
of delocalized particle wavefunctions. However, we will
see later that taking into consideration particle diffusion
introduces an exponant to time.

Such a behavior was already described for TiOs5 by
Watanabe et al.'31423 They wrote a empirical power
law with a general formula'4:

(5)



When plotted in a log-log scale, such a graph shows two
features: a plateau at low t values, that ends at a value
t ~ 7, giving the turning point of the curve, followed
by a linear decay at larger times with a slope given by
m. But, comparing with (4), we see that 7, depends
actually on the initial excitation: 7, =1/ (C n(0)). Con-
sequently, there is no characteristic time as it depends
strongly on the excitation conditions: Watanabe et al.'?
used ns pulses and thus the excitation intensity was high,
around 100 /ecm? at maximum and down to 0.4u.J/cm?
with a large number of photo-injected electron-hole pairs
per pulse (up to n ~ 2 x 102photons/cm?). We use
here fs pulses, with an energy per pulse of 0.1uJ/cm?
a total number of photons that is significantly lower
(n >~ 10 photons/cm?): the initial photocarrier density
is thus lower and the exponential term used by Watan-
abe et al. to fit the earliest part of the decay is no more
visible.

The nonlinear nature of the process makes also dif-
ficult the analysis of the emission at very short times.
Watanabe et al. proposed an initial exponential decay,
with a weight that increases with the excitation intensity.
We have seen in our experiments that the instrumental
function of the detection apparatus can give rise to such
signal as an artefact in the initial dynamics for a power
law process. Indeed, since the power law describes a pro-
cess that slows down with time, the major part of the
photons are emitted at short terms giving a contribution
that reproduces the instantaneous response of the detec-
tion apparatus.

Our data actually show that the power scale behavior
is valid even at the smallest time-scale, down to the time
resolution of our setup, without a need of involving an-
other process. We can follow that power-law from ps up
to us, over nearly 5 orders of magnitude on both the time
scale and the intensity scale during the decay. Taking
furthermore the measurements of Watanabe et al.13:14:23
who obversed a power law up to 10ms, we know that this
observation is valid up to this time range.

B. Colliding particles

There are two general cases that give rise such a decay
within photoexcited semiconductors.

The first possibility is to attribute the dynamics we
observe to a relaxation process that involves interactions
between excitons. It is well known to be a dominant
process of the exciton population decay in organic com-
pounds or carbon nanotube. Their dynamics is given by

x-S0 4wy ©

where Ny is the exciton population. While the dynam-
ics is mainly driven by the second term describing their
collisions and proportional to the square of Nx, the re-
combination and the emitted intensity I(¢) is given by the

first term that is proportional to the population. That
gives:

47 Nx (0) e~t/m
I(t) o Nx(t) = 14+ A Nx(0) 7x (1 — e t/7x) Q

When ¢t < 7x, in particular when A Nx(t) > 1/7x, the
decay is only driven by the collision term and one gets:

Nx(0)

1) o Nx(t) = T o7t

(8)

Instead of carriers that are bound into excitons, it is
possible to consider a second possibility where the dy-
namics is governed by collisions between separated elec-
trons (e) and holes (h). They would recombine following
a bimolecular process: the collision as well as the recom-
bination terms are proportional to the probability to find
e and h at the same position. Contrarily to the previous
case, the bimolecular term is responsible for the radiative
emission and the emitted intensity will now be propor-
tional to the square of the carrier population. Denoting
n(t) and p(t) their respective populations, we get:

dn(t)
dt

= —Bn(t) p(t) 9)

rad

rad

In the case of an optical excitation, the densities of e and
h are equal: n(t) = p(t). The previous equations reduce
to (1) and n(t) and p(t) are given by (4). We would ob-
tain thus a decay of the light emission that is given by the
bimolecular term that is quadratic as the other collision
terms that follow from Coulomb interactions between the
carriers. From (4), we would get:

dt
= Cn(t) p(t)

x C (Hg(i)m)t)z (10)

The decays we observe (Fig. 6) at all temperatures are
always nicely fitted by power-law decays at any times.
For the Magnetron sample, the fitted exponents in the
power law range range between —0.75 at 10K and —1.4
at 160K. At low temperature, the absolute value of the
exponent is lower than 1 and the process could be in-
terpreted as the recombination of excitons as in Eq. (8)
(where the exponent is —1) provided that we consider
processes that slow down exciton annihilation (see sec-
tion C). The high temperature value of —1.4 that we
observe gives a decay that is too fast for a process re-
lated to collision between excitons. Consequently this
value is only compatible with a process that involves col-
lisions between single carriers: electrons and holes, or,
more precisely, the polarons they form with their sur-
rounding phonon cloud.



C. Finite wave packet

The 1/t dynamics given at large times by Eq. (8) is
faster to the one we observe (Fig. 6) that displays a power
dependence down to 1/t°75. Indeed, the collision pro-
cess that we discussed, with a quadratic term A N%(t)
in Eq. (6), considers excitons that are fully delocalized,
with wave functions that cover the entire crystal, like
plane waves in an infinite volume or, more realistically,
carrier wave functions in nanocrystals. But the effect
of various collision processes, with phonons or impuri-
ties, has to be considered. The wave function becomes
then a wave-packet which is spatially finite, with a zero-
limit where they can be described as point-like particles
that have to move to the same location in order to col-
lide. Such a process belongs to the family of diffusion-
controlled reactions and can be seen as a diffusion limited
annihilation process.?* 28 For a 1D random diffusion pro-
cess, the mean distance between two excitons increases
as D+/t where D is the diffusion constant. The collision
process becomes, for point like particles —A N%(t)/Dv/t
with C' combining the collision efficiency A and the dif-
fusion constant D of the particles. Between those two
limiting cases (fully delocalized and point-like excitons)
the size of the exciton wave packet is finite and, with
C = A/D we get

~C =5 (11)

with 0 < 8 < 1/2. In a 3D space, the diffusion process
can be further slowed, as the probability for two particles
to reach the same point within a finite time can decrease
to zero: the value of the 3 coefficient can thus become
larger than 1/2.

The general equation we obtain for colliding excitons
with finite wave packets is thus :

dNx(t) _ _Nx(t) . N(t)
= — - C 12
dt TX t8 (12)
The integration of which results, for ¢ < 7x in:
Nx (0
I(0) N (t) = X0 (13)

" 1+ 5 C Nx(0) t1-7

That gives a power-law for the intensity that goes be-
tween ¢! and t~¢ with ¢ close to zero. Our experimen-
tal data for Magnetron sample when the temperature is
10K, where I(t) ~ t=°® would give a value 3 ~ 0.2.

The same dependency can be found for the case of
uncorrelated electrons and holes, that can collide and
that will recombine through a bimolecular process. The
general equation we obtain for equal densities of electrons
and holes is thus :

(14)

that gives

n(t) = 0)

= 15
14 25 Cn(0) t1-7 (15)

When ¢ is large enough, the emitted intensity is given by:

I(t)(xrﬂ(t):(l—ﬁ)Q 1 (16)

t8 c 28

That gives a power-law for the intensity that goes be-
tween ¢=2 and t~!. Even if the nature of the collision
process changes also when it deals with free carriers in-
stead of excitons, considering only the bimolecular re-
combination as in Equ. (14) fits already the faster decays.
Our experimental data for Magnetron sample when the
temperature is 160K I(t) ~ t~13% would give a value
B~ 0.66.

D. Self-trapped excitons and polarons

The spectral position and shape of the photo-
luminescence suggests the usual attribution of this emis-
sion to self-trapped excitons (STE)?°. Moreover, a pro-
cess involving their collisions has been stated in previous
publications to explain why the decay follows a power-
law. The identification of the colliding particles to be
STE is nevertheless questionable: STE are strongly lo-
calized particles that can hardly move and collide.

However, it is known that STE can diffuse in the host
crystal through a hopping process??3°. The decay that
we observe at low temperature can therefore be explained
by collisions between STE: when they reach the same
site, one of the interacting STE is annihilated, giving its
energy to its partner. The latter is sent to high energy
levels, at twice the STE energy of 2.5eV, from which it
can relax down to the STE state within a few picosec-
onds.

To support this hypothesis, we can consider that, even
if STE can recombine, their radiative lifetime is never-
theless quite long and they are very stable. We can take
into account that anatase is an indirect gap material.
Values calculated by Zhu et al®! give for example for
anatase a direct gap of 4.11 eV at the I' — point of the
Brillouin zone. But there is an indirect gap of 3.57 eV be-
tween the minimum of the conduction band (CB) at the
I' — point and the maximum of the valence band (VB)
at a A — point. After their photo-excitation, electrons
(e) and holes (h) are thus quickly separated in the recip-
rocal space: such e-h pairs hardly recombine radiatively
and are thus very stable. They will afterwards merge
into STE. This results from strong coupling between the
carriers and the lattice that leads to the formation of po-
larons. Electron and hole are, on the other side, described
by wave packets in the k-space that will spread and over-
lap, as soon as the lattice-carrier interaction will localize
them. This allows them to overcome the separation in
reciprocal space of the two carriers located at different



k-points. STE show a finite recombination probability,
as the separation between the two carriers within exci-
tons is strongly reduced into a volume given by the Bohr
radius.
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FIG. 9: Exponent of the power law used to fit the exper-
imental data as a function of the sample temperature.

E. Increasing temperature

When increasing the sample temperature, the experi-
mental data remain nicely fitted by the power law indi-
cating that the decay is still driven by diffusion-limited
collision mechanisms, without any other involved pro-
cesses. Nevertheless higher temperatures change the
overall process speed that becomes faster, as shown in
Fig. 9 by the exponent we deduce from the fits. Higher
absolute values for the negative exponent show that the
carriers undergo collisions with higher rates.

Moreover we observe that the emission intensity de-
creases with the temperature, as shown on Fig.8. The
signal is time integrated: the total intensity diminishes,
following the same law as for static experiments where we
used a CW excitation. We have previously proposed!!
that the decrease with temperature of the emitted inten-
sity can be described by a thermally activated process.
We expect that STE are thermally ionized when tem-
perature is increased and are transformed into separated
polarons. We can reasonably estimate that the electron
polaron is the lighter particle and can move freely, while
the hole polaron shows a higher mass and moves through
a hopping process.

The ionization of the STE into separate electron and
hole polarons leads to two changes. First, the interactions
that are responsible for the fast dynamics will more and
more occur now between polarons, instead between STE.
Those collisions can expel the carriers from the band ex-
trema and transfer them to trapping states at the crystal

surface, where they can be used in redox reactions. Sec-
ond, their radiative recombination becomes a bimolecu-
lar process described by equations (14) and (16), where
the carriers have to reach the same point before being
annihilated into a photon.

V. CONCLUSION

Our analysis of the time resolved photoluminescence
we measured on anatase TiOs samples, shows that the
decay dynamics can be fit by a power law at any tem-
perature. In regard of this information, we unveiled the
existence of a collision mechanism that drives the recom-
bination in this material. At low temperature, the photo-
carriers form self trapped excitons. Their wavefunction is
spatially finite and they diffuse by hopping process inside
the crystal. The decrease of the population is driven by
interactions between STE. As the STE are made of two
different carriers: a light electron polaron and a heavier
hole polaron, the increase of the temperature can induce
the ionization of the STE. The light electron polaron will
thus be able to freely move inside the crystal while the
hole will still diffuse through a hopping process. The col-
lision process between carrier substitutes to the radiative
decay of the carriers, their transport to chemically active
sites.
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