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ABSTRACT: The photophysics surrounding the electron and hole
trapping in TiO, do not have a scientific consensus. Herein, we studied
the steady-state photoluminescence and time-resolved spectroscopy
features from TiO, and TiO,/Au nanoparticles (NPs). In TiO,/Au NPs,
time-resolved photoluminescence indicates that the electrons from
bandgap excitation decay slower (~30 ps) than in TiO, (<24 ps). We
conclude this as a result of the band bending passivation effect on the
surface electron traps. Meanwhile, electron trapping is proved as the
dominant surface depopulation process because of the easy-fill
characteristics of surface hole traps even under low excitation density,
which also interprets the slow surface hole trapping (~2 ns) in TiO,.
Through plasmon-assisted electron injection, we distinguished the
electron and hole behaviors at varied photon fluences and then obtained the intrinsic bulk trapping of electrons and holes in the
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~50 and ~400 ps time range, respectively.

1. INTRODUCTION

Most environments and climates are directly linked to the
energy sources used.' Strategies to produce abundant and
sustainable energy are a dominant topic of research and
innovation. Titanium dioxide (TiO,) as a nontoxic, easy-to-
prepare, low-cost n-type semiconductor material has been
widely used since the past century, especially in photo-
catalysis,z’3 solar cells,"® photoelectric sensors,é_ and water
pollutant removal.” It is noteworthy that TiO, was the first
material reported for the water splitting reaction'’ and has
remained an excellent reference basis or even a platform for
improvement. Therefore, understanding the photogenerated
charge carrier in TiO, is critical to optimizing its optoelec-
tronic properties and expanding its applications.

Because of the wide bandgap of TiO,, it can only effectively
absorb light in the UV range. Sensitization by dyes (e.g,
Ru(bipy); and Ir(bipy);), plasmonic metal nanoparticles
(NPs) (e.g, gold and silver), and others can mitigate this
limitation by selectively injecting electrons or holes into the
conduction or valence band, respectively, upon photon
excitation. Additionally, molecular complexes and noble
metal NPs have been added to their surface to improve their
catalytic properties.'"”"” In the case of plasmonic sensitization,
nanoparticles smaller than the wavelength of excitation light
are used. When light excites the metal nanoparticles, the
electron cloud in the nanoparticles will oscillate with the
photoelectric field and be accompanied by an increase in the
internal electric field. Because the probability of photon
absorption is related to the local electric field in the metal
nanoparticles, the enhancement of optoelectronic device
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performance can be achieved by this plasmon resonance
enhanced light absorption effect. However, the dynamics of the
photogenerated charge carriers, especially the respective
behaviors of electrons and holes, in TiO, and hybrid TiO,/
metal NPs are not clear yet.

As a significant way of elucidating charge carrier generation
and recombination processes, spectroscopy techniques widely
showed spectrum changes in the TiO, due to the addition of
metal NPs. Quite a few studies suggested that some of these
changes result from increased excitation due to the plasmon
resonance, state filling effect, or band bending effect due to the
metal—semiconductor interface.'””~"> It is not quite explicit
what causes specific spectral changes. Meanwhile, the
abundance of trap states leads to an extremely short lifetime
of the photogenerated free charge carriers in TiO,. This
thereby leads to the deterioration of device performance.
Therefore, understanding the dynamics of these photoinduced
carriers is crucial for optimizing TiO, properties. Previously,
Briininghoft et al. indicated that PL decay is primarily ascribed
to the recombination of the immobile holes with free or
shallow trapped electrons.'® Park et al. detected a long-lived
hole (>200 ps) in nanocrystal TiO,, substantiating the finding
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of Briininghoft et al.'” These results also suggest that long-lived

photoinduced charge carriers facilitate the photocatalytic
process.

Herein, the photophysics of TiO, and TiO,/Au NPs were
analyzed by time-resolved photoluminescence (TRPL) and
femtosecond time-resolved infrared absorption spectroscopy
(TIRAS), enabling the photogenerated carrier study of
bandgap excited semiconductor versus selective electron
injected system. Analysis of the carrier behaviors made it
possible to establish that the surface electron trapping process
is the dominant trapping process in TiO,. The Au NPs can
passivate the electron traps while accelerating the hole trapping
at the surface of TiO,. However, due to the easily filled
character of surface hole traps, hole depopulation is dominated
by an intrinsic bulk trapping process with a slow trapping rate,
which agrees with the long lifetime of holes in published
papers. Meanwhile, we estimated the polarized time in this
specific TiO, is slower than the electron injection by analyzing
the IR absorption decay at varied excitation photon fluences.
Through analyzing, we also found that the electrons are not
depopulated by tunneling but by trap-assisted nonradiative
recombination after injection. The study assessed the photo-
physics of TiO, and Au/TiO, interfaces, which are important
systems in photocatalysis and photovoltaics. Meanwhile, we
further understand the electron and hole charge kinetics,
helping understand the photocatalytic redox processes
associated with electrons and holes in these specific materials.
The nature of the traps also provides clues and directions for
material design and system improvement.

2. METHODS

2.1. Sample Preparation. The Au NPs were synthesized
by using two competing reducing agents: C,sH;,0, and
Na;C4HO,. A 50 mL of 6.6 mM Na;CsH;O, was heated to 70
°C with stirring. Then, 0.1 mL of 2.5 mM C,sH;,0,¢ was
added followed by the addition of 1 mL of 25 mM HAuCl,,
resulting in a competitive reduction by the two reducing agents
indicated by a change in color of the mixture from dark blue to
dark red. The color change indicates colloidal Au nanoparticle
formation. The Au NPs were stored in the fridge for further
application. The TiO, film was prepared by spin-coating a
commercial titania paste (Ti-Nanoxide T/SP, Solaronix) on
top of a sapphire window. Previous to the spin-coating process,
the paste was diluted in ethanol (100 mg/mL) to reduce its
thickness. 150 uL of the diluted paste was deposited on top of
the sapphire window (2 mm thick, 25 mm diameter) which
subsequently was spin-coated at 2K rpm for 30 s. The resulting
film was then annealed in an oven at 475 °C for 30 min. After
the film cooled back to room temperature, half of it was
immersed in 3 mL of the colloidal Au NPs solution, and next,
350 uL of HCI 0.1 M was added to it. The change in pH due
to the addition of HCI triggered the adsorption of the Au NPs
onto the TiO, surface. The film was removed from the solution
after 2 h, with a clear pink tone in half of it. It was then rinsed
with distilled water and placed in the oven, where it was heated
again at 475 °C for 30 min. This last step ensures direct
contact between the gold NPs and the TiO, surface.

2.2. UV-Vis, Steady-State Photoluminescence (SSPL),
and PL Quantum Yield (QY). The absorption was measured
by an Agilent 8453 UV—vis spectrophotometer, and the
steady-state photoluminescence emission was measured by a
streak camera (Hamamatsu) in focus mode. A custom-made
characteristic system was constructed to measure the absolute

QYs with an integrating sphere (F-MO1, Edinburgh Instru-
ments Ltd.) embedded with the femtosecond laser and the
optical fiber spectrometer (USB4000, Ocean Optics). The
integrating sphere and spectrometer were corrected with a
corrected deuterium and halogen light source (DH-2000-BAL,
Ocean Optics).

2.3. X-ray Diffraction (XRD). The XRD measurement was
collected by Siemens DS000 6—26 goniometer with Cu Ka (4
= 1.54060 A) at 45 kV and 40 mA. The measurement range
was 15°=70° with a step size of 0.05° and a scan speed of 2 s
per step.

2.4, X-ray Photoelectron Spectroscopy (XPS). The XPS
was measured in a Quantera II using an aluminum
monocharomatic source with charge neutralization.

2.5. Dynamic Light Scattering (DLS). The DLS was
measured by using the Malvern NanoS machine.

2.6. Scanning Electron Microscopy (SEM). The SEM
characterization was performed by LEO 1550 (ZEISS).

2.7. Time-Resolved Photoluminescence (TRPL). The
TRPL was measured by a streak camera system. The pumping
light was generated by a high-power femtosecond fiber laser
with a wavelength of 1030 nm (Jasper 10, Fluence Sp. z 0.0,
Poland). After wavelength tuning from an optical parametric
amplifier (Harmony, Fluence Sp. z 0.0., Poland), a 320 nm
output laser with a duration of 300 fs and a repetition rate of
200 kHz was generated. The excitation laser beam was focused
on the samples at an angle of 45° by one convex mirror with a
focusing length of 100 mm. After photoexcitation, the
photoluminescence emission was collimated and then focused
by two lenses with a 50 mm focal length. The PL emission was
collected and sent to the 100 pm width input slit of a
spectrograph with the grating of 50 lines/mm and being blazed
at 600 nm (Chromex). Then, the PL emission arrives at the
streak camera (C5680+MS5675, Hamamatsu) with a temporal
instrument response function (IRF) of ~20 ps after a 20 ym
slit. The streak camera was synchronized by a delay unit
(C6878, Hamamatsu). Finally, the signal was received by a
digital camera (C4742-95, Hamamatsu). The background
signal was corrected after measuring in the data processing to
avoid the influence of scattering and environmental light.
Meanwhile, the camera sensitivity was also calibrated by a
standard lamp.

2.8. Time-Resolved Infrared Absorption Spectrosco-
py (TIRAS). A 40 fs pulsed laser with a 3 kHz repetition rate
was generated through the Libra ultrafast amplifier system
designed by Coherent. The resulting 795 nm beam was split
and directed to two optical parametric oscillators (OPOs,
TOPAS-prime, Light Conversion). The OPOs were used to
generate the excitation beam (550 nm) and the probe light in
the mid-IR (4200—4800 nm). Both the excitation and probe
pulsed beams were then directed to the TIRAS setup (Helios
— Ultrafast Systems). There, the excitation beam (the pump)
passed through a delay stage, while the IR probe beam was
split again. One of the two IR beams went through the sample
before reaching the detector while the other arrived directly.
This second IR beam was used as a reference. For
measurements in the mid-IR detector, a Horiba iHR 320
spectrometer was used. On the other side, once the pump
traveled through the delay stage it crosses a chopper, where its
repetition rate was lowered from 3 to 1.5 kHz. The pump was
then directed to the sample at a point where it overlapped
spatially with the probe. The instrument response function
obtained for our system was ca. 95 fs.
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Figure 1. (a) DLS of Au NPs. (b) Top-view and cross-section SEM pictures of the TiO, film on substrate. (c) XRD pattern of TiO,/Au NPs. (d)
Absorption and PL emission excited at 320 nm of the TiO, and TiO,/Au NPs.

3. RESULTS AND DISCUSSION

According to the method developed by Turkevich et al,, we
synthesized the Au NPs."® XPS was used to establish Au and
Ti oxidation state after the annealing processes. The Au was
found to be in a metallic state (binding energy (BE) Au 4f,/, ~
84 eV'?) and Ti in a 4+ state (BE) Ti 2p3/, ~ 458.6 eV.”’ The
DLS of the Au NPs is shown in Figure la, revealing the Au
NPs with a diameter in the range of 6—15 nm, with the
majority of the particles at ~9 nm. As reported, hot carriers
have a mean-free path around 10—100 nm,”" suggesting most
of the generated Au hot carriers, in this case, can survive and
inject into TiO, before they recombine. After that, the TiO,
and TiO,/Au NPs samples were prepared by spin-coating and
immersing annealing methods. SEM of TiO,/Au NPs revelated
a mesoporous surface of TiO, with a thickness of about 200
nm (Figure 1b). Unfortunately, the surface roughness makes it
hard to assess Au NPs distribution. SEM of the particles on a
glass after similar thermal treatment shows that Au particle
morphology is preserved (Figure S1, Supporting Information).

The electronic and optical properties significantly depend on
the crystal structure of the TiO,.*” Consequently, an XRD
characteristic was performed for verifying the crystal structure
of the TiO, film. As shown in Figure lc, the XRD pattern
shows strong diffraction peaks at 25°, 38°, and 48°, suggesting
that TiO, film is predominantly anatase structure (the inset
crystal structure in Figure 1c), which is exactly as reported in
the literature.”>>° TiO, anatase behaves as an indirect
bandgap semiconductor contrasting to the other two
polymorghs, rutile and brookite, which are direct bandgap
systems.””*® Anatase has the longest charge separated lifetime
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and smallest charge carriers effective mass from all the TiO,
polymorphs, leading to good photocatalytic performan-
ce.””?**%Figure 1d shows the absorption and emission of
TiO, and TiO,/Au NPs. There is a noticeable increase in TiO,
absorption upon adding the Au NPs compared to pristine
TiO,, which can be explained by the Au NPs-assisted
absorption enhancement due to localized surface plasmon
resonance (LSPR).”"*” Via Tauc’s method as in Figure S2a, we
estimate the bandgap of TiO, as 3.4 eV from the absorption
results.

It is worth noting that the PL peak of Au NPs red-shifts from
~550 to ~562 nm after combining with TiO,, indicative of a
direct connection between Au NPs and TiO,. We ascribed this
shift to the change in the Frohlich resonance condition.” In
addition, evidence of the unchanged PL position with
excitation density (as shown in Figures S2b,c) also proves
that the red-shift of the PL emission in Figure 1d is not from
the state filling due to the plasmon resonance enhanced light
absorption." >

Photogenerated charge carriers are the prominent partic-
ipants in TiO, photocatalytic processes, thus justifying the
need to study and distinguish the main depopulation types of
photogenerated carriers. The QYs of TiO, and TiO,/Au NPs
in our experimental excitation range are significantly low (from
~107* to 107> depending on the excitation photon fluence),
indicating that nonradiative recombination is the dominant
process in photogenerated carrier depopulation processes, such
as trap-assisted and Auger recombination (the QYs depending
of the excitation photon fluence are shown in Figure S3).
Furthermore, the TiO, film with Au NPs exhibits a lower QY
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Figure 2. PL decays of (a) TiO, and (b) TiO,/Au NPs with the corresponding biexponential fitting results. The fitting parameters are shown in
Tables Sla and S1b for TiO, and TiO,/Au NPs, respectively. (c) Fast and slow lifetimes extracted from the biexponential fitting of PL decays. (d)
PL decays at low excitation and high excitation for TiO, and TiO,/Au NPs. All of the TRPL experiments were performed under excitation at 3.88

eV.

than TiO,, suggesting that the Au NPs quenches the PL
emission in some ways, such as increased surface traps and
selective quenching of free holes due to band bending.”

Afterward, the TRPL method with varied excitation density
was used to study the dynamics of photogenerated charge
carriers. Figures 2a and 2b exhibit PL decay in TiO, and TiO,/
Au NPs, respectively. The fitting result by using a
biexponential function®® can be found in Supporting
Information S4. In both cases of TiO, and TiO,/Au NPs,
we observed first a slowdown in dynamics followed by
saturation with increasing the excitation photon fluence
(Figure 2c). This phenomenon has been previously reported
on several semiconductor materials.”’~*° The depopulation
process of photogenerated carriers is mainly caused by
radiative recombination, nonradiative trapping process, and
Auger recombination. Therefore, the depopulation process of
photogenerated charge carriers can be expressed as

dN(t) N(t)

T

” — BN(t)* — yN(¢)?

= Gl - W

where G(t) is the photogenerated carrier density, N(t) is the
concentration of the photogenerated charge carriers, 1/7 is the
trapping rate, B is the bimolecular recombination coefficient,
and y is the Auger recombination coefficient.

Considering the high intensity of the pump laser, the
probability of carrier depopulation through Auger recombina-
tion becomes relatively high. However, the carrier annihilation
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rate via Auger recombination is a third-order process with PL
decay becoming faster when the concentration of the
photogenerated charge carriers increases, which is contrast to
the observations of the PL decay. In the present system, the
nonradiative processes dominate the PL decay and bimolecular
recombination should also become faster with the increase in
excitation intensity, suggesting charge trapping as the critical
process of the PL decay in both samples. The slowing down
and the saturation of PL decay with an increase in excitation
intensity relate to the trap filling effect and extra trapping
processes, respectively (the analytic details can be found in
Supporting Information SS).

Figure 2d and Table Slc compare the PL decay of TiO, and
TiO,/Au NPs at low and high excitation densities. At high
excitation density when the traps are saturated, the PL
emissions of both samples behave similarly, presenting a
short and long lifetime of ~50 and ~400 ps, respectively. This
suggests that only one kind of trap is filled at high excitation
intensity, and the rest of the traps in both samples should come
from the same capturing process. These traps that are hard to
be filled could result from their large density or short
reactivation time (ie., the time from the traps being occupied
to becoming empty). In this specific case, the traps that can be
filled are probably surface traps since two different PL decay
between TiO, and surface-modified TiO, with Au NPs have
been observed, while the traps that we still cannot fill in our
measurement range could be attributed to the abundant
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Figure 3. (a) TIRAS result and (b) decay of AA of TiO, and TiO,/Au NPs pumped at 2.25 eV (the inset in (b) is the zoomed-in TIRAS decay).
(c) Maximum of AA of TiO,/Au NPs at varied excitation photon fluences at 2.25 eV. (d) Comparison of TRPL and TIRAS of TiO,/Au NPs at the

photon fluence of ~7 X 10'* photons pulse™ cm™.

intrinsic bulk traps of the TiO,. Thereby, the PL decay seems
not to change with surface modification under high excitation
density.

Compared with the PL lifetime of TiO, PL (~24 ps), TiO,/
Au NPs have slower PL decay (~30 ps) at low excitation
density, suggesting that the Au NPs still can passivate some
trap states even though the holes are accelerated to be
captured by hole traps. One of the most probable reasons is
that the band bending keeps the electrons away from the
surface of the TiO, and thus decelerates the electron trapping
rate and prolongs the lifetime of electrons. Here we need to
note that the lifetime of the photogenerated charge carriers in
TiO, should be shorter than 24 ps because we do not see the
excitation-independent PL decay at low excitation photon
fluence, which is constrained by the low signal-to-noise (S/N)
of the PL emission and the large IRF of the streak camera.

On the other side, the PL from the bimolecular
recombination (BN?) of photogenerated charge carriers is
intimately related to the concentration of carriers. In the same
material, we would not expect the bimolecular recombination
coeflicient, B, to be different. Meanwhile, the TiO, absorption
coefficient that does not change with the excitation density has
also been checked in the QY experiment. Thus, we would
expect similar maximum PL intensity in PL decay under
identical excitation density. However, under the same photon
absorption density, Figure S4 does not show the results we
were expecting for TiO, and TiO,/Au NPs samples. The most
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probable explanation is that there is an extremely fast decay
process that we cannot resolve due to the limitation of the IRF
of the streak camera. Because anatase TiO, is an indirect
bandgap semiconductor, the photogenerated charge carriers
excited by photons with an energy higher than the bandgap
would relax within the same valley or experience the intervalley
transition.”! Therefore, the photogenerated charge carriers
could be partially lost during the relaxations and transition.
When electrons arrive at the bottom of the conduction band or
holes reach the top of the valence band, some of these carriers
then radiatively recombine and then contribute to the PL
emission. By comparing the maximum PL emission of TiO,
and TiO,/Au NPs in PL decay, we find that the maximum PL
intensity of TiO, is larger than TiO,/Au NPs, reflecting that
the losses of charge carriers during the relaxation and transition
are more efficient in TiO,/Au NPs than TiO,. This could
result from the accelerated trapping of the hole due to the
band bending effect in TiO, close to the interface of Au NPs
and TiO, before the carrier relaxation.**

We have demonstrated that the easily filled traps correspond
to the surface defects, and the traps that are hard to be filled
are assigned to the intrinsic bulk traps of the TiO,. It is worth
noting that from the TRPL results in Figure 2 at both low and
high excitation density the PL decay shows a biexponential
behavior. This could be from the respective contribution of
electron and hole trapping. To distinguish the effect of electron
and hole trapping in TiO,/Au NPs, we used a strategy to study
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the depopulation process of electrons that are injected into
TiO, via selectively pumping the Au NPs at 550 nm (2.25 eV).
As shown in Figure 3a, we studied the Aabsorption/Aoptical
density (AA/AOD) by TIRAS of TiO,/Au NPs and reference
TiO, samples in the energy range 0.25—0.28 eV. In the TiO,
sample, only the cross-section modulation of the laser was
observed. Nevertheless, a very clear free electron absorption
was shown in TiO,/Au NPs sample, confirming the hot
electron injection because of the plasmon resonance of Au NPs
(Figure 3b). By calculating the time difference between the
rising signal and the signal of cross-section modulation (the
inset of Figure 3b), it was found that the injection time from
the pulse arriving to an electron reaching the bottom of the
conduction band is around 0.6 ps in this TiO,/Au NPs system.
Before, we studied the injection of the hot electrons in several
metal oxide/Au NPs systems and found that the injection time
of electrons from Au NPs to TiO, is <0.1 ps.***> The extra
time (~0.5 ps) the photogenerated electrons spend to arrive at
the bottom of the conduction band could result from the
diffusion time of the carrier in Au NPs to the interface between
Au NPs and TiO,, and this time shall be related to the size of
the Au NPs.

However, it is still not well understood the process of
electron injection from Au NPs into TiO, and the electron
depopulation process after injection. Understanding these
processes is beneficial for us to interpret and distinguish the
behavior of electrons in TiO, and TiO,/Au NPs. As reported,
the Schottky barrier of the TiO,/Au is <1 eV.***” For the
plasmon-assisted hot carrier injection, there are two feasible
channels. One is hot carrier tunneling, and another one is the
barrier over crossing injection. Although we can excite the hot
electrons with high enough energy to overcome the barrier,
some reports mentioned that the probability of the injection is
insufficiently efficient.*®

Therefore, we performed the TIRAS at varied excitation
photon fluences (Figure SS) to clarify these two possibilities.
The intensity of AA is sensitive to the concentration of free
electrons in TiO,. Therefore, the linear pumping density
dependent electron concentration in Figure 3c indicates that
the concentration of electrons was not affected by the injected
carrier induced electric field polarization. Actually, the
tunneling current is significantly affected by the electric
field,” and the electron tunneling probability relies heavily
on the thickness and height of the barrier at the interface of
TiO, and Au NPs.’>*" With increasing the injected electrons
in TiO,, a higher and wider barrier than at equilibrium would
lead to a poorer injection efficiency and thus should result in a
slope less than one in Figure 3c. Similarly, the increased height
of the barrier due to the electron injection also reduces the
over crossing electron injection, resulting in a nonlinear
dependence in Figure 3¢ (the detailed analysis can be found in
Supporting Information S7). Both possibilities are opposite to
what we observed. To the best of our knowledge, we feel that
the only possibility is that TiO, does not have the electric
polarization time faster than the carrier injection time (<S50
£s).** Meanwhile, in our mind, tunneling could not work in our
case. Usually, the tunneling may become dominant when the
semiconductor is heavily doped or at a low temperature.”
Some reports have claimed that the probability of the carrier
tunneling crossin§ is extremely low in TiO,/Au or similar
systems as well.>>">* Tt is also very likely that the electron
injection is due to both tunneling and over crossing of barriers.
Until now, we do not have a good explanation for this yet.

With regard to the electrons in TiO, after plasmon-assisted
injection, people also expected their depopulation would be
dominated by tunneling.”"*® In our case, similarly, the
tunneling rate should depend on the concentration of the
injected electrons as we discussed. We do not expect the
electric polarization would not happen in such a long time.
Thus, we should observe a faster decay at a higher excitation
density in Figure SS. In contrast, we find that the AOD decays
are independent of excitation density, suggesting that the
tunneling depopulation process is not the dominant process.
We have mentioned that the carrier depopulation process in
semiconductor materials can be present as eq 1. Both
bimolecular radiative and Auger recombination are irrelevant
to this case with only injected electrons. Therefore, the
depopulation process should be dominated by trap-assisted
nonradiative recombination.

Because the injection efficiency of the hot carriers is over
one-quarter,”> " we compared the TRPL and TIRAS decays
with a similar electron density after the consideration of the
electron injection efficiency in the TiO,/Au NPs sample as
well as the light absorption coefficients of TiO, and Au NPs.
TRPL is the radiative recombination of the mobile charge
carriers and reflects the trapping depopulation behavior of the
free charge carrier concentration. As Figure 3d shows, the slow
decay is estimated at around 50 ps by using a biexponential
function, which is similar to the fast decay in TRPL under
similar excitation fluence (the fitting parameters are shown in
Table 1). Besides, there is a much faster TIRAS decay than the

Table 1. Fitting Parameters of TRPL and TIRAS Kinetics
Traces of TiO,/Au NPs in Figure 3d

Kinetics A, 7, (ps) A, 7, (ps)
TRPL 0.70 48.8 + 2.4 0.50 384.4 + 12.0
TIRAS 0.40 539 £ 04 0.72 34 +£0.7

TRPL. It is not normal that we do not see the fast electron
decay in TRPL measurement. There is a possibility that the
electrons after over crossing the barrier would be easier and
more efficient to be captured by the electron surface traps than
the electrons generated from inside of TiO,. Besides, the other
most probable interpretation is that we cannot see the fast
decay in TRPL due to the limitation of the IRF of the streak
camera. This fast decay is also expected to be observed in the
TRPL experiment as in the PL intensity study in Figure S4.
With the observation and analysis above, we can understand
the biexponential PL decay in Figure 2d. The main electron
and hole depopulation processes in our case are trapping. The
kinetics of the charge carriers from photogeneration and
injection can be described as follows: In TiO, pumped at the
bandgap as shown in Scheme 1a, photogenerated electrons and
holes are trapped by surface traps with the rate of k, and k;, and
also by the intrinsic bulk traps inside TiO, with rates of k *
and ky *, respectively. When the TiO, is covered with Au NPs
(Scheme 1b), the energy band of TiO, close to the surface
bends and then keeps the electrons away from the surface as
well as accelerates the holes to the surface traps. However, due
to the incomplete coverage of the Au NPs on TiO,, the surface
trapping of the electron still works, resulting in inefficient
electron traps with a rate less than k.. At this time, k. decreases
to k. and ky, increases to ki’ at low excitation density. When
we increase the excitation density, the surface traps are
gradually filled and become inactive. Because the concentration
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Scheme 1. Trapping Process of (a) TiO,, (b) TiO,/Au NPs Pumped at TiO,, and (c) TiO,/Au NPs Pumped at Au NPs

(a) ~50ps (b) ~30ps ~ 50 ps
<24 ps ” ’
Kk, 4 ¢
- \— CB =z
A —— =~ E = =—mm—mmm—— - -

— VB &\Q VB

of intrinsic bulk traps is large enough, the bulk trapping still
dominates the mobile charge carrier quenching although the
traps on the surface become inactive.

In the other situation when we selectively excite the Au NPs
as in Scheme Ic, the electrons are injected into TiO, and then
can be captured by the traps inside the TiO, and the traps at
the surface with the rate of k. * and k., respectively. Because of
the limitation of S/N of the TIRAS absorption, we did not
observe a trap filling effect similar to the one in TRPL at low
excitation density. Therefore, only k.* was observed. To the
fast electron trapping k, seen in TIRAS, it is still unclear to us.
It could be the fast surface trapping k. which we cannot
observe due to the poor S/N and IRF limitation in TRPL
measurement. Afterward, we can attribute the fast and slow
decay in biexponential kinetics of TiO, and TiO,/Au NPs to
electron and hole trapping at both low and high excitation,
respectively. In the end, we can conclude that the hole traps
are much easier to be filled than the electron traps, meaning
that the surface trapping is dominated by electron traps. This
rationalizes the long-lived hole in the TRPL experiment.

4. CONCLUSION

In summary, we have studied the carrier recombination
processes of photogenerated carriers in anatase TiO, and Au
NPs covered TiO, by using steady-state and time-resolved
spectroscopy. First, we found that trap-assisted nonradiative
recombination is the main depopulation process in both TiO,
and TiO,/Au NPs. We also demonstrated that electron
trapping is the dominant surface depopulation process in
TiO, and TiO,/Au NPs in this case. Through investigating the
dynamics of electrons by selectively injecting electrons from
Au NPs into TiO, to discern the behavior of electrons and
holes in the TRPL study, we conclude that the Au NPs can
accelerate the trapping of the hole but slow down electron
trapping because of the band bending in TiO, close to the
interface. This is why the PL decay of TiO, is conversely faster
than TiO,/Au NPs although the QY of TiO, is larger than that
of TiO,/Au NPs. Meanwhile, we analyzed the TRPL and
TIRAS results and then assign the traps that can be easily filled
to the surface traps, while the traps that are hard to be filled are
attributed to the bulk traps. Among them, the bulk electron
trapping is estimated at ~50 ps and bulk hole trapping is ~400
ps. To the surface traps, the trapping is observed at <24 ps and
~2 ns for electrons and holes, respectively. Besides, we
discussed the injection and depopulation ways of electrons in
our system. We found that the TiO, electric polarization
happens longer than the electron injection time which is <50
fs. Meanwhile, trap-assisted nonradiative depopulation should

be the main carrier behavior we consider after injection. The
above insights can help us to better understand the
recombination process of carriers in TiO, and TiO,/Au NPs
materials, which will contribute to the optimization and
application of TiO, materials.
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