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ABSTRACT: Understanding the interfacial charge transfer of the
photoinduced transients of all-inorganic cesium lead halide
perovskites (CsPbX3; X = Cl, Br, I) is critical for their
photovoltaic applications. Ultrafast dynamics can provide
comprehensive information about the transient behavior of the
carriers and their transfer mechanism in the materials. In this
work, the interfacial charge transfer of CsPbX3 films assembled
with TiO2 with different halogen doping ratios was studied using
femtosecond transient absorption spectroscopy combined with
global analysis. Four subsequent decay processes after photo-
excitation were carried out, including hot carrier cooling, free
exciton formation, electron transfer, and charge recombination.
The results indicate that the time constant of the interfacial
electron transfer varies with the location of the trap state of these
perovskites and the relative energy of conduction bands in the perovskite and TiO2 and that the time constant of the charge
recombination can be attributed to the electron−hole interactions. These interpretations are supported by calculations based on
first-principles density functional theory. Higher iodine doping in such perovskite CsPbX3/TiO2 systems increases the time
constants of the electron transfer and charge recombination, which suggests that all-inorganic perovskite CsPbX3 with a high
iodine content is favorable for improving the power conversion efficiency of solar cells.

■ INTRODUCTION

Organic−inorganic methylammonium lead halide (MAPbX3;
X = Cl, Br, I) perovskites have recently emerged as one of the
most promising candidates for the next generation of solar cell
materials.1−9 In the past five years, the use of these materials as
light-absorption layers has greatly improved the power
conversion efficiency.10 MAPbX3 perovskites possess several
properties that are suitable for photovoltaic applications such
as high carrier mobility, long carrier diffusion length, and
suitable optical band gap.2,3,11 However, despite the gratifying
progress in power conversion efficiency, organic−inorganic
MAPbX3 perovskites exhibit significant degradation in
performance after just a few days of operation.12,13 New all-
inorganic cesium lead halide (CsPbX3; X = Cl, Br, I)
perovskites are now considered as potential alternative
materials for photovoltaic, laser, and photodetector applica-
tions14−16 because of their potential of tuning the band gap in
the visible spectrum, broad spectral absorption, and better
stability.14−17 Although extensive research has been done for

the design and development of devices that incorporate these
new perovskite materials, the physical processes remain far
from clear, especially for the key factors that affect the
photoelectric conversion efficiency, such as photoinduced
carrier separation, transport, and recombination processes.
The underlying phenomenon responsible for improvement

of the solar cell photoelectric conversion efficiency can be
clarified on the basis of revealing its microscopic mechanism.
Photoelectric conversion is related to the generation of carriers
by optical absorption, carrier separation, carrier diffusion,
transmission, and collection. This series of processes usually
occurs on a time scale of femtoseconds to microseconds and
can therefore be experimentally studied by sensitive ultrafast
spectroscopic methods. The carrier mobility and carrier
recombination lifetime are known to be the key factors
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restricting the photoelectric conversion efficiency of perovskite
solar cells. Although the ultrafast dynamics of perovskite
materials has been studied and significant attention has been
devoted to the study of charge mobility and diffusion,2,18−20

the physical mechanisms of carrier separation and recombina-
tion in these materials remain unclear; thus, further
experimental and theoretical studies are needed.
Only a few ultrafast spectroscopic studies for the separation,

transport, and recombination of photogenerated carriers in all-
inorganic perovskites CsPbX3 have been recently re-
ported.21−27 Ghosh et al. studied the free carrier recombina-
tion in colloidal CsPbBr3 perovskite using time-domain
terahertz spectroscopy.21 They confirmed that the influence
of surface defects on trapping the charge carriers is negligible
and that this perovskite possesses a remarkably high carrier
mobility and a large diffusion length. Han et al. reported two-
photon absorption for CsPbBr3 quantum dots (QDs) of
different sizes using femtosecond transient absorption (TA)
spectroscopy and found that the two-photon absorption cross
section is proportional to the linear one-photon absorption and
follows a power-law dependence on the size of QDs.26

Samanta et al. obtained distinct identities of excitons and free
charge carriers and distinguished among hot and cold charge
carriers in a photoexcited all-inorganic CsPbBrxI3−x perovskite
nanocrystal (NC) system.22 Recently, a few experiments have
focused on the challenge for engineering charge transfer at the
interfaces of all-inorganic perovskite materials28−32 because
understanding the charge transfer mechanisms at the interface
is one of the major requirements for developing an efficient
photovoltaic system. In 2015, Lian et al. first reported the
study of interfacial charge transfer dynamics of CsPbBr3 QDs
using ultrafast TA spectroscopy,28 and they found that electron
transfer to benzoquinone (BQ) and the subsequent charge
recombination occurred with half-lives of ∼65 ps and ∼2.6 ns,
respectively, and hole transfer to phenothiazine and the
subsequent charge recombination decay had half-lives of ∼49
ps and ∼1 ns, respectively. Bakr et al. investigated the effects of
heterovalent doping on carrier dynamics and band structure at
the interface of perovskite NCs and molecular acceptors.29

They used TA spectroscopy to demonstrate that charge
transfer at the interface of the NCs can be tuned and promoted
by heterovalent doping. It is also found that doping increases
the energy difference between the molecular acceptor and the
donor moiety and then promotes the interfacial charge transfer
process. To enlighten the physical mechanism of carrier
transfer, all-inorganic perovskites assembled with titanium
dioxide (TiO2) are taken as an example for further research on
the interfacial charge transfer. Herein, we designed the
corresponding experimental scheme, synthesized a series of
cubic-phase CsPbX3 films with different halide compositions
via annealing at high temperature, and assembled them with
TiO2. The ultrafast carrier dynamics of the photoinduced
transients of the thus-obtained CsPbX3/TiO2 films was
characterized via femtosecond TA spectroscopy. Global
analysis was adopted, which revealed four kinetic components
from the TA spectra. Furthermore, first-principles density
functional theory (DFT) was used to elucidate the electronic
structure of the CsPbX3 perovskite. Compared with the
experimental data, the charge carrier (or exciton) dynamics
was interpreted using the energy gap and electron density of
states (DOSs) based on DFT calculations.

■ EXPERIMENTAL SECTION
CsPbX3 NCs were synthesized using a previously reported
method with some modifications.33 The perovskite films were
deposited via spin-coating CsPbX3 solution on a mesoporous
TiO2/glass substrate. All of the materials were used without
further purification. Perovskite films were prepared under
nitrogen protection. Finally, we obtained samples with the
following compositions: CsPbBr1.5Cl1.5/TiO2, CsPbBr2Cl1/
TiO2, CsPbBr3/TiO2, CsPbBr1.5I1.5/TiO2, and CsPbBr1I2/
TiO2. See the Supporting Information (S1) for the detailed
preparation process.
Diffractograms of CsPbX3/TiO2 perovskite films were

recorded through X-ray diffraction (XRD) measurements
using a PANalytical Empyrean X-ray diffractometer at a
voltage of 40 kV and a current of 40 mA. The scanning angle
range was 5−50° (2θ) at a scanning rate of 3°/min.
Steady-state absorption spectra were measured using a UV-

3101PC UV−vis−near-infrared scanning spectrophotometer.
To further clarify the interfacial charge transfer mechanism of
CsPbX3/TiO2 films, we characterized the ultrafast dynamics of
charge carriers by time-resolved TA measurement (Figure 1),

as described in a previous study.34 A Ti:Sapphire laser system
(Libra-USP-HE, Coherent Inc.) with a central wavelength of
800 nm, a repetition rate of 1 kHz, and a pulse width of 50 fs
was used. The fundamental output of the laser was divided into
two beams with an intensity ratio of 9:1. The 90% intensity
beam was used for producing a 400 nm pump pulse through a
barium boron oxide crystal. The other beam (10% intensity)
was focused on a sapphire crystal to generate a white-light
continuum from 450 to 800 nm used as a probe pulse through
the sample with respect to the pump pulse. A delay stage was
used to change the distance of light path of the probe beam
and obtain the time delay. The probe beam was focused on the
sample surface and overlapped with the pump beam. The
optical diameters of the pump and probe beams were ∼2.5 and
1.0 mm, respectively. The energy flux for photoexcitation was
attenuated to 2 μJ/cm2 to avoid any damage to the samples. All
of the TA measurements were performed at room temperature.
To further illustrate how the energy gap and electron DOS

affect the charge carrier dynamics of the excited states, the first-
principles DFT calculation was performed35−37 beginning from
the cubic CsPbBr3 perovskite crystals. Mixed-halide crystal
structures were obtained by replacing Br with Cl− or I− anions.
The structural and electronic properties of the cubic CsPbX3
perovskites were studied using the plane-wave norm-
conserving pseudopotential method with an energy cutoff of
820 eV on the basis of DFT with the revised Perdew−Burke−

Figure 1. Experimental setup for the time-resolved TA measurements.
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Ernzerhof exchange−correlation functional of the generalized
gradient approximation (GGA-RPBE). The Brillouin-zone
integrations were derived using a 2 × 2 × 2 k-point set.

■ RESULTS AND DISCUSSION
Optical Characterization. Figure 2 shows the steady-state

absorption spectra of the synthesized CsPbX3/TiO2 films. The

CsPbBr3/TiO2 sample exhibited a peak at 524 nm, which was
attributed to the transition from the valence band maximum
(VBM) to the conduction band minimum (CBM),4,38 similar
to that of the organic−inorganic MAPbX3 perovskites. This
absorption peak was tuned by varying the halogen
composition. When Cl− anions were introduced into the
reaction system, the peak showed a blue shift, whereas the
introduction of I− anions caused a red shift, which is consistent
with the trend observed in the TA spectra (Figure S5).
Therefore, the absorption peak of CsPbX3/TiO2 perovskites-
based materials can be tuned by controlling the type and
stoichiometry of the halogen constituent.
The XRD patterns of the CsPbBr3/TiO2 film showed

diffraction peaks at 15.32, 21.58, 30.47, and 37.76°,
corresponding to the (100), (110), (200), and (211) crystal
planes.15,16 These peaks could be attributed to the cubic
structure of the CsPbBr3 crystal

15,39 (a = 5.97 Å; space group
Pm3m), as described in the Electronic Properties of Mixed-
Halide Perovskites section. The structure of both CsPbCl3 and
CsPbBr3 perovskite crystals is either tetragonal or monoclinic
at room temperature and translates into a cubic phase at 47
and 130 °C, respectively, whereas that of CsPbI3 one
undergoes a similar phase change at 308 °C.40 In our
experiment, the cubic phase was formed due to the annealing
of the perovskite films at 450 °C. Based on our calculations,
the band gap of the cubic CsPbBr3 perovskite was 2.40 eV. As
shown in Figure 3, with increasing Cl− anions, all of the peaks
in the XRD diffractograms shifted to larger angles, whereas the
increase of I− anions shifted them to smaller angles. As the type
and ratio of halogens change, the peak positions move only

slightly and no other diffraction peaks appear. We believe that
the halogen mixing and change of the stoichiometry do not
change the crystal phase. Hence, the crystal phases of
perovskites with different halide components are all cubic
(Figure 3).

TA Measurements and Global Analysis of the
CsPbBr3/TiO2 System. To investigate the physical mecha-
nisms of the interfacial charge transfer of the mixed-halide
perovskites, the femtosecond TA measurements were
performed with 400 nm (photon energy of 3.1 eV) laser
excitation. The excitation energy of 2 μJ/cm2 at the sample was
chosen mainly for a better signal-to-noise ratio and to avoid
damaging the samples. All of the measurements were
performed under the same experimental conditions. As
shown in Figure 2, the absorption peak of CsPbBr3/TiO2 is
at 524 nm but that of free CsPbBr3 QDs is at 510 nm, as
reported in the literature.14,39 The shift of the absorption peak
indicates an interfacial charge transfer.
Figure 4 shows the TA spectra of CsPbBr3/TiO2 at different

delay times. The TA spectra exhibited the following features: a
broad absorption band at around 510 nm (labeled as PA1), a
bleaching band (ΔOD < 0, where ΔOD is the change in
absorption) at 525 nm (labeled as PB1), and a second
absorption band at around 530 nm (labeled PA2). The
negative (bleaching) signal is sandwiched between two positive
absorption bands; as such, to better understand the physical
mechanisms of the interfacial charge transfer of CsPbX3/TiO2
films, a global analysis of the TA spectra involving multiple
wavelengths instead of the single-wavelength kinetic analysis
was performed.
The TA spectra of the CsPbBr3/TiO2 film (Figure 4) were

separated into several components by singular value decom-
position (SVD).41,42 SVD combined with global fitting is an
effective analytical method for complex spectra with over-
lapping features. Using this analysis, we expected to extract the
main components from the original data, remove the
unnecessary components, and then reasonably analyze the
extracted principal components to obtain the spectrum and
kinetic curves of the transient components and filter out the

Figure 2. Steady-state absorption spectra of different CsPbX3/TiO2
films.

Figure 3. XRD diffractograms of different CsPbX3/TiO2 films.
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experimental noise. The measured TA data are a two-
dimensional matrix A consisting of mλ wavelengths and nt
times. Any one of the elements in matrix A can be expressed as
follows

A A t( , )ij i jλ=

For matrix A of real elements, SVD is defined by the product of
three matrices, called the SVD of A

A USVT=
where the column vectors of U and V are referred to as the left
and right singular vectors of A, respectively, S is the singular
value of the SVD transient component, and U contains the
basis spectra of the data matrix A. The analysis yields four
kinetic components: 765 ± 55 fs, 8.89 ± 0.73 ps, 88.69 ± 6.12
ps, and 1.81 ± 0.16 ns, as is evident from the decay-associated
spectra (DAS) shown in Figure 5. DAS are decay functions

associated with specific time-constant components obtained
through our data analysis. The time constants observed in
Figure 5 are functions of the entire kinetic system and cannot
be associated with any given species.43 The DAS do not
correspond to real spectra observed experimentally; they
correspond to real spectra only when a component decays
without interconversions to other components. The DAS are
interpreted as loss or gain of bleaching or absorption with a
certain time constant.
PA1 is reported to be attributed to the absorption arising

from the lowest excitonic state,22 and PA2 is attributed to the
absorption due to hot charge carriers (hot excitons) with a
delay time of 765 fs.22−25,44 After 765 fs, the absorption signal
of PA2 weakens and is eventually replaced by PB1 signals. We
attribute PB1 to the depopulation of the ground state, and its
position matches that of the absorption peak of CsPbBr3/TiO2
in the steady-state absorption spectrum in Figure 2. Our TA

results have three spectral features: PA1, PA2, and PB1.
Mondal et al. reported four spectral features in TA results for
CsPbBr3 NCs without TiO2: PA1, PA2, PB1, and PB2.22 The
morphology (film or NCs) of the all-inorganic perovskite
material does not affect the spectral signatures of the TA
measurements.24 The disappearance of the PB2 signal in our
system may be due to the hot carrier (hot exciton) cooling to
the lowest excitonic state and transport toward the interface.
Our TA spectra (Figure 4a) show that the disappearance of
PA2 is accompanied by an increase in the PA1 signal, which
reaches the absorption maximum at 9 ps.
The hot carriers (hot excitons) created by the 400 nm

excitation are located far above the band edge. Thus, the 765 fs
rise profile of the PA2 signal arises from the cooling of these
hot carriers (hot excitons) to the band-edge excitonic state.
The 9 ps component more likely arises from free exciton
formation. Lian et al. reported that the lifetimes of electron
transfer and charge recombination for CsPbBr3 QDs are 65 ps
and 2.6 ns, respectively.28 For CsPbBr3/TiO2, we estimated
electron transfer and charge recombination lifetimes of 89 ps
and 1.8 ns, respectively, which are comparable with the results
of Lian et al. Our results are therefore reasonable. The 89 ps
decay observed was due to electron transfer28,29,32 from the
conduction band (CB) of CsPbBr3 to the CB of TiO2. The
energy difference between the CB of CsPbBr3 and the CB of
the electron acceptor promotes electron transfer.29,31 The
electron transfer process occurs after the free excitons have
dissociated; the electrons will transport and be trapped in the
CB of TiO2 following the electron escape from the trap state
and will continue to diffuse in TiO2. Charge recombination
occurs when the electrons diffuse in TiO2 until they reach the
region close to the valence band (VB) of the mixed-halide
perovskites. The presence of an 89 ps component indicates
that the TiO2, as an electron acceptor, provides a transport
channel for the transfer of photogenerated electrons. The 1.8
ns component is attributed to the charge recombination
process28,29,32 because electrons escape from the trap state of
TiO2 and diffuse back to the CB of TiO2, where they
recombine with a hole in the VB of CsPbBr3, resulting in
electron−hole recombination. The energy difference between
the CB of TiO2 and the VB of CsPbBr3 can promote the
charge recombination process.29,31 To gain further physical
insight into the mechanism of the interfacial charge transfer
between CsPbBr3 and the electron acceptor (TiO2), we
propose a possible interfacial charge transfer path in CsPbBr3/
TiO2, as shown in Figure 6. The trapped state is at the defect
of the surface state, where the charge transfer and charge
recombination processes occur.

Figure 4. TA spectra of CsPbBr3/TiO2 on the (a) short (0.6−9 ps) and (b) long (9−2000 ps) time scales upon excitation at 400 nm (1 kHz, 50 fs,
2 μJ/cm2).

Figure 5. Decay-associated spectra (DAS) of CsPbBr3/TiO2.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.8b07237
J. Phys. Chem. C 2018, 122, 27148−27155

27151

http://dx.doi.org/10.1021/acs.jpcc.8b07237


TA Spectral Character and Interfacial Charge Trans-
fer of Mixed-Halide Perovskites CsPbX3/TiO2 Systems.
The experimental measurements reveal that the obtained
spectral features of the mixed-halide perovskite CsPbX3/TiO2
systems are very similar to those observed for the CsPbBr3/
TiO2 system (Figures 4, 5 and S1−S5). However, the positions
of the spectral peaks are closely related to the type/proportion
of the halide. For example, compared with that of the PB1
band of pure CsPbBr3/TiO2, the red shift of the PB1 band
increased with increasing iodine content. Because the CB and
VB energy levels of CsPbX3 are contributed by lead and
halogen, respectively, the band gap is reduced when bromine is
replaced by iodine, resulting in a red shift of PB1.22,27,45 This
phenomenon can also be seen in their steady-state spectra, as
shown in Figure 2. In the case of chorine substitution, the PB1
band undergoes a blue shift because of an increase in the band
gap.
We obtained the time constants of different decay processes

for different mixed-halide perovskite CsPbX3/TiO2 systems
using the global fitting from the experimental TA measure-
ments (Table 1). We focused on the interfacial influence on
electron transfer and charge recombination in these systems.
We found that the time constant for the electron transfer of

mixed-halide perovskites CsPbX3/TiO2 with a higher iodine
content is slower than that of CsPbX3/TiO2 with a higher
bromine content (this trend is consistent with Wang’s
results32): 89 ps for CsPbBr3 and 166 ps for CsPbBr1I2. In
contrast, the time constant of CsPbX3/TiO2 with a higher
chlorine content is faster than that of the CsPbX3/TiO2 with a
higher bromine content: 89 ps for CsPbBr3 and 46 ps for
CsPbBr1.5Cl1.5. Additionally, the time constants for charge
recombination gradually increased as the halide composition
was changed from chlorine to iodine, e.g., 1.37 ns for
CsPbBr1.5Cl1.5, 1.81 ns for CsPbBr3, and 2.43 ns for CsPbBr1I2.
The electron transfer process is affected by the location of

the trap states of the perovskite and the relative energy of CBs
in the perovskite and TiO2. First, the trap states in CsPbCl3 are
located near the band edge, whereas those in CsPbI3 are closer
to the higher excitonic states, which leads to a substantially
slower trapping rate of CsPbI3 than that of CsPbCl3.

22

Moreover, the time constant of electron transfer for the
mixed Br/Cl perovskite is smaller than that for the mixed Br/I
perovskite because the relative energy of the CBs for the mixed
Br/Cl perovskite is higher.45,46

Diffusion lengths of carriers can affect the time constant of
charge recombination.2,3 Chlorine addition reduces the time
constant of electron−hole recombination because of the
shorter electron−hole diffusion length in the CsPbBr1.5Cl1.5
perovskite. On the other hand, the longer time constant of
recombination in the iodine-added perovskite results from a
much larger diffusion length of carriers. Furthermore, charge
recombination occurs at the localized state of the interface;47,48

the greater density of holes in the chlorine-added perovskite
can enhance the interaction between electrons and holes.
The aforementioned findings suggest that all-inorganic

perovskite CsPbX3 with a high iodine content is favorable
for application to improve the power conversion efficiency of
solar cells.
In addition, the hot carriers (hot excitons) induced in

CsPbBr3/TiO2 by photoexcitation are rapidly cooled at a time
scale of 765 fs, which is similar to the result reported by Butkus
et al. (651 fs)24 but longer than that for the relaxation of the
hot carriers in colloidal CsPbBr3 perovskite (<450 fs).23,25

From Table 1, the relaxation time changed from 471 fs for the
mixed Br/Cl perovskite to 760 fs for the mixed Br/I perovskite.
Such ultrafast hot carrier relaxation is attributed to electron−
phonon scattering.44,49−51 The relaxation rate of the hot
carriers (kcool) strongly depends on the electron−phonon
coupling factor (SHR); i.e., kcool is directly proportional to
SHR.

25 The proportional relationship between SHR and the
overlap integral of the electronic states25 suggests that the
relaxation rate of the hot carriers is largely dependent on the
halide species and is mainly determined by the DOSs of the
CsPbX3 crystals. After hot carrier cooling in the CsPbBr3
perovskite, free excitons are formed within a time constant of 9
ps. This time constant is lower for the mixed Br/Cl perovskite,
likely because of faster cooling rates of the hot carriers.49 For
CsPbBr1I2/TiO2, the global fitting gives a time constant of 3.66
ps for free exciton formation; the reason for this result is
ambiguous at present, although Auger recombination, which
occurs in all-inorganic halide perovskites,21,23 may be involved.

Electronic Properties of Mixed-Halide Perovskites.
The effects of halogen mixing on the electronic properties of
CsPbX3 perovskites are discussed on the basis of DFT with
GGA-RPBE. We calculated the DOSs, band gaps, lattice

Figure 6. Proposed path for the interfacial charge transfer in the
CsPbBr3/TiO2 system. The black lines are the conduction band (CB)
and the valence band (VB), and the blue arrow indicates the charge
recombination process.

Table 1. Time Constants of the Decay-Associated Spectra of
Different CsPbX3/TiO2 Systemsa

mixed

hot carrier (hot
exciton)

cooling (fs)

free
exciton

formation
(ps)

electron
transfer
(ps)

charge
recombination

(ns)

CsPbBr1.5Cl1.5 471 7.14 46.21 1.37
CsPbBr2Cl1 450 8.74 67.27 1.52
CsPbBr3 765 8.89 88.69 1.81
CsPbBr1.5I1.5 591 11.67 128.37 2.19
CsPbBr1I2 760 3.66 165.73 2.43
CsPbBr3 NCs

b 450
CsPbBr3 NCs

c 700 45
(CCT)

2.0

CsPbBr3 film
d 651

CsPbBr3/BQ
e 65 2.6

CsPbI3 NCs
f 560 215

(CCT)
>2.0

aCCT: charge carrier trapping. bGlobal fitting results upon 400 nm
excitation.23 cGlobal fitting results upon 350 nm excitation.22 dSingle-
wavelength fitting results upon 400 nm excitation.24 eSingle-
wavelength fitting results upon 400 nm excitation.28 fGlobal fitting
results upon 545 nm excitation.22
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constants, and unit cell volumes for the various all-inorganic
perovskite crystals (the results are provided in Table S1).
For CsPbBr3, as shown in Figure 7, the calculated band gap

is 2.40 eV. Its partial density of states (PDOS) shows that the
lowest CB (CB1) mainly formed by the 6p state of Pb and the
highest VB (VB1) is mainly by the 4p state of Br. Thus, the
electronic transitions are mainly from the 4p state of Br to the
6p state of Pb so that the excited state is dominated by Pb and
Br. PDOS analysis also shows that the contribution of Cs in
both VB1 and CB1 is significantly lower than that of Br or Pb.
For mixed CsPbX3, the calculations show that because VB

and CB are mainly occupied by halogen and lead, the
introduction of halogen anions can affect the band gap and
DOS of CsPbX3. When X changes from Cl to Br to I, the
valence orbital changes from 3p to 4p or 5p, corresponding to
a monotonic decrease of the perovskite band gap. The VB1 and
the CB1 of these three perovskite structures are shown in
Figure 8a. For the mixed Br/Cl perovskites, the band gap
increases from 2.40 to 2.70 eV when Br is replaced with a
suitable proportion of Cl. In contrast, the band gap decreases
from 2.40 to 1.83 eV when Br is replaced with I. According to
the Fermi golden rule, the transition probability of a mixed Br/
Cl perovskite is lower than that of a mixed Br/I perovskite.37

This trend is similar to that of the experimental observations,
supporting the proposed model of charge transfer (Figure 6).
The DOSs of these three perovskite structures are shown in
Figure 8b, which shows that the bonding types in the
molecular orbitals of these three perovskites are substantially
the same but their locations and strengths are different. The
perovskite with a higher chlorine content has a stronger ion
binding energy than that with a higher iodine content, which

indicates that the structure of mixed Br/Cl perovskite is more
stable than that of mixed Br/I perovskite.

■ CONCLUSIONS
Ultrafast spectroscopic measurements combined with first-
principles DFT calculations have been performed for exploring
the interfacial charge transfer mechanism of different mixed-
halide cesium lead halide perovskite films CsPbX3 (X = Cl, Br,
I) assembled with TiO2 systems. Different time constants for
several decays were obtained from a global analysis, which
were assigned to hot carrier cooling, free exciton formation,
electron transfer, and charge recombination in these systems.
From these data, we suggest a charge transfer model to explain
the ultrafast interfacial charge transfer mechanism of CsPbX3/
TiO2 with different X compositions. We found that doping of
more I content in such CsPbX3 perovskite materials can
increase the time constant of the electron transfer and charge
recombination. Therefore, we speculate that CsPbX3 with a
high iodine content and assembled with TiO2 is a promising
candidate for improving the efficiency of solar cell photo-
electric conversion. Our results provide dynamic information
about controlling the electron transfer and charge recombina-
tion processes at the interface of these promising all-inorganic
perovskite materials.
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