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Abstract—The influence of nanostructured titania surface on the photoluminescence of organemetallic per-
ovskite CH;NH;Pbl; films is studied. It is found that the CH;NH;Pbl; luminescence intensity and lifetime
decrease on the TiO, surface, which testifies to charge transfer from perovskite to titania. Chargejtransfer
occurs most efficiently for perovskite films synthesized on the surface of mesoporous 1Oy films: The time
dependence of magnetic effect on the luminescence of CH;NH;Pbl; on mesoporous TiO, filmsfis related to
the recombination luminescence caused by forward and backward electron transfer between perovskite and

titania.
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INTRODUCTION

Investigations in the field of application of organic
materials for fabrication of solar-to-electric energy
converters led to the development of two new types oft
solar cells, namely, dye-sensitized solar cells (DSSCs)
and polymer solar cells [1, 2]. Work [3] performed in
2009 and aimed at improvement of DSSCs resulted in
the creation of perovskite solar cells (PSCs)yaEhese
cells are based on organo-inorganic compounds with
composition MaPbX;, where Ma is [methylammo-
nium and X is a halogen (Br, I, or €I). For thé period
from 2009 to 2020, the efficiency of \BSCs increased
from 3.8 to 25% [4].

The specific features of ¢hargé transfer in PSCs are
studied by laser kinetig spectroséepy methods. These
methods make it possiblemtogestimate lifetimes of
charge carriers, detémmineythe efficiency of charge
transfer from the, perovskite film to semiconductor
layers with#9)and p-type conductivity, and determine
the congentratien,of'défects in perovskite films [5, 6].
Despite thea€esults achieved, some questions still need
more detailed studies. One of these questions is the
effect of the spin state of charge carriers on the light-
to-electric energy conversion efficiency in PSCs.

Perovskites have a strong spin—orbit coupling
caused by the presence of heavy atoms (Pb, I), which
considerably affects the spin—lattice relaxation time
for spin-correlated electron—hole pairs. In this case, a
change in the spin—orbit coupling value leads to a
change in the PSC efficiency [7]. Some well-devel-
oped and widely used methods for studying the spin
state of free charge carriers and charge-transfer com-

plexeés'are based on the influence of an external mag-
netic field (MF) on the photocurrent and the intensity
of pheto-vand electroluminescence [8]. These meth-
ods allow one to determine the specific features of the
effect of an external MF at the stages of formation,
transport, or recombination of charge carriers in semi-
conductor materials. It is agreed that the first study of
the influence of an external MF on photocurrent,
electroluminescence, and photoluminescence is work
[9]. The authors of this work studied the influence of
an external MF on photoluminescence intensity in the
case of circularly polarized laser excitation and deter-
mined the mechanism of the effect of an external MF
on photoprocesses in perovskite films, i.e., Ag mecha-
nism. The value of Ag factor for electron—hole pairs in
MaPbl; was measured to be Ag ~ 0.65.

Using first principle quantum-chemical calcula-
tions based on the Rashba spin—orbit model, the
authors of [10] showed that the recombination rate of
charge carriers in MaPbl; decreases due to the spin-
forbidden transition. This, in turn, increases the light-
to-electric energy conversion efficiency in perovskites.
These results are important both for understanding
the mechanisms of photoprocesses in organometallic
halide perovskites and for optimization of the design of
PSCs.

Continuation of the studies aimed at the influence
of an external MF on photoprocesses in PSCs allowed
one to determine the effect of the substrate and treat-
ment conditions on the properties of perovskite films
[7]. The g-factors of excitons and charge carriers, spin
relaxation times, and hyperfine interactions of charge
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carriers and nuclear spins were measured in [11] based
on time-resolved spectroscopy. In addition, a promis-
ing method for determining the mobility and concen-
tration of both majority and minority charge carriers,
recombination time, diffusion length, and recombina-
tion coefficient is the measurement of the Hall effect
upon photoexcitation of samples [12].

The study of the luminescence kinetics of per-
ovskite films in an MF will provide additional infor-
mation about processes of charge transfer through an
oxide semiconductor—perovskite interface. In the
present work, we report the results of investigation of
the influence of the TiO, film surface morphology
(compact and mesoporous) on charge-transfer pro-
cesses in CH;NH;PbI; and on the time-dependent
magnetic effect on the photoluminescence of per-
ovskite films.

EXPERIMENTAL

As substrates for synthesis of CH;NH;Pbl; films,
we chose compact (TiO,/C), rough (TiO,/R), and
mesoporous (TiO,/M) films of titanium dioxide TiO,.
These films were formed on the surfaces of glass plates
coated with a transparent electroconducting layer of
fluorine-doped tin oxide (FTO) (Sigma-Aldrich).
The compact TiO, layers were formed using a Ti-
Nanoxide BL/SC solution (Solaronix). We used a
method recommended by the manufacturer for fabrix
cation of defect-free TiO,/M films. To synthesize
mesoporous films, we used a paste based on 20-nm
TiO, anatase nanoparticles (Sigma-Aldrich) and eth-
ylene glycol as a solvent. The paste was depe@sitedion
the substrate surface by spin coating. The TiO5%on-
centration and the film deposition conditions were
chosen so that the film thickness wasyminimal and the
surface was uniform. The rough films, wereformed by
hydrothermal synthesis in a hemmetichautoclave for
24 h at a temperature of 120°C. The synthesis of sam-
ples with nanostructured TiO,sdrfaces and their prop-
erties are described in‘detail in [ 131" The CH;NH;Pbl;
perovskite film was synthesized®y a two-stage method
according to work [ 142

As a material with holg‘eonductivity, we used Spiro-
OMETAD (N2 NZEN2 N2 N7, N7, N”' N”'-octakis(4-
methoxyphenyl)-9)9'-spirobi|9H-fluorene]-2,2',7,7'-
tetramine)* films4 Solutions of Spiro-OMeTAD in
chlorobenzene#with 4-tret-butyl-pyridine and bis(tri-
fluoromethane) sulfonimide lithium salt additives
were prepared. The films were formed by centrifuging
according to the method described in detail in [14, 15].

The microstructural properties of the synthesized
films were studied using a TESCAN Mira 3 scanning
electron microscope. The absorption spectra of films
were recorded using a Cary 300 (Agilent) spectropho-
tometer. The fluorescence spectra were measured on a
Cary Eclipse (Agilent) spectrofluorimeter. The fast
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fluorescence kinetics of polymer films was measured
on a pulsed spectrofluorimeter (Becker & Hickl) with
a picosecond resolution and recording in the time-
correlated photon counting mode. The fluorescence
of samples was excited by a pulsed semiconductor laser
with wavelength A, = 488 nm and pulse duration
(FWHM) 1 = 120 ps. The influence of an external
magnetic field on the luminescence intensity of per-
ovskite films was studied according to the method
described in [16].

RESULTS AND DISCUSSION

Figure 1 presents electron microscope images of
the surfaces of (a) compact, (b) rough, and (c) meso-
porous TiO, films. The compact TiOxfilmicovers the
substrate surface completely, without gaps. The
TiO,/C film in the substrage plane contains spherical
and cylindrical structuralielemenits? The diameter of
the spherical particlesqdsgs70dm. The diameter of the
cylindrical elementsfis also Z0 nm, and the length var-
ies from 100 to 500 nmi- The rough TiO, film contains
nanorods with anjaverage diameter of 50 nm. The
nanorods’ar¢ oniented at different angles to the sub-
strate surfacey The T10,/R film thickness is ~600 nm.
The mésoperous, TiO, film is nonuniform in thickness
and ‘¢ontainshygrains from 400 nm to 5 pm in size
(Fig. 1o, These grains are agglomerates of titania
nanoparticles (nanoparticle size 20 nm), from which
the film was prepared. The film thickness is ~ 500 nm.

The images of surfaces of MaPbl; perovskite syn-
thesized on the contact and mesoporous TiO, films
are shown in Fig. 2. MaPbl; perovskite on the TiO,/R
surface is identical to the film on TiO,/M. Compari-
son of the images presented in Figs. 1 and 2 shows that
the synthesis of perovskite films occurs with formation
of structures that considerably differ from the surface
structure of TiO, films. A dense perovskite film with a
characteristic grain size of ~1 um is formed on the
TiO,/C surface (Fig. 2a). Perovskite films on the
TiO,/M surface have a crystalline structure with crys-
tallite sizes of 100—200 nm (Fig. 2b). The crystallites
are loosely distributed. The microstructure of the per-
ovskite films on the TiO,/R surface is identical to the
structure of films formed on TiO,/M.

Figure 3 shows the images of the cross section of a
TiO,/M—MaPbl; sample, which were obtained using
secondary (SE) and backscattered (BSE) electron
detectors. From these images, we determined the
thickness of different layers (Table 1). The BSE image
reveals the presence of three layers with different com-
positions. The lower layer 600 nm thick is the FTO
layer. The intermediate, darker layer is TiO,. Its thick-
ness is ~260 nm. The upper, lighter layer corresponds
to perovskite. The perovskite layer observed on the
BSE image exhibits darker regions, which most prob-
ably belong to the mesoporous TiO, film. Thus, the
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Fig. 2. Electron microscope images of CHj3

TiO,/M—MaPbl; structure consists three-layer
film. The lower layer represe esoporous TiO,
film. The upper layer is I; film of uni-
form thickness (~6 termediate layer
between the TiO, an s consist of porous
TiO, with a MaPbl,

nd) luminescence spectra were
ilms synthesized on the sur-

with different surface morpholo-
spectra of CH;NH;Pbl; films are
. For comparison, Fig. 4a also shows

shown in Fig:

Table 1. Thickness of layers of the samples studied

Sample TiO, layer | CH;NH;Pbl;
TiO,/C—CH;NH;Pbl; 100 nm 400 nm
TlOz/R—CH:;NH:;PbIS 600 nm 600 nm
TiO,/M—CH;NH;Pbl; 500 nm 600 nm
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erovskite films on surfaces of (a) compact and (b) mesoporous TiO, films.

the absorption spectra of a Pbl, film (curve 5). Analy-
sis of the spectra shows that the absorption spectrum
of the Pbl, film differs from the absorption spectrum
of the CH;NH,Pbl; film. Thus, at the second stage,
addition of CH;NH;I on the sample surface leads to
the formation of the CH;NH;Pbl; film. The lumines-
cence spectra of the films are shown in Fig. 4b. The
luminescence intensity maximum lies in the wave-
length range from 740 to 765 nm, which corresponds
to the data available in the literature [12, 14]. The
luminescence intensity maximum of perovskite films
shifts to shorter wavelengths in the series of surfaces
FTO-TiO,/C-TiO,/R-TiO,/M.

Some luminescent properties of perovskites are
listed in Table 2. Parameter 1.,/ D79 (I may 1s the max-
imum luminescence intensity and D, is the optical
density of the perovskite film at A, = 470 ns) makes it
possible to determine the quality of the films synthe-
sized. Films with a high defect concentration exhibit a
less intense photoluminescence [14]. For comparison,
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Fig. 3. Cross sections of a TiO,/M—CH;NH;Pblj; film obtained using (a) secondary and (b) backscattered electron detectors.
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Fig. 4. (a) Absorption and (b) luminescence spectra of @H3NH 3 Pblj; films synthesized on the (/) FTO, (2) TiO,/C, (3) TiO,/R,
and (4) TiO,/M surfaces, as well as (5) absogption spectrum of a Pbl, film.

Table 2 also presents data for a perovskite film on the
FTO surface. The obtained fdata‘indicate that the
defect concentration is higher for perovskite films on

Table 2. Influence of theyTiOgfilm properties on the per-
ovskite film lumin€scence ‘intensity, as well as on the lumi-
nescence intensity andlifetime quenching due to deposition
of a Spirtd-OMeFAPR. film on perovskite

Sample Lax/Dago®| L/ L** | T /Ty***
FTO—CH,NHiPbI, 0.065 | 15.2 3.19
TiO,/C—CH,NH,Pbl; | 0.16 408 | 108
TiO,/R—CH;NH;Pbl; 0.16 3.78 1.10
TiO,/M—CH;NH;Pbl, 0.15 1.5 1.64

* D470 is the optical density of the perovskite film at Xreg =470 ns.
** I, and I, are the perovskite film luminescence intensities before
and after deposition of a Spiro-OMEeTAD film.

*#%* 1, and T, are the perovskite luminescence lifetimes before and
after deposition of Spiro-OM€ETAD film.
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FTO. The ratio I,,,/D.;, is almost identical for all
films, which means that the perovskite films formed
on TiO, with different surface morphologies have sim-
ilar quality.

Information on the time characteristics of charge
transfer from the perovskite film to layers with the
n—p-type conductivity can be obtained from measure-
ments of the luminescence kinetics of the samples.
The luminescence kinetics in the nanosecond range
contains the rise and decay stages (Fig. 5). The lumi-
nescence rise time (A¢, Fig. 5a) depends on the prop-
erties of the surface on which the perovskite film is
formed. The longest and shortest luminescence rise
times are observed for perovskite on the FTO and
mesoporous TiO, surfaces, respectively. The lumines-
cence of MaPbl; on FTO has exponential decay and
lifetime T = 22.3 ns (Table 3, £ = 1/1). This time is
close to the value of T obtained for the MaPbl; per-
ovskite film on a glass surface [6, 7]. For the MaPbl,
film on the surface of TiO, films, the luminescence
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Fig. 5. Luminescence kinetics of perovskite films on (a) linear and (b) logarithmic scales for samples () E#O—MaPbl;; (2)
TiO,/C—MaPbl;, (3) TiO,/R—MaPbl;, and (4) TiO,/M—MaPbl;. Curve (5) corresponds to.the laser pulse.

lifetime decreases and the charge transfer rate k&
increases (Table 3).

We can suggest that the existence of the rise and
decay stages of the luminescence kinetics (Fig. 5Sa,
curves /—4) is related to generation of charge carriers
and their subsequent recombination in the perovskite
film. The decrease in the time delay Az between thie
laser pulse and the beginning of the luminescence
decay for MaPbl, on the rough and mesoporous TiO,
surfaces can be related to an increase in the concéntra-
tion of defects in the film or to a decrease in,the time
needed for charge carriers to reach a recombination
center. However, comparison of the ratio 1, 4D, for
perovskite films formed on different {TiO, surfaces
shows its identity. This allows us te'concludefthat the
defect concentrations in perovskite, filmson different

Table 3. Time characteristics of charge carrier extraction
from perovskite films

Sample fe, s~ | ky, nsTHRE| Az, nstE
FTO—-CH4NH;Pbly 0.045 0.098 1.53
TiO,/G=CH ;INH3Pbl; 0.043 0.004 1.20
TiOy/R-GH,NH4PbL, | 0139 | 0015 | 049
TiO,/M—CH3;NH,Pbl, 0.165 0.106 0.47

* Rate constant of electron transfer from perovskite to titania film,
kl =1 / T.

** Rate constant of transfer from perovskite to Spiro-OMcTAD
determined as ky = kmapbl,—Spiro-OMeTAD — kMaPbl,> Where

kMapb1, and Aniapol,—spiro-OMeTAD are the charge carrier transfer
constants determined for the samples of perovskite films before
and after deposition of a Spiro-OMeTAD film.

*** Time of luminescence intensity rise after laser excitation. At is
determined as shown in Fig. 5a.
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TiO, surfaces are\eloseytefeach other. Therefore, the
main reasondfer the decrease in the luminescence
delay for MaPbl;"én TiO, surfaces can be related to a
decreasemin the,time for which charge carriers reach
recombination centers.

Parameters /,/1, and t,/1, (Table 2) allow one to
estimate the efficiency of hole transfer from perovskite
into the Spiro-OMEeTAD layer and implicitly estimate
the efficiency of electron transfer from the perovskite
film into the film with electron conductivity (TiO,).
Comparison of parameters /,/1, and 1,/T, shows that
electron transfer is most efficient in the TiO,/M—
MaPbl; sample. The transfer of holes is most efficient
in the FTO—MaPbl; sample.

The luminescence lifetime decreases for MaPbl,
films on the surface of TiO, films (Table 3). As is
known [6], the charge transfer efficiency can be esti-
mated by quenching of the luminescence intensity or
lifetime. The luminescence decay kinetics of samples
TiO,/C—MaPbl; and TiO,/R—MaPblj; is exponential
(Fig. 5b). The luminescence decay kinetics of the
TiO,/M—MaPbl, sample is nonexponential (Fig. 5b).
In addition, in contrast to the other samples, the shape
of the luminescence decay curve for the TiO,/M—
MaPbl; sample depends on the recording wavelength.
As the recording wavelength decreases from 800 to
730 nm, T decreases from 6.07 to 0.54 ns. This depen-
dence can be related to the influence of defects of the
mesoporous TiO, film and the energy characteristics
of generated charge carriers on the efficiency of elec-
tron extraction from the perovskite film. The shorter
lifetime indicates a higher rate of high-energy electron
transfer from perovskite to TiO,.

Analysis of the data given in Table 3 shows that the
best electron transfer occurs in the TiO,/M—MaPbl,
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system. A high k, is observed for the FTO—MaPbl,
sample. With addition of Spiro-OMeTAD, the lumi-
nescence lifetime for MaPbl; on the TiO,/C surface
decreases insignificantly, no more than by 1.5 times.
These results show that a strong decrease in the lumi-
nescence lifetime after deposition of a Spiro-OMe-
TAD film can be observed for samples with a low rate
of charge transfer from the perovskite film to the oxide
semiconductor. An exception is the sample based on
TiO,/M.

Additional information on the dynamics of spin-
correlated charge carriers in perovskite films can be
obtained by studying the influence of an external MF
on the perovskite luminescence kinetics. For this pur-
pose, we measured the luminescence kinetics of per-
ovskites on the TiO,/C and TiO,/M surfaces in a MF.
The measurements revealed a weak dependence of the
magnetic effect (ME) on the signal recording time for
the sample on the TiO,/C surface (Fig. 6, curve 3).
These dependence only slightly changes after deposi-
tion of a Spiro-OMeTAD film on perovskite.

In contrast to the TiO,/C—MaPbl; sample, the
TiO,/M—MaPbl; sample exhibits a time-dependent
ME. The ME in this case is much stronger than the
ME observed in [7, 9]. As is shown in [9], the influ-
ence of an external MF on the photoluminescence of
perovskite films is related to the Ag mechanism. Based
on the formula given in [9]

w:L:MBAgB
T h

where L is the Bohr magneton, Ag is the differénce
between the g-factors in the perovskite film @g.~ 0265
[9]), and B in the MF induction, it is possible to"€sti-
mate the frequency ® and the oscillation period of
electron—hole pairs in perovskite, Whichiare related to
the difference between the g-factors'of chargé carriers
in the pair. The oscillation periodawas €stimated to be
T~ 35 x 10~'2s. This value is ¢onsiderably higher than
the time characteristics obtainéd by us for ME and
lower than the excitingllaser pulse‘duration (T = 120 %
10~'25). Because of this, @scillations of the spin state of
electron—hole pairs formediin the perovskite film can-
not be detected ander ‘our experimental conditions.
Thus, thefobservediytime dependence of the ME is
related€4o the/eXistence of additional magneto-sensi-
tive processés in perovskite films upon their photoex-
citation.

For the ME in TiO,/M—MaPbl; observed in a
nanosecond time range, the delay between the laser
pulse termination and the ME maximum is measured
to be 2.2 ns (Fig. 6). This time delay differs from A¢
given in Fig. 5a. Using the diffusion coefficients (D, =
0.18 cm?/s, D, = 2.3 cm?/s) for MaPbl; films 390 nm
thick obtained in [17], we estimated the diffusion
lengths for electrons and holes in MaPbl;. These
lengths at 7 = 2.2 ns were found to be L, = 200 nm

; (1)
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Fig. 6. (/) Luminescence kineticgfof the perauskite film in
the TiO,/M—MaPbl; sample and\(2¢8) time dependences
of magnetic effect g(B) for samples (2) J10,/M—MaPbl;

and (3) TiO,/C—MaPbl;. B<0.5T.

and L, = 700 nm, Comparing these parameters with
the size efithepMaPbl; film crystallites (100—200 nm),
we can conClude thatithe main contribution to the ME
time dependence g(B) is made by electrons reached
the crystallite boundary.

T'husy, we can suppose that the time dependence of
the ' WAE isirelated to the recombination luminescence
caused by the forward and backward electron transfer
betwéen perovskite and TiO,. The recombination
nature of the luminescence in the TiO,/M—MaPbl,
system is confirmed by the fact that the luminescence
decay curve can be described within the empirical
Becquerel equation [18, 19]. Comparison showed that
the luminescence kinetics in the range from 5 to 20 ns
after excitation is, with a 0.98 accuracy, described by
the dependence

1
JI1/1,

where k. is the effective luminescence decay rate con-
stant of the film. The constant k. for the TiO,/M—
MaPbl, sample is 2.3 x 10¢s~! (accuracy 0.98). Com-
parison of constants k. revealed that the recombina-
tion rate in the TiO,/M—MaPbl; sample is higher
than in the other samples.

=1+ kg, 2)

The existence of the spectral dependence of the
lifetime and the time-dependent ME indicate a com-
plex character of the ME formation in the TiO,/M—
MaPbl; sample. This also testifies to the presence of a
large fraction of recombination luminescence in the
observed emission. The spectral dependence of the
perovskite luminescence lifetime in the TiO,/M—
MaPbl; sample allows us to suggest that electron
migration in the porous TiO, film occurs with partici-
pation of shallow defect levels in TiO, [20].
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CONCLUSIONS

We have studied the luminescent properties of
CH;NH;Pbl; perovskite films synthesized on the sur-
faces of TiO, films with different morphologies. The
CH;NH;Pbl; luminescence intensity and lifetime
decrease in samples with TiO, and Spiro-OMeTAD,
which is related to charge transfer from perovskite to
the layers with the n- and p-type conductivity. The
luminescence decay kinetics of samples TiO,/C—
MaPbl; is exponential, which indicates a small contri-
bution of recombination luminescence to the per-
ovskite film luminescence. The luminescence kinetics
in the TiO,/M—MaPbl; sample depends on the
recording wavelength. As the wavelength decreases
from 800 to 730 nm, the luminescence lifetime
decreases from 6.07 to 0.54 ns. This dependence testi-
fies to migration of electrons injected from the per-
ovskite film over defect levels in TiO,. The time
dependence of the ME on the luminescence kinetics
of perovskite on the surface of the mesoporous semi-
conductor film is related to the recombination lumi-
nescence caused by the forward and backward electron
transfer between perovskite and TiO,.
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