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Organic—inorganic halide perovskite-based solar cells have drastically improved in recent decades, with
power conversion efficiencies of up to 25%. However, the fundamental photophysical properties
underlying the outstanding performance have not been elucidated. Herein, we investigate the detailed
photo-induced charge carrier dynamics over a wide time domain from sub-nanoseconds to
microseconds, via time-correlated single photon counting and flash photolysis time-resolved microwave
conductivity measurements. The structure of the perovskites significantly influences the whole periodic
dynamics of mobile charge carriers. The mobility was considerably larger and the extraction to the
transporting layer occurred more effectively in perovskites with higher orientation diversity than in highly
oriented perovskites, resulting in higher efficiencies. The relationship between the orientation diversity of
perovskites and their power conversion efficiency was investigated. Our work will be beneficial for the
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Introduction

Organic-inorganic halide perovskite solar cells (PSCs) have
been spotlighted as a promising alternative to silicon-based
solar cells. Significant improvements in device efficiencies have
been achieved over the past few years." > An unprecedented
rise in the power conversion efficiency (PCE) of PSCs of over
25% has led to numerous studies to investigate the photophy-
sical properties of perovskites. However, there is still a lack of
fundamental understanding regarding the whole periodic
dynamics of photo-induced charge carriers from the nanose-
cond to microsecond time scale. Recently, studies on mobile
charge carriers within perovskites in the microsecond region
have been conducted using flash photolysis time-resolved
microwave conductivity (FP-TRMC) measurements."> "> Saeki
et al. found that enhanced charge carrier mobilities were
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development of high-efficiency solar cell devices.

achieved through morphological changes by adding bulky
A-site cations, guanidinium (GA), for high-efficiency tin-
based PSCs.'® Hutter et al. first revealed the temperature
dependence of charge carrier mobilities and recombination
rates for various perovskite materials."* These studies have
significantly broadened our understanding of the intrinsic
photophysical properties of perovskites. Herein, we investi-
gated detailed photo-induced charge carrier dynamics over a
wide time window by combining FP-TRMC measurements
with the time-correlated single photon counting (TCSPC)
technique. As the TCSPC technique measures the radiative
recombination rate in the nanosecond region and FP-TRMC
measures all recombination rates from sub-micro to micro-
seconds, these two measurements could be quite comple-
mentary. Thus, the combination of these two measurements
is essential for understanding the whole periodic dynamics
of photo-induced charge carriers. Consequently, they can be
advantageous in the design of high-efficiency devices. In
particular, by modulating the orientation diversity of per-
ovskite films, we investigated the effects of structural diver-
sity on charge -carrier dynamics. Furthermore, we
demonstrate that structural orientation diversity leads to
improved PSC performance owing to increased charge car-
rier mobility and effective charge extraction to the electro-
des. The increased orientation diversity of the perovskite
film could release the micro-strain in the crystal structures,
which could enhance the performance of the SPCs.**™8
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Experimental section

Materials

Lead iodide (Pbl,, 99.999%, anhydrous beads), lead bromide
(PbBr,, 99.999%), methylammonium iodide (CH3;NH;3l, >99%,
anhydrous), formamidinium iodide (CH(NH,),I, >99%, anhy-
drous), methylammonium bromide (CH;NH;3Br, >99%, anhy-
drous), N,N-dimethylformamide (DMF, 99.8%, anhydrous),
dimethyl sulfoxide (DMSO, >99.9%, anhydrous), and all the
other chemicals were purchased from Sigma Aldrich/Merck or
Alfa Aesar. All materials were used as received without any
treatment.

Perovskite film fabrication

To prepare the 1.2 M FAPbI; (or MAPbI;, MAPDbBr;) precursor
solution, FAI (or MAI, MABr) is mixed with PbI, (or PbBr,) in
DMF : DMSO mixed solvent (4:1 volume ratio) at room tem-
perature. For the solution of (FAPbI;),s5(MAPDbBr3),15, pre-
pared FAPbI; and MAPDBr; solutions were mixed with the
corresponding volume ratio. All perovskite precursor solutions
were prepared inside a nitrogen-filled glovebox. In the case of
the perovskite solution that we used in this study, excess Pbl,
(5 mol% to FAPbI; or MAPDI;) was mixed with the prepared
(FAPDI3), g5(MAPDBTr3), 15 for the diverse orientation (D.O.) per-
ovskite and (MAPDI;), g5(MAPbBr3), 15 for the highly oriented
(H.O.) perovskite solution and stirred at room temperature for
2 h. Then a D.O. perovskite layer was deposited by spin-coating
the prepared perovskite solution at 2000 and 6000 rpm for
20 and 30 s, respectively. During the last 15 s of the second
spin-coating step, an anti-solvent of chlorobenzene (CB) was
drop-cast. For H.O. perovskite, the perovskite solution was
spun at 4000 rpm for 30 s and diethyl ether (DE) was used as
an anti-solvent. The films were annealed on a hot plate at
100 °C for 30 min.

Perovskite solar cell fabrication

An FTO glass substrate (AGC Fabritech, TCO VU) was sequen-
tially cleaned with toluene, acetone, and ethanol for 15 min
each in an ultrasonic bath. Compact TiO, (c-TiO,) was depos-
ited using spray pyrolysis (~ 50 nm) on the FTO substrate using
a 12.5 mM titanium diisopropoxide bis(acetylacetonate)
solution at 470 °C. On top of the ¢-TiO, layer, 150 mg mL "
of mesoporous TiO, paste (meso-TiO,, Greatcell solar 30 NR-D)
in ethanol was spin-coated at 4000 rpm for 12 s. The substrates
were then annealed at 100 °C for 5 min followed by sintering at
500 °C for 30 min, producing a meso-TiO, layer of ~200 nm.
Then, a perovskite layer was deposited by spin-coating the
prepared perovskite solution, producing a capping perovskite
layer of ~700 nm on the meso-TiO,. (The same conditions are
used for producing test structures with a perovskite film on
glass only or the FTO substrate only.) For a solution of hole
transport material (HTM), 520 mg mL ' lithium
bis(trifluoromethylsulfonyl)imide in acetonitrile (Li-TFSI) was
prepared. Then, 72.3 mg of spiro-OMeTAD, 17.5 pL of a Li-TFSI
solution, and 31.2 pL of 4-tert-butylpyridine were mixed in 1 mL
chlorobenzene. This solution was spin-coated on the
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FTO/meso-TiO,/c-TiO,/perovskite substrate at 5000 rpm for
40 s, which gave ~150 nm thickness of the spiro-OMeTAD
layer. A 100 nm gold electrode was deposited by thermal
evaporation. All films on meso-TiO, were deposited in a
nitrogen-filled glovebox.

Measurement and characterization

Steady-state absorption spectra were measured on a UV/Vis/NIR
spectrometer (Varian, Cary5000) and fluorescence spectra were
measured on a fluorescence spectrophotometer (Hitachi,
F-7000/F-2500). Fluorescence spectra are spectrally corrected
by using the correction factor of the fluorescence spectrophot-
ometer. The surface morphology and cross-sectional images of
perovskite thin films were investigated using a field-emission
scanning electron microscopy (FE-SEM, JSM7500 and JSM-
7100F, JEOL Ltd, Tokyo, Japan) with an accelerating voltage
of 5-15 kV. The as-spun thin film on the glass substrate was
coated with platinum (20 mA for 60 s) with a high-resolution
sputter coater (208HR, Cressington Scientific Instruments Ltd,
England, UK). X-ray diffraction patterns of thin films were
obtained using a high-resolution X-ray diffractometer (HR-
XRD, SmartLab, Rigaku, Tokyo, Japan) where Cu Ko radiation
was used with a scan rate of 2° min~'. Other experimental
details are described in the ESL.{

Results and discussion
Structural analysis according to orientation diversity

In this study, we synthesized H.O. perovskite films using only
methylammonium (MA) as an A-site cation and D.O. perovskite
films using both MA and formamidinium (FA) as A-site cations.
As shown in Fig. 1a, when MA and FA are used as A-site cations,
atoms within the perovskite crystal structure rearrange, indu-
cing lattice extension (compared to only MA A-site cations),
resulting in increased orientation diversity along multiple
directions. To confirm the modulated orientation diversity of
perovskite films upon intercalation of FA cations into the
perovskite structure, the perovskite films were subjected to
XRD analysis. As shown in Fig. 1b, in the H.O. perovskite film,
only two major diffraction peaks were detected, located at 14.9
and 28.2° and assigned to the (100) and (200) crystal planes,
respectively.'® However, several new peaks appeared at 19.9,
24.5, 31.8, 34.9, 40.5, and 43.1° for the D.O. perovskite films.
These results indicate the formation of perovskite films with
diverse crystal orientations upon the addition of FA cations. In
addition, XRD peak shifts to the lower 20 region were observed
in the D.O. perovskite films, as shown in Fig. S1 (ESIt), which
can be attributed to the intercalation of relatively larger FA
cations that expand the crystal lattice.>® The thickness and
surface roughness of the two different types of perovskite films
were almost the same, but D.O. perovskites exhibited relatively
larger grain size than H.O. perovskites as shown in the SEM
images presented in Fig. 1c and d. This difference contradicted
the XRD measurements. Typically, the larger the grain size of
the perovskite film, the narrower the peaks of the XRD
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Fig. 1 (a) Simplified illustration of the crystal structures of H.O. (left) and
D.O. perovskites (right). (b) XRD patterns of H.O. and D.O. perovskite films.
FE-SEM images of (c) H.O. and (d) D.O. perovskite films (inset shows cross-
sectional view).

pattern."®>' However, in this case, the D.O. perovskite film

showed broader XRD peaks than those of the H.O. perovskite
film probably owing to the various crystalline sizes, not grain
size, originating from the mixed A-site cations (Fig. S2, ESIt).

Fundamental photophysical properties

Fig. 2 shows the fundamental photophysical properties of the
perovskite films with different structural orientations.
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Fig. 2 UV-Visible absorption and PL spectra of (a) H.O. and (b) D.O.

perovskite films. (c) Time-resolved PL decay profiles of H.O. and

D.O. perovskite films at the photoexcitation of 470 nm. Excitation intensity

was 4 x 10 photons cm™2.
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As shown in Fig. 2a and b, the slightly red-shifted absorption
and photoluminescence (PL) peaks of the D.O. films compared
to those of the H.O. perovskite films are mainly due to the
introduction of FA into the perovskite lattice.>” To confirm the
effect of orientation diversity on the photo-induced charge
carrier dynamics within the perovskite films, especially the
radiative recombination rates, we conducted TCSPC experi-
ments with excitation at 470 nm for two different types of
perovskite films. The PL decay profiles, monitored at the peak
emission, exhibited radiative recombination rates with life-
times of 60 and 200 ns for pristine H.O. and D.O. respectively.
The significantly increased radiative recombination rate of the
D.O. perovskite film might be owing to the various structural
orientations of the perovskite film. This indicates that the
diverse structural orientations induced by the mixed A-site
cation system provided various pathways for the photo-
induced charge carriers to diffuse. Furthermore, this increased
diffusion capacity of the D.O. perovskite film resulted in
improved charge extraction into the transporting layer, as
shown in Fig. S3 (ESIf). In the case of the H.O. perovskite,
the difference in radiative recombination dynamics between
pristine and HTL layered films is relatively negligible, whereas
the D.O. perovskite showed very efficient charge extraction from
the active layer to the transporting layer as a result of increased
long-lived charge carriers, which is one of the most important
factors enabling the improvement of the photovoltaic
performance.>***

Microwave conductivity

To provide further insight into the different behaviors of photo-
induced charge carriers between H.O. and D.O. perovskites
from the viewpoint of whole periodic dynamics, especially in
the sub-micro and microsecond time region, FP-TRMC mea-
surements were carried out. These experiments were conducted
in an inert environment using 532 nm as the excitation source
for the four samples, i.e., pristine perovskites H.O. and D.O.
and layered H.O./HTL and D.O./HTL on a quartz plate.’® The
advantage of the combination of TCSPC and FP-TRMC is that
the rates of radiative and non-radiative recombination and the
amplitudes of free charge carriers can be fully tracked as time
evolves complementarily (Fig. 3). FP-TRMC traces recorded at
different incident light intensities are shown in Fig. S4 (ESIT).
Excitation intensity (photons cm™~?) was adjusted from 1 x 10"
to 2 x 10", As the excitation intensity decreased to 4 x 10", the
highest ®> u was observed, which originates from the for-
mation of excess mobile charge carriers. Therefore, we con-
ducted the FP-TRMC experiments for all the samples at an
excitation intensity of 4 x 10'" cm™?, where the free charge
carriers are maximally generated. The observed photoconduc-
tivity transients are shown in Fig. 3. The vertical axis @) u
represents the product of the photo-generation efficiency of the
free charge carriers (¢) and the sum of the mobility of the hole
and electron (3_pt = up, + te). It can be assumed that all absorbed
photons lead to the formation of free charge carriers at
room temperature due to their relatively low binding
energies in perovskite materials.>>*® D.O. perovskite showed
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Fig. 3 (a) Kinetic traces of photoconductivity transients of pristine perovskites of D.O. and H.O. recorded by FP-TRMC measurements. (b) Significantly
changed kinetic traces when the hole transporting layer (HTL) was laid on D.O. and H.O. The excitation wavelength for the FP-TRMC measurements was

532 nm.

photoconductivity (@3 u = 13.7 cm® V' s7') with double
exponential decay with time constants of 200 ns and 1 ps,
while H.O. perovskite gave more than 5 times lower photocon-
ductivity measured to be 2.6 cm* V" s~ ' with monoexponential
decay with a time constant of 60 ns (Fig. 3a). The short time
components (60 and 200 ns) of H.O. and D.O. correspond to the
radiative recombination times observed in the TCSPC experi-
ments. In H.O. perovskite, most of the free charge carriers are
eliminated via the radiative recombination process. However,
D.O. perovskite has long-lived charge carriers that are substan-
tially maintained beyond a few microseconds. Free charge
carriers can spread over a wide area in the D.O. perovskite
owing to the diverse orientation structures, resulting in reduced
probabilities of both radiative and non-radiative recombina-
tion. This is the main cause of the long-time component (1 us).
Because free charge carriers that dissipate rapidly have a
negative effect on device performance, it is important to max-
imize the quantity of long-lived photo-induced charge carriers.
Increasing the lattice orientation of perovskite materials can
achieve this. In the FP-TRMC experiment of H.O. and D.O.
perovskites in which the transporting layers were laid, surpris-
ingly, a more pronounced effect was observed on the behavior
of mobile free charge carriers (Fig. 3b). D.O./HTL showed a
significantly increased photoconductivity (27.9 ecm® V' s7*
with a time component of hundreds of microseconds, whereas
H.O./HTL exhibited a relatively low photoconductivity
(9.8 em® V7' s7!) with a monoexponential decay with a time
constant of 1 us. In summary, (i) the slower recombination
rates seen in both D.O./HTL and H.O./HTL are affected by the
hole extraction into the HTL, which inhibits unwanted

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2022

recombination of mobile charge carriers with regard to the
perovskite solar cell, (ii) the effect of layered HTL is more
pronounced in D.O. than in H.O., which indicates enhanced
mobility of photo-induced charge carriers and remarkably
reduced probability of rapid charge recombination within the
perovskite layer resulting from structural diversity. The spectro-
scopic interpretation of these results is presented in Fig. S5
(ESIY).

Perovskite solar cell devices

To link the effectiveness of the whole periodic photo-induced
charge carrier dynamics to the photovoltaic performances, we
fabricated PSCs with a planar architecture of glass/FTO/c-TiO,/
meso-TiO,/perovskite/spiro-OMeTAD/Au, as shown in Fig. 4a.
TiO, and spiro-OMeTAD were used as the electron transporting
layer (ETL) and HTL, respectively. To investigate the effect of
the perovskite active layers, we used well-known transporting
materials without special treatment.>’ " As shown in Fig. 4b, at
a scan rate of 0.1 V s ! with an aperture area of 0.09 cm?, the
D.O. perovskite-based devices achieved an average PCE of
17.4% and a maximum PCE of 18.8%, whereas the H.O.
perovskite-based devices showed average and maximum PCEs
of 14.1% and 16.1%, respectively. The photovoltaic metrics of
the PSCs (Fig. S6, ESIT) show higher average PCE values for the
D.O. perovskite-based solar cells compared to those of the H.O.
perovskite-based solar cells. The significant improvement in Jsc
and FF seems to be mainly due to the low density of recombi-
nation centers and higher absorbance. In Fig. S7 (ESIt), the
external quantum efficiency (EQE) was measured to ensure the
validity of the solar cell efficiency. These measurements agree
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Fig. 4 (a) Simplified illustration of the perovskite solar cell device with the structure of glass/FTO/TiO,/perovskite/spiro-OMeTAD/Au. The black dashed
circle and red dashed square represent the crystal structure of H.O. and D.O. perovskite, respectively. (b) J-V curves of the H.O. and D.O. perovskite-
based solar cell devices, which show average efficiencies. (Inset shows detailed efficiency factors.) (c) Histograms of the J-V scan efficiencies of H.O.
(dark grey), D.O. (red), passivated-H.O. (black), and passivated-D.O. (dark red) perovskite-based solar cells.

with the results of spectroscopic experiments. This perfor-
mance enhancement could be mainly due to (i) the increased
mobility of photo-induced charge carriers, (ii) the reduced
unwanted charge carrier recombination in the active layer,
and (iii) the improved charge extraction from the active layer
to the electrodes. Furthermore, the increased structural orien-
tation could aid in efficient wide bandgap layer passivation on
the active layer. Typically, efficiently passivated perovskite
exhibits an improved PL lifetime owing to alleviated trap
density.*” In the case of H.O. perovskite, however, the opposite
result is most likely due to structural limitations of growth only
in a specific direction (Fig. S8a, ESIt). However, D.O. perovskite
which has various structural orientations and crystalline
domain sizes seems to be well-passivated resulting in enhanced
PL lifetime, as shown in Fig. S8b (ESIt). The D.O. perovskite
showed remarkably improved PCE distribution (Fig. 4c), corres-
ponding to this spectroscopic result.

Conclusions

In summary, we combined TCSPC and FP-TRMC measure-
ments to evaluate the whole periodic photo-induced charge
carrier dynamics according to the orientation diversity of
perovskites. Perovskites with various structural orientations
showed a relatively long lifetime and improved mobility of free
charge carriers, which is very important in that it enables an

1030 | Mater. Chem. Front., 2022, 6, 1026-1032

enhancement of device performance. As a result, perovskite
with various structural orientations exhibited better power
conversion efficiency than that of highly oriented perovskite.
Although we have found a positive influence on the perfor-
mance of PSCs by the diversity of structural orientation, further
performance advancements can be derived through fine mod-
ulation of the crystal structure. Consequently, this study intro-
duces a novel design for high-efficiency perovskite-based
photovoltaic devices.
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