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ABSTRACT: CH3;NH,PbI; perovskite layered films
deposited on substrates with and without a titania support
structure have been prepared and studied using time-
resolved femtosecond transient absorption (fs-TA) spec-
troscopy in the visible light range (450—800 nm). The
electron injection dynamics from the photoexcited perov-
skite layers to the neighboring film structures could be
directly monitored via the transient bleaching dynamics of
the perovskite at ~750 nm and thus systematically studied
as a function of the layer-by-layer architecture. In addition,
for the first time we could spectrally distinguish transient
bleaching at ~750 nm from laser-induced fluorescence that
occurs red-shifted at ~780 nm. We show that an additional
bleach feature at ~510 nm appears when Pbl, is present in
the perovskite film. The amplitudes of the Pbl, and
perovskite TA peaks were compared to estimate relative
amounts of Pbl, in the samples. Kinetic analysis reveals
that perovskite films with less Pbl, show faster relaxation
rates than those containing more Pbl,. These fast
dynamics are attributed to charge carrier trapping at
perovskite grain boundaries, and the slower dynamics in
samples containing Pbl, are due to a passivation effect, in
line with other recently reported work.

O rganic/inorganic trihalide lead-based perovskites have
attracted much attention worldwide because solar cell
devices fabricated with this group of materials have demonstrated
high power conversion efficiency (PCE).'™ Since the
introduction of lead halide perovskite sensitized solar cells,*”
many groups have contributed to improving their performance
and stability.*"'* Despite the tremendous progress, many
questions remain as to why certain architectures perform better
than others.

Two main architectures are considered for solid-state
perovskite-based solar cells: planar'® and mesoporous'®
structures. The different layers in both structures affect the
separation, transport, and recombination kinetics of the
photoinduced charge carriers. According to Hodes et al, a
mesoporous electron conductor is necessary to optimize
CH;NH;Pbl;-based solar cell devices with high PCE."> The
mesoporous layer is usually fabricated with titanium oxide
(TiO,)"" or aluminum oxide (Al,O,)'® nanoparticles. Snaith’s
group reported perovskite solar cells with higher open-circuit
voltage (V,.) by employing mesoporous ALO; (V,. = 0.98 eV)
instead of TiO, (V. = 0.8)."° The PCE of planar CH;NH;Pbl-
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Scheme 1. Architectures Studied in This Work
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based solar cells without mesoporous TiO, has been reported to
reach 13.7%."® The role of mesoporous TiO, is complicated.

Previous studies revealed that Pbl, would form due to
decomposition of the lead halide perovskite.'” " Dittrich et al.
showed that, depending on the sintering temperature, Pbl, can
form in perovskite films. Their work showed that, under certain
conditions, Pbl, can act as a passivation layer or defect states can
form at the perovskite/Pbl, interface.'® Recently, Yang et al. also
showed that Pbl, can fill perovskite grain boundaries, thereby
reducing the number of trapping sites and also allowing for a
more favorable band bending.* This led to slower charge carrier
recombination times and enhanced PCE in perovskite films
containing Pbl,. The band edges of Pbl, are offset such that they
form a type-I interface with perovskites. If too much Pbl, is
present it could act as an insulating layer rather than a passivation
layer. Thus, it is important to understand the role of Pbl, on the
dynamics of photoexcited perovskite films.

Although there have been some time-resolved femtosecond
transient absorption (fs-TA) studies, few have probed within the
visible spectrum,®*"** because the samples studied contained a
hole-transport material (HTM), such as spiro-OMeTAD. The
addition of a HTM causes the visible spectrum to become
optically dense, possibly necessitating probing outside the visible
light range. This was recently accomplished by Moser et al.>* to
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evaluate the lifetimes of excited electrons at 1.4 um probe
wavelength. Sundstrom et al.** also measured the formation and
lifetime of mobile electrons at 970 nm.

In this work, we present fs-TA laser pump/probe spectroscopy
as a unique tool for identifying the formation of Pbl, impurities
with much greater clarity than steady-state visible light
absorption spectroscopy. One can use fs-TA spectra to quantify
the relative amount of Pbl, in perovskites, while powder X-ray
diffraction (XRD) can independently confirm the presence of
Pbl,. We go on to further study the systematically altered
architectures deposited on fluorine-doped tin oxide (FTO) glass
by measuring the charge carrier dynamics of the samples at the
perovskite band edge. Combined structural and kinetic analysis
of these interfaces provides insight into the charge carrier
dynamics of CH;NH;Pbl; perovskites in their particular
chemical and structural environment.

The compact TiO,,° mesoporous TiO,> and perovskite
films*® were prepared by following previous reports. The
resulting architectures are summarized in Scheme 1. The
samples were characterized and measured immediately after
fabrication.

Figure 1 shows the XRD characterization of samples in this
work. We find that the impurity peaks around 12.5° and 25.8°
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Figure 1. X-ray diffraction patterns of the various perovskite film
architectures showing varying amounts of Pbl, (blue dashed lines)
within the prepared perovskite samples. Peaks from the FTO substrate
are also observed (asterisks).

(blue dashed line) can be attributed to Pbl, crystals in these
samples. The presence of Pbl, is more pronounced in samples
with a mesoporous TiO, layer. The diffraction peaks assigned to
the perovskite demonstrate additional broadening in samples
with a mesoporous TiO, layer compared to the ones without a
mesoporous layer. Rietveld analysis indicates that mesoporous
TiO, leads to smaller grain sizes (Table 1) in perovskite, which is
in accordance with SEM observations reported previously.'” As
expected, one also finds FTO peaks (JCPDS 77-0447), denoted
in Figure 1with asterisks.

Our fs-TA setup is composed of a Ti:sapphire laser (Clark
MXR 2001) that outputs 120 fs pulses of 780 nm wavelength at 1
kHz repetition rate. The 780 nm beam is split, sending one part
to a sapphire crystal to generate a white light continuum of 450—
800 nm and the other part to a second harmonic generating
crystal to produce a 390 nm pump beam or to an optical
parametric amplifier (Light Conversion Ltd.) for visible pump
wavelengths (450—750 nm).

Table 1. Mean Grain Sizes of Perovskite and PbI, Determined
by Rietveld Analysis

mean grain size/nm

sample® abbreviation” perovskite Pbl,
A perovskite/FTO 33 29
B perovskite/comp/FTO 43 19
C perovskite/meso/FTO 16 20
D perovskite/meso/comp/FTO 16 20

“Letters A—D correspond to the labels in Scheme 1. “comp = compact
TiO,; meso = mesoporous TiO,.

Figure 2 shows the normalized ground-state absorption,
normalized photoluminescence (PL) spectra (top panels), and
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Figure 2. Normalized ground-state absorption, PL (top panels), and fs-
TA spectra at various time delays after photoexcitation (bottom panels)
of the fabricated architectures (A—D, refer to Scheme 1). The gray
dashed lines are a guide for indicating the band edge absorption and PL
peak positions.

fs-TA spectra (bottom panels) of the samples introduced in
Scheme 1. From the TA spectra of perovskite/FTO and
perovskite/comp/FTO (Figure 2A,B), there are four main
features: a photoinduced transient bleach at ~500 nm, a
photoinduced TA in the range of 600—700 nm, a second bleach
signal at ~750 nm, and an additional transient signal at ~780 nm.
The features at 750 and 780 nm can be assigned to transient
bleaching of the band edge transition and laser-induced
fluorescence by comparison with the steady-state absorption
and PL spectra, respectively. Upon coating perovskite on
mesoporous TiO, (Figure 2C,D), we find different spectroscopic
features compared to perovskite/FTO (A) and perovskite/
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comp/FTO (B). First, looking at the UV/vis absorption
spectrum, the band edge absorption peak is not as well defined
as for perovskite/FTO or perovskite/comp/FTO in Figure 2A,B.
It has been reported that perovskite can form nanograins when
coated on mesoporous TiO,.” A wide size distribution of the
formed nanograins could lead to the observed broadening of the
absorption spectra and would have other photophysical
implications, such as energy transfer from smaller to larger
particles upon excitation.”” This broadening is observed in the fs-
TA spectra as well. Another difference is that the transient band
edge bleach is blue-shifted for perovskite deposited on
mesoporous TiO, compared to that on planar structures. This
blue shift can be attributed to different grain sizes in these
samples (Table 1). In forming nanograins, compared to films, the
quantum confinement in the photoexcited nanograins is greater.

The XRD results in Figure 1, along with the XRD of pure Pbl,
in Figure S1 of the Supporting Information, show that Pbl, forms
in samples supgorted on mesoporous TiO,. Pbl, has a bulk band
gap of 2.3 eV,"® commensurate with the highest energy bleach in
our fs-TA spectra. TA spectra of pure Pbl, are shown in Figure S2
for comparison. fs-TA measurements exciting at 390 and 600 nm
of Pbl,-rich samples are provided in Figure S3 to show how
excitation wavelength affects the TA spectra.

Samples show variations in the TA peak intensities when
comparing the Pbl, bleach at ~510 nm and the perovskite band
edge bleach on planar and mesoporous structures. The peak
intensities were used to determine the relative amounts of Pbl,
present in the samples (Table 2). We find that perovskite/FTO

Table 2. Ratio of Bleach Intensities at ~510 nm and at the
Band Edge for Samples A—D

architecture bleach ratio (PbL,:perovskite)
perovskite/FTO 1:7
perovskite/comp/FTO 1:13
perovskite/meso/FTO 1:1.3
perovskite/meso/comp/FTO 1:23

(A) and perovskite/comp/FTO (B) show minimum amounts of
Pbl,, with Pbl,-to-perovskite ratios of 1:7 and 1:13, respectively.
However, perovskite/meso/FTO (C) and perovskite/meso/
comp/FTO (D) show higher amounts of Pbl,, with ratios of
1:1.3 and 1:2.3, respectively. This peak ratio analysis shows that
the morphology of the substrate plays a significant role in the
crystallization process and stability of perovskites. This was also
shown in Figure 3 of ref 17.

To study the relaxation dynamics, the decay kinetics of the
related band edge bleaching were measured (Figure 3), and the
obtained kinetic fits are summarized in Table 3. To investigate if
multiple excitations could complicate the relaxation dynamics, a
pump power dependence study was performed and is presented
in Figure S4. It was found that decreasing pump fluence did not
slow down the relaxation dynamics, confirming that no multiple-
excitation effects were detectable here.

The fit of the kinetics for perovskite/FTO at 748 nm showed
two time constants, 2.2 ps (55%) and 39.0 ps (45%). The fast
component for this sample is attributed to charge carrier trapping
at perovskite grain boundaries. Based on the XRD results and the
ts-TA peak ratio analysis, very little Pbl, is present in this sample.
Thus, there should be many unfilled grain boundaries within the
perovskite film that can act as charge carrier recombination
centers. Although some of the carriers become trapped, it is
expected that there is still charge carrier transfer between
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Figure 3. Transient band edge bleach kinetics (symbols) and their fits

(lines) for perovskite architectures A—D at probe wavelengths Aprobe 38
noted in Table 3.

Table 3. Kinetic Fit Parameters for Perovskite Architectures

Aprobe/
architecture nm 7,/ps 7,/ps
perovskite/FTO 748 22 +0.2 (55%) 39.0 + 2.8 (45%)
perov/comp/FTO 750 1.7 £ 0.1 (51%) 39.9 + 2.5 (49%)
perov/meso/FTO 728 9.1+ 0.8 (52%) 89.6 + 12.5 (48%)
perov/meso/comp/ 722 13.5 + 1.0 (52%) 150.0 + 17.6 (48%)

FTO

photoexcited perovskite and FTO. Thus, we assign the longer
time component (7,) to electron injection into FTO. There is a
third component in the kinetic trace that does not decay within
the instrument-limited 3 ns time window. This long-lifetime
component, not resolved in this work, is most likely electron—
hole recombination.”’**"******** This conclusion is further
supported by time-resolved PL measurements shown in Figure
Ss.

The idea of introducing a compact TiO, layer is to have
efficient electron injection into FT'O while slowing the rate of
back electron transfer to perovskite. From the fit of the kinetics
for perovskite/comp/FTO, time constants of 1.7 ps (50%) and
39.0 ps (48%) are obtained. This indicates that the additional
presence of a compact TiO, layer does not hinder electron
injection from perovskite to FTO.

The fit of the kinetics for perovskite/meso/FTO (C) shows
slower time constants of 9.1 ps (52%) and 89.6 ps (48%)
compared to perovskite/FTO (A) and perovskite/comp/FTO
(B). Different from the perovskite/FTO and perovskite/comp/
FTO samples, it is clear that the morphological changes on
mesoporous TiO, alter the transport and relaxation properties.
From the XRD results and fs-TA bleach ratio analysis above,
mesoporous TiO, facilitates the formation of Pbl,. Dittrich
showed that, at higher sintering temperatures, Pbl, could
possibly lead to interfacial defect states that can act as charge
carrier trapping centers.'® Under our synthesis conditions, it is
more likely that Pbl, forms as a passivating layer which leads to
longer recombination times. The longer time constants observed
for the samples containing a mesoporous substrate indicate that
passivation through Pbl, has occurred. Similar time constants are
found for perovskite/meso/comp/FTO (D), 13.5 ps (52%) and
150 ps (48%).

In summary, fs-TA spectroscopy probed in the visible
spectrum, when coupled with XRD, is a useful tool for
determining the relative amounts of Pbl, and its effect on the
relaxation kinetics within photovoltaic perovskite structures. We
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find that mesoporous TiO, is more likely to induce the formation
of Pbl, than compact TiO,. This leads to the passivation of
perovskite grain boundaries. Our work shows that injection rates
are slowed in the presence of more Pbl,. Recent work has shown
that carrier recombination lifetimes are also slowed upon
passivation.”® It will require extensive work to determine the
optimum amount of Pbl, for the best passivation to eliminate
defect states. Interestingly, Pbl, is a commonly observed
byproduct in the aging process of perovskite solar cells. Thus,
identifying, quantifying, and studying the effects of PbI,
formation is necessary for improving future perovskite-based
solar cells. The presented fs-TA analysis may play a useful role in
this process.
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XRD, absorption, PL, and fs-TA spectra of pure Pbl,; fs-TA and
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