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ABSTRACT: Solar cells based on organometal-halide perov-
skites such as CH;NH;Pbl; have emerged as a promising next-
generation photovoltaic system, but the underlying photo-
physics and photochemistry remain to be established because
of the limited availability of methods to implement the
simultaneous and direct measurement of various charge
carriers and jons that play a crucial role in the operating
device. We used nanosecond time-resolved infrared (IR)
spectroscopy to investigate, with high molecular specificity,
distinct transient species that are formed in perovskite solar
cells after photoexcitation. In CH3;NH;Pbl; planar-hetero-
juction solar cells, we simultaneously observed infrared spectral

TiO2/CH3NH;3Pblz/spiro-OMeTAD

Intraband transition
of CB electrons

\

Spiro-OMeTAD
cation

\
-—

T T T T T
1500 1400 1300 1200 1100
Wavenumber (cm~")

Neutral spiro-OMeTAD

signatures that are associated with an intraband transition of conduction-band electrons, Fano resonance, and the spiro-
OMeTAD cation having an exceptionally short lifetime of 1.0 us (at ~1485 cm™). The present results show that the time-
resolved IR method offers a unique capability to elucidate these important transients in perovskite solar cells and their dynamic

interplay in a comprehensive manner.

ince 2012, the development of all-solid-state solar cells

based on organic—inorganic hybrid lead-halide-perovskite
MAPbX; (MA = CH;NH;*% X = CI, Br", and/or I7)
semiconductors has surged.' ™' Perovskite solar cells are easy
to fabricate at low cost through solution processes but can
achieve high power-conversion efficiency (PCE). Many
approaches to make efficient solar cells with these perovskite
materials have been developed, resulting in an increase of PCE
from about 4%'' to ~20%.'”'’ Enhanced photovoltaic
performance of perovskite solar cells toward the Shockley—
Quessier limit will benefit to a great extent from an
understanding, at the molecular level, of the fundamental
photophysical and photochemical processes that occur in these
devices, but such an understanding lags much behind the rapid
advances in the device fabrication. Although pioneering work
using photoluminescence, *~"*
ductivity,'”'**° and transient absorption'®'*'? has revealed the
nature of charge carriers created in MAPbX; and their kinetic
behavior (in particular on an ultrafast time scale), it is
challenging with those methods to observe simultaneously
and to identify distinct transient species including not only
photogenerated charge carriers but also cations or anions
produced as a result of charge transport from the perovskite.
This difficulty hampers an elucidation of the relations among
the transient species in the same device and thus an
understanding of an overall molecular picture of perovskite
solar cells.

time-resolved microwave con-
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Time-resolved infrared (IR) spectra provide highly specific
information about the molecular structure and dynamics of
transient species that is hardly obtainable with macroscopic
measurements and electronic spectra. These spectra probe
sensitively the photophysical and photochemical reactions that
occur on the catalytic metal oxide particles””** and in
solutions.””™>" We applied nanosecond time-resolved IR
spectroscopy to study the back electron transfer of pyrene
and 1,4-dicyanobenzene in acetonitrile solution and proposed a
reaction mechanism in which the solvent plays a significant role
as a charge mediator.”® This preceding work on a simple system
in the solution phase has led us to tackle more complicated
photovoltaic devices of great importance using nanosecond
time-resolved IR spectroscopy.

Here, we report that the time-resolved IR method enables a
simultaneous observation of distinct transient species that are
formed in MAPDI, thin films and in MAPDI; solar cells based
on a planar-heterojunction (PHJ) architecture after photo-
excitation of the perovskite. Time-resolved IR spectra of a
MAPDI; film recorded in the submicro- to microsecond time
regime exhibit broad structureless absorption that is attributable
to the intraconduction band transition of photogenerated
electrons, together with characteristic dispersive features that
result from Fano resonance. When MAPbI, is incorporated in a
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PHJ structure with a thin layer of TiO, as the hole-blocking
material and 2,2’,7,7’-tetrakis(N,N-di-p-methoxyphenylamine)-
9,9'-spirobifluorene (spiro-OMeTAD) as the hole-transporting
material (HTM), new transient bands appear in the time-
resolved IR spectra because of hole transport from the
perovskite layer to the HTM layer.”” The HTM-associated
transient species can be assigned to the spiro-OMeTAD cation
that decays through charge recombination at the interface
between the perovskite and HTM layers. The transient charged
species that are observed simultaneously in the present work
could provide a quantitative measure of the degree of charge
separation, charge transport, and trapping. We underscore both
the novel findings obtained and the potential of nanosecond
time-resolved IR spectroscopy for fundamental and effective
approach to solar cell research.

MAPbI,, with band gap ~1.6 eV," absorbs almost the entire
visible light spectrum (Figure la). Two absorption bands
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Figure 1. Characterization of perovskite MAPbI; samples. (a)
Electronic absorption spectrum of a MAPDI; film. The inset shows a
photograph of the MAPbI; film deposited on a CaF, substrate for IR
measurements. (b) Cross-sectional SEM image of a PHJ perovskite
solar cell with device configuration FTO/TiO,/MAPbI,/spiro-
OMeTAD/Ag. Cells fabricated on a FTO substrate were used for
the characterization of solar-cell performance but not for IR
measurements. Scale bar, 200 nm. (c) IPCE (red circles) and
integrated current (blue triangles) spectra of the PHJ device with
device architecture FTO/TiO,/MAPbDI;/ spiro-OMeTAD/Ag. (d)
Current density—voltage (J—V) curve of the same device as shown in
panel c.

typical of MAPDI; occur at 480 and 760 nm. In our time-
resolved IR experiments presented below, we photoexcited
MAPDI; at 532 nm, which is nearer the 480 nm band.

The PHJ devices tested in this work consisted of a compact
TiO, underlayer (~60 nm), a MAPbI, layer (~200 nm), a
hole-transporting layer of spiro-OMeTAD (~200 nm), and a
silver back contact electrode. Those layers were sequentially
deposited on a fluorine-doped tin oxide (FTO) substrate for
devices used to characterize photovoltaic performance and on a
CaF, or BaF, substrate (without a silver layer) for samples used
in time-resolved IR experiments. Figure 1b shows a cross-
sectional scanning electron microscopy (SEM) image of the
device fabricated on FTO, revealing that the MAPbI; in the
device was polycrystalline with typical grain size 600—700 nm.
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The photovoltaic performance of our device is summarized
in Figure lc,d. Figure lc displays the incident photon-to-
electron conversion efficiency (IPCE) and integrated current
spectra; Figure 1d shows the current density versus voltage (J—
V) curve measured under 1 sun illumination (AM1.5G, 100
mW cm™2). The perovskite solar cell showed short-circuit
photocurrent (Jsc) 19.2 mA cm™>, open-circuit voltage (Voc)
1.05 V, and fill factor (FF) 0.63, yielding overall PCE 12.6%.
The performance of our device with an n-i-p PHJ conﬁ§uration
is similar to that of the device made by Xiao et al.’’ with a
similar fabrication. The sample preparation and device
characterization are described in full detail in the Supporting
Information.

We recorded time-resolved IR spectra of a MAPbI; thin film
deposited on BaF, excited at 532 nm with laser fluence ~25 yJ
cm™?, using the laboratory-built highly sensitive time-resolved
IR spectrometer (see Supporting Information for details of the
apparatus).”*' = Unlike the steady-state FTIR spectrum of
MAPbDI; (Figure 2a, upper panel), which exhibits several sharp
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Figure 2. Nanosecond time-resolved IR spectra of a MAPDI; thin film.
(a) Steady-state FTIR spectrum (upper panel) and transient IR spectra
(lower panel) of the MAPbI, film (see the Supporting Information for
experimental details). Each time-resolved spectrum is vertically offset
by 5 X 107° for clarity of display. In the time-resolved IR
measurement, the sample was rotated at 2000 rpm with a
laboratory-built rotor (Figure S1) to avoid possible photochemical
damage of the sample and heat accumulation. (b) Logarithmic plot of
normalized AA signals in regions 1200—1300 (blue dots) and 1472—
1500 cm ™' (red dots) showing decay kinetics. The gray line represents
the IRF obtained on measuring scattered laser light. (c) Observed
transient IR spectrum at 0.1—0.3 ys (thick gray line) and the best fit to
a Fano line shape (red line; see eq S1 in the Supporting Information).

IR bands, the observed transient IR spectra (Figure 2a, lower
panel) are dominated by extremely broad and structureless
absorption that increases monotonically toward smaller wave-
number; it decays almost completely within a few micro-
seconds. Such a broad transient absorption cannot be due to a
vibrational transition and is attributed to the intraband
transition of free electrons in the conduction band (CB) of
the perovskite. It is well-established that, in semiconductors,
free carriers in the CB give rise to a broad IR absorption
spectrum that grows toward lower energy.’* Although
Yamakata and co-workers reported similar spectral features in
the mid-IR region for platinized TiO, particles”" and La-doped
NaTaO; catalysts,”> the intraband transition in MAPbI,
perovskite has been directly observed here for the first time.
In addition to the broad intraband transition of CB electrons,
we observed dispersive features about 900 and 1480 cm™" with
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the negative portion of the dispersive feature on the smaller
wavenumber side. As the FTIR spectrum (Figure 2a, upper
panel) shows, these wavenumbers correspond to IR bands of
the CH;—NH;" rocking mode and the NH;* symmetric
stretching mode of the MA cation, respectively.” Each
transient feature might thus be interpreted as comprising a
transient absorption of some photogenerated MA species
(giving the positive signal on the larger wavenumber side) and
a depletion of the ground-state population of the MA cation
(producing a dip on the smaller wavenumber side). Dispersive
spectral features of this type are common when the band of a
photogenerated transient such as a molecule in an excited state
is blueshifted with respect to the ground-state band, as
observed in our previous work.”> However, the electrons are
directly photoexcited in the present experiment, not the MA
cation itself. Another effect that might account for the
dispersive shapes is that thermal artifacts arise from transient
heating of the sample induced by the laser irradiation. Such
thermal artifacts typically build up with a delay of hundreds of
nanoseconds relatlve to the photoexcitation and persist for
more than 1 ps.*® Because MAPbI; polycrystals have been
shown to be a poor heat transporter with low thermal
conductivity 0.3 WK™ m™,*” the decay of the thermal artifacts
would not be much faster than ~1 us. We therefore exclude a
possibility that the present transient dispersive features are due
primarily to this source.

What then is the origin of the dispersive features? We
propose to attribute them to Fano resonances between the
vibrational transitions of the MA cation and the quasi-
continuous intra-CB transition. A Fano resonance occurs
when there are a discrete state and a continuum in the system
that are resonantly coupled to each other;*® a dispersive line
shape depends on asymmetry parameter g. This assignment is
corroborated on comparing the temporal profiles in regions
1200—1300 cm™" (the intraband absorption signal) and 1472—
1500 cm™" (the positive portion of the dispersive feature)
(Figure 2b). Both profiles exhibit similar rapid [limited
according to the instrumental response function (IRF)] and
slow decay components, strongly indicating that the dispersive
features observed in the IR bands of the MA cation are
correlated with the intraband transition. This correlation
disfavors an assignment of the dispersive features to structural
changes of MAPbL,.'"*” Another support for our hypothesis
comes from the fact that the dispersive features about 900 and
1480 cm™ are well fitted with a theoretical formula for Fano
line shapes (eq S1),***" as shown in Figure 2c. The fitting
parameters so obtained, including g, are all fairly reasonable
(see Table S1).

The decay of the transient IR signals (both the intraband
transition and Fano-resonance features) reflects charge
recombination, as depicted in Figure 3. The rapid decay
component cannot be resolved in the present experiments
because the temporal resolution of our apparatus is ~80 ns.
This result is consistent with the reported time constants of the
photoluminescence and transient absorption decays (of order
10 ns; refs 15—18). A tiny but finite fraction of photogenerated
carriers might be trapped in the subgap states (see Figure 3).
Because this trapping occurs on a picosecond time regime,42 its
observation was impracticable. What we could see is the
subsequent recombination of trapped carriers. Trapped
electrons would undergo slower, nongeminate recombination,
which might account for the slow decay component observed
in Figure 2b. The direct transition of trapped electrons to the

2452

Figure 3. Schematic to illustrate optical and physical processes. After
photoexcitation at 532 nm, photogenerated electrons recombine with
holes via two channels: (1) they undergo direct recombination, and
(2) they are first trapped in the subgap states (trap states) after which
the resulting trapped electrons recombine with holes. These
recombination processes together are responsible for the decay of
the transient IR signal (see Figure 2).

CB might overlap the broad intra-CB transition.”’ However, its
contribution is expected to be minor because the amplitude of
the slow decay component is much smaller than that of the
rapid decay component (see Figure 2b).

Next, we present the transient IR spectra of a TiO,/MAPbI;/
spiro-OMeTAD film corresponding to the PHJ device (Figure
4a, lower panel). Whereas BaF, was used for MAPbI, thin films,
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Figure 4. Nanosecond time-resolved IR spectra of a TiO,/MAPbI;/
spiro-OMeTAD film. (a) Steady-state FTIR spectra of the TiO,/
MAPDI,/spiro-OMeTAD film (red trace, upper panel), MAPbI, (blue
trace, upper panel), and doped spiro-OMeTAD (black dashed trace,
upper panel) and transient IR spectra of the TiO,/MAPbI,/spiro-
OMeTAD film (lower panel). Each time-resolved spectrum is
vertically offset by 1 X 107* for clarity of display. (b) Temporal
evolution of the integrated AA signal in regions 1456—1476 cm™
(yellow trace, top panel), 1476—1500 cm™" (green trace, middle
panel), and 1500—1520 cm™" (purple trace, bottom panel). The black
lines are fits to an exponential function with time constant 1.0 s.

the PHJ layers were prepared on a CaF, substrate because of
the annealing temperature required for TiO,. The transient IR
spectra in Figure 4a are consequently confined to the 1100—
1700 cm™" range, narrower than those in Figure 2a. As is the
case for MAPDI; thin films, we found broad absorption that is
attributed to an intraband transition of CB electrons. In the
sample TiO,/MAPDI;/spiro-OMeTAD, a broad negative
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feature was additionally observed above ~1520 cm™. A similar
negative feature was found for the MAPDI; film, but at greater
wavenumber (Figure S2). This signal does not represent a
depletion of absorption because there is no corresponding IR
absorption of the sample that extends above 1600 cm™" (see
the steady-state FTIR spectrum of the TiO,/MAPbI,/spiro-
OMeTAD film shown in Figure 4a, upper panel). Our
preliminary experiments show that the negative feature is not
due to spontaneous emission (photoluminescence) and,
furthermore, that it is significantly sample-dependent. To the
best of our knowledge, emission extending from the mid-IR has
not been reported for these perovskites. Clarification of the
origin of the “emission-like” signal is left for future studies in
both mid- and near-IR regions.

We now focus on the vibrational features observed at ~1240
cm™! and between 1450—1520 cm™; those features were not at
all observed in the MAPbI,/TiO, film (Figure S3), indicating
that they originate from spiro-OMeTAD with a p-dopant. The
positive features that are prominent at brief delays (see, for
example, the —0.1 to 0.1 ys spectrum in Figure 4a) may again
be attributed to the Fano effect, but in this case it should be the
intermolecular Fano resonance between MAPDI; and spiro-
OMeTAD. A similar phenomenon involving intermolecular
mixing of discrete and continuous states has previously been
reported on CO adsorbed on Cu*’ and organic solvent
molecules on TiO, nanoparticles.”* The transient bands at
~1240 cm™" and between 1450—1520 cm ™' rapidly disappear
within the temporal resolution of our apparatus, leaving the
negative signals at nearly the same wavenumbers. The negative
signals at ~1240, 1465, and 1510 cm™, at which doped spiro-
OMeTAD has intense IR bands (see the FTIR spectrum
(dashed line) in Figure 4a, upper panel), represent the
depletion of doped spiro-OMeTAD. The doped spiro-
OMeTAD represents mainly the neutral species but might
have a minor contribution from the cation. As opposed to the
MA cation (see above), spiro-OMeTAD can be depleted even
though it shows only negligible absorption at 532 nm,***
because hole migration from the perovskite layer to the HTM
layer leads to the formation of the spiro-OMeTAD cation and a
concomitantly decreased population of the neutral species in
the doped spiro-OMeTAD. Between the depletion at 1465 and
1510 cm™ lie new transient absorption signals that were
observed in the steady-state IR spectra of neither spiro-
OMeTAD nor MAPbL; these bands and the depletion signals
appear to decay in unison.

To examine the kinetics of the transients and to obtain clues
about the transient absorption about 1485 cm™, we compare
the temporal profiles of the integrated AA signals in regions
1456—1476, 1476—1500, and 1500—1520 cm™! in Figure 4b.
The temporal profiles of the depletion signals at 1465 and 1510
cm™, shown in Figure 4b as yellow (top) and purple (bottom)
traces, respectively, exhibit an IRF-limited spike, followed by a
slow recovery that reflects the regeneration of neutral spiro-
OMeTAD from its cationic form. In contrast, the temporal
profile at ~1485 cm™' [Figure 4b, green (middle) trace]
comprises an initial rapid rise (IRF-limited) and a subsequent
slow decay due to charge recombination. The slow decay after
~400 ns of the three temporal profiles can all be fitted
satisfactorily with an exponential function and time constant 7
= 1.0 (+0.2) pus (Figure 4b, black lines). This result seems to
indicate that the transient absorption signals in region 1476—
1500 cm™" are associated with the spiro-OMeTAD cation
(HTM"), but the lifetime of the spiro-OMeTAD cation on a
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mesoporous TiO,/MAPbI;/spiro-OMeTAD sample probed in
the near-IR region (4 = 1.4 um) with laser fluence higher (70
uJ cm™2) than ours (25 uJ cm™2) was reported to be ~100 ys."”
Tachibana and co-workers monitored the spiro-OMeTAD
cation at 1.6 ym with laser fluecne 120 pJ cm™2, which exhibited
even slower recombination.”” These results contradict the
kinetics observed in the mid-IR region (4 = 6.7 um). We
therefore interpret the transient species at ~1485 cm™ as the
spiro-OMeTAD cation that specifically reflects charge
recombination at the interface between perovskite and spiro-
OMeTAD. After charge separation in MAPbI;, electrons and
holes diffuse across the perovskite layer toward TiO, and spiro-
OMeTAD, respectively. Electron and hole injections occur on
time scales that are much smaller than the response of our
detection system.'”*” The holes injected into the HTM layer
oxidize spiro-OMeTAD. We propose that a loss of a portion of
the resulting cationic species occurs as holes recombine with
electrons in MAPDI; (rather than those in TiO,) at the
perovskite/spiro-OMeTAD interface, at which free or trapped
electrons are available for rapid recombination to occur, and
hence has a substantially smaller lifetime (~1 us) than the
reported value (~100 ps). The above scenario is schematically
illustrated in Figure S.

spiro-OMeTAD (HTM)

MAPDI3

9
(t=1.0 us)

Figure S. Schematic representation of charge recombination at the
interface between the perovskite and spiro-OMeTAD. This process
occurs with time constant 7 = 1.0 us, which is much smaller than the
reported value (~100 us) for a mesoporous TiO,/MAPbI,/spiro-
OMeTAD sample.””

In conclusion, we have observed simultaneously in the
transient IR spectra (i) CB electrons in MAPbI, (manifested as
a broad intraband absorption), (ii) neutral spiro-OMeTAD
(depletion bands), and (iii) the spiro-OMeTAD cation that is
associated with interfacial charge recombination (transient
absorption about 1485 cm™). This capability of simultaneous
observation is noteworthy. Most prior authors employed other
spectroscopic methods to characterize transient species
individually,"”*° making it difficult to compare directly the
results and to regard the interplay among them in a
comprehensive manner. Here, we summarize the implications
of the three transient species to characterize perovskite solar
cells as follows.

(1) The maximum absorption intensity of CB electrons
could provide a quantitative measure of the efficiency of charge
separation induced in the perovskite: the greater the intensity,
the more charge carriers are generated.

(2) The amplitudes of the depletion signals of doped spiro-
OMeTAD are proportional to the concentration of the spiro-
OMeTAD cation that is formed as a result of hole transport to
the HTM. By monitoring the depletion signals at 1240, 1465,
and 1510 cm ™!, we can know the extent of hole transport to the
spiro-OMeTAD layer.
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(3) The spiro-OMeTAD cation that has lifetime 1.0 ys could
provide insight into the nature of the charge recombination at
the perovskite/spiro-OMeTAD interface. Because its amplitude
and lifetime are expected to be affected strongly by the interface
morphology, the information that the present work provides
would help to develop novel methods to prepare the
perovskite/spiro-OMeTAD interface with improved hole
transport.

Unlike photovoltaic characterization such as J—V curve
measurements, the insights gained with time-resolved IR
spectroscopy are highly specific to individual molecular species
that play a crucial role in different fundamental processes inside
the device (charge separation, transport, and/or recombina-
tion) and hence will enable one to devise an efficient strategy to
further improve the device performance. This approach based
on the molecular-level understanding of perovskite solar cells is
complementary to the systematic approach often undertaken in
materials science.

In addition to the transient species summarized above, we
highlight the novel finding of Fano-resonance features that
involve the CB continuum of the perovskite and vibrational
transitions of the perovskite or spiro-OMeTAD. The present
method is readily applicable to perovskite solar cells using other
electron-transporting and hole-transporting materials with
either mesoporous or planar architectures. It will therefore be
a valuable asset in further enhancing the performance of
perovskite solar cells based on a basic understanding of the
underlying photophysical and photochemical processes.
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