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Electrons and holes dynamics, internal and surface trap states in perovskite-based solar
cells are explored with fs transient absorption spectroscopy.
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Abstract

Organic-inorganic hybrid perovskite solar cells emerged as cost effective
efficient light-to-electricity conversion devices. Unravelling the time scale and the
mechanisms that govern the charge carrier dynamics is paramount for a clear
understanding and further optimization of the perovskite based devices. For the classical
FTO/bulk titania blocking layer/mesoporous titania/perovskite/Spiro-OMeTAD
(FTO/TPS) cell, further detailed and systematic studies of the ultrafast events related to
exciton generation, electron and hole transfer, ultrafast relaxation are still needed. We
characterize the initial ultrafast processes attributed to the exciton—perovskite lattice
interactions influenced by charge transfer to the electron and hole transporters that
precede the exciton diffusion into free charge carrier occurring in the sensitizer. Time-
resolved transient absorption studies of the FTO/perovskite and FTO/TPS samples
under excitation at different wavelengths and at low fluence (2u)/cm?) indicate the sub-
picosecond electron and hole injection into titania and Spiro-OMeTAD. Furthermore,
the power-dependent femtosecond transient absorption measurements support the
ultrafast charge transfer and show strong Auger-type multiparticle interactions at early
times. We reveal that the decays of the internal trap states are the same for both films,
while those at surfaces differ. The contribution of the former in the recombination is

small, thus increasing the survival probability of the charges in the excited perovskite.
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Introduction

As a concept adopted from dye-sensitized solar cells (DSSCs), the hybrid
perovskite and its tin analogue CH3NH;3Snl; have revolutionized the approach to low-
cost solar cell fabrication."'? In a typical solar cell, perovskite sensitizing layer is
deposited into mesoporous TiO, electrode and then contacted with an electrolyte or
solid state hole transporter."” Higher efficiencies were achieved by replacing the
electrolyte with a solid-hole transporting material such as 2,2°,7,7’-tetrakis(NV, N-di-p-
methoxyphenylamine)-9,9’-spirobifluorene (Spiro-OMeTAD) or poly(triarylamine).l'
313 1t was also found that the perovskites can act not only as a light absorber but also as
a charge conductor and that they benefit from a unique combination of both low charge
recombination rates and high charge-carrier mobilities."'*'® Evidence has been reported
of charge accumulation in high density of states of CH3;NH3;Pbl; and in Spiro-
OMeTAD.'™"® Power conversion efficiencies (PCEs) of >15% have been reported and

were recently pushed to 18 %. 1-2,19-21

Recent studies have demonstrated that the morphology of the perovskite capping
layer and the crystal structure of the perovskite films play an important role in the
photovoltaic performances. Various synthetic approaches have been used to fabricate
perovskite thin films, including one and two-step spin-coating processing, vapor
deposition and vapor—solution hybrid deposition.'”"'**** It has been showed that the
photoluminescence properties of the perovskites strongly depend on the preparation
procedure, which results in different size of the resulted crystallites.*®***°

The earliest ultrafast time-resolved study has shown that the relaxation of the
excited state of the perovskite on TiO, and Al,O; scaffold is completed on a 1 ns

timescale with an estimated half-lifetime of 50 ps and is reductively quenched by Spiro-

MeOTAD.? For CH;NH;Pbl;, electron and hole diffusion lengths of 130 and 119 nm,
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respectively, were calculated,8 while for mixed PbCl,-derived CH3NH3Pbls, still longer
distances (I pm) were suggested.””' In a different study, the charge-carrier diffusion
length in lead iodide perovskite was suggested to exceed 5 um.** Recent report on the
perovskite single crystal has shown the 175 pum diffusion length of the excited charge-
carrier.®® Time-resolved studies have suggested that the increase of the polycrystalinity
enhances the nonradiative deactivation channels, and have shown that the perovskite
dynamics critically depends on the specific morphology of the sample.%'zg’33 For the
former, a 0.4 ns time constant was assigned to the electron extraction time when
interacting with [6,6]-phenyl-Cg;-butyric acid methyl ester (PCBM), and 0.66 ns was
assigned for the hole transport to Spiro-OMeTAD, with indications of hole transition in
the perovskite between two valence bands in 0.4 ps.® A subsequent report has shown
that the primary charge separation occurs simultaneously at both junctions with TiO,
and Spiro-OMeTAD, with ultrafast electron and hole injection taking place within
similar timescales, while the charge recombination was significantly slower for TiO,
compared to Al,Os films.>* Following the generation of the electron—hole pairs, they
dissociate within a few picosecond, forming highly mobile charges both in neat
perovskite and in perovskite on Al,O; film, resulting in balanced electron and hole
mobilities (up to a microsecond timescale).”> Microwave photoconductivity
measurements showed that the decay of the mobile charges is slow in CH3NH;3Pbl;
(microsecond time scale).” Power dependence studies on several perovskites
(CH3;NH;5PbI; (1:1), CH3NH;3PbI; (3:1) and CH3NH;Pbl; xClx) have suggested that the
localisation of electrons and holes is in different regions of the perovskite’s unit cell but
did not rule out the presence of excitons in the material following photoexcitation.'®
Furthermore, the power dependence indicates that the processes of the charge

deactivation are dominated by a two body recombination mechanism.’® It has been
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shown that surface passivation results in the retardation of charge recombination
between the electrons in the porous titania layers and the holes in the p-type organic
conductors.”” Very recently, femtosecond photoluminescence reports on perovskite
sensitised on NiO and ALO; films have proposed a kinetic model that takes into
consideration the relaxation of hot holes and electrons and the dynamics of surface-state
excitons.*® The charge carrier dynamics in perovskite solar cells were investigated using
various time-resolved techniques and two different models have emerged proposed to
explain the relaxation of the excited charge carriers.>**2¢3* Following the first model,
the optical properties of the perovskites were explained involving three level system,
consisting of two valence bands (VB1 and VB2) and a conduction band (CB), while the
second one suggests the existence of a charge transfer (CT) state involved in the
observed dynamics in the perovskites instead of the VB2 state.”

The spectral features of the generated species, the times of electron and hole
diffusion and the excited charge relaxation for perovskites on different electron and hole
acceptors were reported. However, additional data for the working cell scheme
(involving mesoporous titania, perovskite, and Spiro-OMeTAD) is still needed: (i) the
timescale and constants of the early events of electron and hole relaxation within the
materials; (ii) electron injection time from perovskite to titania; (iii) whether the
electron migration at both material interfaces can compete with the intra-band
perovskite electron relaxation and transport; (iv) how the energy excess on the
perovskite conduction band (CB) affects such competition relative to the efficiency of
the cell; and (v) how the excitation fluence shapes the rate constants and contributions
of the electron and hole recombination in the trap states. Here, by using femtosecond
(fs) pump—probe visible-near IR transient absorption spectroscopy, we interrogate the

ultrafast photo events on FTO/bulk titania blocking layer/mesoporous
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titania/perovskite/Spiro-OMeTAD (FTO/TPS) (complete cell) and FTO/bulk titania
blocking layer/perovskite (FTO/perovskite, as a reference) films (see SI for the film
preparation, and thickness). The experiments unravel the sub-picosecond regime of
exciton generation, electron and hole transfer, trapping, migration, relaxation, and fast
recombination, in addition to the trap-state dependent of electron-hole recombination.
These findings are relevant for a clear understanding of the early events that trigger
electron and hole diffusion and transport in perovskite based solar cells and will allow

further optimisation.
Results and discussion

Figure 1S shows the steady-state visible absorption spectra of FTO/perovskite
films and the FTO/TPS cell. They are similar to those reported in the literature,’ and no
significant difference is observed between the two spectra, indicating that they result
from similar band-to-band transitions in the perovskite layer. Figure 2S shows the 100-
fs and 5-ps gated visible-near IR (NIR) transient absorption spectra (TAS) of both
samples after fs-pulse excitation at 460 nm. The value of the pump fluence was 2
uJ/em’ to avoid multi-exciton interactions (vide infi-a). To examine the effect of FTO on
the behavior of the system we measured also the TAS of the system consisting of
perovskite layer on glass. Both systems (FTO/perovskite and glass/perovskite)
presented identical spectral and dynamical behaviour under the same experimental
conditions. Thus in this work we present the results for the FTO/perovskite system. The
TAS of the 100-fs delay for both samples are characterized by two bleaching (negative
signal) bands at approximately 500 nm and 760 nm and positive bands in the visible
(520 — 620 nm) and in the NIR at approximately 850-900 nm (Figure 2S). The
bleaching signals are due to depopulation of the VBs, and their dynamics allow

characterizing the times for exciton generation, trapping, and hole migration within the
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valence bands (Scheme 1). The positive visible and NIR band at 100-fs delay arise due
to the absorption of hot electrons and holes. This assignment is based on the comparison
between the spectral and kinetic behaviour of both samples at different wavelengths of
excitation. The contribution of the hot electron and hole cooling processes in the TA
signal was previously reported for perovskite samples interacting with different p- and
n-type materials (PCBM, Spiro-OMeTAD, AL,O; and NiO).**® The positive signals in
the visible part of the TA spectra correspond to the dynamics of the excited populations
(charge carriers) and thus they give information about the evolution of the formed
excitons. At 750 nm excitation, the pulse generates charge carriers predominantly at the
top of the valence band (hole) and at the bottom of the conduction band (electron). As a
result, the TAS of both samples remain unchanged as the time delay increases from 0.1
to 5 ps (Figure 2Sc). On the other hand, excitation at 460 nm leads to generation of hot
electrons and holes followed by a charge cooling to the bottom of the conduction band
(electron) and to the top of the valence band (hole). At this excitation wavelength, the
TAS (Figure 2S) at 100 fs delay (maximum at ~580 nm) result from the absorption of
the hot charge carriers, while those at 5 ps delay (maximum at ~680 nm) are attributed
to the charge carriers close to the band gap. The spectra at 5 ps delay at both excitation
wavelengths are comparable (bandwidth and position) indicating common relaxation
pathway at longer times. Moreover, upon excitation at 460 nm, the sign of the TAS at 5
ps delay the 850-1050 nm region depends on the studied sample: negative for
FTO/perovskite, positive for FTO/TPS due to electron, hole and oxidised Spiro-
OMeTAD absorption.” Oxidation of the hole transporter is connected with hole
migration from excited perovskite layer to the hole transporter. Thus, the evolution of
the TAS in the NIR region provides additional information about the dynamics of the

hole transition between the two layers. It should be noted that the absorption spectra of
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oxidised Spiro-OMeTAD has a maximum at 500 nm, and thus the TAS for FTO/TPS is
affected also by the hole transporter optical properties.”® The comparison of the TAS for
FTO/perovskite and FTO/TPS (Figure 2S) shows that the bleaching band of FTO/TPS
located at 500 nm has lower intensity than the corresponding band of perovskite, while
the bands between 600 and 800 nm for both samples have the same intensity. The
absorption of the perovskite in the region between 600 and 800 nm is much higher than
the absorption of Spiro-OMeTAD, and the contribution of the hole transporter is thus

suppressed.

FTO/perovskite dynamics. To determine the time constants of the above
processes, starting with FTO/perovskite (taken as a reference for the FTO/TPS cell
study), Figure 1a shows the change over time of the intensity signals gated at selected
probe wavelengths. The 560 and 670 nm transients reflect the exciton formation and
electron relaxation within CB1 (Scheme 1), respectively. The pump pulse takes the
electron from the valence bands to the CB of the perovskite layer (Scheme 1) and, as a
result the three-dimensional Wannier-type exciton is formed.** Here we suggest that at
the used pump fluence (2 pJ/cm?), the initially formed excitons dissociate within a few
picosecond, and thus the observed dynamics on a time scale of a few picosecond results
mostly from the exciton behavior, in agreement with previous studies using time-
resolved THz spectroscopy.” The time for the electron cooling derived from the decay
(560 nm) and rise (670 nm) of the positive visible bands (520 — 620 nm at 100 fs and
540 — 700 nm at 5 ps) is 0.6 - 0.7 ps. In both transients, a 100 fs rise is seen that
precedes the subsequent events. Therefore, we assign it to the exciton formation.
Because of the overlap between the positive visible absorption band and the negative
signal (500-nm region), the 560 nm transient also shows a fast rise of 250 fs, a value

suggesting a combination of an ultrafast (within 100 fs due to exciton formation) and a

10
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slower (0.7 ps due to electron cooling) rising components. Additionally, the 0.6 — 0.7 ps
decay (at 560 nm) and rise (at 670 nm) are absent when the samples are excited at 750
nm since at this excitation wavelength the photon energy is not sufficient to create hot
electrons and holes (vide infra). The signal at 870 nm rises rapidly in 100 fs followed by
decay with time constant of 0.5 ps. In similarity with the visible part of the TAS, the
shortest component is attributed to the exciton formation. The longer decay time has
similar value to the one observed at 560 and 670 nm (0.7 ps), thus it can be attributed to
the intraband electron relaxation which, in turn, leads to a radiative e-h recombination in
agreement with the shift towards longer wavelengths of the positive TAS band with a
maximum at 570 nm (Figure 2S). Note that the radiative e-h recombination can occur
on time scales that range from several hundreds of femtoseconds (exciton
recombination) to nano- or even milliseconds (as a result of carrier separation and
diffusion).”™> The 0.7 ps decay at 505 and 0.6 rise at 750 nm of the signals for
FTO/perovskite sample reflect the hole migration in the valence bands (Figure la and
Scheme 1). The kinetic behaviour of the perovskite sample in the region of 500 and 750
nm was previously explained by a two valence band model.****® The 505 and 750 nm
bleaches reflect the photobehaviour of the ground state of the sample (depopulation
caused by the absorption of the photons). Thus, the observed kinetics are assigned to the
photobehaviour of the hole in the VBs. This assignment is further supported by the
comparison between decays observed at 480 nm and 505 nm, which show the 0.7 ps rise
(VBI population) and 0.7 ps decay (VB2 depopulation), respectively. Upon excitation at
750 nm, this dynamics is not observed, since the energy of the formed exciton is close
to the band gap energy (Scheme 1). We explain this in terms of absence of hole
migration between the two valence bands. In a previous femtosecond transient

absorption study of PCBM/perovskite/Spiro-OMeTAD sample, several models have

11



Physical Chemistry Chemical Physics

been assessed and the two valence band model has been suggested as the most likely
scenario.® Moreover, we observe 100 fs component at 505 and 750 nm, which is
attributed to the process of exciton formation. In addition, a careful analysis of the 500-
nm region upon excitation at 430 nm shows two overlapping bleaching bands with
maxima at 480 and 505 nm (Figure 1b). Their dynamics exhibit a 0.7 ps rising (460 nm)
and decaying (505 nm) component, respectively, reflecting hole migration within the
VBs. Thus, the 480 nm and 750 nm bands reflect transitions from VB1 to CB1, and the
503 nm band corresponds to a VB2-CBI transition (Scheme 1). The assignment is based
on previous reports and on our results for the samples excited at different excitation
wavelengths (460, 580 and 750 nm).****® Upon excitation at 750 nm, the transients in
the 500 nm spectral region are the same with the signal at 503 nm being twice as weak
as that at 480 nm, which suggests a common origin of these signals (Figure 2S). As the
photon energy (Aex = 750 nm) is close to the band gap energy we expect to observe only
the VB1-CBI1 bleaching transition. However, upon excitation at 460 nm, the 505 nm
transient shows a 0.6 ps decay, while those at 480 and 750 nm probe are characterized
by a 0.7 ps rise characterizing the hole migration processes in VB2 (VB2-CBI1
transition) and VB1 (VB1-CBI1 transition), respectively. The 0.5 — 0.7 ps hole migration
time is comparable to the recently reported value (0.4 ps) upon excitation at 400 nm.* A
possible reason of the observed discrepancies might be the difference in the
experimental conditions, as well as pump fluctuations. Our results and assignments
agree with a recent fs-emission study on perovskite interacting with Al,O; and NiO
films, which proposed a three-state model involving hot electron and hole relaxation (fs
time-scale) and bulk-state internal conversion from CB1 to VBI (ns timescale).”® In a
recent study, an alternative description of the dual VB of the perovskite electronic

structure was proposed. The authors suggested the existence of a dual excited state

12
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composed of a charge transfer state (480 nm) and a charge separated band gap state (760
nm).”’ However, it was shown that the differences between these states are observed on
a long time scale (hundreds of ps). Following the dual VB model and our data reflecting
the exciton dynamics in the initial 5 ps, the model taking into account the movement of

the free charge carrier does not describe correctly the studied systems at this timescale.

FTO/TPS dynamics. Next, we examine the photobehaviour of the FTO/TPS cell.
The TAS at the near IR region clearly indicate an ultrafast electron injection from the
perovskite CB to the titania one (Figure 2Sb). The early peak signal at 870 nm is
positive, showing electron absorption on titania and perovskite CBs. The electron
injection from perovskite to titania is almost instantaneous and occurs within the first
200 fs, as indicated by the electron absorption rise at 870 nm (Figure lc,d). For
comparison, there is a shorter rising component (100 fs) for the perovskite sample
(Figure 1a). Furthermore, this is in agreement with previous time-resolved studies that
qualitatively suggested that this process takes place on a fs-timescale.”*>> Efficient and
ultrafast migration of electrons and holes into TiO; and Spiro-OMeTAD is facilitated by
the fast and efficient exciton dissociation into mobile charges within the first few
picoseconds.”*>* The 870 nm signal for the FTO/TPS sample subsequently decays in
0.5 ps, similar to the decay and rise of the signals at 560 and 670 nm, respectively,
reflecting a fast electron relaxation/cooling within the titania and perovskite CBs
(Figure 1c,d). It has been shown that excited titania films with excess energy exhibit a
200-fs decay assigned to free electron trapping.*’ We believe that the difference in times
(0.5 ps vs. 0.2 ps) is due to the contribution of a slower electron relaxation (not
transferred to titania in this timescale) within perovskite CBs. The time of electron
transfer and the difference in the relaxation times within the perovskite and titania CBs

are relevant to the efficiency of perovskite-based solar cells. Moreover, the near IR

13



Physical Chemistry Chemical Physics

transients at 860, 900 and 920 nm indicates the contribution of a weak absorption of
oxidised Spiro-OMeTAD in this region (Figure 3S).>’ For the FTO/TPS film, the
bleaching bands at 750 and 505 nm show ultrafast behaviour: a 100-fs rise and a 0.6-ps
decay at 505 nm due to exciton formation and hole migration from VB2 to VBI,
respectively, and a 0.75-ps rise at 750 nm due to hole injection into the Spiro-OMeTAD.
Upon excitation at 430 nm (Figure 4S), the observed 0.6-ps decaying and rising
components at 505 and 460 nm, respectively, confirm the two closely absorbing VBs
and the related intraband hole migration (Scheme 1). Note that the resulting oxidised

7,16,39
227 and as

Spiro-OMeTAD has a relatively strong absorption at approximately 500 nm,
a result, the negative intensity of the above bleaching band should be affected by the

related positive signal generated on a similar timescale.

Upon pumping at 580 nm, the cell shows similar features, such as 460 nm
excitation and evidence of ultrafast electron injection to the titania CB (Figures 1d and
2a). The electron migration (signal at 870 nm) is followed by an intra-band cooling
(Figure 2a). The signal is too complex for a simple analysis, as it is a combination of
clectron thermalisation in titania, relaxation of untransferred electrons, recombination
with the hole at the perovskite VB, and absorption of oxidised Spiro-OMeTAD species.
The early rise (0.2 ps) at 750 nm combines with the ultrafast bleaching and a 0.5-ps
rising component due to radiative exciton recombination. This time constant reflects a
fast hole injection from perovskite VB1 to the Spiro-OMeTAD (Scheme 1), which
opens the way for recombination of the transferred holes and electrons (for simplicity

not shown in Scheme 1).*

Upon pumping at 750 nm, the positive absorption intensity at 870 nm is
instantaneous and very weak, later giving a negative signal due to radiative exciton

recombination, which indicates that with almost zero excess energy and within the time

14
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scale analyzed here, only a fraction of the electrons at the bottom of the perovskite CB1
are transferred to the titania CB. We believe that in the absence of excess energy at this
excitation wavelength, the photogenerated excitons do not dissociate efficiently, in
agreement with a recent report showing that thermally activated exciton dissociation
and recombination control the carrier dynamic in CH3NH2Pb13,32 thus resulting in a
lower yield of photon to electricity conversion using NIR photons. The signal at 560 nm
now lacks the 0.5-ps decaying component observed upon excitation at 460 and 580 nm
(Figure Ic and 2a). At 670 nm, we also observe a 100-fs rise of the signal, and the 0.6-
ps decay time is due to electron relaxation within the titania CB. The bleaching signal at
500 nm shows an ultrafast rise without additional ultrafast decaying components, which
reflects the exciton creation. Moreover, at this wavelength of excitation, we do not
observe the rising and decaying components (~0.6 ps) which are present for the
FTO/perovskite and FTO/TPS samples in the region of 500 nm bleaching band, upon
excitation at 430 and 460 nm. The 750 nm pump pulse creates the hole directly in VBI,
and thus the 0.6 ps components resulting from the hole migration are absent. This

836,38 and on

observation is in agreement with dual VB model. Based on previous reports
this study, Table 1 summarises our suggestion for spectral and dynamical observation at

low fluence laser excitation and short time observation.

The relative change in the maximum intensity of the signal pumped at different
wavelengths and probed at 870 nm allows comparison of the efficiencies of hot electron
injection to titania at different excitation energies of the generated electron. (Figure 2C)
The intensity of the positive signal at shorter time delays is mainly due to electron
absorption. At longer time delays the signal of the hole transporter builds up. Figure 2¢
shows the results upon excitation at 460, 580, 650 and 750 nm, taking into account the

differences in absorption intensity of the samples at the pump wavelength, its energy
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and the pump fluence. Considering the intensity change at the maximum of the signal, it
is evident that from the perspective of dynamics within the sub-ps time regime, a higher
excitation energy provokes a larger quantum yield of electron injection from perovskite
to titania, in agreement with the behaviour of thermally activated excitons.’* The
excitation dependent EI efficiency is in agreement with the results presented in a study

1.*? For

of the charge transfer mechanism in halide substituted hybrid perovskite solar cel
750 nm pumping, the electron absorption at 870 nm is very weak. Nevertheless, the

perovskite layer that is not interacting with titania generates electrons and holes and

transports them to produce a photocurrent."*

The results for both samples indicate that the dynamics of the processes
(electron cooling, hole migration) occurring on a time scale of few picoseconds do not
depend on the sample morphology, and result mostly from the behavior of the exciton
formed inside the uniform environment of the perovskite lattice. The uniformity of the
surroundings of the excitons formed in different parts of the sample arises from the low
contribution of the randomly distributed internal trap states.'®** The differences
between FTO/perovskite and FTO/TPS samples are mostly due to the small amount of
excitons generated on the TiO,/perovskite interface, which can be trapped in surface
trap states or transferred to the oxide directly after excitation. Recent studies suggest
that the long diffusion length (~100 nm in the case of polycrystalline CH;NH;Pbl; and
~175 pm for single crystal) of the excited charge carrier is related to enhanced Born
effective charges resulting in large static dielectric constant (~70), where the lattice
contribution is larger than the electronic one.>**** This in turn reduces the carrier
scattering and trapping at defects and impurities inside the perovskite.** However, due
to the process of charge trapping on the titania oxide/perovskite and

perovskite/perovskite crystal interfaces the exciton dissociation into free charge carriers

16
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followed by an efficient diffusion will depend mainly on the sample specific surface
morphology.”®2*# This is further supported by a recent report where a crystal-thickness
dependent fluorescence lifetime has been found for several perovskite samples and

explained in terms of defects at the crystal grain boundaries.*®

Power dependence studies. 1t has been suggested that the main phenomenon
responsible for the deactivation of the excited states in perovskite layer is the
bimolecular e-h recombination.’® The analytical solution of the second-order kinetic
equation describing this process gives the linear dependence of the inverse optical
density on time. Figure 5S indicates that the AOD™ is a linear function of time for lower
pump fluences, while the data collected at fluences higher than 30 pJ/cm? deviate from
linearity. The observed nonlinearities at higher fluences are caused by the processes of
the Auger recombination. Moreover, the obtained results confirm the fact that the
monomolecular deactivation does not play important role in the processes of the excited
states deactivation. Shortly after fs-excitation, the state saturation is influenced by the
carrier-induced Stark effect in both FTO/Perovskite and FTO/TPS films (Figures 3a and
4a). High density of photons absorbed by the sample results in saturation of the excited
energy states in the area of the beam spot and it causes the bleaching of the interband
optical transitions. Photoexcited carriers are a source of local electric field which leads
to a shift of optical transitions and changes in the transition oscillator strengths.‘w'48 The
above described process is recognized as the carrier induced Stark effect and it
characterized in by the change in the position and the width of the ground state recovery
band. Moreover, strong interactions between the initially created excitons (multiparticle
interactions) may generate a new “emitting” transition at a spectral energy that is
spectrally shifted with respect to the single exciton ‘“‘emitting” transition.”® This

phenomenon is clearly manifested in the change of the position and width of the 760-nm
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bleach band of the TAS at short gating times. Alternatively, the short time (0 — 5 ps)
behavior of the TAS can be characterized by the dynamic Burstein-Moss band filling
model, which takes into account only the TAS broadening at 760 nm.*® This model
assumes linear dependence of the band broadening (Burstein-Moss shift of the optical
bandgap) on the excited charge density raised to the power of 2/3 (Equation 1S,
Supporting Information). However, if one takes into consideration only the state
saturation, a continuous change (in terms of change in the FWHM) in the ground state
recovery band is to be expected due to absorption saturation even at longer time delays
(Figure 3d). Figure 4b shows that the TAS of both systems at 1 ns after the excitation do
not differ. This behavior indicates that the power-dependent properties of both
FTO/perovskite and FTO/TPS samples at early times can not be considered only in
terms of the band filling model (Figure 3d). Thermal diffusion of excitons into mobile
carriers, Auger relaxation, radiative recombination and a spatial diffusion of the charge
decrease the density of the excited carriers as well as the strength of their interactions,
which should prevent the saturation of the conduction band for a relatively long times (1
ns). To better characterize the influence of the dynamical state filling on the optical
properties of the FTO/perovskite and FTO/TPS sample, we analyzed their TAS at 0.5 ps
and 4 ps in terms of Burstein—Moss model (Figure 5). A good linear dependence of the
band broadening on the charge density (Equation 1S) is observed for the data at 4 ps
delay, while this dependence at 0.5 ps delay deviates significantly from linearity. This is
clear evidence that the early time dynamics are influenced by additional processes and
the Burstein-Moss model is only an approximate solution especially at the very early
times. Furthermore, the deviation is larger for FTO/TPS than for FTO/perovskite. The
observed nonlinearities for FTO/perovskite are due to the processes of the exciton-

exciton interaction leading to the Auger relaxation at early times, while for FTO/TPS
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additional processes, such as excited charge transfer into the electron and hole
transporting materials, influence the resulted curve (Figure 5). As a result of the exciton
diffusion occurring within the first few picoseconds, the dynamical behavior of the band
gap shift at 4 ps delay results predominantly from the free charge carriers, which in turn
do not show the strong Auger interactions, and thus, we observe linear dependence in
agreement with the Burstein-Moss model (Equation 1S and Figure 5). Furthermore, in
the presence of electron and hole transporters, the conduction band saturation occurs at
higher pump fluences even at early times (in less than 2 ps, Figures 3c-d and Equation
1S), which indicates an ultrafast electron transition into titania, in agreement with
Burstein-Moss analysis and the above results at lower photoexcitation fluences, and a

. . . . . 36
decrease in the concentration of charge carriers in the conduction band.

To further examine the importance of the exciton—exciton Auger recombination
for the FTO/perovskite and FTO/TPS samples at higher excitation fluences, we have
analysed the dependence of the optical density on the pump fluence at 760 nm (2 ps
delay) using a nonlinear model (Equations 3S and 4S) that gives the rate constants of
the bimolecular (kgym) and Auger (ka) processes. Good quality fits have been obtained
using equation 3S containing only nonlinear terms (Table 2, Figures 3b and 4c). Thus,
we conclude that the efficiency of the nonradiative processes connected with trap- and
impurity-assisted recombination is low. This result is consistent with theoretical studies
on the energy levels of perovskite, which show that the large static dielectric constant
reduces carrier scattering and trapping at defects and impurities inside the perovskite,
resulting in long diffusion lengths of the excited charge carrier.** However, our results
given in Table 2 differ from those previously reported for lead iodide perovskite (ka =
3.7x10% = 1.3x10% em®s™, kgy = 9.2x107'° = 9.4x107"° cm’s™).'® In the present study

we observe that the major discrepancy is in the values of k, which might be due to the
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dependence of ks on the initial density of charge (~ n’). Note also that the starting
values of the carrier densities used in the calculations may lead to a nonlinear
dependence of the absorption coefficient on the pump fluence (Equations 5S and 6S and
Figure 4d). The value of kgym for the FTO/TPS cell is higher than the corresponding
value for FTO/perovskite (Table 2), indicating a higher probability of excited charge
recombination in the former. This result suggests the opening of new deactivation
pathways in contact with the TiO, and Spiro-OMeTAD layers, mainly due to charge
migration at their respective interfaces. Additionally, structural order created at the
interfaces and the effect of trap states of TiO, must be taken into consideration for these
recombinations.”>" Recent spectroscopic studies showed that an important factor,
responsible for the performance of the perovskite solar cells, is the interaction between
the CH;NH;PbI; and the p- and n-type materials. ****~° Picosecond X-ray absorption
spectroscopy has shown that 100 ps after photoexcitation, the electrons are trapped deep
in the defect-rich surface shell for anatase titania.’' Here, the time constants of the
internal and surface traps are revealed by flash photolysis experiments that show a bi-
exponential decay (t; = 0.13 us and 1, = 2.4 us for FTO/perovskite; 1) = 0.45 ps and 1,
= 2.4 ps for FTO/TPS) of the transient absorption band at 580 nm and upon excitation at
460 nm (Figure 6S). These times are attributed to the presence of surface traps (T, Ksurf)
and internal traps (12, ksgr). For FTO/perovskite, the relative contribution of the kspyr
component comprises only 9% of the total signal, while for FTO/TPS, it amounts to
42%. Moreover, the ksur value (0.42 x 10° s™) does not depend on the studied system
and is thereby related to the internal energy states of the perovskite. The value of kgyr
differs for both samples (7.7 x 10° s and 2.2 x 10° s for FTO/perovskite and
FTO/TPS, respectively, (Table 2). The presence of the TiO, mesoporous material may

result in a creation of locally ordered TiO,/perovskite interfacial region,”® and hence can
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reduce the number of trap states. The decrease in the total density of the surface traps
lowers their contribution to charge deactivation, and the presence of traps derived from
the surroundings changes the lifetime of the interfacial nonradiative processes. Figure 6
shows the dependence of the total decay rate constant (R, Equation 4S) for both samples
on the excess charge carrier density. The region dominated by Auger recombination
(region I) for FTO/perovskite extends over a larger area than the one for FTO/PTS,
although the values of both constants are similar. This result is due to the lower
probability of kgy in FTO/perovskite, which results in a higher probability of Auger
recombination (ka). The difference in kgy values is also responsible for the discrepancy
in region II. However, the differences seen in region III, dominated by nonradiative
recombination, are mainly caused by changes in the relative contribution of ksyr and
ksu. To calculate the global rate constant, R, only the ksyr constant was used for
FTO/perovskite, while for the FTO/TPS cell R, both kgyr and ksyr components are

included.
Conclusion

In summary, we have characterized the photo-induced charge transfer processes
within a titania-perovskite-Spiro-OMeTAD cell. We have observed that the electron
injection from perovskite to titania is within the first 200 fs, while the electron
relaxation times within perovskite and titania CBs are 0.7 ps, and 0.5 ps, respectively.
The interfacial hole injection from the perovskite VB to Spiro-OMeTAD occurs in 0.5
ps. The power dependence study of the femtosecond dynamics suggests that significant
portion of the generated electrons in the photoexcited perovskite is transferred into
titania within first few picoseconds. Furthermore, the nonlinear dependence of the
optical band gap on the excited charge density (Burstein-Moss model) for the

FTO/perovskite and FTO/TPS systems for early times (< 2 ps) indicate the presence of
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the exciton—exciton Auger relaxation and ultrafast charge injection to the electron and
hole transporter. We also found that there are two different types of trap states
represented by the kspyr and kg,r decay rate constants. The value of kspr is the same
(0.42 x 10° s) for both films, whereas the value of kgus is 7.7 x 10° s for
FTO/perovskite and 2.2 x 10° s for the FTO/TPS cell. The contribution of the trap
states to the processes of recombination is small, and thus the survival probability of the
charge in perovskite is high. Furthermore, our results show that the presence of the TiO,
affects the contribution of the surface trap states in the processes of charge
recombination. Thus, we expect that optimizing the interface between perovskite and
TiO, will further improve the overall performance of the system. These data provide
new insight into the ultrafast photodynamics within the excited FTO/TPS cell to further

optimize the related devices for efficient energy harvesting.

Experimental part

Device Fabrication and Characterization. The current-voltage (J-V)
characteristics of a typical TPS solar cell measured under light intensities of 100 mW
cm * (Figure 7S). The reproducibility of these devices made by sequential deposition
method was excellent with less than 10% deviation. The short-circuit current density
(JSC), open-circuit voltage (VOC) and fill factor (FF), respectively, are 20.46 mA cm 2,
974mV and 0.677, leading to power conversion efficiency of 13.5%. Further details
about the device fabrication and characterization are given in the Supporting

information.

Femtosecond Transient Absorption Spectrophotometer. The femtosecond (fs)
transient UV-visible-near-IR experiments were done using a chirped pulse amplification

setup.”® It comprises a Ti:sapphire oscillator (TISSA 50, CDP Systems) pumped by a 5
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W diode laser (Verdi 5, Coherent). The seed pulse (30 fs, 450 mW at 86 MHz) centred
at 800 nm wavelength is directed to an amplifier (Legend-USP, Coherent). The
amplified fundamental beam (50 fs, 1 W at 1 kHz) is directed through an optical
parametric amplifier for wavelength conversion (CDP Systems). The second (750, 650
and 580 nm) or the fourth (460 nm) harmonic of the output of the OPA was used as the
pump. The pump pulse intensity was kept constant at 2 uJ/cm? (460, 580 and 650 nm)
or 5 uJ/em? (750 nm). The instrument response function (IRF) was measured in terms of
AOD for FTO/titania-spiro-OMeTAD film following an excitation at 460 nm. The signal
was fitted by a Gaussian function taking into consideration its derivatives. The obtained
value for IRF was ~ 100 fs. The ratio of the spot size of the pump with respect to the
probe was always bigger than 3:1. The spot size was measured using the razor (knife)-
edge method.”™>* Further details about the detection system are given in the supporting

information.

Flash Photolysis Spectrophotometer. The nanosecond (ns) flash photolysis setup
was the same as previously described.”® Briefly, it consists of a LKS.60 laser flash
photolysis spectrometer (Applied Photophysics) and a Vibrant (HE) 355 1I laser
(Opotek). To excite the sample, we used the signal from OPO (pumped by a Q-switched
Nd:YAG laser, Brilliant, Quantel) at 460 nm. The pump fluence was 80 pJ/cm® To
probe the system, we used the light source of a 150 W Xenon arc lamp. The light
transmitted through the sample was then dispersed by a monochromator and detected by
visible photomultiplier (Applied Photophysics R928), which is coupled to a digital
oscilloscope (Agilent Infiniium DS08064A, 600 MHz, 4 GSa/s). The measured IRF of
the system was ~6 ns. The kinetic traces were collected at 580 nm and were fit by a bi-

exponential function.
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Tables and Figure Captions

Scheme 1 A diagram showing the studied transitions along with the time-constants for
the related processes in FTO/TPS films at short (< 5ps) window of observation. For
simplicity, the diagram does not show the following processes happening in the devices:
excitons dynamics, electrons and holes trapping, recombination, and long-time

migration and transport.

Table 1 Time constants and related involved photoinduced events at the gated region
within 5 ps window of observation of excited FTO/titania-perovskite-spiro-OMeTAD

cell.

Table 2 Charge carriers recombination rate constants from the 760-nm band signal of

460-nm excited FTO/perovskite and FTO/TPS.?

*The Shockley-Read-Hall (ksyr) and kg coefficients are obtained from the flash
photolysis experiments. Kgy and ka are the bimolecular and Auger rate constants. The

data were obtained using equation (1), see Supporting information for details.

Figure 1 Representative decays of the femtosecond (fs) transient signals in terms of
change in absorbance (AOD) at the indicated wavelengths for (a) FTO/perovskite. (b)
Decay of the fs-transient signal of the FTO/perovskite film excited at 430 nm and
probed at 460 nm (o) and at 505 nm (e). Inset: Differential absorption spectra of the
FTO/perovskite film excited at 430 nm at selected pump — probe delays. (c) as in (a) but
for FTO/titania-perovskite-spiro-OMeTAD (TPS) films. (d) Decay of the fs- transient
signal in terms of change in absorbance (AOD) of FTO/TPS pumped at 460 nm and

probed at 870 nm (©) along with the instrument response function (e).
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Figure 2 Representative decays of the fs-transient signals of FTO/TPS film in terms of
change in absorbance (AOD) excited at (a) 580 nm and (b) 750 nm, and probed at the
indicated wavelengths. (¢) Decay of the fs-transient signal in terms of change in
absorbance (AOD) of FTO/TPS probed at 870 nm and excited at 460 (A), 580 (m), 650
(o) and 750 nm (o). The signals are corrected taking into account the steady-state

absorption intensity and the photon flux at the respective pump wavelength.

Figure 3 (a) Transient absorption spectra normalized to the minimum of intensity at 70
uJ/cm2 pump fluence, and (b) kinetics (Aops = 760 nm) of FTO/TPS cell excited at 580
nm at different pump fluences (uJ/cm?): 2, 4, 6, 8, 10, 20, 35, 50, 70. The arrow shows
the spectral changes as a function of increasing pump fluence as in (a) and (b). Change
in the optical density of FTO/perovskite (red squares) and FTO/TPS (black circles) at
760 nm and (c) 2 ps and (d) 1 ns delay time as a function of pump fluence. The data

were fitted by a two level saturable-absorber model (supplementary equation. 5).

Figure 4 Transient absorption spectra of FTO/perovskite film normalized to the
minimum of intensity at (a) 2 ps and (b) 1 ns excited at 580 nm at different pump
fluences (;,LJ/cmz): 2,4,6, 8,10, 20, 35, 50, 70. The arrow shows the spectral changes as
a function of increasing power. (¢) Transient absorption kinetics of FTO/perovskite
excited at 580 and probed at 760 nm at different pump fluences (uJ/cm?): 2, 4, 6, 8, 10,
20, 35, 50, 70. The dots represent the experimental data and the solid curves represent
the best fits using equation (1), and (d) Steady-state absorption value of FTO/perovskite
(top) and FTO/TPS (bottom) measured at 580 nm as a function of pump fluence. Fit to

the data using Eq. 3 (solid line).

Figure 5. Dependence of the perovskite bandgap shift on the excited carrier densities,

according to the Burstein-Moss model. The total optical transition energies for (a)
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FTO/perovskite and (b) FTO/TPS at different fluences (;,LJ/cmz): 2,4, 6,8, 10, 20, 35,
50, 70. The values of the total transition energies were calculated at 0.5 and 4 ps delays
(Aobs = 760 nm, Aex = 580 nm). The data at 4 ps were fitted by the linear function while
those at 0.5 ps were fitted by polynomial function to show the deviation from Burstein-

Moss model (Equation 6S, Supporting Information).

Figure 6 Variation of the total electron-hole recombination decay rate constants
of FTO/perovskite (black solid line) and FTO/TPS (red dashed line) with excess charge
density. Solid vertical lines show the region dominated by Auger processes (III),
radiative recombination (II) and Shockley-Hall-Read recombination in FTO/perovskite
sample. The vertical dashed lines and red Arabic numbers indicate the regions where the

above processes occur in the FTO/TPS cell.
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Scheme 1
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Table 1
Process - Time/ps
Spectral Region
Exciton generation 0.10
450-520 and 720-770 nm
Electron injection to titania 0.1.0.2
520 — 720 and 850 — 1050 nm
Electron cooling in perovskite 0.70
520 — 720 and 850 — 1050 nm
Electron thermalisation in titania
520 — 720 and 850 — 1050 nm 0:20-0.50
Hole migration VB2-VBI1 0.50
450 — 520 and 720 — 770 nm
Hole injection to Spiro-OMeTAD 0.75

34
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Table 2
Sample ksur Ksurf kem ka
P (10%Y/(%) | (10°"/(%) | (10'%em’s™ | (10*")em’s™
FTO/perovskite 0.42 (9) 7.7 (91) 2.51 2.82
FTO/TPS 0.42 (42) 2.2 (58) 10 2.01
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Figure 1
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Figure 2
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Figure 3

Q

\Yj

680 720
Wavelength (nm)

760

A:probe = 760 nm

0 200 400 600
Time (ps)

38

Q

-AOD (1073

N
o

-
(3]

-
o

00 —T6—2636 20 50 60 70 B0

Page 38 of 41

0 10 20 30 40 50 60 70 80

Pump fluence (pJIcmz)

t=1ns

Pump fluence (pJ/cm?)



Page 39 of 41 Physical Chemistry Chemical Physics

Figure 4
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Figure 6
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