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Abstract
Organic-inorganic perovskites are one of the most promising photovoltaic materials for the
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design of next generation solar cells. The lead-based perovskite prepared with
methylammonium and iodide was the first in demonstrating high power conversion efficiency,
and it remains one of the most used materials today. However, perovskites prepared by mixing
several halides and several cations systematically yield higher efficiencies than ‘pure’
methylammonium lead iodide (MAPbI3) devices. In this work, we unravel the excited-state
properties of a mixed-halide (iodide and bromide) and mixed-cation (methylammonium and
formamidinium)

perovskite.

Combining

time-resolved

photoluminescence,

transient

absorption and optical-pump-terahertz-probe experiments with DFT calculations, we show that
the population of higher-lying excited states in the mixed material increases the lifetime of
photo-generated charge carriers upon above-bandgap excitation. We suggest that alloying
different halides and different cations reduces the structural symmetry of the perovskite, which
partly releases the selection rules to populate the higher-energy states upon light absorption.
Our investigation thus shows that mixed halide perovskites should be considered an
electronically different material than MAPbI3, paving the way towards further materials
optimization and improved power conversion efficiency of perovskite solar cells.

2

Introduction
Halide perovskites of ABX3 composition consist of three main units, whereby A is either an
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organic or inorganic cation, B is a metal such as lead (Pb) or tin (Sn), and X is a halide. Each
plays a unique role in defining the structural and photophysical properties of the perovskite.1-5
Identifying optimal compositions has promoted organic-inorganic perovskites to being one of
the most promising next generation photovoltaic (PV) materials,6 and they have also proven
themselves in efficient light emitting devices.7 In addition to their high absorption coefficients,
good transport properties and lack of intrinsic defects, optoelectronic tunability in perovskites
can be achieved by substituting the chemical constituents of the basic units with mixtures of
several cations or halides, allowing for example to absorb in different regions of the solar
spectrum.8,

9

The high performance achieved by single-halide-single-cation MAPbI3

(methylammonium lead iodide perovskite, efficiency of 22.1%) already competes with existing
PV technologies.10 However, mixed-cation-mixed-halide perovskites have reached even higher
efficiencies in single junction solar cells with records exceeding 23%,11 and they show
enhanced stability.12-14 Although the superiority of the mixed perovskites is proven in terms of
device performance, their excited-state properties remain largely unexplored,15 leaving many
open questions concerning the origin of their improved characteristics.16 This is in stark
contrast to the extensively investigated photophysics of MAPbI3.17-26 Since halide substitution
is known to drastically affect the electronic structure and photophysics of perovskites,27 we
expect that alloying different halides might have strong implications on the optoelectronic
nature and excited-state dynamics of the materials, which could be further enhanced by
structural modifications caused by mixing both several halides and several cations.
In the present work, the excited-state properties are compared for MAPbI3 and a mixed
composition containing iodide and bromide as halides, as well as methylammonium (MA) and
formamidinium (FA) cations ((FA0.8/MA0.2)Pb(I0.8/Br0.2)3). This perovskite was chosen as

3

representative of the mixed-cation-mixed-halide family, due to its simpler composition
compared to triple cation perovskites and its relatively high PV performance exceeding
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20.8%.11, 27-29 Combining time-resolved photoluminescence, transient absorption and opticalpump-terahertz-probe experiments with density functional theory (DFT) calculations, we relate
the photophysics of the two perovskites to their electronic band structure. The carrier
thermalization in the mixed perovskite is found to be significantly slower than in the pure one,
which we attribute to the population of lower-lying valence bands (VBs) or higher-lying
conduction bands (CBs), from where carriers relax slowly to the band-edge (~200 ps). Those
higher excited states likely become accessible in the mixed perovskite due to structural
distortions of the lattice that release the symmetry selection rules. We show that populating
those higher-lying states with well above-bandgap excitation is beneficial in terms of
increasing the carrier lifetime of the mixed perovskite compared to MAPbI3.

Results and Discussion
Figure 1 shows the steady-state absorption spectra (expressed in terms of attenuation
coefficient) and photoluminescence (PL) emission spectra of the pure MAPbI3 and the mixed
(FA0.8/MA0.2)Pb(I0.8/Br0.2)3 perovskite. Overall, the absorption and emission spectra of the
mixed perovskite is comparable to the one of pure MAPbI3, except that their onset is slightly
blue-shifted compared to the pure perovskite, indicating a higher optical band-gap for the
mixed system compared to the pure one (1.6 eV versus 1.58 eV, as determined by the Tauc
plot in Figure S1). Both materials display the typical absorption features spanning the whole
visible spectrum with an absorption onset at ~760 nm and a shoulder at ~480 nm. DFT
calculations including spin-orbit coupling also reveal an overall similar band structure for the
two perovskites (Figure 1B and Figure S2). The lower energy transition around 760 nm is the
direct band-gap transition from the valence band (VB) to the conduction band (CB) at the 
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point of the Brillouin zone. The PL spectra of MAPbI3 and (FA0.8/MA0.2)Pb(I0.8/Br0.2)3 consist
of a single emission band from the band gap peaking at 760 nm and 753 nm, respectively, and
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having in both cases a width of ~ 50 meV, supporting our working hypothesis that the mixed
perovskite consists of a single phase and not a mixture of different phases.

Figure 1. A) Upper panel: Attenuation coefficient spectra and photoluminescence (PL)
emission spectra of pure MAPbI3 and mixed (FA0.8/MA0.2)Pb(I0.8/Br0.2)3 perovskites. The inset
shows the PL emission lifetime upon excitation at 355 nm (with 1 µJ cm-2). Grey lines represent
theoretically obtained transitions for the mixed perovskite as detailed in Table 1. Lower panel:
Derivative of the absorption spectra. B) Band structure of mixed (FA0.8/MA0.2)Pb(I0.8/Br0.2)3
perovskite, as obtained by DFT calculations including spin-orbit coupling (SOC), for the most
stable perovskite structure (see Methods for computational details).

Apart from the slightly blue-shifted bandgap in the mixed perovskite, a close look at the
spectral shape reveals a progression of weak peaks between 500 nm and 650 nm, which are
absent in pure MAPbI3.This structure becomes more evident when looking at the derivative of

5

the absorption, as shown in the lower panel of Figure 1. The peak progression is present at the
same wavelengths for a different film thickness (Figure S3), ruling out interference effects as
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its origin. Since this feature is absent in the spectra of pure MAPbBr3 (Figure S4) and MAPbI3
films and cannot be reproduced by their superposition, it represents an intrinsic property of the
mixed material. According to the band structure obtained by the DFT calculations (Figure 1B
and Figure S2), several lower-lying VBs and higher-lying CBs exist in both perovskites, and
they can lead to direct transitions between the bands. In mixed (FA0.8/MA0.2)Pb(I0.8/Br0.2)3, the
valence band (VB1) is followed at lower energies (0.40 eV) by a well-defined VB2 and by a
dense manifold of states (VB3) starting at 0.65 eV below VB1, all having maxima at . The
conduction band minimum (CB1) falls again at , followed at higher energy by CB2, whose
minimum is almost degenerate at , M and Z. Table 1 summarizes the direct transitions
between the mixed perovskite bands, as calculated from the band structure. The close match
with the experimentally observed peak progression in the absorption spectrum points to the
origin of the latter as a series of transitions to higher-lying states in the mixed perovskite. We
suggest that alloying different halides and different cations reduces the structural symmetry of
the perovskite, which partly releases the selection rules to populate the higher-energy states
upon light absorption. Because of this, the progression of weak absorption peaks is only
observed in the mixed (FA0.8/MA0.2)Pb(I0.8/Br0.2)3 system, but not in pure MAPbI3, in spite of
their comparable band structure. This is consistent with the Rietveld refinements of the x-ray
diffraction data (XRD) (Figure S5 and S6), which reveal tetragonal (I4/mcm) and trigonal
(P3m1) crystal structures for the pure and mixed perovskite films, respectively. The main
difference is a sizable shortening of the c-axis in the mixed perovskite (12.69 Å (pure) vs. 12.59
Å (mixed)), and negligible changes of a-/b- axes (both 8.89 Å, Table S1). Similar symmetry
breaking of the unit cell has been recently reported by Selig et al for mixed halide perovskites.30

6
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Table 1. Comparison between theoretical and experimental direct transitions for the mixed
perovskite.
Theory Experiment
Transition
(eV - nm) (eV - nm)
1.6 – 775
VB1→CB1 1.58 - 785
2.0 – 620
VB2→CB1 1.98 -626
2.16
574
2.1 – 590
VB1→CB2
2.2 – 564
VB3→CB1 2.23 -556
2.4 – 517
VB2→CB2 2.56 - 484
2.81
441
2.7 – 459
VB3→CB2

Let us now turn to the excited-state dynamics of the pure and mixed perovskite. To ensure that
the obtained results are not influenced by differences in samples characteristics, films of
comparable morphology and thickness were used as confirmed by cross-section and top view
scanning electron microscopy (SEM) images (Figure S7). For each material, all transient
measurements shown here were performed on the same sample to ensure similar excitation
conditions when the same incident pump fluence was used. In addition, measurements were
performed at low fluences that correspond to initial excitation densities < 1017 cm-3 (except for
the intensity-dependent measurements discussed below). Thus, any contribution to the excitedstate dynamics arising from higher order recombination effects is negligible, allowing direct
comparison between the different materials. It is important to mention that steady state and
transient measurements were repeated on different sets of samples and similar
results/conclusions were obtained. Time-resolved PL measurements (inset of Figure 1) using
well above-bandgap excitation show that the carrier lifetime is substantially increased for the
mixed (FA0.8/MA0.2)Pb(I0.8/Br0.2)3 compared to MAPbI3 (28 and 13 ns respectively, estimated
from decay to 10-2). The shape of the emission band does not change at different times after
excitation, indicating the absence of inhomogeneous broadening caused by energetic disorder
and supporting that there is no significant halide segregation,31 which is also in agreement with
the XRD data (Figure S5 and S6). We use femtosecond transient absorption (TA) spectroscopy
to further elucidate the impact of using different cations and halides on the early relaxation

7

mechanisms and lifetimes of photogenerated charges. Results of the TA experiments for the
mixed (FA0.8/MA0.2)Pb(I0.8/Br0.2)3 perovskite upon excitation at 480 nm with a fluence of 0.7
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µJ/cm2 are displayed in Figure 2A. Overall, the TA features in the mixed perovskite resemble
the ones that have been reported for pure MAPbI3 films,23,32-37 which are shown for comparison
in Figure S8. In brief, there are two negative signals that correspond to photobleaching
transitions (PB1 at 500 nm and PB2 at 745 nm in the mixed perovskite). The PB2 signal is
located at the band-edge and is therefore slightly blue-shifted in comparison to the pure
perovskite (750 nm). The precise origin of PB1 in MAPbI3 has been described in detail
elsewhere,23,32-37 and can be explained by a model comprising two CBs and two VBs. An
alternative origin for this band could be the presence of a small amount of PbI2,38 however our
DFT calculations and the similar dynamics between the PB1 and PB2 bands (Figure S8)
support the assignment of PB1 to a perovskite transition. Nevertheless, our conclusions are not
affected by the origin of this band. The broad positive feature between 500-720 nm is related
to a photoinduced change in refractive index for MAPbI3, and we assume a similar origin in
(FA0.8/MA0.2)Pb(I0.8/Br0.2)3.39

Figure 2. A) Selected transient absorption (TA) spectra (top) and decay-associated spectra
(bottom) of the mixed (FA0.8/MA0.2)Pb(I0.8/Br0.2)3 perovskite upon excitation at 480 nm with
8
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0.7 µJ/cm2. Inset upper panel: Zoom on the progression of peaks recorded at 3µJ/cm2 (dotted
lines are transient spectra of MAPbI3 under identical excitation conditions for comparison).
Inset lower panel: Normalized dynamics at the PB2 signal of MAPbI3 and the mixed perovskite
upon excitation at 480 nm. B) Selected TA spectra (top) and decay-associated spectra (bottom)
of the mixed (FA0.8/MA0.2)Pb(I0.8/Br0.2)3 perovskite upon excitation at 750 nm with 2.5 µJ/cm2.
Inset lower panel: Normalized dynamics at the PB2 signal of MAPbI3 and the mixed perovskite
upon excitation at 750 nm.

Exciting in the TA experiments at 480 nm leads to excess energy in the initially excited states.
In both the pure and mixed perovskites, we observe on the sub-picosecond time scale a negative
signal in the 650-720 nm region, which narrows rapidly into PB2, and which has been ascribed
to thermally non-relaxed states (Figure 2A and Figure S8).40 The early shape and evolution of
the TA spectra of the pure perovskite have been analyzed in terms of a dynamic Burstein-Moss
shift,25 and by taking into account exciton and free charge contributions as well as carrier
thermalization.37 This ultrafast thermalization/relaxation is characterized by the decayassociated spectrum having a 0.25 ps and 0.32 ps time constant in the mixed and pure
perovskite, respectively. Moreover, at 480 nm above-bandgap excitation, we expect population
of a series of higher-lying excited states in (FA0.8/MA0.2)Pb(I0.8/Br0.2)3, but not in MAPbI3, as
discussed above. This leads to three main differences in the TA results of the mixed compared
to the pure perovskite films: i) The progression of peaks between 500 and 650 nm observed in
the steady-state absorption spectrum, is present as well in the form of negative indents in the
early TA spectra of only the mixed perovskite and disappears at time-delays longer than 500
ps (see inset Figure 2A upper panel). This confirms that the peaks are not due to interference
effects in the thin film, but are related to bleaching of electronic transitions, in agreement with
the theoretical predictions of Table 1. ii) An additional mechanism appears in the mixed
perovskite, which is evident as a slow increase of PB2 seen in Figure 2A, and thus the
maximum is reached hundreds of picoseconds after excitation. The corresponding rise of the
dynamics by about 20% at 750 nm (and decay-associated spectrum with 2 = 190 ps) is absent

9

in the pure MAPbI3 perovskite (Figure S8). Importantly, the rise of PB2 occurs simultaneously
with the disappearance of the higher-energy oscillatory bleaching signals. We attribute the
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additional mechanism in the mixed composition, leading to the disappearance of the
progression and rise of PB2 in ~200 ps, to the relaxation of carriers from higher-lying CBs or
lower-lying VBs to the VB1/CB1 band-edge. TA measurements on the mixed perovskite were
repeated using excitation at 540 nm (Figure S9) and similar long-lived oscillatory features were
observed, since there is still enough excess energy to populate the higher-level states. iii) The
slow recombination of the charges seen in the TA dynamics takes longer in the mixed
perovskite (6500 ps) compared to pure MAPbI3 (3600 ps), in agreement with the longer decay
of the PL dynamics.
To evaluate the impact of populating the higher-lying states in the mixed perovskite, we
repeated the TA experiments with excitation at 750 nm (Figure 2B), which induces initial
excited states with little excess energy, allowing neither the population of the higher-energy
states, nor thermally excited states within CB1 and VB1. Therefore, the sub-picosecond
dynamics, present at 480 nm excitation in the mixed and the pure perovskite due to
thermalization, is absent. Instead, there is an oscillatory feature overlaid with PB2, which has
been previously assigned to excitons.41, 42 The signature of excitons disappears within the first
50 fs in the mixed perovskite, while this takes about 100 fs in pure MAPbI3 (Figure S10).
There is a concomitant rise of the positive TA signal in the 500-700 nm region (photoinduced
reflectivity change due to free charges), which is much more pronounced in the pure perovskite.
This points to a lower exciton binding energy in the mixed compared to the pure perovskite,
leading to a higher ratio of directly generated free charges even at bandgap resonant excitation.
The lower exciton binding energy might be related to the presence of FA, as has been shown
by Galkowski et al. when substituting MA with FA cation in iodide perovskite.43 Moreover,
the signatures that we have identified with 480 nm excitation as evidence of higher energy

10

states accessible only in the mixed perovskite (progression of indents and spectral relaxation
within ~200 ps) are not observed upon 750 nm excitation, because those states are not
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populated at the lower excitation energy. As a consequence, the TA dynamics can be analyzed
globally using only two time constants, one for the exciton dissociation and one for the slow
nanosecond recombination of the charges (Figure 2B, lower panel). We note that the
recombination of charges is similar for (FA0.8/MA0.2)Pb(I0.8/Br0.2)3 and MAPbI3 with 750 nm
excitation (inset of Figure 2B), indicating that the longer carrier lifetime in the mixed
perovskite only exists with above-bandgap excitation. This is consistent with the similar PL
decay with 730 nm excitation (Figure S11). The similar dynamics following excitation close
to the band edge also reveal that there are no significant differences in the defect densities
between the mixed and pure perovskites, otherwise different recombination rates would be
observed even in the absence of excess excitation energy. This trend indicates that the charge
recombination slows down for high excitation energies in the mixed perovskite, but not in the
pure perovskite. Therefore, we infer that excitation into the higher valence and conduction
bands of the mixed perovskite increases the lifetime of photogenerated carriers.

Figure 3. Carrier cooling curves for MAPbI3 (dashed lines) and mixed
(FA0.8/MA0.2)Pb(I0.8/Br0.2)3 (solid lines) upon 480 nm excitation at 3 µJ/cm2, obtained from the
analysis of the TA spectra (see main text for details).

11

We have analyzed the hot carrier thermalization of the (FA0.8/MA0.2)Pb(I0.8/Br0.2)3 and MAPbI3
films upon excitation at 480 nm (with excess energy) using the model proposed by Beard et
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al.37 A similar analysis has been previously applied to fit the TA spectra of various perovskites.
.37, 44, 45 To extract the carrier temperature as a function of time, we have thus approximated the
Fermi-Dirac distribution for energies >> Ef with a Maxwell-Boltzmann distribution and have
extracted the carrier temperature by fitting this to the TA spectra in the region between 640 and
730 nm (Figure S12). The carrier cooling curves are shown in Figure 3. At the used fluence of
3 µJ/cm2, the cooling of pure MAPbI3 occurs mainly within 1 ps, according to thermalization
within the excited energy band, as discussed above. Such a cooling rate is in agreement with
previous TA measurements on halide perovskites performed at low pump fluences, for
excitation energies where charge carriers have initially excess kinetic energy, and is dominated
by the intrinsic Fröhlich charge carrier-phonon interaction.37, 45, 46 The carrier cooling curve for
the mixed perovskite is substantially different. The initial carrier temperature is lower than in
the pure perovskite, which is reasonable since the high-energy photons will populate the
higher-energy allowed states instead of directly generating hot carriers in CB1 or VB1.
Therefore, a second slow cooling component of over 100 ps is present in addition to the subpicosecond one. This slower carrier cooling component is compatible with an initial population
of high-lying electronic states above the band gap and a subsequent relaxation to the band-edge
of the mixed perovskite.37 The relaxation leads to a population hot carriers in CB1 and VB1 on
the hundreds of picosecond time scale, explaining the observed slower cooling at the bandedge transition. This attribution is supported by the fact that the slower cooling process occurs
on a similar time scale as the rise of PB2 and the disappearance of the progression in the 500650 nm region, which we assigned to the relaxation from the higher-energy states in the mixed
perovskite.

12
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Figure 4. A) Normalized TA dynamics probed at PB2 (band-edge photo-bleach) compared to
the THz photoconductivity dynamics for pure MAPbI3 and mixed (FA0.8/MA0.2)Pb(I0.8/Br0.2)3
upon photoexcitation at 480 nm (3 µJ/cm2). Inset: Same data on a logarithmic time scale. B)
Real (Δσ1) and imaginary (Δσ2) parts of THz photoconductivity spectra for MAPbI3 and
(FA0.8/MA0.2)Pb(I0.8/Br0.2)3 obtained upon excitation at 480 nm with an absorbed pump fluence
of ~ 3 μJ/cm2 at a fixed pump-probe delay of 20 ps.

To further confirm our interpretations, the photoconductivity dynamics of the two perovskites
were measured by optical-pump-terahertz-probe (OPTP) spectroscopy upon 480 nm excitation
with 3 µJ/cm2 (Figure 4A). While the TA dynamics is proportional only to the charge carrier
population and relaxation, the THz photoconductivity dynamics is proportional to the product
of the charge carrier density and their short-range mobility.47 Interestingly, the mixed
perovskite exhibits an initial rise of the THz dynamics reaching a maximum at about 100-200
ps after the excitation, similar to the dynamics of the band-edge carriers probed at PB2 in the
TA measurements (Figure 4A). This reveals that the carriers probed in the THz measurements
are essentially those that have relaxed to the band-edge energy levels, while the charges that
populate the higher-lying CBs or lower-lying VBs are not visible due to the fact that they have
a much lower mobility in these energy levels, so that their contribution to the conductivity is
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insignificant. This is consistent with the band structure of the mixed perovskite obtained by
DFT calculations (Figure S2). Notably, the band dispersion of VB2 and VB3 is much smaller
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than that of VB1 (lower slope when moving away from ), with VB2 showing an almost flat
band along the →Z direction. Similarly, CB2 exhibits a reduced slope along the →Z
direction than CB1. This implies higher carrier effective masses for transitions involving the
secondary bands, especially VB2 and CB2, causing lower mobility in these bands. When
reaching the band-edge after relaxation from the higher-lying states, the mobility of the carriers
thus increases and leads to a rise of the THz photoconductivity dynamics in the mixed
(FA0.8/MA0.2)Pb(I0.8/Br0.2)3 perovskite. This is not observed in pure MAPbI3 (Figure 4A),
because the higher states are not populated and the thermalization to the band-gap occurs on
the sub-ps timescale, which is not accessed via THz spectroscopy. In the case of the pure
perovskite, there is a difference between the TA and THz dynamics at early times (up to 5 ps),
which suggests a fast increase of the charge carrier mobility. As carrier cooling is ultrafast in
this material (sub-ps time scale at low fluences), the weak decay observed in the TA dynamics
during the first few ps can be attributed to some trap recombination, while the difference
between the TA and THz dynamics indicates that the carrier mobility concomitantly increases.
We suggest that this is caused by the depopulation of the band edge energy levels, leading to
lower carrier density. Similar results have been previously obtained in the pure perovskite via
time dependent complex THz photoconductivity measurements.48
The complex THz photoconductivity spectra of the pure and mixed perovskite are shown
Figure 4B at a pump-probe delay of 20 ps. At this longer time delay, and because the charge
carriers in the higher-lying CBs and lower-lying VBs in the mixed perovskite do not show
significant THz response due to their high effective mass, the photoconductivity spectrum
reflects mainly carriers at the band-edge. The sub-micrometer size of the perovskite crystals
used in this study (Figure S7) leads to important backscattering of charges at the crystal
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boundaries, which explains deviation from the Drude behavior in the photoconductivity
spectra. Thus, for both perovskites, a positive almost flat real part of the photoconductivity
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(Δσ1) is seen, while the imaginary part (Δσ2) is negative for low frequencies (indicating carrier
localization due to disorder)48, 49 and becomes positive at higher frequencies. There is no
significant change in the shape of the spectra between the two materials, indicating a similar
degree of localization of the charge carriers at the band-edge and thus confirming the similar
grain sizes observed by SEM images in mixed and pure perovskite films.

Figure 5. Temporal evolution of the THz photoconductivity (transmission difference at the
maximum THz signal with and without pump at different pump-probe time delays) for A)
MAPbI3 and B) (FA0.8/MA0.2)Pb(I0.8/Br0.2)3 using excitation at 480 nm and several pump
fluences between 3-88 μJ/cm2. The solid lines represent the simultaneous fit of the decay curves
with a differential rate equation (equation 1).

Finally, we have investigated the recombination mechanism in the pure and mixed perovskite
(with excess energy excitation at 480 nm), by analyzing the decay of the THz
photoconductivity dynamics as a function of excitation density (Figure 5). We note that this
decay at different fluences is similar to the one probed by TA spectroscopy in the PB2 band
(Figure S13), confirming that the THz dynamics indeed reflect the loss of carrier population
15

due to recombination and that the charge carrier mobility is not significantly modified in the
time window measured here. We have shown in the analysis of the TA measurements that
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(short-lived) excitons only play a role with band-edge excitation at 750 nm, so that we see here
at 480 nm excitation mainly recombination of free charges. The THz photoconductivity decay
becomes gradually faster with photoexcited carrier density, since higher order recombination
processes take place at higher fluences, such as second-order bimolecular and third-order
Auger recombination. 20, 25, 50 On the other hand, the photoconductivity dynamics at low pump
fluences becomes independent of the charge density and is related to monomolecular processes
(most likely trap-assisted recombination).50 A differential rate equation that describes the
temporal evolution of the charge density n(t) was simultaneously fit to the decay curves at all
fluences, in order to extract the rate constants for the different recombination processes:
dn(t )
= − k1 n(t ) − k 2 n 2 (t ) − k 3 n 3 (t )
dt

(equation 1)

Here, k1 is the monomolecular recombination rate constant associated with trap recombination,
k2 is the bimolecular coefficient arising from band-to-band electron-hole recombination and k3
is the Auger coefficient, which is a non-radiative recombination process and involves the
participation of three charges. Since we are focusing here on recombination, we only included
decay components in the analysis and neglected the weak signal rise due to relaxation to the
band-edge in the mixed perovskite, which becomes masked by the important decay amplitude
caused by fast higher-order recombination effects as the fluence increases. We set the
monomolecular rate constant k1 to be equal to the long-lived component found via TA
measurements at the lowest pump fluence, while the initial photoexcited carrier density was
deduced from the steady-state absorbance at 480 nm, the sample thickness (~450 nm), and
assuming a penetration depth of ~330 nm. The rate constants for the pure and mixed perovskite
are summarized in Table 2. Due to the similarity between the TA and THz dynamics at the
different pump fluences (Figure S13), comparable higher order recombination coefficients
16

would be extracted via both methods. The values found for the higher order rate constants in
MAPbI3 are on the same order of magnitude as those previously reported.51, 52 However, both
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k1 (monomolecular trap recombination) and k2 (bimolecular electron-hole recombination) are
significantly lower in the mixed compared to the pure perovskite, evidencing reduced
recombination in (FA0.8/MA0.2)Pb(I0.8/Br0.2)3. This is consistent with the longer carrier
lifetimes seen with above-bandgap excitation in the femtosecond TA measurements and
nanosecond time-resolved PL measurements. We have shown that the morphology, crystal size
and trap density are similar in the mixed and pure perovskite and that the extended lifetime in
the mixed perovskite correlates with the population of higher excited states (seen only with
excitation well above the band gap). We therefore tentatively ascribe the reduced
recombination to the presence of carriers in higher-lying CBs and lower-lying VBs during the
first 200 ps after photo-excitation, that have lower mobility (reducing bimolecular encounter).
The charge carriers need a longer time to reach the band-edge from the higher populated CBs
and VBs (~200 ps), before undergoing bimolecular and trap-based recombination. During that
time, the carriers already present in CB1/VB1 can move away and further reduce the
probability of bimolecular encounter. Another factor that could affect the higher order
recombination coefficients is the presence of a hot-phonon bottleneck, shown to be significant
in halide perovskites.37, 44, 45 In MAPbI3, the charge carriers are photoexcited to the CB1/VB1
levels with high excess kinetic energy that they lose by phonon emission. On the other hand,
in mixed (FA0.8/MA0.2)Pb(I0.8/Br0.2)3, the charge carriers populate higher energy CBs and VBs
in which they have less excess energy, since they will occupy states close to the edge of the
bands, reducing the density of emitted phonons and leading to a weaker hot-phonon bottleneck
effect compared to the pure perovskite. Therefore, it is unlikely that this effect accounts for the
slower higher-order recombination in the mixed material.
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Table 2. Global fitting rate constants of monomolecular, bimolecular and Auger recombination
are given for MAPbBr3, MAPbI3 and FA/MAPbI/Br.

MAPbI3
(FA0.8/MA0.2)Pb(I0.8/Br0.2)3

k1
(×108 s-1)
2.8
1.5

k2
(×10-10 cm3 s-1)
3.3
1.4

k3
(×10-28 cm6 s-1)
1.2
1.0

In conclusion, we have compared here the excited-state properties of single-halide-singlecation MAPbI3 and mixed-halide-mixed-cation (FA0.8/MA0.2)Pb(I0.8/Br0.2)3. We find
significant differences in their photophysics. The mixed perovskite is characterized by a
reduced exciton binding energy, longer free charge carrier lifetime, and reduced trap and
bimolecular recombination. The enhanced carrier lifetime and reduced recombination correlate
with the population of higher excited states (involving higher-lying CBs or lower-lying VBs)
with above-bandgap excitation, which lead to characteristic signatures in the steady-state and
transient absorption spectra. We suggest that alloying different cations and anions reduces the
structural symmetry of the perovskite, enabling the otherwise forbidden transitions to the
higher electronic states. The mobility of the carriers in the higher-lying CBs or lower-lying
VBs is lower (according to terahertz measurements and the computed band structure) than at
the band-edge. The carrier lifetime is reduced in pure MAPbI3, where those states are not
accessible, and when (FA0.8/MA0.2)Pb(I0.8/Br0.2)3 is excited without excess energy at the bandedge resonant transition. As summarized in Figure 6, for above-bandgap excitation, the
photogenerated charges relax to the band-edge on a significantly longer time scale in the mixed
(180 ps) than in the pure (sub-ps) perovskite, due to the involvement of the higher states. We
note that a similar band structure for the pure perovskite has previously been suggested.32, 53
Since electron and hole transfer to the selective contacts within perovskite solar cells may occur
from energy states above the band-edge,54, 55 the charge extraction in such devices might benefit
from the relatively slow cooling to the band-edge in the mixed perovskite.
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Figure 6. Schematic representation of the proposed band structure, absorption transitions and
excited-state relaxation mechanisms for the mixed and pure perovskite. In the mixed
perovskite, the population of CB2, VB2 and VB3 increases the lifetime of the photogenerated
carriers.

Supporting Information
Experimental methods and additional figures as mentioned in the text.
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