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Abstract 

Quadruple cation mixed halide perovskite, GA0.015Cs0.046MA0.152FA0.787Pb(I0.815Br0.185)3, single 

crystals were grown for the first time using an inverse temperature crystallization process. Solar 

cell devices in n-i-p stack configuration using thin films of the same materials showed power 

conversion efficiency above 20%. Complementary time resolved spectroscopy confirmed that 

polycrystalline thin films and single crystals identically composed exhibit similar carrier dynamics 

in picosecond range. Cooling of excited carriers and bandgap renormalization occur on the same 

timescale of 200 – 300 fs. The radiative recombination rate (1.2×10-9 cm3/s) is comparable to 

values reported for GaAs semiconductor. At low excitation density, a long carrier lifetime of 3.2 

µs was recorded possibly due to the passivation of recombination centers. This study clarifies 

discrepancies about lifetime of hot carriers, impact of radiative recombination, and role of 

recombination centers on solar cell performance. The quadruple cation perovskites displayed short 

time dynamics with slow recombination of charge carriers. 

TOC GRAPHICS 

 

Metal-halide hybrid perovskites represent a family of crystalline compounds that possess crystal 

structure similar to the parent mineral CaTiO3. These materials can be thus generally described 
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by the ABX3 formula, where the A- and B-sites are occupied by monovalent, divalent or 

tetravalent cations and the X-site is occupied by negatively charged anions. Since their first 

demonstration in photovoltaic devices ten years ago as solution processed polycrystalline thin 

films, they have proven to be valuable in a wide range of optoelectronic applications such as 

light emission, lasing, radiation detection and even as media for energy storage, far beyond the 

classic solar light harvesting.1–6 Nonetheless, most of these compounds face inherent as well as 

externally induced stability issues, which impair and retard their potential commercial 

applications despite several attempts made to overcome this inherent problem. The most 

promising results for polycrystalline thin films have been obtained by optimally intermixing 

different cations on the A-site and halide anions on the X-site of the ABX3 hybrid perovskite 

structure. A careful compositional engineering can result in to a cubic phase that: i) is stable 

within the operation temperature range of a photovoltaic device, ii) maintains a reasonably low 

band gap value and iii) displays low carrier recombination rates.7–12 Such an approach allowed 

the fabrication of small area solar cells having high photoconversion efficiency and stable power 

output under 1000 hours of 1 sun (100 mW/cm2) continuous irradiation.13,14 Most notably, the 

addition of guanidinium cations could modulate morphology and drastically alter charge 

recombination dynamics in hybrid perovskites by means of larger grain size, trap passivation and 

reduced hysteresis effects.9,10,14,15 Being inspired by recent reports, we have designed and 

realized a quadruple cation organic-inorganic mixed lead halide perovskite active layer, as well 

as single crystals, by mixing formamidinium (FA), methylammonium (MA), guanidinium (GA), 

and cesium (Cs) cations in the desired ratio GA0.015Cs0.046MA0.152FA0.787Pb(I0.815Br0.185)3.
8,9,11,16 

The photovoltaic performances of GACsMAFA have been tested by fabricating a n-i-p type 

perovskite solar cell architecture with spiro-OMeTAD as the hole transporting material and 
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compact-TiO2/mesoporous TiO2 layer as the electron selective contact. By optimization of the 

charge extraction at the electron-selective interface, we could achieve a photoconversion 

efficiency above 20% and negligible hysteresis. Due to the optimal mixing of different cations, 

the photovoltaic cells displayed a decent operational stability. 

It is still an ongoing debate whether the introduction of multiple cations to the perovskite 

structure could alter the charge carrier dynamics and in particular the effect of trap passivating 

properties of guanidinium cations are not understood10,14. When compared to the previous 

reports, the main novelty of this work lies in a thorough analysis of the carrier kinetics ranging 

from femtoseconds to microseconds in multiple cation mixed halide GACsMAFA crystals and 

films. By applying complementary pump-probe techniques, we prove that an initial photo carrier 

induced reduction of the optical gap (also known as the band gap renormalization), takes place 

while carriers are in a highly non equilibrium state. We find no evidence of hot carriers having 

sizable excess energy and living on picosecond timescale in our quadruple cation samples. This 

controversial issue has recently been the focus of many experimental studies17–19 on CH3NH3PbI3 

and has so far not been addressed in lead halide perovskites with multiple cations. After an 

ultrafast thermalization, the carriers recombine via radiative pathways at high photoexcitation 

density or by trap-assisted mechanisms in the low photoexcitation regime. The radiative 

recombination rate is comparable to the one of standard semiconductors with direct band gap and 

does not have significant effect in perovskite devices as long as the carrier mobility remains 

high.20 In agreement with previous reports,7–11 we found that inclusions of guanidinium cations 

in the perovskite mixture passivate the grain boundaries of thin films and increase the non-

radiative recombination time up to the microsecond timescale. Finally, the evolution of band 

filling as a function of photoexcitation density has been employed to estimate the reduced 
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effective mass near to the band edges. The derived value is comparable21,22 to the one reported 

for CH3NH3PbI3 and suggests that excited electrons are large polarons with moderate or weak 

interaction with the lattice polarization.23  
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Figure 1. (A) Schematic representation of the unit cell of organic-inorganic ABX3 perovskite. A 

= organic or inorganic cations (MA = (CH3NH3
+), FA = formamidinium (HC(NH2)2

+), GA = 

guanidinium (C(NH2)3
+), Cs+), B = Pb2+ and X = I-, Br- and ionic radius of different A-site 

components. (B) Proton nuclear magnetic resonance (1H NMR) spectra of single crystals 

dissolved in DMSO-d6 show chemical shifts of the hydrogen signal characteristic for each of the 
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organic cations. (C) Powder X-Ray Diffraction pattern (PXRD) of the 

GA0.015Cs0.046MA0.152FA0.787Pb(I0.815Br0.185)3 ground single crystals. (D) XRD of the 

GA0.015Cs0.046MA0.152FA0.787Pb(I0.815Br0.185)3 thin film. The extra Bragg peak visible around 12.65 

degrees is due to excess PbI2 (5%). 

The quadruple cation GA0.015Cs0.046MA0.152FA0.787Pb(I0.815Br0.185)3 (GACsMAFA) perovskite 

(Fig. 1A) has been synthesized as single crystals and as thin films. The synthesis of the single 

crystals was conducted in nitrogen environment by inverse temperature crystallization (ITC) 

approach at 107 °C by dissolving the precursor materials in γ-butyrolactone solvent and 

subsequently performing seed growth under isothermal conditions.24 Thin films have been 

prepared via spin coating under nitrogen environment in mixed DMF/DMSO solvent system 

followed by anti-solvent (toluene) quenching. Each one of the cations covers a functional role in 

the active layer. The most studied perovskite is based on methylammonium (MA) cation, which 

is an excellent light harvester but suffers from its low thermal and chemical stability. As an 

example, direct contact of MA based perovskite with basic metal oxides like ZnO or Cu2O can 

lead to deprotonation and subsequent formation of methylamine gas along with other products.25 

Formamidinium (FA) displays a broader absorption of the solar spectrum26,27 due to its lower 

band gap and high probability of forming hydrogen bonds.28 In addition, the FA cation is less 

prone to deprotonation, when compared to MA, mostly due to the resonance stabilization effects. 

The optimal embedment of such cation stabilizes the pseudo-cubic or trigonal structure with 

respect to the tetragonal one that is observed for MAPbI3 under standard conditions. Nonetheless, 

the FAPbI3 perovskite is also prone to undergo phase transition into the non-photoactive 

hexagonal δ-phase.29 This undesirable phase leads to a large bandgap insulator with unsuitable 

absorption properties for a photoactive layer. However, it is possible to hinder the formation of 
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the δ-phase by incorporating small amounts of cesium cations as was recently demonstrated by 

Saliba et al.29 The latter increases the structural stiffness, suppresses formation of undesired 

phases, improves thermal stability and distributes the halide mixture evenly throughout the 

material. Finally, guanidinium (GA) cation suppresses the formation of halide vacancies, and 

minimizes the non-radiative charge carrier recombination at grain boundaries.7 GA cation is also 

very stable since the high pKa value (13.6) makes any deprotonation process practically 

impossible. In our study, samples were prepared with 18.5% of bromide and 81.5% of iodide. 

The chosen bromide and iodide ratio optimizes the optical gap while preserving a cubic 

structure. The relative concentration of the different cations plays a primary role on the crystal 

structure as well as on the endurance of the solar cells. We have designed the quadruple cation 

perovskite in order to achieve the highest possible structural stability. The effective Goldschmidt 

tolerance factor teff has been maintained very near to the recommended value for the 

crystallization in a cubic phase. We obtained teff = 0.968 from an optimal mix of cations in 

GA0.015Cs0.046MA0.152FA0.787Pb(I0.815Br0.185)3.  

After synthesis, we have verified the stoichiometry of the compound by performing 1H Nuclear 

Magnetic Resonance (NMR) spectroscopy on dissolved single crystals. The single crystal was 

washed with isopropyl alcohol before dissolve in DMSO-d6 to ensure removal of surface bound 

residues. The resonance peaks in the spectrum of Fig. 1B unambiguously identified FA, MA, and 

GA through the chemical shift of protons belonging to the respective -NH2, -CH, -NH3
+ and -

CH3 (not shown) groups of the hosting cations. The protons of -NH3
+ (MA) group were observed 

at 7.51 ppm, while two peaks with identical integral were observed for the =NH2
+/-NH2 groups 

of the formamidinium cation at 8.99 and 8.67 ppm, respectively. The double peak structure of 

the =NH2
+/-NH2 resonance was only resolvable in a multiple scan NMR spectrum, which enables 
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a resolution of 0.02ppm (Fig. 1B), whereas in a single scan NMR, the transition is seen at the 

average position between two peaks (8.99 + 8.67) / 2 = 8.83 as it is shown in the Fig. S3 The -

CH group of the FA cation peaked at 7.87 ppm. For the guanidinium cation a single peak at 6.91 

ppm was detected, as expected for three chemically equivalent -NH2
1/3+ groups. An accurate 

quantification of the individual components by peak integration indicated an excellent match 

with the intended composition (see 1H NMR reference spectra Section in the Supporting 

Informaion). 

The phase purity as well as the crystallinity of the compound has been investigated by X-ray 

diffractometry. The diffraction pattern of single crystal powders in Fig. 1C is compatible with a 

Pm-3m cubic structure and lattice parameter a = 6.2185 Å  (V = 240.4677 Å 3), which were 

derived from single crystal X-ray diffraction analysis performed using Mo-Kα irradiation. We 

could not detect any signature of the undesirable δ-phase compound. As shown in Fig. 1D, the 

X-ray diffraction plot of thin films is nearly identical to the one of the crystalline powders with 

only notable difference being an extra diffraction peak around 12.65 degrees that is ascribed to 

excess PbI2 inclusions. Such minor PbI2 component has been generated on purpose during the 

thin film synthesis, by adding an excess quantity of PbI2. In agreement with previous reports,32 

the enrichment with PbI2 hinders the accumulation of organic species at the grain boundaries, 

favors an optimal embedding of the grains and improves the transport of charge carriers. 
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Figure 2. (A) Cross sectional SEM image of a photovoltaic n-i-p device with: 500 nm of 

transparent electrode FTO, 400 nm of electron transport layer Li(TFSI)2 mp-TiO2 + perovskite, 

530 nm of active perovskite layer GA0.015Cs0.046MA0.152FA0.787Pb(I0.815Br0.185)3 and 280 nm of the 

hole transport layer Spiro-OMeTAD. (B) J-V curve of the device showing: short circuit current 

density of 23.6 mA/cm2, open circuit voltage of 1.18 V and an average power conversion 

efficiency (PCE) of 20.5%. (C) External Quantum Efficiency (EQE) as a function of the incident 
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photon energy. (D) Maximum Power Point (MPP) tracking during the first hour under 

illumination AM1.5G 100 mW/cm2. 

A mesoporous-TiO2 supported architecture was used for the assembly of solar cell devices. The 

cross-sectional SEM of the regular n-i-p device stack are shown in Fig. 2A. A compact TiO2 

layer was prepared by aerosol spray-pyrolysis on fluorine doped tin oxide (FTO) substrates. A 

mesoporous TiO2 layer has been deposited by spin coating and treated with Li-TSFI according to 

Saliba and Giordano et al.29,33 The thermally induced decomposition of the 

Bis(trifluoromethane)sulfonamide anion (TFSI) in the presence of alkali elements passivates the 

surface of TiO2 via Ti-O-S-O-Pb bridges, while lithium effectively modulates the electronic 

conductivity and reduces the non-radiative recombination centers related to oxygen vacancies.34 

The GACsFAMA film was deposited on Li-doped mesoporous TiO2. Finally, the perovskite 

GACsFAMA film was capped by a spiro-OMeTAD layer and a thermally evaporated gold 

cathode. Within this n-i-p architecture, the TiO2 material acts as the electron selective transport 

layer (ETM), while the spiro-OMeTAD selectively extracts and transports the holes (HTM) 

towards the gold contact. The thin film SEM cross section displayed (Fig. 2A) homogeneous 

filling and good contact quality. The J-V curve in Fig. 2B resulted in a power conversion 

efficiency (PCE) of 20.96% in the forward direction and 20.12% in the reverse direction. We 

have measured the power density output with 1 sun of illumination on a device of 0.16 cm2. As 

shown by Fig. 2C, a stable photocurrent power output of about 19.5 mW/cm2 (PCE of 20.5 %), 

stabilized within a few seconds and remained constant throughout the entire duration of the 

measurement. We emphasize that the J-V hysteresis in Fig. 2B is remarkably low compared to 

other solar cells fabricated using TiO2 and Spiro-OMeTAD as transport layers35 or GACsMAFA 

as absorber.8,9,36 This finding is ascribed to several factors: i) Guanidinium, due to its hydrogen 



 13 

bonding capability, enhances grain size and passivates under-coordinated iodide species between 

adjacent crystalline grains. ii) GA and the excess PbI2 minimize the halide ions migration at the 

interface7 iii) lithium incorporation in mesoporous TiO2 reduces the oxygen vacancies, iv) the 

smooth roughness of the thin film, observed with AFM measurements (Fig. S2C), allows for a 

good charge extraction and hinders the formation of volatile capacitances.36 As shown in Fig. 

2C, the External Quantum Efficiency (EQE) of our n-i-p architecture is larger than 80% in the 

entire range covered by the visible light. This observation confirms that most of the photo-

generated electrons and holes can be collected before recombination, despite the relatively high 

thickness of the active layer of almost 1 µm (400 nm perovskite/mp-TiO2 and 530 nm perovskite 

capping layer). This could be explained by good carrier transport properties, confirmed by a 

diffusion coefficient of 0.05 cm2s-1 for GACsFAMA film which was measured with a non- 

invasive transient grating method (Fig. S5). This value fits well with a typical diffusion 

coefficient found in other halide perovskites varying from 0.01 cm2s-1 to 0.18 cm2s-1.37,38  
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Figure 3. (A) The black solid line indicates the Photothermal Deflection Spectroscopy (PDS) 

measurement of the absorption coefficient as a function of the incident photon energy. The 

spectrum indicates a gap energy Eg = 1.62 eV and an Urbach energy ΔEu = 18 meV. The red area 

represents the photoluminescence intensity measured at room temperature as a function of 

emitted photon energy. (B) Time resolved photoluminescence, acquired at photon energy 1.62 

eV and at room temperature as a function of delay time from the photoexcitation. 

The GACsFAMA absorber has been characterized by different optical techniques. Photo-thermal 

Deflection Spectroscopy (PDS) has been performed to measure the light absorption of the 

perovskite films. The PDS spectrum of Fig. 3A shows a sharp drop in absorption coefficient at 

the band gap value Eg = 1.62 eV (determined from photothermal deflection data by extrapolating 

the absorption edge). This finding is in agreement with recent reports on quadruple cation 

perovskites.8,9 Below 1.5 eV, the absorption coefficient is close to 102 cm-1 while it reaches 105 

cm-1 at 1.7 eV. Below gap absorption coefficient is attributed to photon absorption by shallow 
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tail states. The exponential rise of absorption coefficient near the bandgap results in an Urbach 

energy ΔEu = 18.5 meV. For a typical MAPbI3 perovskite the Urbach energy usually is 13 to 15 

meV, indicating increased degree of disorder in GACsMAFA samples.39 The steady-state 

photoluminescence (PL) shown in Fig. 3A peaks at the band gap (1.62 eV) and leads to a sharp 

emission line. Fig. 3B plots the temporal evolution of the photoluminescence intensity measured 

at the gap value after a photoexcitation pulse with a density of 1012-1013 cm-2. The curve can be 

correctly fitted by a step function multiplied with a single exponential decay function with a 

decay time of τPL = 3.2 µs together. The luminescence lifetime value is comparable to the 

relaxation time that has been previously reported for halide perovskite thin films incorporating 

guanidinium.11 The remarkable increase of τPL in the presence of guanidinium confirms the 

efficient passivation of non-radiative recombination centers at the grain boundaries of the 

quadruple cation mixed halide perovskite. Overall, the suitable Eg value, high absorption 

coefficient, low ΔEu, and long τPL are favorable parameters for an efficient harvesting of the solar 

energy. 
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Figure 4. (A) Two photon photoemission spectroscopy (2PPE) measured on a GACsFAMA 

single crystal. The sample is excited with a pulse centered at 3 eV and photoelectrons are emitted 

by probe pulse centered at 4.5 eV. Pump on minus pump off signal of primary electrons in the 

Conduction Band Minimum (CBM) and Secondary Electrons Replica (SER) are marked directly 

on the image. (B) Differential absorption of a supercontinuum spectrum measured on a 

GACsFAMA thin film as a function of pump-probe delay. The pump pulse is centered at 2.5 eV 

and induces an excitation density of 8.7×1016 cm-3. (C) Differential absorption decay extracted at 

1.68 eV after a pump pulse centered at 2.5 eV and with different fluence values. The traces have 

been acquired for an excitation density spanning from 3.7×1016 to 7.5×1017cm-3. Red curves are 

the experimental data while blue curves are fits obtained via a recombination model. (D) 

Renormalized traces of the time-resolved transient absorption spectra acquired at pump probe 

delay of 0.1 ps, for increasing photoexcitation density (E) The broadening of transient absorption 

peak (red dots) is plot against the photoexcitation density 𝜌2/3. 
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The initial dynamics of charge carriers after an ultrafast photoexcitation has been characterized 

by two different pump-probe experiments. Two-photon photoemission (2PPE) has been 

performed to observe the temporal evolution of the excited state in terms of kinetic energy of 

electrons.40 Single crystals of GACsFAMA were cleaved and measured in ultrahigh vacuum. The 

entire experiment has been performed at the temperature of 180 K, in order to avoid the 

alteration of surface composition by possible sublimation of iodine or organic cations from the 

surface. The surface of the freshly cleaved crystal was photoexcited with a pump fluence of 8 

µJ/cm2, centered at 3 eV and the population of photoelectrons was probed with a subsequent 

pulse, centered at 4.5 eV. Fig. 4A shows the pump-on minus pump off photoelectron intensity as 

a function of kinetic energy and pump-probe delay. The kinetic energy Ek has been referred to 

the vacuum level of the GACsFAMA surface but should be increased by 0.4 eV if referred to the 

spectrometer vacuum level. Around zero delay, primary electrons extend up to high kinetic 

energy and relax their excess energy until reaching the Conduction Band Minimum (CBM) at Ek 

= 0.8 eV. The characteristic timescale of such electronic cooling is 0.25 ps and matches the value 

measured18 in CH3NH3PbI3. Such fast relaxation of the excited electrons is ascribed to highly 

dissipative collisions between electrons with large excess energy and the -NH2, -CH, -NH3
+, -

CH3 groups of the organic cations.18 This efficient carrier cooling and the negligible effect that 

any phonon bottleneck has at low fluence,41 hinder any viable application of halide perovskites 

for the realization of hot carrier solar cells. In this context, we stress that a careful analysis of 

2PPE spectra must be done to disentangle spurious components out of the measured signal. 

Beside the primary photoelectrons at Ek > 0.8 eV, an additional intensity is indeed detected for 0 

eV < Ek < 0.8 eV. We ascribe this Secondary Electrons Replica (SER) to photoelectrons 

experiencing inelastic scattering events while propagating from the sample out in the vacuum 
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region. The SER can be viewed as an artifact of the measurement and carries no information 

about the energy of excited electrons in the solid. Next, we characterized the ultrafast electron 

relaxation by time-resolved transient absorption at room temperature. Thin films of GACsFAMA 

have been probed using a white light continuum and pumped by a femtosecond pulse centered a 

2.5 eV. Fig. 4B shows that Photoinduced Band Filling (PBF) reduces the absorption around 1.68 

eV due to Pauli blocking.21 In addition to this bleaching effect, a transient increase of optical 

absorption occurs at 1.62 eV at early delay time. The dynamical screening of the electron-

electron interaction in the photoexcited state is the main reason of such Band Gap 

Renormalization (BGR).19 Remarkably, the good matching between the duration of BGR in Fig. 

4B and the duration of electronic cooling in Fig. 4A proves that BGR takes place while the 

electrons and holes are in a highly non thermal state. This result is somehow expected. Being 

driven by changes of dielectric function, the BGR is largest when the non-equilibrium electronic 

distribution opens a large amount intraband scattering channels. This condition is no longer 

verified after roughly 0.5 ps, once the carriers have been fully thermalized. On the longer 

timescale the dynamics is ruled by a reduction of PBF due to carrier recombination. We show in 

Fig. 4C the decay of the PBF for different excitation density between F≤3.7×1016 cm-3 and F≥ 

7.5×1017cm-3. The entire data set can be fit globally by standard rate equation − 
𝑑𝑁

𝑑𝑡
 𝑎𝑁 +

𝑏𝑁2 with a Shockley-Read-Hall trap recombination rate of a = 3×105 1/s and radiative 

recombination coefficient b = 1.2×10-9 cm3/s (not corrected for photon recycling).42,43 More 

details on the fitting procedure is given in the Supporting information. This value of radiative 

recombination is slightly higher compared to the radiative recombination rate reported in other 

halide perovskites,44 however, as it was shown by other authors, carrier recombination rate has 

less effect on photovoltaic properties in materials with high carrier mobilities.20 It is often being 
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wrongly argued that the high efficiency of lead-halide perovskite solar cells is due to the 

exceptionally slow radiative recombination rates, five orders of magnitude lower than predicted 

by a Langevin model.45 The latter has been ascribed to a slightly indirect band gap originating 

from dynamical effects.46 Due to thermal fluctuations, the rotation of organic cations may induce 

a momentum mismatch between the band edges.47,48 Despite such proposals, recent calculations 

suggest that the indirect nature of the band gap suppresses the radiative recombination rate by 

less than a factor of two.49 This suppression would not affect the efficiency of a perovskite solar 

cell as long as the carrier mobilities remain modest (> 4×10-3cm2/Vs).20 In agreement with this 

finding, we stress that the radiative recombination coefficient of GACsFAMA is as high as in 

Gallium Arsenide (GaAs), which is a traditional semiconductor with direct band gap.50 

Moreover, the long carrier lifetime observed in Fig. 2C and the high EQE in Fig. 2D imply that 

radiative recombination has no impact on the overall performance of the GACsFAMA solar cell. 

In Fig. 4D, we show the normalized transient absorption that has been measured just after 

photoexcitation at different pump fluence. By increasing photoexcitation density, we observe a 

blue shift and broadening of the PBF peak.21,22 This dynamical Burstein-Moss effect is a 

consequence of the excited distribution of electron in the conduction band and holes in the 

valence band. It can be described by an effective filling level leading to Pauli blocking of the 

optical transitions in an energy interval ∆𝐸𝐵𝑀  
 2

2𝑚𝑒ℎ
 (3𝜋

2𝑁)2/3 from the bandgap value. Here, 

meh
* is the reduced effective mass and N is the photoexcitation density. Fig. 4E shows the 

experimental broadening of PBF as a function of the excitation density to the power of 2/3. The 

curve is non-linear in the low fluence regime, correlated with trap filling mechanism, and linear 

at elevated fluence, where band-to-band recombination becomes dominant. The linear 

dependence observed in a wide fluence range is consistent with the simple Burstein Moss model. 
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From the slope of the linear fit we extract a reduced effective mass meh
* = 0.14 m0 (where m0 is 

the bare electron mass). This value is consistent with the 0.1 m0 − 0.3 m0
21,22 reported in 

CH3NH3PbI3 or other perovskites. The relatively small value of the reduced mass, long carrier 

lifetime and modest diffusion rate are in good agreement with ab-initio calculations suggest a 

moderate dressing of GACsFAMA carriers by the lattice polarization.23  

In conclusion, we reported a detailed chemical and time resolved spectroscopic analysis of a 

quadruple cation mixed halide GA0.015Cs0.046MA0.152FA0.787Pb(I0.815Br0.185)3 perovskite and 

comparatively analyze the micro- to femtosecond photodynamics in polycrystalline and single 

crystal samples. Our solar cells based on this active layer reach photovoltaic efficiencies above 

20% and high operational stability. By making use of complementary ultrafast techniques, we 

prove that both hot carrier cooling and bandgap renormalization occur on the sub-picosecond 

timescale. The radiative recombination of GA0.015Cs0.046MA0.152FA0.787Pb(I0.815Br0.185)3 is higher 

than the one of CH3NH3PbI3 but has no role on the photovoltaic performances of solar cells due 

to good carrier transport properties. On the other hand, guanidinium cations passivate the 

recombination centers at the grain boundaries and increases the lifetime of charge carriers 

drastically up to the microsecond timescale. 
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