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Abstract 

Incorporating cesium (Cs) or rubidium (Rb) cations into multiple-cation lead mixed-halide perovskites 

(FA0.83MA0.17Pb(I0.83Br0.17)3) increases their photovoltaic performance. In this study, the fundamental 

photophysics of perovskites are investigated by steady-state and transient optical spectroscopy and the reasons 

for the performance increase are revealed. Cs/Rb-cation incorporation slightly increases the bandgap, while 

exciton binding energies remain in the range of a few meV. Urbach energies are reduced, suggesting improved 

perovskite microstructure upon Cs/Rb incorporation. Carrier density-induced broadening of the photo-

bleaching following the Burstein-Moss model is observed, and the effective carrier masses are determined to be 

a few tenths of the electron rest mass. From fits of the high-energy tail of the perovskite’s photo bleach to 

Boltzmann’s distribution, sub-picosecond hot carrier cooling is revealed, implying strong carrier-phonon 

coupling. Importantly, the charge carrier recombination dynamics indicate that Cs/Rb-incorporation reduces 

both the first-order (trap-assisted) and the second-order (radiative) recombination, which appears to be the main 

reason for the observed performance increase upon Cs/Rb-cation incorporation. Overall, this work presents a 
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detailed study of the photophysics of multiple-cation mixed halide lead perovskites and develops a concise 

picture of the impact of cesium/rubidium incorporation on the photophysics and device performance. 

1. Introduction 

In less than a decade, solar cells based on metal halide perovskites have reached power conversion efficiencies 

(PCEs) above 25%.
[1-5]

 Flexible solar cells,
[6-7]

 tandem devices,
[8-9]

 and large-area printed solar cells 
[10]

 have 

been demonstrated; however, the PCEs of all these devices can be further improved towards to the Shockley-

Queisser limit.
[11]

 Apart from device engineering, the photovoltaic performance is strongly dictated by the 

electronic quality of the lead-halide perovskite absorber, which benefits from incorporating different 

monovalent cations (here Cs
+
 and Rb

+
) into its lattice.

[12-14]
 This leads not only to increased performance, but 

also to better thermal stability and improved device reproducibility.
[15-16]

 However, the precise reasons for these 

improvements are still unclear and fundamental studies of the effect of Cs/Rb-ion incorporation are scarce. In 

fact, most work to date has mainly focused on how the incorporation contributes to the stability of the 

perovskite phase and changes the perovskite’s entropy,
[12, 14, 17]

 whereas only few investigations have addressed 

the impact of incorporation of monovalent cations on the photophysics of lead-halide perovskites.
[18-19]

 

Several groups have presented in-depth studies of the photophysical processes in metal halide 

perovskites featuring organic cations (mainly methylammonium (MA) cation: CH3NH3
+
) by steady-state 

optical and time-resolved spectroscopy. For instance, the Herz group investigated charge recombination and 

carrier mobility in CH3NH3PbI3 and CH3NH3PbI3-xClx films using transient THz spectroscopy.
[20-21]

 The Beard 

group determined the band gap and excitonic binding energy of CH3NH3PbI3 films and single crystals by 

applying the Elliott model on the steady-state absorption spectra; furthermore, they studied hot-carrier cooling 

and surface recombination, limiting device performance.
[22-23]

 De Wolf et al. used photothermal deflection 

spectroscopy (PDS), Fourier-transform photocurrent spectroscopy (FTPS) and photoluminescence (PL) to 

investigate sub-band gap absorption of CH3NH3PbI3 films.
[24-25]

 Snaith et al. demonstrated improved 

microstructure upon thermal treatment revealed by PDS.
[26]

 Using time-resolved photoluminescence (TRPL) 

spectroscopy, Sum et al. determined the carrier diffusion length of CH3NH3PbI3 films by comparing the carrier 
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dynamics and lifetimes in the presence of different charge extraction layers.
[27]

 Moreover, transient absorption 

(TA) spectroscopy has been used by the Kamat and Friend groups to determine the effective carrier masses for 

CH3NH3PbI3 films by analyzing the carrier density-induced broadening of the ground-state photo bleach signal 

in the framework of the Burstein-Moss model.
[28-29]

 

Whereas the aforementioned works have focused on CH3NH3PbI3 and CH3NH3PbI3-xClx films, in the 

present study we use steady-state and time-resolved spectroscopic techniques to reveal the impact of Cs/Rb-

cation incorporation on the fundamental photophysics of multiple-cation lead mixed halide perovskites, 

specifically the previously-reported high-efficiency formamidinium (FA) cation-containing 

FA0.83MA0.17Pb(I0.83Br0.17)3 perovskite
[13-14, 30]

. Firstly, by analyzing the absorption spectrum close to the band-

edge in the framework of the Elliott model, we show that Cs/Rb incorporation slightly increases the optical 

bandgap, whereas the exciton binding energies remain in the range of a few meV. Secondly, we measured sub-

bandgap absorption by PDS, from which we found that Cs/Rb incorporation desirably reduces the Urbach 

energy, indicating improved microstructure. Thirdly, we studied charge recombination by transient absorption 

(TA) pump-probe spectroscopy and analyzed the density-dependent decay dynamics using a general 

recombination model, which includes first-, second-, and third-order recombination processes, corresponding 

to defect-assisted, radiative and Auger recombination, respectively. Here, we find that the first-order 

recombination rate is on the order of 10
7
 s

-1
 and that Cs/Rb-cation incorporation reduces this rate. The second-

order recombination rate of 10
-11 

cm
3
s

-1
 implies that reduced Langevin recombination occurs in these 

perovskite films. The third-order recombination rate is on the order of 10
-29

~10
-28

 cm
6
s

-1
 and shows that Auger-

type non-radiative recombination losses are negligible under the operation condition of solar cells. 

 Furthermore, we analyzed the carrier density-induced broadening of the photo-bleaching signal in the 

framework of the Burstein-Moss model and thereby estimated the effective carrier mass to be a few tenths of 

the electron rest mass, explaining the exceptional charge carrier mobilities of these perovskite films. Lastly, we 

explored hot-carrier cooling dynamics by assuming that hot carriers reach a quasi-equilibrium state and that 
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their distribution follows Maxwell-Boltzmann statistics. We observe sub-picosecond cooling times, indicating 

strong phonon-charge coupling. Interestingly, Cs/Rb-cation incorporation does not alter the cooling dynamics.  

2. Results and discussion 

2.1 Photovoltaic device performance 

 
Figure 1. (a-d) Box chart representation of perovskite-based solar cell performance parameters under simulated AM 1.5G sunlight, 

where FAMA represents the reference perovskite FA0.83MA0.17Pb(I0.83Br0.17)3, Cs5 and Rb5 represent the Cs-incorporated 

Cs0.05[FA0.83MA0.17]0.95Pb(I0.83Br0.17)3 and Rb-incorporated Rb0.05[FA0.83MA0.17]0.95Pb(I0.83Br0.17)3 perovskites, respectively. Data shown for 

15 cells of each perovskite. 

To investigate the impact of Cs/Rb-cation incorporation on the photovoltaic performance, planar 

perovskite solar cells (PSCs) of the following structure were prepared: ITO/SnO2/perovskite/2,2′,7,7′-tetrakis-

(N,N-di-pmethoxyphenyl-amine)-9,9′-spirobifluorene (spiro-OMeTAD)/Au. As reference sample the multi-

cation lead halide perovskite FA0.83MA0.17Pb(I0.83Br0.17)3 was chosen, whereas the Cs- and Rb-incorporated 

perovskites had the compositions Cs0.05[FA0.83MA0.17]0.95Pb(I0.83Br0.17)3 and 

Rb0.05[FA0.83MA0.17]0.95Pb(I0.83Br0.17)3, respectively. The perovskites were synthesized according to protocols 

outlined earlier by Saliba et al.
[13, 30]

 Henceforth, the perovskites are denoted as FAMA, Cs5, and Rb5, 

respectively. Figure 1 presents device statistics for 15 cells of each perovskite material under simulated AM 
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1.5G sunlight. Both Cs- and Rb-cation incorporation improved the PCE values compared to the reference 

perovskite FAMA. The performance increase is a consequence of improved figures-of-merit, namely open-

circuit voltage (Voc), short-circuit current (Jsc), and fill factor (FF). In detail, in the case of Cs5 solar cells, the 

average Voc increased from 1.10 V to 1.15 V, Jsc from 21.1 mA cm
-2
 to 21.9 mA cm

-2
, and the resulting PCE 

from 17.0 % to 18.9 %. In the case of Rb5 incorporation, Voc increased from 1.10 V to 1.12 V, Jsc from 21.1 

mA cm
-2 

to 21.5 mA cm
-2
, and the PCE increased from 17.0 % to 18.1 %. We note that our results are in line 

with those of earlier reports.
[13, 17-18, 22, 30]

 In the following, we present and discuss the photophysics of FAMA 

and reveal how they are affected by Cs/Rb-cation incorporation. 
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2.2 Steady-state optical absorption spectra 

 
Figure 2. (a) – (c) Band edge absorption spectra of perovskite thin films and fits to the data according to the Elliott model. The 

absorption coefficient (blue squares) is determined from steady-state UV-Vis absorbance spectra. The black line corresponds to a 

fit based on the Elliott model, which comprises two contributions: excitonic absorption (red line) and absorption of continuum 

states (magenta line). 

In direct-bandgap semiconductors, the band-edge absorption consists of two contributions: absorption 

of continuum states and excitonic absorption.
[22-23]

 The former generates free charges, whereas the latter yields 

(weakly-bound) Wannier-type excitons. To separate these two contributions as well as to determine the 

bandgap and excitonic binding energy, we used the following modified Elliott model:
[22-23, 31]

  

                  
     

        
          

  

       

∞

   

       2,      =       .   

 

 

Equation 1 

 

Here, the first and second term represent the continuum-states and excitonic contribution, respectively,  

A is related to the transition matrix element, E the photon energy, Eg the band gap, Rex the exciton binding 

energy, n the principal quantum number. θ and δ are step and delta functions, respectively. Taking into account 

inhomogeneous broadening, two Gaussian functions were used to convolve the continuum state and excitonic 

contributions, respectively. Figure 2 compares the as-measured steady-state absorption spectra with fits based 

on the modified Elliott model (see SI for further details). Clearly, the fits reproduce the experimental data, 

supporting the applicability of the Elliott model to describe the perovskite’s absorption spectrum. Accordingly, 
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we estimated both the bandgap and exciton binding energies from the Elliott model; results summarized in 

Table 1. 

Table 1. Bandgap (Eg) and excitonic binding energy (Rex) of perovskite films investigated in this study. 

Sample E
g
 (eV) R

ex
 (meV) 

FAMA 1.650 ± 0.005 3.1 ± 0.9 

Cs5 1.677 ± 0.004 8.8 ± 1.4 

Rb5 1.670 ± 0.004 10.9 ± 1.4 

Compared to the FAMA reference sample, Cs/Rb-cation incorporation slightly increases the 

perovskite’s bandgap. The bandgap increase is consistent with reports published earlier. It can be explained 

theoretically using first-principle calculations.
[19, 32]

 Briefly, the band-edge states of hybrid metal-halide 

perovskites are governed by the Pb-6p orbital (contributing to the conduction band minimum) and the 

hybridized Pb-6s and halide-5p orbitals (contributing to the valence band maximum). Cation substitution in the 

A-site of the perovskite structure influences the bandgap through the Jahn-Teller effect by changing the volume 

and orientation of the A-site.
[32]

 Consequently, the smaller-sized Cs/Rb-cation tends to increase the band gap 

slightly due to octahedral tilting.
[33]

  

The exciton binding energies presented in Table 1 are comparably small in all samples. In fact, we 

found that Cs/Rb-incorporation increases exciton binding energies to the range of 7.0 ~ 8.3 meV. Both the 

trend and absolute values are consistent with results reported earlier by Liu et.al for Cs-containing 

perovskites.
[19]

 As the exciton binding energy is significantly below the thermal energy (kBT, with kB the 

Boltzmann constant), photoexcitation likely creates free charges at room temperature.  
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2.3 Urbach energies 

 

Figure 3. Photothermal deflection spectroscopy (PDS) spectra of perovskite films. The Urbach energy (Eu) is estimated by fitting 

the absorption tail with a single-exponential funtion. Solid lines are fits to the data. 

The sub-bandgap absorption spectra were measured by PDS and they are shown in Figure 3. Below 

the bandgap of the perovskite, we observed the characteristic exponential Urbach tail,
[25-26, 34-35]

 which can be 

fitted according to: 

         
    

  
  

 

Equation 2 

where α is the material’s absorption coefficient, E, the photon energy, Eu the Urbach energy, and EC and A are 

material constants.
[25]

 We found Urbach energies in the range of 18.2 - 22.8 meV. We note that the spectral 

resolution of our PDS setup is about 7.0 meV in the spectral region of the perovskite’s Urbach absorption. Both 

the fitting parameters and the width of the incident light spectrum are shown in the supporting information. We 

note that De Wolf et al. have recently demonstrated that the Urbach energy measured by PDS can in absolute 

terms be overestimated due to the detection limit of PDS.
[25]

 In effect, comparing our results to those published 

earlier, the Urbach energies extracted here are larger than those of CH3NH3PbI3 perovskite films (~15 meV at 

room temperature) reported by De Wolf et al. using Fourier-transform photocurrent spectroscopy (FTPS) and 

photoluminescence measurements.
[24-25]

 Nevertheless, PDS data can still be used to make relative comparisons, 

as in Figure 3. Qualitatively, this figure indicates that the Urbach energy is slightly reduced as a result of the 

Cs/Rb-cation incorporation in the films. Since the Urbach energy reflects the structural disorder,
[24-25]

 its 
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decrease upon Cs/Rb incorporation can be interpreted as improved structural order of the perovskite films, 

possibly resulting in less trap states and therefore a reduced first-order (trap-assisted) recombination rate (as will 

be shown below), leading to improved photovoltaic performance (Figure 1). 

2.4 Charge carrier density-dependent recombination dynamics 

 
Figure 4. Density-dependent charge carrier recombination monitored at the perovskites’ photo-bleach (open symbols). Global fitting 

(solid lines) based on Equation 3, the general rate equation. 

Figure 4 presents the photo bleaching dynamics of the perovskite samples for different excitation 

fluence, i.e., initial carrier concentration. The corresponding transient absorption spectra are shown in the 

Supporting Information. Clearly, the recombination of charges is fluence (carrier density) dependent across the 

fluence range probed here. We parametrized the decay dynamics by globally fitting the density-dependent 

decays to the general rate equation:
[20, 36]

 

     

  
               

        
  

Equation 3 

where k1, k2, and k3 represent the first-, second-, and third-order recombination rate constants, respectively. All 

fit parameters are listed in Table 2. The first-order recombination rate was independently obtained from time-

resolved photoluminescence (TRPL) measurements at low fluences (with initial charge density around 

9.0 · 10
16 

cm
-3
, shown in the SI) over the time scale of 500 ns to maximally reduce influences from high-order 

recombinations and to reduce the number of fit parameters required for the general rate equation.
[20]

  

Table 2. Fitting parameters obtained by global fits to the fluence dependent perovskites’ photo bleaching dynamics using the general 

rate equation.  

Sample k
1
 (s

-1
) k

2
 (cm

3
 s

-1
) k

3
 (cm

6
 s

-1
) 
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FAMA (1.19 ± 0.03) × 10
7
 (9.61 ± 1.54) ×10

-11
 (2.76 ± 0.16) × 10

-28
 

Cs5 (1.08 ± 0.03) × 10
7
 (1.80 ± 0.77) × 10

-11
 (1.24 ± 0.06) × 10

-28
 

Rb5 (1.07 ± 0.03) × 10
7
 (5.20 ± 0.55) × 10

-11
 (8.45 ± 0.35) × 10

-29
 

The fit parameters show a similar first order recombination rates on the order of 10
7
 s

-1
, indicating  

carrier lifetimes of up to hundreds of nanoseconds at low fluences, well in line with earlier reports.
[20, 36]

 The 

first-order recombination has previously been assigned to trap-assisted recombination of charges according to 

the Shockley-Read-Hall model.
[20, 36]]

 The slightly decreased first-order recombination rate implies that 

incorporation of Cs/Rb does not create additional recombination centers;
[37]

 in fact, it appears to reduce the trap 

density.
[18]

 This is in line with the increased photovoltaic performance as shown in Figure 1 and with the lower 

Urbach energies, as discussed above. Overall, this may result from the improved crystal quality during 

processing.
[15-16]

 The second-order recombination rate constants, namely k2, are on the order of 10
-11

 cm
3
s

-1
. It 

should be noted that the photon reabsorption is not taken into account here, and this may cause underestimation 

of the second-order recombination.
[38]

 Accordingly, the Langevin ratio can be calculated by:
[21]

 

               
  

  

 
     

,   Equation 4 

where k2 represents the second-order recombination constant, μ the charge mobility, ε0 the vacuum permittivity, 

and εr the dielectric constant. We note that carrier mobilities for the same Cs/Rb-containing multiple-cation 

perovskites have been reported in the range of  20 ~ 60 cm
2 
V

-1 
s

-1
.
[18]

 The dielectric constant is calculated based 

on steady-state absorption measurements, and it is coarsely estimated around 6 ~ 7 at 850 nm (see SI for the 

spectra of refractive index and relative dielectric constant). This yields a Langevin ratio of 10
-6
, well in line with 

the results reported earlier for CH3NH3PbI3-xClx perovskite films by Herz et al.
[20-21]

 We note that such a low 

Langevin ratio implies that these perovskite films can simultaneously exhibit high carrier mobility and low 

recombination rates,
[20-21]

 which is very beneficial for solar cell performance. Table 2 also indicates that the k2 

value is reduced significantly as a result of the Cs/Rb-cation incorporation. This trend is consistent with earlier 

reports 
[18]

 and in line with the photovoltaic performances shown in  Figure 1, implying a correlation between 

the second-order recombination rate and the device performance exists. In contrast to the first-order 

recombination process, the second-order recombination in direct bandgap semiconductors is radiative and 
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reflects the intrinsic properties of the material.
[36]

 Therefore, the change in k2 implies that Cs/Rb-cation 

incorporation directly affects the semiconductor’s band structure. Lastly, the fitting results reveal that the third 

order recombination constant k3 (Auger coefficient) is in the range of 10
-29

 ~ 10
-28

 cm
6
s

-1
. This value is 

comparable to those obtained previously for CH3NH3PbI3 and CH3NH3PbI3-xClx films,
[20-21]

 but smaller than 

that of CH3NH3PbBr3 films (10
-27

 cm
6
 s

-1
).

[39]
 

2.5 Effective carrier mass 

 
Figure 5. Determination of the carriers’ effective mass using the Burstein-Moss model to analyze the density-induced broadening of the 

photo-bleaching signals. (a) Broadening of the photo-bleaching signal along with the increasing charge density, FWHM: full-width-at-

half-maximum. Here, we only show data for the FAMA sample. The spectral broadening of the other perovskite thin films is shown in 

the Supporting Information. (b) ΔEg ~ n0
2/3

 dependences for each perovskite sample to evaluate the carriers’ effective mass. We note that 

to reduce the influence of hot carrier cooling, the photo-bleaching signals are selected at delay times of 3.0 ps after the hot carrier 

cooling has concluded. 

The transient absorption spectra of perovskites exhibit a characteristic photo-bleaching signal,
[27, 29]

 

which spectrally coincides with shoulder in the band-edge absorption of the steady-state absorption spectra (see 

Supporting Information). Hence, the photo-bleaching signal can be attributed to charges populating band-edge 

states. Furthermore, the low exciton binding energies imply that the majority of photo-generated states are free 

charges. Consequently, the Burstein-Moss model can be used to evaluate the effective masses of charge 

carriers.
[28-29]

  According to this model, a correlation between the shift of the band gap and the density of 

charges (n) exists, described by Equation 5: 

     
 

   
     

 
   

 

    
 

  ,   Equation 5 

where   represents the reduced Planck constant, m
*
 the effective mass, and n the charge density. The 

derivation of Equation 5 is shown in the supporting information (SI). Equation 5 predicts a linear dependence 
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of ΔEg on n
2/3

, while the slope is dictated by the reciprocal effective carrier mass. Hence, by plotting ΔEg vs. 

n
2/3

, as shown in Figure 5 (b), the effective carrier mass is obtained. 

 

Table 3.  The effective mass (m*) of carriers in perovskites in me, the electron rest mass. 

Perovskite m* (me) 

FAMA 0.38 ± 0.02 

Cs5 0.58 ± 0.04 

Rb5 0.35 ± 0.02 

Here, the bandgap shift is deduced from the full-width-at-half-maximum (FWHM) of the photo-

bleaching signal, as shown in Figure 5 (a). This approach is consistent with that used previously by Kamat et al. 

for CH3NH3PbI3 so as to reduce the effect of stimulated emission.
[28-29]

 Here, we select the photo-bleaching 

signals at 3.0 ps to avoid any distortion caused by hot carriers.
[22, 28]

 Representative spectra indicating the 

broadening are shown in Figure 5 (b); the ΔEg ~ n
2/3

 dependence as well as the fitting results are plotted in 

Figure 5 (b). Clearly, the model describes the experimental data accurately. Hence, we calculate the effective 

carrier masses shown in Table 3. It is found that the obtained values are consistent with those reported for other 

hybrid lead halide perovskite materials,
[28-29]

 and the small effective mass explains the high charge carrier 

mobility.
[18]

 We note the difference in effective mass upon Cs/Rb-incorporation. According to the Burstein-

Moss model, the effective mass depends on the curvature of the band structure along all three principal axes of 

the ellipsoidal energy surface. Therefore, the effective mass difference reflects the variation in band structure as 

a result of the Cs/Rb-incorporation. This variation is in line with the observed changes of the bandgap (see 

Table 1) and the second-order recombination coefficient (see Table 2).  
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2.6 Hot-carrier cooling dynamics 

 
Figure 6. (a) Experimentally measured transient absorption spectra of FAMA films and fits of the high-energy tails to a Maxwell-

Boltzmann distribution. For Cs-, Rb-incorporated samples, the respective results can be found in the supporting information. The fiting 

range is strictly fixed to 1.78 ~ 1.92 eV for all three samples. (b) Normalized hot carrier cooling curves extracted by global fits to the 

high-energy tails. Here, the initial charge carrier density was 3.5×10
18 

cm
-3
 for all three samples. 

Hot-carrier cooling is essentially a multi-step relaxation process in which hot carriers gradually 

dissipate their excess energy to the crystal lattice by inelastic carrier-phonon interactions.
[40]

 More precisely, it is 

based on Froehlich interaction between hot carriers and longitudinal phonons (LO) due to the polar nature of 

the lead-halide perovskites.
[22]

 Following carrier-phonon interaction, LO phonons are converted into low-

energy acoustic phonons by the Klemens mechanism, in which one optical phonon is annihilated to create two 

acoustic phonons with half of the energy and opposite momenta.
[41]

 Finally, the acoustic phonons are 

transported in the lattice, which completes the cooling process. Hot carrier cooling has previously been studied 

in perovskites and a model has been proposed earlier by Yang and Price et al.
[22, 28]

 This model is based on: i.) a 

parabolic E~k dependence near the band edge; ii.) a density of states rising with the square root of energy; iii.) 

photo-excited charges reaching a quasi-equilibrium according to Fermi-Dirac distribution; iv.) bandgap 

renormalization occurring after excitation, and v.) along with the hot-carrier cooling process, the photo 

bleaching band gradually moves and finally resembles the steady-state case. Furthermore, recombination losses 

are neglected on the timescale of carrier cooling, i.e., the population of photo-generated carriers remains 

unchanged during the cooling process. This model suggests that hot carrier cooling can be monitored at the 

high-energy tail of transient absorption spectra. Hence, we globally fit the high-energy tails of our TA spectra to 

extract the effective temperature of hot carriers. The carrier cooling curves are shown in Figure 6 (b). Note that, 

to avoid the influence of band gap renormalization,
[22, 28]

 we selected a spectral range from 1.75 - 1.90 eV, 
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which is at least 100 meV above the band edge. In this range, the distribution of hot carriers can be 

approximated by the Maxwell-Boltzmann distribution,
[22, 28]

 

              
    

    
    

Equation 6 

where Ef  represents Fermi energy, E represents energy, kB the Boltzmann constant, and Te the effective charge 

carrier temperature.  

Figure 6 (b) demonstrates that hot carrier cooling in the perovskites studied here is ultrafast and 

completed on the sub-ps time scale, similar to carrier cooling in MAPbI3 at low charge density.
[22, 28]

 In the 

present study, the sub-ps cooling process implies strong carrier-phonon coupling in the perovskite film. 

Surprisingly, the Cs/Rb-cation incorporation does not affect the dynamics of the charge cooling process. As the 

cooling dynamics are unaffected by Cs/Rb-cation incorporation, we conclude that it has neither an impact on 

the LO-charge interaction, nor on the decay of LO phonons to acoustic phonons, nor on phonon transport. This 

is an important finding, which requires theoretical studies to get better insight to the mechanism.  

3. Conclusion 

In this study, the impact of Cs/Rb-cation incorporation on the photophysics of multiple-cation lead 

halide perovskites was investigated by a set of steady-state and transient spectroscopy techniques to reveal the 

origin of device performance differences. We found that upon Cs/Rb incorporation the bandgap and exciton 

binding energies slightly increase. However, the minor increase in the range of several meV did not affect the 

devices’ short-circuit currents, since the exciton binding energies remained below the thermal energy at room 

temperature. Similarly, changes of the effective carrier mass determined in the framework of the Burstein-Moss 

model were found to be in the range of a few tenths of the electron rest mass and thus do not affect the solar cell 

performance. Furthermore, we studied hot charge carrier cooling and found that the dynamics remained 

unchanged upon Cs/Rb incorporation. Finally, reduced Urbach energies were measured in Cs/Rb-containing 

perovskite thin films. From a global fit to the density-dependent carrier recombination dynamics measured by 

transient absorption spectroscopy, we observed reduced first and retarded second-order charge recombination 
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upon Cs/Rb incorporation. We conclude that these two factors are the main reasons for the improved device 

performance observed upon incorporation of small amounts of Cs/Rb and that a trade-off exists in the effect of 

multiple-cation incorporation in lead mixed halide perovskites, as not all parameters are simultaneously 

improved.   
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Short Summary for TOC 

The partial substitution of methylammonium (MA) and formamidinium (FA) cations by cesium (Cs) or 

rubidium (Rb) cations in multiple-cation lead mixed halide perovskites, (FA0.83MA0.17Pb(I0.83Br0.17)3),  reduces 

the trap-assisted (k1) and radiative (k2) charge carrier recombination rate. Furthermore, Urbach energies are 

reduced, indicating improved perovskite film microstructure. Consequently, photovoltaic devices with Cs/Rb-

incorporated perovskites exhibit improved power conversion efficiency.  
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