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Nonlinear photocarrier dynamics and the role of shallow traps in 
mixed-halide mixed-cation hybrid perovskites† 

David A. Valverde-Chávez,a§  Esteban Rojas-Gatjens,a§  Jacob Williamson,b Sarthak Jariwala,cd 
Yangwei Shi,ce Declan P. McCarthy,a Stephen Barlow,af Seth R. Marder,af David S. Ginger,c and Carlos 
Silva-Acuña*abf 

We examine the role of surface passivation on carrier trapping and nonlinear recombination dynamics in hybrid metal-halide 

perovskites by means of excitation correlation photoluminescence (ECPL) spectroscopy. We find that carrier trapping occurs 

on subnanosecond timescales in both control (unpassivated) and passivated samples, which is consistent within a shallow-

trap model. However, the impact of passivation has a direct effect on both shallow and deep traps. Our results reveal that 

the effect of passivation of deep traps is responsible for the increase of the carrier lifetimes, while the passivation of shallow 

traps reduces the excitation density required for shallow-trap saturation. Our work demonstrates how ECPL provides details 

about the passivation of shallow traps beyond those available via conventional time-resolved photoluminescence 

techniques. 

Introduction 

Over the last decade, hybrid organic-inorganic perovskites 

(HOIPs) have emerged as promising low-defect-density 

semiconductors with useful applications in optoelectronics, 

such as solar cells1-4, light-emitting diodes5, 6, and lasers7, 8. In 

particular, solar cell devices have reached remarkable power 

conversion efficiencies (PCEs); many NREL-validated PCEs for 

single-junction cells are above 20% with the highest PCE over 

25%.9 However, non-radiative charge-carrier recombination 

prevents HOIPs from approaching their theoretical efficiency.  It 

has been shown that single-crystalline lead-halide materials 

possess a high tolerance to intrinsic defects10, 11. The interfaces 

and grain boundaries of perovskite films have been identified as 

the source of the dominant trap-assisted nonradiative 

recombination12-15. Different post-processing passivation 

strategies have proven effective in reducing the nonradiative 

pathways, namely passivation by oxygen exposure16, peroxide 

treatment17, and surface modifiers12, 18. Characterization of the 

effect of the passivation molecule on the surface is usually 

limited to time-resolved photoluminescence measurements 

and PCE comparisons between devices, which affords limited 

insight into the photophysical nature of carrier trapping 

processes in HOIPs. 

 

Several physical models have been proposed previously to 

describe trap-assisted nonradiative recombination for lead-

halide perovskites following the Shockley-Read-Hall (SRH) 

formalism.19, 20 Stranks et al. describe the interplay between 

excitons and subgap states in CH3NH3PbI3−xClx; their model 

proposed the presence of deep traps by means of background 

doping caused by the photoinduced filling of traps which exhibit 

nonradiative recombination with very slow dynamics21. 

Dobrolovsky et al. concluded a different scenario for the same 

material in which there are distinct types of traps, some of 

which are “shallow” and emissive22. Several authors have noted 

the importance of considering shallow traps as part of the 

photophysical description of perovskite nanocrystals, 

suggesting that trapping and detrapping mechanisms are 

responsible for the long-lived photoluminescence traces23, 24. 

Although, it is not believed that shallow traps are responsible 

for the long-lived photoluminescent trace in thin films25. 

Recently, shallow traps have been reported to be responsible 

for degradation of FAPbI3
26.  

 

Because the processing conditions and identities of precursors 

have been shown to affect the defect physics22, 27, not only by 

changing the trap density, but also the intrinsic characteristics 

of the trap (e.g., trap depth, trapping rate). Here we implement 

a time-resolved spectroscopic method that characterises carrier 

trapping dynamics beyond common techniques such as time-

resolved photoluminescence spectroscopy. Specifically, we 

employ excitation correlation photoluminescence (ECPL) 

spectroscopy, which was originally used to describe population 

mixing dynamics of GaAs p-type semiconductors28, 29 as well as 
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picosecond carrier lifetimes in other inorganic 

semiconductors30-34, and exciton dynamics in carbon 

nanotubes35, 36. More recently, it was used to characterise the 

defect physics in CH3NH3PbBr3 thin films and CsPbBr3 

nanocrystals27. The technique consists of exciting the sample 

with two ultrafast pulses modulated at different frequencies 

Ω1, Ω2. The measured photoluminescence intensity then 

includes contributions from recombination between 

populations generated by the first pulse, the second pulse, and 

a mixed population term; this mechanism is represented 

schematically in Fig. 1, along with a schematic of traps scenarios 

for the two samples studied. The contribution of the mixed 

population to the measured photoluminescence intensity is 

described by: 

𝑃𝐿𝑐𝑟𝑜𝑠𝑠 = ∫ [𝑛(𝑡)𝑝(𝑡 − 𝜏) + 𝑛(𝑡 − 𝜏)𝑝(𝑡)]𝑑𝑡
∞

𝜏
        (𝟏). 

By using lock-in heterodyne detection, the signal is 

demodulated at the sum of the pulse modulation frequencies 

|Ω2 + Ω1| to isolate this contribution. ECPL is well-suited for 

measuring sub-nanosecond short-carrier lifetimes without 

employing any complex electronics for ultrafast detection. 

Specifically, it is useful in characterizing nonradiative pathways, 

as was shown by Johnson et al.30. Recombination dynamics in 

which the radiative pathways are predominant results in an 

ECPL signal of zero. Meanwhile, the signal for ECPL for a 

trapping-dominated process can be as high as 30% of the total 

signal30. 

 

In this work, we chose to study a methylammonium (MA) free 

composition, as MA has been linked to instability at solar cell 

operation temperatures37, 38. It is also worth mentioning that 

formamidinium (FA) containing composition are not passivated 

by the same passivators as MA compositions.39 

 

Herein, we study the effect of passivation with APTMS, 

3-aminopropyl)trimethoxysilane, on the defect scenario of 

control perovskite thin films with composition 

FA83Cs17Pb(I85Br15)3, employing both ECPL spectroscopy and 

time-resolved photoluminescence measurements. We describe 

the defect scenario as a mixture of deep traps and shallow traps. 

We observe fast ECPL photocarrier dynamics at room 

temperature for both the passivated and the control sample, 

suggesting a fast carrier trapping rate resulting from shallow 

traps. The effect of passivation is observed as a decrease in trap 

density of both deep traps and shallow traps. This is also 

supported by temperature-dependent ECPL experiments, 

which show a shift to a lower excitation threshold in trap 

saturation for the passivated sample. By numerically solving the 

differential rate equations for both shallow and deep trap cases, 

we give a qualitative description of the features observed at low 

temperature, here assigned to Auger recombination. 

Experimental section 

FA83Cs17Pb(I85Br15)3 thin film preparation and passivation. 

Film preparation and passivation was performed according to 

the procedure described by Jariwala et al.39 All precursors were 

purchased from Sigma, unless stated otherwise. Perovskite 

precursor solutions (1 M) were prepared by adding 

stoichiometric amounts of precursor salts formamidinium 

iodide (greatcellsolar), CsI, PbI2 (Sigma), and PbBr2 in 

DMF:DMSO (1300:640). 60 µL of formamide were added to 

make a 2 mL 1 M solution (with 3v% formamide). The substrates 

were plasma cleaned before spin coating and the perovskite 

solution was filtered before deposition (inside the glovebox). 

∼25 µL of the filtered perovskite solution were deposited on top 

of the substrate. The substrates were spun at 4000 rpm for 60 

seconds. When ∼35 s was remaining, ∼50 µL of chlorobenzene 

(CB) were dropped from above. The films were then annealed 

on the hotplate at 100 °C for 30 s and at 150 °C for 10 min. 

Surface passivation with APTMS was done in a vacuum oven 

(Precision Vacuum Oven Model 19) for 5-10 min at room 

temperature under vacuum with the gauge pressure reading -

30” Hg relative to atmospheric pressure. For further details 

refer to ref.39 The films of untreated (herein called Cs17Br15 

control, or just control) and APTMS-treated FA83Cs17Pb(I85Br15)3 

were prepared at the University of Washington and shipped to 

Georgia Tech for ECPL characterization. The thin films are 

∼400 nm thick, determined by profilometry. X-ray diffraction 

characterization can be found in Fig. S1. A detailed 

characterization of the bandgap, and composition can be found 

in ref39. It is worth mentioning that the characterization of the 

surface composition, by XPS and band edge, was cross-validated 

and showed to be reproducible after the shipping at multiple 

institutions.39 

Fig. 1: Conceptual. Schematic representation of traps with (a) high 
trap density in a control sample and (b) low trap density in a 
passivated sample. (c) Schematic of the ECPL pulse sequence and PL 
terms.
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UV-Vis Absorption and steady-state Photoluminescence.  

UV-Vis absorption spectra were measured using an Agilent 8453 

UV-Vis spectroscopy system, the data was corrected for scatter 

at the longest wavelengths. The PL spectrum was acquired in 

the same configuration as the ECPL instrument setup (described 

below) by collecting the emission with an optical fiber coupled 

to a spectrometer (USB2000+, Ocean Optics). 

 

Time-Resolved Photoluminescence (TRPL).  

TRPL was measured using a Picoharp 300 TCSPC system 

equipped with a 470 nm pulsed diode laser (PicoQuant PDL-800 

LDH-P-C-470B, 300 ps pulse width). The laser was pulsed at 

repetition rates from 250KHz to 1MHz. The PL emission was 

filtered using a 580 nm long-pass filter before being directed to 

the detector.  

 

Excitation Correlation Photoluminescence Spectroscopy (ECPL).  

A schematic representation of the ECPL setup is shown in 

Fig. S2. In the ECPL instrument setup, 1030 nm, ∼220 fs pulses 

are generated in an ultrafast laser system at a 100 kHz 

repetition rate (PHAROS Model PH1-20-0200-02-10, Light 

Conversion). A portion of the laser beam is sent into a 

commercial optical parametric amplifier (ORPHEUS, Light 

Conversion), where a 2.64-eV pump excitation pulse is selected. 

Typical excitation densities used in the experiment range from 

3x1016 to 6x1018 cm-3. The excitation intensity is varied by 

moving a motorized filter wheel (FW212CNEB, Thorlabs). The 

pulse trains are then split 50/50 by a beam splitter cube, where 

one of the beams is directed to a motorized linear stage 

(LTS300, Thorlabs), allowing for control of the delay between 

the two pulses. Each pulse is modulated with a chopper at the 

frequencies of 373 and 199 Hz, respectively, and the pulses are 

then focused onto the perovskite sample with a 150-mm focal 

length lens. The emitted PL is filtered with a 550-nm long-pass 

filter to get rid of the pump, then it is focused into a 

photoreceiver. The photoreceiver is connected to a lock-in 

amplifier (HF2LI, Zurich Instruments) where the total integrated 

PL and the nonlinear component ΔPL are obtained 

simultaneously by demodulating both at the fundamental and 

the sum frequency. The perovskite films are measured inside a 

closed-cycle cryostat (Montana Instruments). It is worth 

mentioning that some degradation was observed at the highest 

fluences. For all measurements we acquired data from the 

lowest to highest excitation fluence, all in the same spot. 

Results and Discussion 

Linear Spectroscopy 

The PL and absorption spectra for the control and passivated 

samples are shown in Fig. 2a. From UV-vis absorption 

spectroscopy, we determine the band gap to be 1.63 eV from 

Tauc plots. From PL spectra, the control samples exhibit a 

maximum emission energy peaked at 1.63 eV on average and 

show a small shoulder at lower energies, while the passivated 

samples exhibit a maximum emission energy 1.60 eV on 

average. Recently, double-peak lineshapes of PL spectra have 

been explained in the context of PL reabsorption40, 41, 

specifically an apparent redshift caused by the reabsorption and 

the PL propagation along the film. Under this interpretation the 

PL in the passivated sample has higher photo recycling as is 

expected from a sample with low trap density. PL spectra at low 

temperature is shown in Fig. S3 and S4. 

 

The APTMS vapour passivation procedure has been 

demonstrated  to reduce non-radiative recombination, increase 

average PL lifetimes by over an order of magnitude, and 

increase the external quantum yield from 0.2% to 13.6%39. 

Specifically, for the samples measured in this work, the PLQE 

increases after passivation from 0.8% to 4.24%. Due to the 

effect of APTMS on surface defects, this system is ideal to 

describe the effect of passivation on the physical nature of traps 

and nonradiative recombination dynamics. Typical time-

resolved PL measurements for control and passivated samples, 

collected at a low fluence of < 50 nJ/cm2 per pulse, are shown 

in Fig. 2b. The PL average lifetime 〈𝜏〉 increases after APTMS 

deposition, from 0.31 to 3.2 𝜇s for the samples measured in this 

work, this is in agreement with previous reports,39 and is 

attributed to the surface passivation of traps. We fit the TRPL to 

a stretched exponential function42, defined by equations 2 and 

3:  

Fig. 2: Absorbance, PL and TRPL. (a) Absorbance and 
photoluminescence of a control and passivated samples. (b) Time 
resolved PL for control (blue) and ATPMS passivated (green) sample. 
The lines are fits to a stretched exponential function. 
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𝐼 = 𝐼0𝑒
−(

𝑡
𝜏𝑐

)
𝛽

,                                    (𝟐) 

 

〈𝜏〉 =
𝜏𝑐

𝛽
Γ (

1

𝛽
).                                    (𝟑) 

An statistical representative study of the APTMS passivation 

procedure can be foung in reference39. The chemical effect of APTMS 

on the surface is not clear, however, it has been reported that it does 

not penetrate the surface39. We can speculate that the amine group 

acts as a Lewis base and passivates iodide vacancies, or gets 

protonated and counters the effect of missing cations. In this work 

we do not aim to address the question of the chemical nature of 

traps. 

Room temperature ECPL 

Fig. 3 shows fluence-dependent ECPL acquired at room 

temperature for both FA83Cs17Pb(I85Br15)3 control and APTMS 

passivated films. We start by discussing the ECPL dynamics on 

the control sample Fig. 3a. At the lowest excitation density, the 

ECPL signal is negative and flat; for the next excitation density it 

becomes more negative and then monotonically increases with 

excitation intensity. At a higher excitation density 

(nD ∼ 1x1018 cm-3) the ECPL signal develops dynamics indicative 

of a picosecond process due to fast charge trapping32. At the 

highest excitation densities, the system reaches a saturation 

point. This behaviour can be explained by the presence of a high 

trap density that is only filled at a high excitation density 

(nD ∼ 5x1018 cm-3). For the APTMS passivated sample, the ECPL 

photocarrier dynamics, in Fig. 3c, share some similarities with 

the control sample, but the saturation threshold changes due a 

lower trap density. The ECPL signal also starts flat and negative, 

but the next fluence already has dynamical features and the 

overall signal saturates at lower fluences. This is expected, given 

that the passivation procedure would decrease the density of 

traps causing saturation to occur at lower excitation densities. 

A lower saturation threshold could also be observed if the trap 

energy is slightly shifted away from the band, but for that case, 

we would expect a decrease in the PL lifetime, not an increase 

as is observed (Fig. 2b). We would also expect the ECPL signal 

to be more insensitive to temperature, which is in contrast to 

our observations (see below). Therefore, we interpret that the 

lower saturation threshold is caused to a decrease in the trap 

density. For the passivated sample, we observe a small decrease 

of the signal at high excitation densities. We attribute this to 

Auger recombination starting to dominate in the dynamics as 

we approach the saturation threshold but not enough to 

observe a significant decrease. 

 

It is useful to look at the ECPL (t=0) signal, which corresponds to 

the situation when the two excitation pulses arrive at the same 

time, to visualise the effect that traps have on the ECPL 

saturation. Fig. 3b shows ECPL (t=0) signal for the control 

sample, which increases until it saturates at nD ∼ 5x1018 cm-3. In 

Fig. 3d, the ECPL (t=0) signal from the passivated sample initially 

is negative and then grows until saturation at around 

nD ∼ 1x1018 cm-3, and finally decreases due to Auger 

recombination. These ECPL photocarrier dynamics on the 

control and passivated samples are consistent with a shallow 

trap model reported before on CH3NH3PbI3 perovskites27 since 

they present a subnanosecond charge trapping process. If the 

fast trapping were caused by deep defects, then we would 

Fig. 3: ECPL dynamics at 295K ECPL dynamics at 295 K of (a) Cs17Br15 control and (c) APTMS passivated perovskite. ECPL at t=0 ps for (b) 
Cs17Br15 control and (d) APTMS passivated perovskites.
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expect a sub-nanosecond short recombination lifetime which is 

inconsistent with the photoluminescence trace observed 

experimentally, Fig. S12 and S13 show that the population 

evolution during first nanosecond for deep traps is negligible. 

Note that this does not imply that deep traps are not present, 

simply that they are not responsible for the observed positive 

dynamics.  We note that the excitation density values at which 

the ECPL saturation is observed are slightly higher than previous 

trap density values reported for similar perovskites21, 42. 

However, the saturation threshold for thermally activated traps 

is dependent on the trapping/detrapping equilibrium, as will be 

discussed below.  

 

Temperature-Dependent ECPL experiments 

There are several reports in the literature on the effect of 

temperature on recombination photophysics in lead-halide 

perovskites. Stranks et al.21 reported a change in the trap 

density with temperature and speculated the origin was due to 

thermally activated traps for MAPbI3 films. Kandada et al.27 also 

reported thermally activated doping in MAPbBr3. Note that the 

detrapping rate is temperature dependent. Therefore, 

understanding the effect of temperature on ECPL signal would 

shed light on the physics behind recombination processes. For 

this reason, we measured ECPL at various temperatures (Fig. 4, 

S5 and S6). MAPbI3 has been reported in the literature to 

present a phase transition from tetragonal to orthorhombic 

structure43. However, it has been recently reported that Cs 

containing mix-cation mix-halide perovskites do not display a 

phase transition between 10 – 300 K44. Additionally in the low 

temperature PL spectra (Fig. S3 and S4) we do not observe 

features characteristic of mixed phases, which are common in 

MAPbI3 perovsites22, 43. Therefore, we consider that our 

measurements were taken at the same phase for the 

temperature range studied. 

 

We start by discussing the temperature dependence of ECPL 

photocarrier dynamics for the control sample. At 30 K (Fig. 4a), 

the ECPL starts negative and flat, similar to the 295 K signal.  

However, dynamics soon develop as excitation density 

increases, with the ECPL signal approaching zero and appearing 

to saturate at the highest excitation density. Furthermore, close 

to time zero with excitation density nD > 1x1018 cm-3, ultrafast 

dynamics appear. In the context of the shallow trap model 

proposed above, a decrease of the ECPL signal is expected since 

the trapped electron will lack sufficient thermal energy to hop 

from the trap state to the conduction band, which will decrease 

the fluence threshold at which saturation occurs and allow 

Auger recombination to occur. ECPL photocarrier dynamics at 

200 K are complex for the control sample (Fig. 4b) pointing to 

multiple overlapping regimes. The signal again starts negative 

and flat at the lowest fluence, then increases with dynamics 

similar to the 295 K. However, at an excitation density 

nD ∼ 2x1018 cm-3, the dynamics turn negative due to Auger 

recombination and, again, ultrafast dynamics appear. Further 

increasing the temperature to 240 K (Fig. 4c) leads to ECPL 

dynamics that are similar to those at 295 K.  

 

We now discuss the ECPL signal for the passivated sample. At 

30 K (Fig. 4d), the ECPL signal is close to zero even at the lowest 

fluences. As the excitation density increases, the ECPL signal 

decreases, though to a minuscule extent. In this case, if Auger 

recombination becomes predominant as is expected for very 

low temperatures, it is also expected that the ECPL intensity will 

continue to decrease to negative values as the excitation 

density continues to increase. It is important to note that the 

Fig. 4: ECPL Temperature dependence. ECPL dynamics for Cs17Br15 control at temperature of (a) 30 K (b) 200 K and (c) 240 K. ECPL 
dynamics for an APTMS passivated perovskite at (d) 30 K (e) 200 K and (f) 240 K.
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picosecond dynamics appear at a much lower threshold. 

Increasing the temperature to 200 K (Fig. 4e) shows 

predominantly negative signal at the lowest fluences, with 

ultrafast dynamics becoming more prominent along with an 

overall increase in ECPL signal as excitation density increases. 

Furthermore, an increase to 240 K (Fig. 4c) leads to dynamics 

like the ones at 295 K for lower excitation density.  That is, the 

signal starts negative and flat at the lowest fluence, then 

becomes positive until nD ∼ 2x1018 cm-3, after which the 

dynamics turn negative and the ultrafast dynamics peak 

appears. This is somewhat similar to the control at 200 K and 

further suggests that the appearance of this feature is caused 

by saturation. The temperature threshold then differs from 

control to passivated since the density of traps is different. The 

negative curvature dynamics in the ECPL signal have been 

reported for hexagonal GaN33 and was attributed to population 

saturation.  

 

A narrow peak appears in most of the ECPL photocarrier 

dynamics as the excitation density is increased, as we can see 

from Fig. 4. We believe this is due to an effect termed 

amplification of spontaneous emission (ASE)45. Air-perovskite-

glass interfaces may act waveguide and trap light, because of 

this the perovskite experiences optical gain. Interestingly, the 

presence of this feature is temperature-dependent and at the 

same time correlates with the very fast dynamics and negative 

dynamics observed in the ECPL. The correlation also holds when 

we measure the passivated sample. ASE remains present at 

higher temperatures (Fig. S3 and S4), and the excitation 

densities needed to show ASE are much lower. 

 

When we look at the ECPL (t=0) for the temperature 

dependence (Fig. S7 and S9), we find that there are two 

dominant regimes. For temperatures 240 K and above, the ECPL 

signal increases monotonically with fluence and reaches a 

saturation point, the saturation point is lower for the passivated 

sample hinting a lower shallow trap density, as discussed above. 

But besides, the saturation threshold seems to shift to lower 

excitation as the temperature is decreased, this further 

supports the lower energy of the shallow trap. At T = 200 K and 

below, there seems to be local maximum in the control sample 

at lower excitation intensities, this local maximum is closely 

related to the appearance of the ASE. This effect does not seem 

to be present for the passivated sample although it may very 

well be that we are just not covering the region as it will shift to 

lower excitation densities. It is important to note that these 

features are present, albeit at a lesser degree when looking at a 

time away from zero to avoid the ASE peak, (ECPL (t= 250 ps) in 

Fig. S8 and S10). 

 

Photophysical model and simulation description 

The ECPL results obtained are interpreted following the model 

for shallow traps described by the rate equations shown below: 

𝑑𝑛

𝑑𝑡
= 𝑃 − 𝐵𝑛𝑝 − 𝛾𝑡𝑛(𝑁𝑡 − 𝑛𝑡) + 𝛾𝑑𝑛𝑡 − 𝛾𝐴𝑢𝑔𝑒𝑟𝑛2𝑝,      (𝟒) 

𝑑𝑝

𝑑𝑡
= 𝑃 − 𝐵𝑛𝑝 − 𝛾𝑛𝑟𝑛𝑡𝑝 − 𝛾𝐴𝑢𝑔𝑒𝑟𝑛2𝑝,                                (𝟓) 

𝑑𝑛𝑡

𝑑𝑡
= 𝛾𝑡𝑛(𝑁𝑡 − 𝑛𝑡) − 𝛾𝑑𝑛𝑡 − 𝛾𝑛𝑟𝑛𝑡𝑝,                               (𝟔). 

Where 𝛾𝑡 is the trapping rate, 𝐵 is the bimolecular 

recombination rate, 𝑁𝑡 is the density of traps, 𝛾𝑑 is the 

detrapping rate, 𝛾𝑛𝑟  is the nonradiative recombination rate, and 

𝛾𝐴𝑢𝑔𝑒𝑟  is the Auger recombination rate.  𝑃 corresponds to the 

photocarriers generated by the pulses. The pulses are 

considered to interact instantaneously both for the 

interpretation of the results and for the simulation results. The 

detrapping rate (𝛾𝑑) is of particular interest as it relates to the 

depth of traps. It is described in equation (7) as19, 27,  

𝛾𝑑 = 𝛾𝑡 ⋅ 2 (
𝑚𝑒

∗𝑘𝑏𝑇

2𝜋ℎ2 )

3
2

𝑒
−

Δ𝐸𝑏
𝑘𝑏𝑇 ,                                (𝟕). 

We recognize that this expression is only valid for non-

degenerate semiconductors, therefore, it loses accuracy at high 

excitation levels. These assumptions, together with the fact that 

the rate equations only consider one type of trap, prevent us 

from using these simulations to extract any parameter values 

(e.g. trap density) from the experimental data. Instead it is used 

to obtain a qualitative description of the response of the 

system. 

The temperature dependence study of recombination 

parameters has been reported for CH3NH3PbI3
43 by using the 

model 𝑃�̇� =  −𝑘1𝑛 − 𝑘2𝑛2 − 𝑘3𝑛3. This model does not 

capture the diversity of processes occurring nor their 

reversibility. The bimolecular recombination rate was shown to 

change with temperature by two orders of magnitude between 

160 K and 300 K. The Auger rate remained constant, with a 

significant increase at temperatures <150 K related to a phase 

transition. In the temperature-dependent simulation, we 

assume the various parameters are constant and that the 

detrapping rate (equation (7)) is the only one temperature 

dependent. 

The binding energy for excitons has been estimated for lead-

halide perovskites to be 6-60 meV46-51. Even at room 

temperature, the role of excitons cannot be overlooked, as they 

are constantly forming and dissociating21. However, we do not 

include exciton formation in the rate equations to avoid the 

over-parametrization of the model. This is justified as, in the 

context of ECPL experiments, the pairing and further 

recombination of generated photocarriers do not result in a 

change of the integrated photoluminescence measured by the 

photodetector, therefore the ECPL response will not be affected 

by this assumption and recombination from excitons can be 

safely ignored. Further simulation details can be found in the SI. 

 

Qualitative description of the observed features. 

From the time-resolved photoluminescence data Fig. 2b, the 

increase in photoluminescence lifetime suggests a decrease in 

the density of deeper traps between the control and passivated 
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sample. We confirm the presence of shallow traps in both 

control and passivated films by ECPL at room temperature. The 

presence of distinct trap scenarios is expected, as thin film 

microstructure has proven to impact lifetimes of local carriers 

in the film domains22, 42, 52, 53.  

 

Next, we will justify the assignment of the various features, 

starting from a fast-trapping approximation. The shift of the 

saturation threshold with temperature is well-explained in the 

context of thermal detrapping. After the first pulse excitation, 

an ultrafast trapping and detrapping process will start. We 

assume that the bimolecular and the nonradiative 

recombination are significantly slower and, for sake of 

simplicity, a low enough excitation density such that the 

available traps do not change (𝑁𝑡 − 𝑛𝑡) ≈ 𝑁𝑡, these 

assumptions simplify the differential equation to an analytically 

solvable case.  Then we can describe the ratio between free 

electron and trapped electron population evolution as: 

 

𝑛

𝑛𝑡
=  

𝛾𝑑 + 𝑁𝑡𝛾𝑟𝑒−(𝛾𝑑+𝑁𝑡𝛾𝑟)𝑡

(𝛾𝑟 − 𝛾𝑟𝑒−(𝛾𝑑+𝑁𝑡𝛾𝑟)𝑡)𝑁𝑡

.                    (𝟖). 

 

For the sake of simplicity, we assume 𝑡
 

→ ∞:  

 
𝑛

𝑛𝑡
=

𝛾𝑑

𝛾𝑟𝑁𝑡
.                                       (𝟗). 

 

Recall that the temperature dependence is carried entirely by 

the 𝛾𝑑 term. It is clear from equation (7) that the value of 𝛾𝑑 

decreases with temperature, resulting in a larger population of 

traps being filled. Even though the expression was obtained 

assuming low saturation, the trends discussed do not change. 

The second pulse in the ECPL experiment acts as a probe of the 

evolution of the carrier populations caused by the first pulse. If 

the temperature is low, then most of the traps will be filled and 

the second pulse will result in high electron and hole densities, 

making Auger recombination and bimolecular recombination 

the dominant recombination pathways.  

 

We can visualize the effect of the temperature in the saturation 

threshold by numerically solving the set of differential 

equations (2-4) and observing the carrier evolution during the 

first nanosecond, which is the range we are measuring in the 

ECPL experiment. This is equivalent to seeing the effect of just 

one pulse. From Fig S11, it can be observed that for the case of 

a shallow traps with a depth of 10 meV as we decrease the 

temperature the trapped electron density increases faster, 

because of slower detrapping and this causes a decrease in the 

saturation threshold. For a deeper shallow trap, 100 meV, the 

effect of temperature is almost negligible, Fig S11. This 

observation together with the difference of saturation 

threshold with temperature between control and passivated 

indicate that, from the initial distribution of shallow traps, the 

passivation procedure decreased the average trap depth. 

 

We use the ECPL results obtained from the simulation to further 

support the assignment of the negative dynamics observed to 

the Auger recombination rate. Fig S13 shows the simulation of 

the ECPL response for the case of no traps and deep traps, for 

the case of no traps we observe an ECPL response of zero, 

meanwhile for deep traps the response without dynamics 

correlates with the previous experimental observation of deep 

traps in MAPbBr3 thin films27.  In Fig 5, we show the result of the 

simulation for shallow traps with sub nanosecond trapping 

considering two different values of the Auger recombination 

rate. Note that at the highest fluence, negative dynamics are 

observed for the case with the higher 𝛾𝐴𝑢𝑔𝑒𝑟 . Furthermore, the 

trap dependent simulation (showed in Fig S14) supports the 

argument of Auger recombination becoming predominant at 

high fluences. We recognize that the ECPL response obtained by 

the simulation is very high compared to the experiment. We 

attribute this difference to the inability of a rate equation model 

to include the statistical description of the defect scenario, and 

the already discussed assumptions. Still, we consider the trends 

regarding fluence and temperature to provide significant 

information that aids and supports our interpretation of the 

ECPL response. 

The ultrafast ECPL photocarrier dynamics near zero could also 

be in part due to hot carrier relaxation. Ultrafast hot carrier 

cooling has been reported in lead halide perovskites, however 

it is important to note that relaxation happens in ultrafast time 

scales less than 1 ps54. The ECPL(t=0) then might contain some 

contribution due to hot carriers, however the ultrafast transient 

has a FWHM of ∼20 ps.  For this reason, another ultrafast 

process, like ASE must be involved. ASE would result in a 

positive feature in the ECPL response. This can be qualitatively 

rationalized by analysing the equation (10): 

𝑃𝐿𝑐𝑟𝑜𝑠𝑠(𝐼𝑝𝑢𝑚𝑝 , 𝜏) = 𝑃𝐿(2𝐼𝑝𝑢𝑚𝑝 , 𝜏) − 2𝑃𝐿(𝐼𝑝𝑢𝑚𝑝 , 𝜏)    (𝟏𝟎). 

In this expression, the cross-correlation photoluminescence 

intensity is written as the difference between the PL generated 

by two pulses and twice the PL generated by one pulse. We 

expect the ASE to be higher for higher fluences therefore it will 

be more significant in the first term. ASE is a radiative pathway, 

Fig 5. Simulation of ECPL shallow traps with an Auger recombination 
rate of (a) 10−28 cm6/s and (b) 10−27 cm6/s.
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then it becomes clear that cross-correlation PL is going to have 

a positive value. 

 

 

Conclusions 

Herein, for FA83Cs17Pb(I85Br15)3 passivated with APTMS, we 

identify signatures of deep trap passivation and shallow trap 

passivation using excitation correlation photoluminescence 

spectroscopy. The sub-nanosecond recombination observed is 

evidence of the presence of shallow traps in both control and 

passivated samples. We interpret the change in the saturation 

threshold between the control and the passivated sample as a 

change of shallow trap density caused by the passivation 

procedure. Furthermore, for the passivated sample, the shift to 

a lower saturation threshold as the temperature is decreased 

suggest that the energy of shallow traps is lower. 

 

The correlation between the appearance of ASE in the 

temperature-dependent photoluminescence and shallow trap 

saturation suggests shallow traps play an important role by 

imposing a population inversion threshold. Targeted 

passivation of the shallow traps in high PLQY perovskite 

materials might help decrease the fluence threshold for lasing 

applications. This would be of particular interest in perovskite 

nanocavities with shallow traps, which present PLQY up to 

90%55. We also report the observation of Auger recombination 

dynamics observed when saturation is overcome. We speculate 

that the direct observation of Auger recombination will help 

study structure-property relations for lasing applications where 

Auger recombination dominates and limits the gain.  

 

Since shallow trap passivation also plays a role in the electron 

mobility and their transport mechanism has been a recent 

subject of study56, this work motivates the implementation of 

excitation correlation spectroscopy with photocurrent 

detection, which would expand the exploration of the 

passivation effect of electron/hole transport layers on the sub-

nanosecond recombination in the functional devices.  
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