
HAL Id: hal-01390068
https://hal.science/hal-01390068

Submitted on 31 Oct 2016

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

The effects of electronic impurities and electron-hole
recombination dynamics on large-grain organic-inorganic

perovskite photovoltaic efficiencies
Jean-Christophe Blancon, Wanyie Nie, Amanda J. Neukirch, Gautam Gupta,

Sergei Tretiak, Laurent Cognet, Aditya D. Mohite, Jared J. Crochet

To cite this version:
Jean-Christophe Blancon, Wanyie Nie, Amanda J. Neukirch, Gautam Gupta, Sergei Tretiak, et al..
The effects of electronic impurities and electron-hole recombination dynamics on large-grain organic-
inorganic perovskite photovoltaic efficiencies . Advanced Functional Materials, 2016, 26 (24), pp.4283.
�10.1002/adfm.201505324�. �hal-01390068�

https://hal.science/hal-01390068
https://hal.archives-ouvertes.fr


	

1 
	

DOI:	10.1002/	((please	add	manuscript	number))		
Article	type:	Full	Paper	
	
The effects of electronic impurities and electron-hole recombination dynamics on large-
grain organic-inorganic perovskite photovoltaic efficiencies  
 
Jean-Christophe Blancon, Wanyi Nie, Amanda J. Neukirch, Gautam Gupta, Sergei Tretiak, 
Laurent Cognet, Aditya D. Mohite and Jared J. Crochet*  
 
Dr. J.-C. Blancon, Dr. J. J. Crochet 
Los Alamos National Laboratory, Physical Chemistry and Applied Spectroscopy, Los Alamos, 
New Mexico 87545, USA. 
E-mail: jcrochet@lanl.gov 
Dr. W. Nie, Dr. G. Gupta, Dr. A. D. Mohite 
Los Alamos National Laboratory, Materials Synthesis and Integrated Devices, Los Alamos, New 
Mexico 87545, USA. 
Dr. A. J. Neukirch, Dr. S. Tretiak 
Los Alamos National Laboratory, Theoretical Chemistry and Molecular Physics, Los Alamos, 
New Mexico 87545, USA. 
Dr. L. Cognet 
Univ. Bordeaux, Laboratoire Photonique Numerique et Nanosciences, UMR 5298, F-33400 
Talence, France. 
Institut d’Optique & CNRS, LP2N UMR 5298, F-33400 Talence, France. 
 
Keywords: carrier dynamics, electronic impurities, organic-inorganic perovskite, photovoltaic. 
	
Organometallic perovskites have attracted considerable attention after promising developments 

in energy harvesting and other optoelectronic applications. However, further optimization will 

require a deeper understanding of the intrinsic photo-physics of materials with relevant structural 

characteristics. Here we investigate the dynamics of photogenerated charge carriers in large-area 

grain organometallic perovskite thin films via confocal time-resolved photoluminescence 

spectroscopy. It is found that the bimolecular recombination of free charges is the dominant 

decay mechanism at excitation densities relevant for photovoltaic applications. Bimolecular 

coefficients are found to be on the order of 10-9 cm3/s, comparable to typical direct-gap 

semiconductors, yet significantly smaller than theoretically expected. We also demonstrate that 

there is no degradation in carrier transport in these thin films due to electronic impurities. 
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Suppressed electron-hole recombination and transport that is not limited by deep level defects 

provide a microscopic model for the superior performance of large-area grain hybrid perovskites 

for photovoltaic applications. 

1. Introduction 

 Direct band gap semiconductors with low defect densities, such as single crystalline 

GaAs, are the epitome of high efficiency optoelectronic devices. However these materials are 

obtained using expensive high temperature crystal growth techniques such as molecular beam 

epitaxy. Consequently, there has been a constant search over the last two decades for new 

materials that can be obtained using scalable solution based strategies. However most solution-

processed materials are plagued with polydispersity, lack of crystallinity, and unacceptable levels 

of electronic defects. Over the past few years, solution-process organometallic perovskite 

semiconducting materials (mainly CH3NH3PbI3 and CH3NH3PbI3-xClx), which promise low-cost 

solution processing together with favourable intrinsic properties for optoelectronic applications, 

have attracted a significant research effort after initial demonstrations of promising performances 

in photovoltaics[1,2], light emitting diodes[1,3], lasing[4–6]. However, several challenges remain 

towards further improvements of performance, reproducibility, and reliability of these devices 

under continuous operating conditions[1]. Addressing those matters, inevitably, requires a 

fundamental understanding of the intrinsic photo-physical properties of bulk perovskites at 

conditions relevant for application.  

 Up to date, the details of charges carrier dynamics in organometallic perovskites are still 

under debate. More precisely, there is a lack of understanding of local intrinsic kinetics of photo-

excited carriers in perovskite thin films, serving as active layers in solar cells, at device operating 

conditions. This knowledge requires replicating solar illumination excitation densities under 
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broadband spectral excitation. Indeed, most investigations of light emission have been conducted 

at narrow spectral bandwidth, which may not capture the larger picture relevant for practical 

solar cell devices. Furthermore, due to sample inhomogeneities, local spatial probing of optical 

properties is the best approach to relate structural characteristics to charge carrier dynamics. In 

particular, for future improvements of device performance, it is important to decipher the 

dynamics of charge carriers in organometallic perovskites at photo-excitation densities close to 

operating conditions at the microscale. 

 Despite several attempts to correlate the optical properties and photo-excited carrier 

dynamics within a given material morphology[2,7–9], only a few reports have explored optical 

properties at the micro-scale or at the single grain size in thin films for practical applications[2,9]. 

Two of the major hindrances to such studies have been low crystalline quality and small grain 

sizes. On the other hand, there have been several attempts to investigate the optical properties 

and dynamics of carriers in bulk perovskite thin films, which consists of ensembles of grains. 

Typically this is performed at room temperature, using light emission[2,10–18] and 

absorption[11,14,19–23] characteristics to develop photophysical models. The first set of studies, 

hypothesizing a mixed response of excitonic and free-carrier photo-excitations, suggested 

extraordinary charge carrier diffusion lengths derived from nearly mono-exponential 

photoluminescence decays[10,11]. Others have observed mixed monomolecular and bimolecular 

mechanisms which were attributed to the competition of trap assisted and free carrier 

recombination[12,14,15,18,20]. These results are in sharp contrast to what is expected in conventional 

semiconducting direct band-gap materials with high crystallinity, which at room temperature 

should display a pure bimolecular recombination of free charges carriers[24,25] and have never 
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been observed. Monomolecular decay of photoluminescence is only observed when electronic 

defects or excitonic effects dominate.  

 The growth of organometallic perovskite crystals has recently reached a milestone with 

the synthesis by solution processing of thin films with large crystalline grain structures[2].  

Moreover, these large grains have been reported to be free of deep level electronic impurities 

resulting in near intrinsic transport properties as well as stable and reliable solar cell 

performances. For these reasons, they offer a new opportunity to access the local intrinsic photo-

physical properties of organic-inorganic perovskite. 

In this investigation, we unify the micro-scale dynamics of photo-carriers and macro-

scale solar cell performance of large grain methylammonium halide perovskite thin films. Most 

importantly, we demonstrate a pure bimolecular recombination through confocal time-resolved 

photoluminescence spectroscopy in large crystalline grains over a broad spectral range at 

excitation densities relevant for photovoltaic applications. This is a textbook signature of defect-

free bulk direct band gap semiconducting materials, where the bimolecular recombination of 

photo-generated electrons and holes via radiative[24,25] and non-radiative[26] decay are prevailing 

relaxation processes. By comparing bimolecular coefficients computed within the Langevin 

model and derived from photoluminescence decays, we infer that recombining photogenerated 

carriers do not lead to major losses in photovoltaic devices because of efficient charge extraction. 

Additionally, measurements of an operating solar cell device under open circuit conditions 

(where carriers are not extracted from the cell) demonstrate that bimolecular recombination 

remains the sole decay channel of photo-generated charges and any defects formed during device 

fabrication are minor. These results demonstrate that solution cast large-area organic-inorganic 

perovskites have a technological potential in optoelectronics comparable to conventional 
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semiconducting systems, and superb photovoltaic performance can be attributed to suppressed 

electron-hole recombination and negligible deep level electronic impurities.  

2. Results and Discussion 

2.1. Unambiguous bimolecular recombination in large grain perovskites  

Thin films of crystalline grains of mixed halide perovskite CH3NH3PbI3-xClx synthesized via a 

hot-casting method were used in this study[2]. The optical properties and carrier dynamics were 

investigated by micro-scale confocal spectroscopy and time-resolved photoluminescence (PL) 

which probes local regions in thin films used for solar cell applications (Note S1). The micro-

scale approach locally interrogated, with micrometer resolution (~ 1 𝜇m2), the optical response 

of a single large-area grains (> 100 µm in diameter) residing in a ~300 nm thick perovskite thin 

film deposited on a glass substrate (Figure 1a, inset). The inner region of the large-area grain is 

relevant for photovoltaic applications as grain-boundaries in these large grains have a minor 

impact on the overall device performance[2]. Figure 1a shows the absolute absorption coefficient 

and normalized photoluminescence spectrum measured confocally within a single large-area 

grain. This was obtained by correcting for multiple reflections occurring at the air/film and 

film/substrate interfaces and we deduced an absorption coefficient (α) of ∼ 2.5×10) cm-1 at the 

band-edge in the near infrared that displays an increase of an order of magnitude over the visible 

spectral range. From these results we also extracted the real and imaginary parts of refractive 

index (Figure S1 and Note S2) demonstrating an acceptable agreement with our DFT 

calculations (Figure S2 and Note S3) and other recent studies[21–23,27]. The emission and 

absorption band-edge, observed at 1.626±0.002 eV (763 nm) and 1.62±0.01 eV (765 nm) 

respectively, display a relatively small Stokes shift at ambient conditions (Figure 1a). We 

emphasize the importance of determining the absolute absorption coefficient for correctly 
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interpreting the dynamics of carriers and the quantum efficiency of solar cell devices through 

accurate estimates of the carrier excitation density (Figure S1). Accurate determinations of α also 

allow for comparing the photo-excited carrier density (𝑁+) achievable in our time-resolved 

photoluminescence (TRPL) experiment to 𝑁+ obtained in a planar solar cell under standard 

AM1.5 global illumination. With our TRPL system, featuring a wavelength-tunable 6-ps-pulsed-

monochromatic laser excitation at 1 MHz, one solar irradiance translates into a lower limit of 

𝑁+ 	= 6.5×10/0 cm-3, and further reaching values above 8×10/0 cm-3 when considering the 

device structure geometry.  

For quantitative understanding and measurements, time-resolved photoluminescence was 

then performed on the same grain as the absorption and photoluminescence measurements using 

time-correlated single-photon counting (see details in Note S1). Figure 1b shows the time-

dependent photoluminescence intensity at the band-edge after excitation at 690 nm (1.80 eV) 

generating an equivalent excitation density of less than 4 suns of irradiance (𝑁+ = 2.8×10/2 cm-

3). The decay kinetics was modelled with a numerical solution to the first order rate equation 

describing the recombination of valence and conduction band carriers coupled to a least squares 

optimization of the rate constant. Briefly, a focused laser pulse of photon energy ℏ𝜔, described 

by the charge density generation rate 𝐺 = 6
7ℏ8

𝐴𝛼 (where 𝑃 is the laser power,	𝑆 is the spot size, 

A the thin film absorbance), creates a non-equilibrium distribution carriers in the valence and 

conduction bands (see also Figure 4). These carriers quickly relax to the band-edge on a 

picosecond-time scale[11,20], which is unresolved in our experiments. Subsequently, the 

recombination of carriers is modelled by a pure band-to-band or bimolecular recombination, 𝑁 =

𝐺 − 𝛾?𝑁@, of the non-equilibrium carrier density 𝑁(𝑡)	(assuming equivalent photo-excited 

carrier density in the valence and conduction bands) and described by a single bimolecular 
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coefficient 𝛾? that includes both radiative and non-radiative processes[24–26]. Here the intensity of 

light emission is given as: 𝐼EF ∝ 𝑁@, as will be demonstrated later. An example of the accuracy 

of this model is shown in Figure 1b where an excellent fit is displayed for the only free 

parameter 𝛾? =	5.3x10-9 cm3/s. Interestingly, this bimolecular recombination coefficient is 

order(s) of magnitude larger than previous reports on smaller-grain-structured organometallic 

samples[6,9,12,14,15,18,20], and comparable to that of typical direct-gap semiconductors[28,29]. Again, 

this result attests both the crystalline quality of our samples and that the photo-excitation of free 

charge carriers is the dominating kinetic process. However, 𝛾? is most likely influenced by 

photon recycling because of a small photoluminescence Stokes shift and a large absorption 

coefficient[25,30,31]. We therefore expect this value to be a lower bound of the recombination rate 

and further enhancements may be made in planar perovskite devices by limiting the angle of 

photon emission[32,33]. The determined recombination rate at this excitation energy (~1.8 eV) 

corresponds to an approximate 7 ns effective electron-hole recombination lifetime, and this result 

unambiguously demonstrates that free carriers, are the main photo-excitation in these materials. 

This is in agreement with recent reports of very small exciton binding energies (a few meV) at 

room temperature[21,34], and possible ultra-fast exciton dissociations due to strong screening the 

electron-hole interaction by optical phonons and collective rotational motions of the organic 

cations (CH3NH3)[35,36]. 

2.2. Density dependent emission intensity and dynamics  

Investigating the dependence of the recombination dynamics on the photoexcitation density is 

necessary to fully understand the relaxation processes of excess free charge carriers. In general, 

the photoluminescence intensity for electron-hole pair recombination is expressed as 𝐼EF~𝑁I𝑁J. 

Photoluminescence can also arise from recombination of an electron or hole with a charged 
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shallow defect such that the charge densities should be re-defined as 𝑁I(𝑡) = 𝑁(𝑡) + 𝑁L in the 

case of n-doping and 𝑁J 𝑡 = 𝑁 𝑡 + 𝑁L in the case of p-doping. The equilibrium free carrier 

density 𝑁L, encompassing n-type or p-type unintentional doping, is related to intrinsic defects. 

Theoretical investigations have associated this type unintentional doping to mainly Frenkel-type 

point defects, including vacancies, interstitials, and substitutions, and demonstrated that defects 

with small formation energies are all shallow trap states due the ionic nature of the material[37,38]. 

In particular, donors and acceptors act as both a source of doping and recombination centres 

(non-radiative) for excess carriers. A donor (acceptor) is a shallow level impurity which has an 

energy level just below (above) the conduction (valence) bands and can easily transfer an 

electron (hole) to the band, such that 𝐷+ ⇄ 𝐷O + 𝑒Q (𝐴+ ⇄ 𝐴O + ℎO). On the other hand, deep 

level impurities are trap states and are composed of defects with large formation energies, 

however are much lower in density. Moreover, Schottky-type, neutral vacancy pair defects of 

PbI2 and CH3NH3I, are presumably abundant in solution-cast growth and are neutral de-localized 

states within the bands that do not contribute to doping. These defects are not expected to be 

major (non-radiative) recombination centres for carriers[37]. Our preliminary measurements of 

field-effect transistor responses, that will be reported elsewhere, suggests a slight n-type doping 

in thin films grown by the method above. Thus, in the case of defects in the conduction band, the 

time-dependent photoluminescence intensity becomes 𝐼EF t ~𝑁@ + 𝑁𝑁L, and in the steady state 

limit 𝐼EF~𝑁+@ + 𝑁+𝑁L. These two regimes of light emission in the steady state, free carrier and 

unpassivated defect assisted emission, were clearly identified by performing an excitation 

intensity dependent integrated photoluminescence study, Figure 2. This allowed for an estimate 

of an equilibrium density associated with unintentional doping due to intrinsic defects of 𝑁L ∼

2.5×10/0 cm-3. This is equivalent to ~0.3 sun irradiance. For an excitation density of 𝑁+ > 𝑁L, 
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the regime in which solar cells operate, the photoluminescence intensity scales as 𝐼EF~𝑁@ where 

excess free carriers mostly undergo bimolecular recombination after having passivated the 

equilibrium background charge.  

Following these steady state measurements, the dynamics of photo-excited carriers were 

investigated via TRPL over a relatively broad range of excitation densities at photon energy 1.8 

eV (Figure 3). A general model of the carrier dynamics considering defect levels (trap states) 

probed by TRPL is given by the first-order rate equations: 

 
𝑁 = 𝐺 − 𝛾?[𝑥𝑁@ + 1 − 𝑥 𝑁𝑁L] − 𝛾↓𝑁 + 𝛾↑𝑁Z 

𝑁Z = 𝛾↓𝑁 − 𝛾↑𝑁Z − 𝛾[𝑁Z 
(1) 

where all quantities are defined in the schematics and captions of Figure 4, and 𝑥 (between 0 and 

1) is determined from the static PL results (see previous paragraph and Figure 2). After photo-

generation (G), the excess of free carriers (N) at the band-edge can: undergo bimolecular 

recombination (𝛾?𝑁@), exchange densities with trap states (−𝛾↓𝑁 + 𝛾↑𝑁Z), and relax by 

undergoing trap-assisted non-radiative recombination (−𝛾[𝑁Z); see also the schematic in Figure 

2d. Here, we define the effective lifetime of free charge recombination 𝜏? = 𝛾?𝑁+ Q/, and 

characteristic lifetimes for the trap-assisted decay as 𝜏↓ = 𝛾↓Q/ and 𝜏[ = 𝛾[Q/. The exchange rates 

between the band-edge and trap states are directly related by the Boltzmann distribution defined 

from their energy splitting (Δ𝐸Z): 𝛾↑ = 𝛾↓exp	(−
bcd
efg

), where 𝑘i is the Boltzmann constant and 

T the sample temperature (295 K). The TRPL kinetics were fit independently using a numerical 

solution to equations (1) (see results in Figure S3), yielding excellent fits with coefficients of 

determination R2 exceeding 0.95, with the exception of the kinetics associated with 𝑁+ =

0.4×10/0 cm-3 for which R2 = 0.64 due to low signal-to-noise ratio at low photon collection 

yields in these experiments. For an excitation density of 𝑁+ < 5×10/0 cm-3, the 

photoluminescence decays tend toward a more mono-exponential response mixed with the 
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bimolecular process of recombination in agreement with previous reports[10,12,14]; we label this as 

the “mixed regime”. On the other hand, at higher excitation density, 𝑁+ > 5×10/0 cm-3, the 

kinetics yield a pure bimolecular recombination behaviour (“bimolecular regime”). Figure 3b,c 

present the photo-excitation density dependence of the trap-state energy level (Δ𝐸Z), the 

maximum occupation of both the band-edge (𝑁lmn) and trap state (𝑁Zlmn), and the ratio 𝜏↓/𝜏? 

deduced from the global fitting procedure. Moreover, following the high quality fits with 

equations (1), we hypothesize that Auger recombination is negligible in the range of excitation 

density explored here, 𝑁+ < 10/p cm-3, which is in agreement with the literature[12,18]. 

  All parameters directly related to the nature of the trap state 𝑁Z (Δ𝐸Z,𝑁Zlmn, τ↓/𝜏s) 

present a clear change in behaviour at the threshold value 𝑁tu ∼ 5.5 ± 1.0×10/0 cm-3.  This is 

identified as the photo-excitation density for which shallow trap states (Δ𝐸Z < 25 meV) are 

filled thus becoming transparent to carriers. The effective defect density in our large-area grains 

is somewhat lower than previous report in bulk perovskite materials[14,15] and comparable with a 

recent report on locally enhanced photo-emission in a micro-structured or Cl-enriched 

materials[9,39]. Also, 𝑁tu is slightly larger than the unintentional doping density 𝑁L measured in 

the static regime, which suggests that either non-doping neutral defects act as non-radiative 

recombination centres or n- and p-type intrinsic defect states partially compensate the static PL 

signal while TRPL only probes defects related to the minority carriers[37,38].  Concomitant to the 

switching of the trap-assisted decay path from shallow trap states (Δ𝐸Z < 25 meV) to deep trap 

states (Δ𝐸Z > 100 meV), we observe a strong reduction of the maximum occupation of the 

defect level 𝑁Zlmn as well as an increase of the time constant ratio 𝜏↓/𝜏? above unity. The latter 

implies that the excess carriers preferentially decay through the bimolecular recombination 

pathway for 𝜏↓/𝜏? > 1, where 𝜏? becomes the smallest effective lifetime. The former is 
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explained by the lack of carrier exchange between the band-edge and trap state per the 

Boltzmann distribution, where deep trap states should be unoccupied at room temperature 

(Figure S4). From this we describe a physical picture where for Δ𝐸Z < 25 meV, a carrier 

occupying 𝑁Z decays non-radiatively at a rate 𝛾t but has also a chance to repopulate the band-

edge with a rate 𝛾↑, whereas, for Δ𝐸Z > 100 meV, a carrier has a negligible probability to transit 

from the trap-state to the bandedge (𝛾↑ ~ 0) and 𝛾↓ is the rate dominating the trap-assisted decay 

pathway (see also Figure S3c,d).  

To summarize these results, in the mixed regime (N+ < Ntu) the photo-excited carriers 

decay by undergoing both trap-assisted non-radiative recombination (dominant mechanism) and 

bimolecular recombination, whereas in the bimolecular regime (N+ > Ntu) the former decay 

pathway is either strongly damped (weak decay to deep trap states) or totally prohibited (Figure 

3d). The latter observation is in agreement with the low density of deep trap states in this 

material, since they require much higher energy to be formed[37,38]. From the defect density we 

infer that large-area-grain structured solar cells operate in the bimolecular regime (at least in the 

spectral range around 1.8 eV) as reported in Figure 1b. This behaviour is different than previous 

studies reporting solar cell operation in the mixed regime involving trap-assisted recombination 

and bimolecular recombination to dark carriers due to doping[15,39]	 and the pure bimolecular 

regime being reached at tens of solar irradiance[15]. 	

2.3. Photo-physics over broadband light excitation  

In order to gain a more complete understanding of the photo-physics in solar cells, we also 

examined the photoluminescence kinetics over a broad spectral range of excitation energies, 1.8 

and 2.7 eV (Figure 5a-c), while keeping the excess carrier density close to 1 solar irradiance. 

First, the material was investigated in the bimolecular regime (Figure 5a, see also Figure 1b) and 
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a pure bimolecular recombination process was observed with negligible trap-assisted decay to 

deep trap states (Figure 5c, black square symbols). The quality of the fits were characterized by 

R2 ≥ 0.8 and were mainly impaired by the inevitable noise in the data at such low photon flux 

densities (Figure S5). The bimolecular coefficients were found to range from ≈ 5.3×10Qz to less 

than 0.5×10Qz cm3/s (Figure 5b, see also Figure S5). The error in the determination of these 

values is mainly related to the maximum 5% error on the absorption measurements. As shown in 

Figure 5b the bimolecular recombination coefficient depends strongly on the magnitude of the 

absorption coefficient and shows an anti-correlated behavior with the absorption coefficient.  

Next, we investigated the time-resolved photoluminescence response in the mixed regime 

and fit the data with equations (1). In contrast to the bimolecular coefficient showing a strong 

spectral dependence, the trapping rate shows little spectral dependence (Figure 5c, blue round 

symbols), with a mean value of ∼ 4×10{ s-1.  This suggests that the trap states probed over the 

whole spectral range of photo-excitation are of similar nature.  

Finally, the photoluminescence of several large-area grains under monochromatic 

excitation was measured over a broad spectral range. Within a single large grain, a standard 

photoluminescence excitation (PLE) map and the corresponding integrated PL normalized to the 

absorption coefficient (equivalent to probing the relative change of the quantum yield) are 

displayed in Figure 5d. Fluctuations in intensity are in the maximum 5% error related to 

measurements of the absorption coefficient. The emission spectrum for each excitation energy 

was acquired by keeping the photo-excited density of carriers at approximately 1 sun of 

irradiance in order to reflect the conditions of illumination in photovoltaics. Over the entire 

range, no significant shift or broadening of the emission peak was observed, whereas a strong 

reduction of the PL intensity occurs towards the blue spectral region following a similar anti-



	

13 
	

correlated behaviour in comparison to the absorption profile as observed for the bimolecular 

coefficient.  

The spectral profiles of the quantum yield and kinetic parameters are possibly explained 

by an increased amount of trapping events, that lead to an overall reduction in 𝛾? due to a 

dominating but slower non-radiaZtive bimolecular decay, taking place at high energy during 

intra-band relaxation of carriers (Figure 6, middle-right panel). This hypothesis was drawn from 

both the similar nature of trap states across the visible spectrum and the broadband absorption 

mechanisms as described by Even et al.[35,40,41] (also sketched in Figure 6, left panel). 

Qualitatively, we describe the intra-band relaxation in reciprocal space via the differential 

equation: 𝑛(𝑘) = −𝑃}𝑛(𝑘), with 𝑛(𝑘) the carrier density at wave vector k and Pi the probability 

of trapping carriers in k-space (assumed to be constant). Using the band dispersion relation 𝐸 =

ℏe~

@�∗ along the R-M direction in k-space, where the 𝑚∗	is the effective mass[42,43], the carrier 

density at the R-point following excitation at E(k) is proportional to exp	[−𝑃} 2𝑚∗𝐸/ℏ], which 

yields a reasonable qualitative fit to the integrated PL (Figure 5d, dashed line). From above 

spectral dependent TRPL results, we estimated an upper limit of the trap saturation threshold 

density Nth over a broad spectral range (Figure S6), demonstrating that passivation of shallow 

trap states was observed at values below solar excitation density for photons energies below ~ 2 

eV, however at slightly higher values above 2 eV. This observation corroborates the higher 

probability for carriers generated with blue-light excitation to undergo trap-assisted 

recombination as they are exposed to a higher density of trap states, both shallow and deep, 

distributed along the bands in k-space while undergoing intra-band relaxation (schematic in 

Figure 6). In addition to this effect, we can expect surface trap states, self-trapped charges or 

self-trapped excitons, originating from electron-phonon coupling at the thin film surface[44], to be 
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prevalent under blue-light excitation which probes a more shallow layer of the thin film (see also 

Figure S7). 

2.4. Solar cell performance  

To confirm that trap-assisted recombination is not an influential process in a high quality-

operating device, we investigated the performance of a planar solar cell (see inset in Figure 7b) 

with the same material active region as above over a wide range of illumination irradiance. We 

also probed the recombination of photo-generated carriers by measuring 𝑉��	as a function of 

light intensity, Figure 7a. In this measurement, all of the carriers recombine in the active layer 

because there is no net current flow. Here the slope of 𝑉�I  vs irradiance on a linear-log scale 

determines the so-called ideality factor 𝑛. More precisely, 𝑛𝑘i𝑇/𝑞 is the slope of the linear 

curve where 𝑞 the elementary charge. When 𝑛=1 the measurement suggests that bimolecular 

recombination is the dominating decay mechanism in the active layer[45]. Larger values up to 

𝑛=2 indicate trap-assisted recombination is prevalent and the material has a relatively large 

density of deep level electronic impurities that mask bimolecular recombination. For this device 

and material we found n ∼1.1 where the small deviation from an ideality of 1 is expected to 

result from the presence of a few grain boundaries under the contact and illumination area[2]. 

This confirms that bimolecular recombination is the dominating dynamics for carriers in this 

material at macroscopic scale, as well as that decay of carriers to deep electronic defects is minor 

and does not alter the overall transport properties of devices. Moreover, both the micro- and 

macro-scale carrier dynamics results are reflected in the external quantum efficiency under one 

sun illumination that yields values larger than 80% above the band-gap, Figure 7b. This clearly 

suggests few losses after absorption and nearly 100% internal quantum efficiency for single 

crystals, in agreement with recent studies[21,46,47].  
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2.5. Microscopic origins of photovoltaic efficiency  

Knowledge of the underlying physics of shallow trap passivation, bimolecular recombination, 

and spectral variations of the photoluminescence kinetics and intensity are important for 

understanding the transport properties of large grain perovskite semiconductors.  Using Langevin 

theory describing the recombination of free carriers in diffusion limited semiconductors, the 

spectral and excitation density dependence of the effective diffusion constant of carriers can be 

derived as 𝐷 = ��
)���

 (Figure S5), using the Onsager radius 𝑟� =
e��~

��efg
	, where kC is the Coulomb 

constant, 𝜀+ the vacuum permittivity, and 𝜀� = 35 the static dielectric constant[48] (see details in 

Note S4). Values of D are in the range ~0.1-2.5×10-3 cm2/s depending on excitation energy, with 

similar spectral dependence as 𝛾?.  From the values of diffusion constant, at room temperature, 

we expect minority carrier mobility in the range ~10-1-10-2 cm2/V.s, with a similar spectral 

profile as the diffusion constant and 𝛾?. These values are of same magnitude as those reported 

for bulk NH3CH3PbI3 (see refs.[49,50] and literature therein), however much smaller than what is 

expected theoretically[49,51]. Using derived mobilities from the bi-molecular coefficients, the 

Nernst–Townsend–Einstein relation would yield un-physical sub-fs elastic scattering mean free 

times, assuming effective masses reported in the literature[42,43]. Thus, we infer in these systems 

there may be an effective mass enhancement due to electron-phonon coupling linked to polaronic 

states[52–54], or carrier localization effects[36], mostly caused by an orientational disorder of 

organic cation. In fact, it is understood that the orientational disorder of the organic cation 

(methylammonium ions) in the lattice is altered by polarized light, which can give rise to local 

structural distortions that cause changes in the electronic and vibrational landscapes of 

perovskites[52,55–59]. For example, this may be reflected in the recent observation of giant photo-

induced dielectric constants[60] and Glass coefficients[55], that increase linearly with broadband 
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excitation intensity. Since these effects increase with increasing excitation energy the overall 

screening of charge carriers may become more effective reducing the probability of 

recombination, which is reflected by reductions in 𝛾? and D.  

Further, lower-limit values of mobility predicted from first principle (140 cm2/V.s for 

holes and 466 cm2/V.s)[49] yield a Langevin bimolecular coefficient[61] of 𝛾� = 3.1×10Q0 cm3/s.  

This provides a lower limit for the perovskites transport figure of merit which reflects a 

suppression of electron-hole recombination, ��
��
∼ 1.7×10Q). Using typical mobilities in our solar 

cells[2,62], ~ 5 cm2/V.s or more for 15% power conversion efficiency, we find 𝛾� = 5.2×10Q{ 

cm3/s and ��
��
< 1×10Q@. This implies that perovskite solar cells fabricated in this fashion operate 

in the non-Langevin recombination regime, which is necessary for efficient photovoltaic devices 

with low charge carrier mobilities in order to prevent significant losses due to recombination 

competing with the charge extraction processes[61]. In other words, the lifetime of the charge 

carriers must be longer than their transit time in the intrinsic electric field in order to obtain 

efficient energy conversion in solar cells. This can be reformulated in terms of a mobility lower 

limit as 𝜇 > �����~

J��
, where 𝑉s� is the built-in electric field potential (𝑉s� = 0.78 V in our solar 

cells[62]) with thickness d=450 nm. We estimate 𝜇 > 0.01 cm2/Vs is necessary for efficient 

energy conversion. These conditions are in good agreement with our TRPL analysis, and 

fulfilled in our large-area grain perovskite material. This rational further explains the high 

performances observed in perovskite-based solar cells beyond having low deep level defect 

densities. 

3. Conclusions 
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Our findings of pure bimolecular recombination are in stark contrast with previous reports on 

bulk organometallic perovskite materials showing nearly exponential mono-molecular processes 

at equivalent carrier densities or a combination of both bimolecular recombination and trap-

assisted relaxation[10,12,14,15,39,63]. The origin of this discrepancy may result from small grains 

where crystal boundaries and defects result in dynamics that deviate from bimolecular 

recombination because of monomolecular trap assisted recombination[2], Figure 4b and Figure 

S8. Notably, the observation of a pure bimolecular decay is unique for semiconducting solution-

processed materials at this excitation density as trap-assisted or exciton recombination (both 

mono-molecular kinetics) are usually dominating processes. Most importantly, our findings 

bridge the gap between the micro-scale optical properties and macro-scale solar cell performance 

of crystalline methylammonium halide thin films. These results clearly demonstrate that devices 

based on solution processed thin film semiconductors can be operated in regimes free of 

impurities that degrade transport and alter optical properties. More broadly this work asserts the 

rapid progress in organic-inorganic perovskite based optoelectronics where experimentally 

determined intrinsic properties represent a clear departure from macroscopic ensembles of 

nanoparticle systems that are plagued by inhomogeneity and defects. Nevertheless, the mobility 

of charge carriers in perovskites remains significantly lower than conventional semiconductors, 

reflecting transport may be similar to that in organic systems without large deep level defect 

densities associated with multiple interfaces. Further understanding of the details of charge 

carrier localization and mobilities associated with the dynamic perovskite lattice[64] will aid in 

providing a physical picture of transport in these hybrid systems and pave the way for improved 

stability and performance in optoelectronic devices. 
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Figure 1. (a) Absolute value of the absorption coefficient (black) and the PL spectrum (red). 

(inset) Phase contrast microscope image of a large-area grain organometallic perovskite thin film 

deposited on glass. A schematic of how the confocal microscopy experiment probes a single 

grain is also shown.  (b) Time-correlated single photon counting histogram of the PL (black) and 

the bimolecular recombination model (red). (inset) Same showing the data at longer times.  
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Figure 2. Photoluminescence intensity as a function of the photo-excitation density. Dashed 

lines are fit of the data. 

 

Figure 3. (a) Time-correlated single photon counting histogram of the PL (darken colors) and 

the recombination model (lighter colors) for different excitation density. Data were acquired 

using excitation 690 nm (1.80 eV). (b) ΔE� and maximum density of N, N� as well as (c) 

lifetimes derived from the fitting of the data as a function of excitation density. The vertical 

dashed line at the saturation threshold excitation density Nth locates the transition between the 

mixed regime and the bimolecular regime. (d) Schematic of the main photo-physical processes in 

perovskites. In the mixed regime, after absorption of a photon, the main relaxation path is via 

trap-assisted non-radiative recombination to shallow charged (here we illustrate the situation for 

a donor state D+) or neutral (U) defect. The bimolecular recombination (radiative or non-

radiative) involves a photo-generated free hole, which recombines with either a photo-generated 
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free electron (weak) or a bound electron to a donor state (strong). In the bimolecular regime, 

shallow trap states have been passivated and the main relaxation process is via bimolecular 

recombination of photo-excited carriers. 

 

Figure 4. (a) The dynamics of light emission is modelled by an excitation density generation rate 

provided by the laser G followed by an unresolved ultrafast relaxation to conduction and valence 

band edges (top and bottom arrows) preceding a bimolecular recombination of conduction and 

valence band densities (N�,	N¡) characterized by a single bimolecular coefficient γs. (b) When 

defects are present, such as an electronic state characterized by a conduction band trap density 

N�, a competing relaxation channel γt appears leading to kinetics that alter the bimolecular 

decay. Carriers can exchange density between the band-edge (N�) and the trap state (N�) as 

modelled via the rate couple (γ↓,γ↑) and the energy separation between 𝑁I  and 𝑁Z (noted ΔE�). 
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Figure 5. (a) Time-correlated single photon counting histogram of the PL (darken colors) and 

the bimolecular recombination model (lighter colors) for selected excitation energies, from 

bottom to top: 1.88 eV (660 nm), 2.14 (580), 2.38 (520), 2.58 (480). Photo-excitation density 

was kept in lower part of the bimolecular regime, i.e. trap-assisted non-radiative recombination is 

negligible. (b) (open symbols) Bimolecular coefficient γs derived from the fitting of the data, 

errors from the fits are negligible as compared to the symbol size however the maximum ~5% 

coming from the absorption measurements is not displayed. (grey region) Absorption coefficient 

profile. (c) Trapping rate constants to shallow trap states (mixed regime) and deep trap states 

(bimolecular regime). (d) Excitation energy dependence of the relative quantum yield (red). 

Broken curves sketch the fitting of the data with the model described in the main text. (inset) 

Color-map of the photoluminescence intensity (rel. units) versus excitation (y-axis) and emission 

(x-axis) energy. 
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Figure 6. Schematics of the band structure of the high-temperature pseudo-cubic phase of 

perovskite (from ref.[41]) during: photoexcitation (left), relaxation in the mixed regime (middle), 

and relaxation in the bimolecular regime (right). Optical excitations generate free carriers in the 

valence (E1/2,g) and conductions (E1/2,u) bands which relax towards the R point where the 

emission takes place. 

	

Figure 7. (a) Open circuit voltage as a function of irradiance (filled black circles). The line is a 

fit showing an ideality factor close to 1 suggesting bimolecular recombination of photo-
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generated carriers.  (b) Spectrally resolved absolute value of the external quantum efficiency 

measured on a full device. The inset is a schematic of the device geometry. 
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