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Abstract 

The success of halide perovskites in a host of optoelectronic applications is often attributed to their 

long photoexcited carrier lifetimes, which has led to charge-carrier recombination processes being 

described as unique compared to other semiconductors. Here, we integrate recent literature 

findings to provide a critical assessment of the factors we believe are most likely controlling 

recombination in the most widely studied halide perovskite systems. We focus on four mechanisms 

that have been proposed to affect measured charge carrier recombination lifetimes, namely: (1) 

recombination via trap states, (2) polaron formation, (3) the indirect nature of the bandgap (e.g. 

Rashba splitting), and (4) photon recycling. We scrutinize the evidence for each case and the 

implications of each process on carrier recombination dynamics. Although they have attracted 

considerable speculation, we conclude that shallow trap states, and the possible indirect nature of 

the bandgap (e.g. Rashba splitting), seem to be less likely given the combined evidence, at least in 

high-quality samples most relevant to solar cells and light-emitting diodes. On the other hand, 

photon recycling appears to play a clear role in increasing apparent lifetime for samples with high 

photoluminescence quantum yields. We conclude that polaron dynamics are intriguing and 

deserving of further study. We highlight potential interdependencies of these processes and suggest 

future experiments to better decouple their relative contributions. A more complete understanding 

of the recombination processes could allow us to rationally tailor the properties of these fascinating 

semiconductors and will aid the discovery of other materials exhibiting similarly exceptional 

optoelectronic properties. 
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Introduction 

The charge-carrier lifetime is an important metric in a photovoltaic device1, where longer carrier 

lifetimes have been shown to directly correlate with higher power conversion efficiency in solar 

cells such as GaAs.2 The recombination of charge carriers in a semiconductor can be summarized 

through the following simplified rate equation3,4 (see Supporting Information (SI) for assumptions 

and derivation): 

 

−
𝑑𝑛

𝑑𝑡
= 𝑘1𝑛 + 𝑘2𝑛2 + 𝑘3𝑛3       (1), 

 

where n is the electron charge carrier density (Eqn. 1 assumes electron density equals hole density 

to facilitate qualitative discussion), k1 is the first-order Shockley-Read-Hall (SRH) trapping (non-

radiative) rate constant, k2 is the second-order band-to-band (radiative) recombination rate 

constant, and k3 is the third-order Auger (non-radiative) recombination rate constant. The 

photoexcited carrier density dictates which of the terms dominate recombination. Although 

lifetime is an important physical property of a semiconducting material, its usual definition as a 

characteristic time constant in an exponential decay only applies to a monomolecular decay 

process and therefore typically describes limiting cases of equation 1. For example, when 

recombination via traps dominates (in which the k1 term dominates), or when the photoexcited 

carrier density is small compared to the majority carrier concentration (in which the k2 term 

becomes pseudo-first order), non-radiative lifetime and minority carrier lifetime, respectively, are 

used to describe the dominant recombination pathway. For high-quality, intrinsic semiconductors, 

recombination kinetics no longer fall under these limiting cases and instead become a complex 

function dependent on the radiative recombination rate, the photoexcited charge carrier density, 
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and interactions between these photoexcited carriers and defects (i.e. non-radiative 

recombination), the lattice, and each other (i.e. Coulomb interactions)5. The measured carrier 

decay rate (“lifetime”) is therefore a combination of non-radiative and radiative recombination 

processes and in general does not follow monomolecular decay kinetics.  

Metal halide perovskites, epitomized by the archetypical system methylammonium lead triiodide 

(MAPbI3), are exciting materials for a variety of optoelectronic applications including solar 

photovoltaics6. In typical MAPbI3 films, the k1 term dominates at photoexcitation densities <1015 

cm-3, k2 dominates in the range ~1015-1017 cm-3, and k3 dominates in the regime >1017 cm-3
.
7,8 

Charge recombination in perovskites has often been described as unique9-12 because even in a 

crudely solution-processed perovskite film with a seemingly high trap state density (1014-1017 cm-

3), comparable to the photoexcited charge carrier density in an operating solar cell, the non-

radiative lifetime (1/k1) is long (>> 100 ns) compared to typical direct gap semiconductors (of 

order nanoseconds).13 Indeed, photocarrier lifetimes in well-passivated perovskites have been 

reported to be as long as 10 s under solar illumination fluences (i.e. low excitation fluences for 

most spectroscopic measurements) as measured by both photoluminescence and microwave 

conductivity.14,15 Such slow reported carrier decay rates are not expected from a material with 

strong absorption properties. Some reports have suggested that k2 does not match what is 

theoretically predicted16 based on the principle of detailed balance, where strong absorption 

coefficients should lead to large radiative recombination rates.17-19 However, several reports have 

since shown that, when photon recycling is taken into account,5,20-23 the radiative bimolecular rate 

constant matches that which would be expected from reciprocity relations and is perhaps not ‘slow’ 

as previously thought.5,15,20,24,25 These results have established an on-going debate as to whether 

or not recombination in perovskites is truly unique.  
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In this Focus Review, we examine the different recombination processes in the most widely 

reported metal halide perovskite systems. We focus on four common hypotheses that can influence 

the recombination terms associated with k1 and k2 in equation 1, each with varying levels of 

experimental and theoretical supporting evidence. These include long-lived trap states (Figure 1a), 

polaronic effects in which recombination is impeded via the interaction of the charge carriers with 

the lattice (Figure 1b), direct-indirect bandgap behavior induced from a Rashba effect (Figure 1c), 

and photon recycling (Figure 1d). We assemble the evidence supporting each of the four proposed 

mechanisms and, upon critical evaluation, determine that shallow trap states and the Rashba effect 

do not significantly impact carrier recombination. On the other hand, low transition rates into deep 

electronic trap states and photon recycling play a clear role in enabling long apparent lifetimes for 

high-quality samples. Furthermore, the impact of polaron formation on recombination dynamics 

deserves further study. We describe how many of these effects may inter-relate and in fact not be 

mutually exclusive, though likely also depend sensitively on the specific perovskite composition 

and structure. Finally, we identify routes to further decouple these effects and ultimately exploit 

this behavior. Understanding the recombination processes of these materials provides guidelines 

for designing similarly defect-tolerant semiconductors26 with favorable properties tailored towards 

specific applications. 
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Figure 1. Proposed mechanisms that may impact charge carrier recombination in perovskites, 

namely (a) trapping, (b) polaronic effects, (c) indirect bandgap character, and (d) photon recycling. 

 

Trap-Related Recombination (k1) and Defect Tolerance  

Out of the four mechanisms we are highlighting in this perspective, the most well-studied to date 

is how sub-gap electronic states influence carrier recombination kinetics.27,28 Sub-gap states are 

expected to significantly influence the recombination kinetics at excitation powers relevant to 

photovoltaic operation where the steady-state carrier population (~1014–1016 cm-3)3,29 has been 

reported to be comparable to or below the sub-gap state population (~1014–1017 cm-3 for 

polycrystalline thin films).27,30,31 Indeed, several reports have now experimentally confirmed the 

presence of trap states within the band-gap of both polycrystalline and single crystal metal halide 

perovskites,32-35 and these trapped charges can exhibit micro- to milli-second lifetimes based on 

transient absorption and photoconductivity measurements.22,33 

Importantly, the non-radiative lifetime is dependent on the rate at which carriers exchange energy 

with the lattice through phonon emission. This exchange of energy becomes generally less likely 
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with an increasing ratio of energetic separation between the two electronic states compared to the 

energy of available phonons or vibrationally active modes. In inorganic semiconductors relevant 

for photovoltaic applications, direct band-to-band recombination via phonon emission is not 

favorable due to the high ratio of band gap energy to phonon energy. Reducing the energetic step 

of a single transition by introducing a localized state in the band gap will make phonon-mediated 

transitions substantially more likely. Thus, non-radiative recombination is typically described by 

a lifetime (τ) that is inversely proportional to the density of localized states (Nt) in the band gap 

and a kinetic prefactor (Г) that describes the strength of electron-phonon coupling, and 

subsequently the likelihood of a transition via a single defect (i.e. τ ~ 1/ГNt).  

Recently, non-radiative rates for perovskites were calculated using well-known multiphonon 

emission theory, previously used for III-V semiconductors,36,37 which takes into account 

commonly reported optical phonon energies and electron-phonon coupling.38,39 The electron-

phonon coupling in halide perovskites is dominated by the inorganic metal-halide sublattice and,40 

due to these heavy atomic components, the resulting phonon energies are characteristically lower 

than many semiconductors, making multiphonon processes less probable.39,41 Figure 2 shows the 

expected SRH non-radiative lifetimes for an optical phonon energy of 16.5 meV42 for a given trap 

density and trap state energy within the bandgap (Eg = 1.6 eV), based on an extended version of 

the model previously reported (equations and calculations are reported in the SI).41 Optical 

phonons usually dominate these recombination processes in semiconductors as they produce the 

largest polarization field and allow for the largest changes in potential per unit displacement.43 

Importantly, Figure 2 shows that for a typical trap density of 1015 cm-3 residing 0.6 eV below 

(above) the conduction (valence) band, a non-radiative lifetime of 10 µs (k1 = 1x105 s-1) is 

achievable. For comparison, high-quality samples of GaAs, which demonstrate 
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photoluminescence quantum efficiencies in excess of 96%, still exhibit non-radiative lifetimes of 

only ~tens of nanoseconds at 300 K.13,44 This qualitative comparison shows that the trap-facilitated 

recombination for perovskites is characteristically slow. Figure 2 shows the functional form by 

which the perovskite nonradiative lifetime is sensitive to defects in the center of the gap and 

tolerant to shallow defects, as predicted by multiphonon theory and assuming no trap-trap 

transitions. As the low formation energy defects in perovskites are expected to reside near the 

band-edges, this may indeed render the lead-halide perovskite semiconductors tolerant to defects.45  

We note that in addition to the multiphonon model, others have proposed that carrier lifetimes may 

be extended by multiple trapping and hopping processes in a band tail of shallow defect levels 

(within an energy of ~kT from bandedges).32,46 These tail states could potentially be due to band-

edge electronic energy fluctuations caused by the intrinsic polarizability of the Pb atom or the fast 

dipole reorientation of the methylammonium cation.47,48 Nevertheless, due to the sharpness of the 

bandtail, it is likely that photo-excited carriers are rapidly re-emitted (de-trapped) from these trap 

states. In addition, the fact that surface passivation leads to enhancements in the 

photoluminescence quantum efficiency14,49,50 suggests that the trap states do not arise solely from 

static and/or dynamic disorder but rather likely point or extended defects at the surface and within 

the bulk of the perovskite. Finally, since both the mobility and, with it, the radiative bimolecular 

rate, go up with decreasing temperature,51,52 it seems unlikely that multiple trapping and re-

emission events are the dominant factor contributing to long carrier lifetimes. 
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Figure 2. Calculated trap state densities leading to Shockley-Read-Hall (SRH) nonradiative 

lifetimes ranging from 0.1 ns to 100 µs. Here, trap energy is given relative to the conduction band 

(0.0 eV) and the valence band resides at 1.6 eV (i.e. bandgap of the material). 

 

An accurate description of the role of these sub-gap electronic states in facilitating recombination 

still needs to be further developed. To date, trap states have primarily been probed electronically 

through deep level transient spectroscopy (DLTS), space-charge limited current (SCLC) analysis, 

and thermal admittance spectroscopy; these results have varied widely,27,53 likely due to variations 

in perovskite fabrication procedure as well as ion migration effects complicating the analyses. 

Interestingly, there are fewer studies that have shown optical signatures of trap states32,34, although 

some studies have predicted local trap densities by performing intensity-dependent PL 

measurements.29,54 These local variations in trap state densities over the sub-micrometer scale lead 

to spatial heterogeneity in charge carrier dynamics,55-57 although the kinetics are also impacted by 

local composition and lattice distortions.58 The community would greatly benefit from further 
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experimental evidence of the chemical nature and oxidation states59 of the subgap electronic states 

as well as resolving accurate energetic distributions and capture cross-sections. These studies 

would further inform theoretical studies, in which, thus far, calculated defect ionization levels have 

also widely varied depending on the level of theory used.60  

 

Radiative Bimolecular Recombination (k2) and Optical Reciprocity 

The rate of radiative recombination of a semiconductor is often described by the van Roosbroeck-

Shockley (vRS) equation. Considering the principle of detailed balance, the radiative 

recombination rate for a given energy interval and energy is equal to the corresponding rate of 

generation of electron-hole pairs by radiation.18 The total recombination rate per unit volume per 

unit time (Rrad) is the energy-integrated recombination, 

𝑅rad =
8𝜋

ℎ3𝑐2 ∫
𝐸2𝑛𝑟

2(𝐸)𝛼(𝐸,𝑓𝐶,𝑓𝑉,𝑇)

𝑒
(𝐸−Δ𝜇)

𝑘𝐵𝑇⁄
−1

∞

0
𝑑𝐸 (cm-3 s-1)   (2), 

where E is the (photon) energy, h is Planck’s constant, c is the speed of light (in vacuum), T is the 

temperature, nr(E) is the material’s refractive index, Δμ is the quasi-Fermi level splitting, kB is the 

Boltzmann constant, 𝛼(𝐸, 𝑓𝐶 , 𝑓𝑉 , 𝑇) is the absorption coefficient of the bands under illumination, 

and fc and fv are the occupation probabilities for the conduction and valence bands (under 

illumination), respectively. We note that in this form of the vRS relation, Rrad tends to zero as T 

approaches zero which is unphysical for a finite quasi-Fermi-Level splitting; a more rigorous 

treatment is therefore needed in some circumstances.61 Under thermal equilibrium, the radiative 

recombination rate (Rrad,0) follows from eq. (2) by setting Δμ=0.18 The bimolecular recombination 

rate constant (k2, cm3 s-1) as described in equation 1 is typically calculated using k2 = Rrad,0/ni
2, 

where ni is the intrinsic carrier density.43 If we assume perovskite materials are intrinsic (i.e. Fermi-
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level lies in center of gap), ni can be approximated using well-known theory for non-degenerate 

semiconductors based on the calculated density of states and measured bandgap of the material.62 

Importantly, the rate extracted using this equation is the internal radiative recombination rate per 

unit volume and time, whereas an external recombination rate could be calculated knowing the 

properties of photon reabsorption (i.e. photon recycling) and escape for the geometry of the 

measured sample (see “Photon Recycling” section).63 Equation 2 has been used to accurately 

calculate the radiative recombination rate in Si,64 Ge,18 GaAs,65 and GaN,66 although we note that 

there has been some debate on which absorption coefficient spectrum enters the equation, 

especially for materials with strong excitonic properties (see below).5  

Following this theoretical framework, Figure 3a shows the calculated bimolecular rate constant 

from Davies et al. as a function of temperature. They show that when using Coulomb-enhanced 

absorption coefficients, in which the carriers are not well screened from one another and are bound 

electrostatically, they can reproduce the experimentally measured k2 values (blue circles) 

reasonably well. These k2 values are consistent with the internal recombination rates reported in 

the literature for halide perovskites (0.7-6.8 ×10-10 cm3s-1).15,24,25 This figure also highlights that 

the room-temperature recombination rate is comparable to GaAs (i.e. 1.8–4×10-10 cm3s-1),67-69 a 

high-performing, direct-bandgap photovoltaic material. Similar conclusions were recently attained 

through first-principles analyses.70 These results suggest that the fundamental band-to-band rate 

within the vRS approximation may be, in fact, close to what we might expect for the perovskite 

optical response and the radiative recombination would in fact not be considered as “slow” with 

respect to absorption. Nevertheless, reciprocity cannot distinguish between different effects 

modulating the measured bimolecular recombination rate constant (for example polarons, Rashba 

effect, and/or photon recycling) because any and all contributing radiative recombination 
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mechanisms will already appear in the steady-state optical response. In other words, both emission 

and absorption processes are simultaneously occurring and are, therefore, both impacted by the 

presence of any of the mechanisms highlighted in this review. Indeed, this result merely reaffirms 

what we should expect, i.e. that optical reciprocity should always hold for a system in equilibrium. 

We now consider different recombination mechanisms that may influence the measured k2 values. 

 

 

 

Figure 3. Bimolecular recombination rate constant (k2) as a function of temperature calculated 

using the van-Roosbroeck and Shockley (vRS) relation based on either the electron-hole 

continuum absorption coefficient including Coulomb interactions (αC, white triangles), or the free 

(screened) electron-hole coefficient (αFree, red triangles). Blue circles show values of intrinsic k2 

obtained previously51 from transient terahertz photoconductivity spectroscopy. Reproduced with 

permission from Ref 5. Copyright 2018 Springer Nature: Nature Communications under Creative 

Commons Attribution 4.0 International License, http://creativecommons.org/licenses/by/4.0/. 

Polarons 
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In general, the energies of severely confined, localized electronic charge carriers depend strongly 

on the positions of the atoms that surround them.71 Nonetheless, displacements of the atoms 

surrounding electronic charge carriers can be ignored for commonly utilized high-mobility 

crystalline covalent semiconductors, such as Si, where the electronic carriers move so fast that the 

surrounding atoms cannot respond to their presence.71-73 This assumption fails dramatically when 

electronic bands are sufficiently narrow or when electronic carriers are sufficiently confined by 

defects or slowed by disorder or, as discussed below, the lattice is highly polarizable. In particular, 

slow moving electronic charge carriers, even in well-ordered crystalline materials, will self-trap.71-

74 Then, an electronic carrier becomes bound within the potential well formed by displacements of 

surrounding atoms. A (strong-coupling) polaron refers to the composite unit comprising the self-

trapped electronic charge carrier and the atomic-displacement pattern that produces its self-

trapping.71,73 Polarons generally form and manifest distinctive optical, transport and recombination 

properties in ionic (polar) materials, and some groups have recently postulated that they may 

explain many of the extraordinary properties in metal halide perovskites.75,76 Indeed, since the 

1950’s charge carriers in even the simple perovskites, SrTiO3 and BaTiO3, have been recognized 

as polarons or bipolarons.77  

Strong, short-range electron-phonon interactions, associated with the dependence of a charge 

carrier’s energy on atoms it contacts, are omnipresent. However, additional long-range electron-

phonon interactions arise in ionic materials. In this case, Coulomb forces between electronic 

charge carriers and ions induce a long-range pattern of ionic displacements. The displaceability of 

ions is measured by the difference between the reciprocals of the relative dielectric constants at 

the high frequencies governing electronic polarization, , and that below which all atomic 

relaxation occurs, 0.
71,73 In typical ionic solids (e.g. alkali halides) in which polaron formation is 
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prevalent, the static dielectric constant 0 ( 5) is almost twice the high-frequency dielectric 

constant.71 In halide perovskites, the much larger values of the quasi-static 0 ( >30), along with 

the smaller values of the high frequency  (~5-10), as measured by impedance spectroscopy, are 

consistent with a highly polarizable medium, which would be conducive to charge carriers forming 

polarons.75,78,79 Electrons in simple ionic solids, such as alkali halides, self-trap by displacing ions 

whereas electrons in simple polar liquids, such as water, self-trap by rotating surrounding polar 

molecules. Distinctively, the dielectric constant measurements on hybrid organic-inorganic lead 

perovskites find both ionic displacements and molecular rotations.75,80 The large-polaron binding 

energy given by Eq. (3) is proportional to (1/ - 1/0)
2. The net large-polaron binding energy takes 

0 to be the dielectric constant at frequencies below those of molecules’ rotations and ions’ 

vibrations (~ MHz-GHz for perovskites),80 whereas the contribution from ions’ displacements 

takes 0 to be  the dielectric constant just below the characteristic optic-phonon frequency (i.e. < 1 

THz for perovskites). 

A small polaron forms when its spatial extent collapses to that of a minimum-sized structural unit, 

Rmin, e.g. an atom, bond or fragment of a molecular solid. The long-range electron-phonon 

interactions of ionic materials also permit electronic charge carriers to form large polarons.71,81 In 

these cases, the spatial extent of a self-trapped electronic charge, its polaron radius Rp, is no longer 

minimal. Formation of both types of polarons is facilitated in ionic solids where electronic carriers 

cannot out-run the effects of their long-range ionic displacements. Figure 4a depicts the scaling of 

the polaron energy E with Rp/Rmin when the long-range and short-range electron-phonon 

interactions combine to produce a meta-stable small polaron and stable large polaron.71 The 

mobility of a large polaron generally exceeds 1 cm2/Vs and falls with increasing temperature, while 

the mobility of a small-polaron is usually << 1 cm2/Vs and increases strongly with rising 
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temperature.60 Although some authors have predicted using density functional theory that charge 

carriers in halide perovskites form small polarons with large binding energies,82 the moderate 

mobilities (~1-100 cm2/Vs at 300K), coherent transport, and mobility scaling as T-γ, with γ ranging 

from 0.5-1.7, suggests large-polaron formation dominates.75,83 The net energy lowering with ions 

at their carrier-induced equilibrium positions is the large-polaron binding energy 

𝐸𝑝 ≡  −
𝑒2

4
(

1

𝜀∞
−

1

𝜀0
)

1

𝑅𝑝
      (3) 

where Rp  (ħ2/me2)/(1  0
1) denotes the polaron radius for a carrier with electronic effective 

mass m.  

Interactions between polarons also generate distinctive effects.71,84,85 Recently, we predicted there 

will be a short-range repulsion between oppositely charged large polarons once they reach a critical 

distance close to the sum of the polaron radii.85 Figure 4b further demonstrates this idea where, at 

short distances, the net large polaron energy increases primarily due to the overlap of the electron- 

and hole-polaron atomic displacement patterns (black line), which overwhelms their Coulomb 

attraction (dotted line). In other words, there is a short-range repulsion that arises when two 

polarons of opposite charge approach one another, which may inhibit their coalescence and 

influence the radiative bimolecular recombination rate (k2) in perovskites. Specifically, short–

range repulsions between oppositely charged large polarons can reduce the bimolecular 

recombination rate below that for oppositely charged non-polaronic carriers diffusing with the 

mutual diffusion constant D to within their Coulomb capture radius, Rc  e2/0kT. The bimolecular 

recombination rate from simple non-polaronic Coulomb capture is k2 =4DRc  107 cm3/s, with 

representative parameters for metal-halide perovskites:  = eD/kT = 3 cm2/Vs and 0 = 50 at 300 

K.86 The fact that smaller values of k2 than this are actually measured (k2 ~ 1010 cm3/s) could be 
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consistent with the short-range repulsion of oppositely charged large polarons influencing 

recombination. Furthermore, the asymmetry of the net polaron energy of Figure 4b in the vicinity 

of its minimum indicates that the inter-polaron separation should increase as a function of 

temperature, leading to a reduction in the recombination rate with increasing temperature. 

Interestingly, this predicted behavior is consistent with previous reports of radiative recombination 

rates as a function of temperature but,87 we note, also consistent with the temperature dependence 

of Rrad,0 (c.f. Eq. 2 and Fig. 4a).5 In addition, just as oppositely charged large polarons repel one 

another at short-range, the short-range attraction between like-signed large-polarons can drive their 

pairing as singlet large bipolarons; indeed the superconductivity of perovskite-oxide-based 

semiconductors has been attributed to their carriers forming large bipolarons.88-91 We note that the 

present discussion focuses on the origin of the barrier to recombination of oppositely charged large 

polarons considering long-range Coulomb interactions. A treatment of excitons and their self-

trapping requires consideration of the short-range interactions between excitons and the atoms they 

encompass and the interested reader is directed to Ref. 92; such effects will become important in 

lower dimensional perovskite structures in which the exciton binding energy is significantly 

higher. 
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Figure 4. (a) The adiabatic polaron energy, the energy with the atoms fixed at their displaced 

equilibrium values, is plotted in arbitrary units versus the ratio of the large-polaron radius, Rp, to 

the small polaron radius, Rmin. Here the large-polaron is stable with respect to the small-polaron. 

(b) The energy of two oppositely charged large polarons (solid black line) in units of their value 

at infinite separation plotted versus the separation of their centroids in units of their radii. 

Interference between the pattern of ionic displacements surrounding the two large polarons 

displaces the energy of their minimum to a value comparable to the sum of their radii (denoted by 

a red dashed line).85 For comparison, the dashed black line indicates the separation dependence of 

the Coulomb attraction between two oppositely charged polarons of finite size. The direct 

Coulomb attraction between the two polarons, inversely proportional to 0, makes only a relatively 

small contribution to perovskites’ net interaction energy (red curve with 0 = 20).82 

 

Thus far, there are only a few studies presenting experimental evidence for polaron formation and 

its impact on recombination in halide perovskites. It has been proposed that polaron formation is 

dominated by the reorientation of the inorganic (PbX3, X = I, Br, Cl) constituents93-95 and the 
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dipolar cations may introduce dielectric drag, which negatively affects carrier mobility.75 

Supporting this idea, Fleming and coworkers used 2D spectroscopy to show the slow dephasing 

time (~ 10 ps) of a 0.9 THz (3.7 meV) optical phonon signal suggesting strong coupling between 

the carriers and Pb-I-Pb angular distortions, but weaker interactions with other phonon modes, 

such as those involving the organic cation.40 The impact of polaron formation on hot carrier cooling 

rates has been explored in a few works,96,97 which qualitatively predict that polaron formation will 

also slow down the recombination of band-edge carriers.22,76,95 Recently, Asbury and coworkers 

have shown optical signatures of large polarons in the mid-IR decaying slower at elevated 

temperatures.87 They have attributed this to a reduction in the charge carrier mobility and a 

localization of polaron states at higher temperatures. Other studies have attempted to indirectly 

probe polaron recombination by investigating different perovskite compositions, APbBr3, with A+ 

= CH3NH3
+ (MA), NH2CHNH2

+ (FA), and Cs+, which all exhibit similar recombination kinetics. 

Interestingly, a similar experiment by Gong et al. showed a decrease in PL lifetime when 

methylammonium is deuterated, which they postulate to be due to the lower rotational frequency 

of this rotor affecting polaron formation.98 Future studies using direct optical probes of polaron 

formation and decay as a function of perovskite composition and structural phase will be critical 

in determining the impact of polaron formation on modulating k2 recombination rates. 

Indirect bandgap character 

The Rashba effect has been proposed as a mechanism capable of retarding the radiative 

recombination pathway (k2) of carriers in perovskites through the creation of an indirect bandgap.99 

In the presence of both spin-orbit coupling (SOC) and inversion symmetry breaking in the unit cell 

(Fig. 5a), carriers feel an effective magnetic field which splits the otherwise spin degenerate 

parabolic band edge in k-space.100 If the magnitude of splitting is different in the valence and 
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conduction bands, an indirect bandgap is induced, the magnitude of which depends on the degree 

of symmetry breaking and spin orbit coupling. In the archetypal MAPbI3 composition, we recently 

showed that the room-temperature, tetragonal phase is centrosymmetric with space group 

I4/mcm,101 meaning that any observed Rashba effect could only be due to symmetry breaking at 

surfaces/grain boundaries or dynamic structural distortions. The direct experimental reports of the 

Rashba effect in metal-halide perovskites to date include the observation of a giant Rashba splitting 

in MAPbBr3 using angle-resolved photoelectron spectroscopy (ARPES),102 the measurement of 

circularly polarized photoluminescence in the presence of strong magnetic fields in isolated 

colloidal CsPbBr3 nanocrystals,103 and the observation of the circular photogalvanic effect in bulk 

MAPbI3 films.104 While these measurements do point to Rashba splitting, we note that the 

strongest evidence for Rashba splitting is derived from ARPES measurements (which is surface-

sensitive) or measurements of quantum dot systems (which have high surface area to volume 

ratios). 

We note that there are also conflicting reports in the field as to whether an indirect gap due to the 

Rashba effect would have a meaningful influence on the radiative recombination of carriers. 

Several groups have calculated k2 in MAPbI3 from first-principles as a function of carrier density 

using unit cells relaxed in density functional theory. Azarhoosh et al. use a quasiparticle self-

consistent GW approximation to predict a considerable indirect gap due to a large difference in 

calculated splitting in the conduction band compared to the valence band.9 However, the calculated 

k2 values of ~10-12 cm3 s-1 at solar cell relevant carrier densities of 1015-1017 cm-3 are considerably 

lower than values experimentally measured (~10-10 cm3 s-). By contrast, Zhang et al. use the HSE 

hybrid functional in density functional theory (DFT) and find that there is a similar splitting in 

valence and conduction bands leading to calculated k2 values in the range of 0.6-1.1 × 10-10 cm3 s-
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1, depending on the degree of splitting.70 These results suggest that, to match experimental 

observations of radiative carrier recombination, the splitting must either be symmetric in the 

valence and conduction band or negligibly small.  

 

Figure 5. (a) Schematic of a single unit cell of CH3NH3PbI3 with distortions breaking inversion 

symmetry. (b) Ultrafast photoluminescence intensity (blue squares) and carrier population 

temperature (black squares), fitted with a Fermi-Dirac distribution state filling model for a direct 

gap (blue line) and an indirect gap (orange line). Adapted with permission from Wiley Publishing 

Group, ref. 52, copyright 2018. 

 

The influence of the Rashba effect on carrier recombination has been tested experimentally using 

both transient and steady-state measurements.103,105,106 Recent ultrafast transient grating PL 

measurements in both MAPbBr3 and MAPbI3 showed that photoexcited carrier population cooling 

could be modeled by a monotonic rise in PL intensity with decreasing carrier temperature (Figure 

5b).52 This result is expected for a semiconductor with a direct bandgap as radiative recombination 

becomes more probable as carriers thermalizes to the band-edge (blue line). On the other hand, the 

PL intensity should decrease as a function of time for an indirect bandgap system as the carriers 
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settle into the indirect gap with a different k-vector (orange line). A similar conclusion was reached 

by Sarritzu et al. who measured the “instantaneous” PL intensity of MAPbI3 and MAPbBr3 single 

crystals and films after a pulsed laser as a function of temperature.107 These results, along with the 

earlier theoretical arguments, are strong evidence that the Rashba effect does not play a significant 

role in impacting charge carrier recombination in typical 3D halide perovskite films being explored 

for many optoelectronics applications.  

 

Photon Recycling  

Photon recycling is a well-known phenomenon in high-quality, direct-gap semiconductors which 

exhibit high absorption coefficients, small Stokes-shift between absorption and emission spectra, 

efficient luminescence, and narrow emission escape cones25,108-110. This process directly impacts 

experimentally measured (external) k2 values because emitted photons undergo multiple 

reabsorption/reemission events before eventually escaping from the film, leading to an apparent 

slowing of the recombination rate.111 Photon recycling is observed in doped GaAs, where it has 

been shown to enhance the photoluminescence lifetime to 139 ns, which is beyond the theoretically 

calculated radiative lifetime of 13.5 ns at a doping density of 3.7 × 1017 cm-3 (ref. 68,112). As 

perovskite thin films also exhibit the prerequisite properties,113 photon recycling has also been 

demonstrated in these materials.108 The carrier decay rate equation (Eq. 1) can be extended to 

account for photon recycling by multiplying the internal recombination rate by the escape 

probability (Pesc) to yield the external recombination rate (i.e. 𝑘2
𝑒𝑥𝑡 =  𝑃𝑒𝑠𝑐𝑘2

𝑖𝑛𝑡)108 (see SI for a full 

description, parameter values and modelling),  
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−
𝑑𝑛

𝑑𝑡
= 𝑘1𝑛 + 𝑃𝑒𝑠𝑐𝑘2

𝑖𝑛𝑡𝑛2 + 𝑘3𝑛3     (5). 

 

For example, Herz and coworkers have reported around an order of magnitude reduction in 𝑘2
𝑒𝑥𝑡 

as compared to 𝑘2
𝑖𝑛𝑡 due to the low escape probability (~5%) resulting from the high refractive 

index (~2.5) of metal halide perovskites.24  

 

Figure 6. Simulated time-resolved photoluminescence (PL) with and without photon recycling at 

initial carrier densities of (a) n0= 1014 cm-3, (b) n0= 1016 cm-3 with k1= 105 s-1, k2 = 2 × 10-10 cm3s-1, 

and an escape probability, Pesc = 7.4%. (c,d) Time it takes for the PL intensity to fall to 1/e (~0.37) 
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of the initial PL intensity (PLt=0) as a function of k1. Vertical dashed lines are the k1 values (105 s-

1) that correspond to the decay traces reported in (a) and (b). 

 

Figures 6a and b show simulated time-resolved photoluminescence with (red) and without (black) 

photon recycling at initial carrier densities (n0) of 1014 cm-3and 1016 cm-3, which span typical initial 

conditions for many time-resolved PL setups and close to the calculated steady-state carrier 

densities in solar cells. In these simulations, k1 = 105 s-1 (typical reported values in high-quality 

MAPbI3 thin films)14,15 and photon recycling only has a sizeable impact on the decay kinetics at 

higher initial carrier densities (Figure 6b and d) at which radiative bimolecular recombination 

dominates over the first-order non-radiative recombination rate. To qualitatively show the trends 

in the decay kinetics for different values of k1, Figure 6c and d show the 1/e times (time it takes 

for the PL to fall to 1/e of PLt=0) for the two initial carrier densities. At low carrier densities (n0 = 

1x1014 cm-3, Figure 6c), photon recycling does not have an influence on the decay time until k1 

drops below 105 s-1, whereas photon recycling effects are clearly evident at ~6 × 106 s-1 for initial 

carrier densities of 1016 cm-3 (Figure 6d). At low k1 values the simulated data eventually plateau, 

at which point recombination is limited only by the bimolecular recombination rate rather than 

non-radiative recombination. Importantly, these data show that photon recycling is not expected 

to have a significant role in extending the carrier lifetime in perovskite thin films unless the 

trapping rate is low and/or a high carrier density can be maintained; both of these naturally infer a 

high internal PLQE (> 50%, external PLQE of typical halide perovskite films > 10%)114. These 

results are broadly consistent with our recent studies showing that photovoltaic performance 

benefits from photon recycling when k1 values and external electroluminescence efficiencies are 
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<5 x 105 s-1 and >10%, respectively.115 Thus, this phenomenon will be prominent in well-

passivated, high-quality perovskite optoelectronic devices.   

 

Discussion 

The multiphonon non-radiative and van-Roosbroeck Shockley radiative recombination rate 

calculations are both classical theoretical approaches to evaluate k1 and k2, respectively. Although 

these values serve as good reference points to evaluate experimentally extracted rate constants, we 

highlight that even within the same theoretical framework, several authors have reported k2 values 

ranging from ~10-10 - 10-9 cm3s-1. If the values are indeed ~10-9 cm3s-1, which differ from 

experimentally measured values (~10-10 cm3s-1) that have been corrected for photon recycling, then 

more exotic pathways for slowing recombination, such as some of those covered in this 

perspective, may indeed need strong consideration. Here we evaluated proposed mechanisms that 

are predicted to directly impact k2, such as the Rashba effect and polaron formation.9,22,76 In order 

to better converge on the dominant recombination mechanisms controlling carrier recombination 

in perovskites, we explore a number of open questions related to the precise mechanisms, their 

relative contributions to practical devices and, importantly, how we can experimentally further 

scrutinize each process. 

The demonstration of the PL intensity increasing as carriers thermalize to the band-edge, along 

with recent theoretical calculations, leads us to conclude that the Rashba effect does not 

significantly influence recombination in typical halide perovskite films for solar cells such as 

MAPbI3 and MAPbBr3.
52,101 Nevertheless, we note that the majority of high-performing 3D 

perovskite devices are no longer “simple” semiconductors made with a single halide and a single 

organic cation, but are now more akin to alloys containing multiple A site cations (FA, Cs, MA) 
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and a mix of bromide and iodide116,117. These alloys would inherently have a lower symmetry on 

average because adjacent unit cells may differ. It is possible that the reduced symmetry and 

potential strain118 introduced by alloying the different perovskites contribute to an increased 

Rashba effect. In any case, devices to date are still below the radiative limits, and therefore it is 

likely that trapping pathways are more dominant over Rashba-related effects on k2. Furthermore, 

even approaching the limits in bulk polycrystalline films which have only small deviations from 

perfectly symmetric crystal structures, the influence of the Rashba effect on carrier recombination 

would likely be negligibly small5,101,105.  

Polaronic effects, on the other hand, may be more pronounced, and would likely also inter-relate 

with other processes. It has previously been shown that polarons form more readily when charges 

are localized into defect states due to a reduction in the energetic barrier.81 This leads to the 

intriguing possibility that the very act of trapping into discrete or band tail states could further 

inhibit recombination due to the electrostatic screening fostered by the formation of polarons. The 

relationship between defect density and polaron formation has not been systematically explored as 

most experiments probing polaron formation to date were necessarily conducted at high injected 

carrier densities (~1017 cm-3)96, which are well above typical trap state densities. In addition, the 

rate for the diffusion-limited capture of polarons at a density of nt traps, k1 = 4DntRt, can also be 

lowered by polaron effects that reduce the effective capture radius Rt of traps, i.e. by introducing 

barriers to polaron coalescence and to deep (small-polaronic) trapping.71 Indeed, unexpectedly 

small values of k1 have been reported.119 Thus, polaronic effects may work alongside trapping 

processes at low carrier densities (<1016 cm-3) and could explain the slow recombination rates, 

which has to date primarily been solely attributed to non-polaronic carriers trapping.  
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This motivates future optical and electrical experiments at lower excitation fluences to better 

understand these processes, especially because large polarons are expected to be more stable at 

lower excitation powers, at which point there is less competition for nuclear polarization and 

therefore less interpolaron repulsion interaction.71,94,96. Passivation approaches that selectively 

target trapping processes14,50 may provide an ideal lever to decouple the polaronic and trapping 

effects. However, as trapping is reduced either through lowering defect densities or increasing 

carrier density, band-to-band radiative bimolecular recombination increases and photon recycling 

becomes increasingly important.115 Further work delineating whether recombination and trapping 

processes in these materials are diffusion-limited (in which polaronic contributions could explain 

the observed k2 values), and/or limited by the overlap of the photoexcited electron and hole 

wavefunctions would help in separating some of the proposed hypothesis for reduced 

recombination.87  

Some of these open questions may be addressed by utilizing terahertz (THz) and infrared 

spectroscopy as well as cyclotron resonance experiments to probe for polaron optical signatures 

and to measure polaron masses. The distinctively weak scattering of a large polaron causes their 

Drude conductivity to fall very rapidly with increasing applied frequency below characteristic 

phonon frequencies (e.g. microwave frequencies).71,120 In addition, excitation of a large-polaron’s 

self-trapped electronic carrier from and within its self-trapping potential well produces a broad 

asymmetric absorption band above characteristic phonon frequencies.71,120 These two unusual 

features enable large polarons to be distinguished from conventional charge carriers, which have 

Drude conductivities showing very slow monotonic decreases with applied frequency through this 

domain. 121 This unique behavior has been exploited by Munson et al., where they used time-

resolved infrared spectroscopy to probe optical signatures of large polarons in MAPbI3.
87  
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Finally, we could in principle manipulate each of these processes to generate exotic ways of 

controlling recombination for specific applications. If we can identify the specific source of defect 

screening, we could engineer materials to optimize this effect, potentially eliminating all parasitic 

non-radiative decay processes8. Straining perovskites through compositional engineering, growth 

on non-lattice matched substrates or the application of external strain could tune carrier dynamics 

further in these materials by artificially inducing a sizeable Rashba effect118,122,123. We could also 

finely tune the relativistic effects and band splitting by replacing fractions of the heavy metal atom 

(e.g Pb) with alternatives. Recent photogalvanic measurements suggest that spin-based devices 

could exploit the band-splitting of the Rashba effect to achieve directional transport of excitations 

created with either left- or right-circularly polarized light or charge injection104; this may be useful 

in spin-injected field-effect transistors in which strong absorption, corresponding to a substantial 

indirect bandgap component, is not critical. One could also envision manipulating photon 

management by tweaking the composition of the perovskite to tune the absorption/emission 

overlap while maintaining high luminescence yields, as well as controlling light out-coupling 

through refractive index matching and sample geometries.124 By doing so, one could further 

explore efficient light extraction as well as light trapping schemes. 

 

Conclusion 

Halide perovskites are exciting materials for optoelectronic applications. In this Focus Review, we 

draw on the literature and on our own calculations to identify which factors impact charge carrier 

recombination. First, we show that multiphonon theoretical calculations derived for polar 

semiconductors predict long non-radiative lifetimes (1/k1) for moderate trap state densities residing 

in the midgap region. By contrast, multiple trapping and hopping of carriers in shallow trap states 
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would not lead to the observed recombination rates. Next, we evaluate the band-to-band charge 

carrier recombination rate constant, k2, emphasizing that the theoretically calculated and 

experimentally measured internal recombination rate values are consistent with one another when 

corrected for photon recycling, as expected from optical reciprocity. Polaron formation has 

recently garnered interest through theoretical electrostatic studies as well as recent work showing 

optical signatures of polarons decaying more slowly at higher temperatures; further work on this 

topic is critical. We conclude that the Rashba effect does not meaningfully impact carrier 

recombination in bulk 3D structures, but may become interesting in tailored compositions or 

device structures which exaggerate these effects. Based on our critical assessment of the various 

proposed recombination pathways, we suggest future work that may allow us to better distinguish 

between these competing processes across different carrier densities and perovskite compositions. 

Understanding these processes will allow us to further exploit the unique behavior of these 

materials, as well as more generally generate design rules for high-performance semiconductors. 
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