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Abstract: As emerging efficient emitters, metal-halide perovskites offer the 

intriguing potential to the low-cost light emitting devices.  However, semiconductors 

generally suffer from severe luminescence quenching due to insufficient confinement 

of excitons (bound electron-hole pairs).  Here, we report Sn-triggered extrinsic self-

trapping of excitons in bulk 2-dimensional perovskite crystal, PEA2PbI4 (PEA = 

phenylethylammonium), where exciton self-trapping never occurs in its pure state.  

By creating local potential wells, isoelectronic Sn dopants initiate the localization of 

excitons, which would further induce the large lattice deformation around the 

impurities to accommodate the self-trapped excitons.  With such self-trapped states, 

the Sn-doped perovskites generate broadband red to near-infrared (NIR) emission at 

room temperature due to strong exciton-phonon coupling, with a remarkable quantum 

yields increase from 0.7% to 6.0% (8.6 folds), reaching 42.3% under a 100-mW/cm2 

excitation by extrapolation.  The quantum yield enhancement stems from substantial 

higher thermal quench activation energy of self-trapped excitons than that of free 

excitons (120 vs 35 meV).  We further revealed that the fast exciton diffusion 

involves in the initial energy transfer step by transient absorption spectroscopy.  This 

dopants-induced extrinsic exciton self-trapping approach paves the way for extending 

the spectral range of perovskite emitters, and may find emerging application in 

efficient supercontinuum sources. 
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Metal-halide perovskites represent a class of promising light absorbers for 

efficient solar cells.[1-5]  The propensity of perovskite films for low-cost solution 

processing also encourages scientists to explore potential applications beyond solar 

cells.[6-9]  In particular, as emitters, perovskites exhibit intriguing luminescent 

properties such as narrowband emission, spectral tunability, and high quantum 

efficiency, which enables applications in the micro-lasers and light-emitting diodes 

(LEDs).[10-13]  The luminescence efficiency of perovskites generally relies on 

nanostructures that can spatially confine excitons, and consequently reduce the 

possibility of non-radiative recombination during the carrier/exciton migration.  

However, nanocrystals, due to boundary scattering of carriers, generally face the 

problem of poor charge transport, which is undesirable for LED performance.  2-

Dimensional (2D) perovskites, where bulky organic layers and inorganic layers are 

alternately and periodically arranged, feature natural quantum-well structures.  This 

quantum-well structure is regarded as promising LED emitters for decades.[14-16]  

However, low photoluminescence quantum yields (PLQYs, typically <1%) of 2D 

perovskites at room temperature is a bottleneck to achieving high-performance 

LEDs.[17]  The low PLQYs may be attributed to insufficient confinement of Wannier 

type excitons within the inorganic layers[18] as suggested by the long charge-

carrier/exciton diffusion length (60 nm).[19] 

Engineering crystal structures of low-dimensional (0D to 2D) perovskites by 

employing suitable organic ammonium cations is the predominant methods for the 

tuning of luminescence, both in spectral coverage and efficiency.[20, 21]  In these cases, 
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severe structural distortion of metal halide octahedra is a common feature because of 

the size mismatch between organic and inorganic components, which results in 

potential fluctuations.[22, 23]  Such fluctuations of potential within an inorganic layer of 

perovskite sometimes, but not always,[20, 21] slow the diffusion of carriers or excitons, 

and consequently induce self-trapped excitons (STEs), which represents a type of 

bound states for efficient radiative recombination.  However, the occurrence of 

exciton self-trapping in semiconductors is the exception rather than the rule.[24]  In 

parallel, compositional engineering of perovskites, such as doping and alloying, also 

shows the capability to route and confine excitons around the dopants for radiative 

recombination, and thus improve PLQYs of the resulting emitters.[24]  However, color 

tunability and PLQY improvement were typically achieved only in nanostructures,[25] 

including inorganic perovskite nanocrystals,[26-31] probably due to the low doping 

limit that is not sufficient to compensate for the abundant defects in bulk.  Fortunately, 

similar electron structures and radii of Sn with Pb cations allow the doping or alloying 

of Sn in Pb-based perovskites readily, without doping limit.[32-34]  But slightly Sn 

doping fails to remarkably tune the PL properties in 3-dimensional (3D) perovskites 

yet,[28, 32, 35] since Sn doping only narrows the band gap slightly and band-edge 

emission dominates in these 3D perovskites.  In fact, exciton localization and 

polaronic effect are presumably present in 3D perovskites,[36, 37] but they are so weak 

to further confine excitons as trapped states.  In low-dimension perovskites where 

excitons show the tendency of self-trapping, intentional doping provides a new 

opportunity for facilitating exciton self-trapping.  It is coined as extrinsic self-trapping, 
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which has succeeded in II-VI alloys (e.g. ZnSe1−xTex, x ≈ 0.01) at low temperature,[38, 

39] but not yet reported in lead-halide perovskites to the best of our knowledge. 

Herein, we report Sn-induced self-trapped excitons in 2D perovskite PEA2PbI4 

(PEA = phenylethylammonium), which offer broadband extrinsic red-to-near-infrared 

(NIR) luminescence with enhanced PLQYs at room temperature.  Unlike several low-

dimensional perovskites that afford broadband emission from STEs,[40] pure 2D 

perovskite PEA2PbI4 only shows narrowband emission from free and bound excitons 

even at low temperature.  Interestingly, a trace amount of Sn dopants (as low as 

0.00005%) in the 2D perovskite induces a remarkable broadband luminescence 

ranging from red to NIR region.  The emerging broadband emission assigned to 

extrinsic STEs arises from the interplay of impurity-driven exciton accumulation and 

the strong exciton-phonon coupling.  Excitons are localized loosely as a compromise 

of Wannier exciton feature in the inorganic layers[18] and dopants-induced potential 

wells.  Such strong coupling is endowed by the polar nature of metal-halide 

perovskites.  The Sn-triggered exciton localization through fast exciton diffusion (< 1 

ps) is revealed by transient absorption (TA) spectroscopy.  This ubiquitous energy 

transfer pathway in semiconductors of such high binding energy is independent on the 

carrier migration, and offers an additional efficient exciton relaxation pathway that 

suppresses inefficient free and bound exciton emission.  As a result, PLQY values are 

improved from 0.7% to 6.0% (~8.6 folds), which can reach 42.3%, when the 

excitation density is extrapolated to a modest value of 100 mW/cm2.  This doping 
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strategy in bulk 2D perovskite crystals provides an approach to the control of exciton 

dynamics, and consequently tune the emission spectra and optimize PLQYs. 

PEA2PbI4 and Sn-doped perovskite crystals were synthesized under 

solvothermal condition using acetonitrile and hydroiodic acid as solvents (see details 

in Supporting Information). We were able to prepare the solid solution of 

PEA2PbI4:Sn(X) (where X refers to the measured fraction of Sn in the compounds) 

with high tunability of the doping levels.  Unlimited solid solubility comes from their 

structural similarity that both PEA2PbI4 and its Sn-counterpart, PEA2SnI4, share the 

same phase with only slight differences in cell parameters (<1%, see Table S1).[14, 41]  

It should be noted that the inert gas atmosphere is necessary to prevent the oxidization 

of Sn2+ during preparation.  Otherwise, Sn atoms would be excluded from the crystal 

lattices, since the effective ionic radius of Sn4+ (69.0 pm for the 6-coordination) is 

much smaller than that of the Sn2+ and Pb2+ cations (118 pm and 119 pm, 

respectively).[42]  Powder XRD patterns reveal that Sn-doped 2D perovskites retain 

the phase (Figure S1).  Inductively coupled plasma mass spectrometry (ICP-MS) 

reveals that the amounts of incorporated Sn dopants in Sn-doped perovskites were 

around half of the nominal values, presumably due to the slight difference in reaction 

kinetics and energetics.  However, the doping levels calculated from ICP-MS results 

only reflect the averaged amount of Sn, and there might be doping level difference 

between individual crystals.  But within a crystal, the distribution of Sn seems 

homogeneous on the microscopic scale; we could not observe localized red spot under 

a microscope (Figure S2; lens magnification, 50×), even at low excitation power.  The 
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elemental mapping using energy-dispersive X-ray spectroscopy and confocal 

luminescence imaging further indicate the homogeneity of Sn distribution (Figure S3-

4).  

The luminescence properties of 2D perovskites, PEA2PbI4 and PEA2SnI4, have 

been explored for decades because of their unique quantum-well structures.[20, 41, 43-48]  

As a semiconductor of large binding energy (220 meV [43]), the luminescence of 

PEA2PbI4 is determined by the dynamics of excitons confined in the inorganic layer, 

as shown in Figure 1a and S5.  PEA2PbI4 crystals generate green emission under 

ultra-violet or blue light excitation, with a spectral center at 525 nm, due to the 

recombination of free excitons in the 2D perovskite (Figure 1b and d).[46, 47]  With 

0.36%-Sn doping in the 2D perovskite, a bright broad red-to-NIR emission band was 

observed with a full width at half maximum (FWHM) of ~180 nm at the center of 

~710 nm, while the original green emission almost disappears (Figure 1c and d).  It is 

noteworthy that the peak of Sn-doped perovskite does not emerge between the 

emission peaks of pure PEA2PbI4 and PEA2SnI4 (625 nm), radically different from 

conventional semiconductor alloys whose emission peaks is located between those of 

two pure counterparts.[49]  Such anomalous red-shifted luminescence observed in the 

Sn-doped 2D perovskite have not been observed in the Sn-alloyed 3D cases,[50] where 

band-edge emission always dominates. 

We further investigated the influence of doping level on the PL properties.  

The green emissions at 525 nm due to the free exciton of PEA2PbI4 host decrease 

monotonically as the doping level of Sn increases, while the broad emissions induced 
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by Sn dopants increase first and then decrease after the doping level reaches 0.36% 

(Figure 2a-b).  The PL intensity increases with doping levels at low content can 

simply attribute to a Sn-related photophysical process that leads to such broadband 

emission.  The presence of optimal doping level suggests that such process is 

inhibited once Sn dopants reach a threshold value. We will later discuss the role of Sn 

dopants in giving rise to such emission.  Besides, a shoulder peak at around 555 nm is 

also dwarfed as the doping level increase.  This shoulder peak, which was frequently 

observed at low temperature but rarely found at room temperature, can be assigned to 

the emission from the bound excitons,[45, 47, 48, 51] although still being under debate.[52]  

PEA2PbI4 crystals show a low QY value of 0.7% (approaching the detection limit of 

the instrument) at room temperature (Figure 2c).  With Sn doping, the best QY value 

of 2D perovskites raises to 6.0%, which is about 8.6 folds of the pristine one.  It 

should be noted that the PLQYs were measured under a very low excitation density of 

~80 µW/cm2, and the superlinear emission increase with excitation density indicates 

that the PLQYs of Sn-doped perovskites should be much larger under a higher light 

fluence (Figure 2d).[53]  Although the superlinear power law become invalid at a high 

excitation fluence (~20 mW/cm2, see Figure S6), beyond which condition the 

emission may partly be limited by the dopant concentration and the risk of non-

radiative Auger processes,[53]  the PLQY of 0.36%-Sn doped sample keeps increasing 

until the slope reaches 1.  Consequently, the estimated PLQY values reach 25.5% and 

42.3%, respectively, under a modest excitation density of 10 and 100 mW/cm2, 

assuming the absorption coefficient keeps constant.  In contrast, the PLQY of pristine 
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perovskite, PEA2PbI4, remains a low value of 0.7%, as its PL intensity increases 

linearly with the excitation fluence. 

As for the origin of unusual broad emission peaks of Sn-doped 2D perovskites, 

we can easily exclude the possibility of inhomogeneous aggregation of SnI6 units.  

First, the pure Sn-based 2D perovskite generates narrowband emission at ~625 nm, 

and their aggregates should emit at a blue-shifted region according to the fundamental 

quantum size effect.  Second, in the dilute case (doping level of 0.00005%), where 

another 1410 Pb atoms separate an Sn atom in average, the FWHM of its emission 

spectrum still reaches 170 nm, similar to samples of higher doping levels.  

Furthermore, a similar PL decay of Sn-doped perovskites suggests that the emission 

across a wide range has the same mechanism (Figure S7), rather than from different 

SnI6 aggregates.  In fact, no characteristic excitonic peak of PEA2SnI4 was observed 

in the UV-vis spectra even when the molar ratio of Sn/(Sn+Pb) reaches 20% (Figure 

S8), suggesting the absence of phase separation or nanometer-size PEA2SnI4 

precipitation in bulk crystals. 

Self-trapped states in strong exciton-phonon coupled systems are the main 

sources responsible for broadband emissions, particularly in polar semiconductors.  

Broadband white-light emissions were occasionally observed in the low-dimensional 

hybrid perovskites, which are exclusively assigned to STEs.[23, 54, 55]  The presence of 

STEs is typically elusive because of their transient quasi-particle feature; they 

manifest themselves through a broadband luminescence.  Similarly, our Sn-doped 

perovskites show all the feature of STE emission, large Stokes’ shift (~670 meV) and 
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smooth broadband emission spectra.  Therefore, we can interpret such anomalous 

luminescence as extrinsic STEs emission, similar to the cases of II-VI semiconductor 

alloys.[38, 56]  The formation of STEs requires two criteria: a strong electron-phonon 

coupling and excitons of the nature between Frenkel and Wannier type.  First, in the 

2D perovskites, exciton states can be regarded as Wannier type (delocalized) in the 

inorganic layer but of Frenkel type (localized) across the layers.[18]  The presence of 

Sn dopants creates fluctuations of random potentials, localizing excitons behaving 

like weakly bounded excitons of Frenkel type.  Second, strong exciton-phonon 

(electron-phonon) coupling is widely reported in 2D lead-halide perovskites, which 

contributes to the spectral broadening significantly.[21, 57] To quantify the exciton-

phonon interaction and the inhomogeneous line width due to structural fluctuations, 

we estimated the upper limit of homopolar phonon deformation potential (DCV) by 

simply ignoring the contribution of acoustic phonon to the FWHM of PL spectra 

(Figure 3).[57]  The phonon-independent inhomogeneous line widths were fitted to be 

209 and 218 meV, respectively, for 0.0053% and 0.36%-Sn doped perovskite crystals.  

These broad line widths suggest severe potential fluctuations around Sn dopants and 

relatively loose confinement of excitons nearby.  The slightly wider line of 0.36%-Sn 

doped crystals than that of lower doping level may attribute to the larger lattice 

deformation around impurity at a higher doping level.  These two samples also exhibit 

similar deformation potentials of 7.1 and 6.6 ×108 eV/cm, respectively, for samples of 

0.0053% and 0.36% Sn dopants, approximating to that in another 2D perovskite, 
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(C4H9NH3)2PbI4.[57]  The similarity in deformation potentials indicates that the doping 

of Sn actually has negligible effects on the interaction of the excitons with phonons. 

As mentioned above, the role of Sn in triggering exciton self-trapping can be 

simply regarded as generating random potential wells.  We chose Sn as a dopant for 

the Pb-based perovskites mainly due to its favorable electronic structure.  The 5p 

orbits of Sn (-3.9 eV), which contribute dominantly to the conduction band minimum, 

are lower than the 6p orbits of Pb (-3.7 eV).[58, 59]  To reveal the doping effect on the 

electronic properties of the resulting perovskites, we further performed density 

functional theory (DFT) calculation based on the Heyd-Scuseria-Ernzerhof (HSE) 

method.  As shown in Figure S9, with Sn-doping, the valence band maxima of the 

resulting perovskites are retained, while the conduction band minima are shifted to 

lower energy levels.  The magnitude of the shift increases as the doping levels 

increase.  Besides, the Pb atoms and Sn dopant contribute to the conduction band 

minimum differently in the Sn-doped 2D perovskite (Figure S10); Sn dopants show 

the higher projected density of states than those of surrounding Pb atoms near the 

conduction band edge, and their contribution decreases at regions further away from 

the Sn dopant.  This energy profile difference would form the basis for exciton 

localization by pushing the excitonic level to a low-lying energy level around the Sn 

dopant.  In this way, subtle potential wells created by isoelectronic Sn dopants endow 

the impurities with the capacity to localize excitons around them, and the resulting 

bound excitons would further induce lattice deformation, consequently resulting in the 

strong exciton-phonon coupling. 
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To clarify the negligible role of intrinsically bound excitons in exciton self-

trapping and improving luminescence efficiency, we revisited their temperature-

dependent PL properties.  Emission both from free and bound excitons increases as 

the temperature decreases (Figure 4a and S11), while the bound exciton emission 

increases more dramatically with a blue shift.  Meanwhile, another peak emerges at 

around 545 nm with significantly higher intensity than that of the free excitons, 

resulting in an increase of PL integrated intensity by 28.7 folds.  Notably, the bound 

exciton emission strongly depends on temperature; such emission weighs 93% of the 

whole spectrum at 25 K, but was severely quenched at room temperature.  The 

continuous spectral evolution can exclude the phase transition during 25-300 K, 

similar to previous results of perovskite films.[46, 47]  Based on temperature-dependent 

PL, we can extract the thermal activation energy for overall emissions from both free 

and bound excitons (Figure 4b-c).  It is only 35 meV, approximating to the thermal 

energy kBT at room temperature (26 meV), where kB is Boltzmann constant.  It should 

distinguish the thermal activation energy from binding energy.  The former refers to 

the overall energy barrier for excitons to be bound to non-radiative defects, while the 

latter is relevant to exciton dissociation.  Such low thermal activation energy can be 

explained for the difficulty in exciton localization at ambient temperature for efficient 

bound and self-trapped exciton emission.  The failure in exciton localization mainly 

attributes to the unique feature of excitons in the 2D perovskites, where the exciton 

states can be regarded as Wannier type (delocalized) in inorganic layer, but of Frenkel 
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type (localized) across the layers.[18] This understanding of excitons in the shape of 

circular disk also well agrees with large diffuse length (60 nm) reported previously.[19]  

In the pure perovskites, the nature of these bound states is still under debate,[45, 

47, 48, 51] with a probable origin being the defects, mainly organic vacancies, which are 

located at the interface between inorganic and organic layers.[47, 51, 60]  There is no 

clear evidence that the organic defects generate localized STE states (see PL spectra 

at 25 K, Figure S11).  Even though organic vacancies possibly produce STE states, 

presumably much lower density of vacancies than the Sn-doped samples makes their 

role negligible.  Therefore, bound excitons emission, although represents an efficient 

radiative channel, only weighs a small portion of the whole luminescence in this 2D 

perovskite at room temperature.  On the contrary, doping presents a controllable way 

to tune the density of defects, especially for alloying types where there is no doping 

limit.  Take the sample of highest PLQY (0.36% Sn) as an example, the areal density 

of Sn dopants reaches a considerable value of 3.8×1012 cm-2, an inconceivably high 

concentration for intrinsic defects that may destroy the crystallinity of 

semiconductors.  ).  However, at a high doping level (>~0.36%), Sn dopants have the 

trend of aggregation, which was implied by the blueshift of emission peak and 

emerging of characteristic emission of PEA2SnI4 at 625 nm (Figure 2b and Figure 

S14) once the doping level reaches 5%.  In this case, the energy difference that Sn 

dopants impose is not sufficient to localize excitons efficiently so that self-trapping of 

excitons would not take place, and consequently both the PL intensity and PLQYs 

decrease dramatically. 
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As manifested in the emission spectra (Figure 2a), Sn dopants suppress the 

emission of bound excitons.  The relative emission intensity of bound excitons 

(around 555 nm) to free excitons (525 nm) decreases with increasing doping levels.  

Notably, even at a low temperature of 25 K, PEA2PbI4:Sn(0.36%) shows very weak 

emission from bound excitons, while the undoped perovskite exhibits highly 

dominated bound exciton emission (Figure 4a).  Compared with the intrinsic defects 

relevant to bound excitons, Sn dopants are abundant, abridging the diffusion length of 

excitons or carriers, and therefore taking less risk of non-radiative recombination 

during diffusion.  Once STEs form, the thermal activation energy for this PL quench 

(120 meV) is substantially larger than that of undoped counterparts (35 meV, Figure 

4b).  These results clearly indicate that the emissions due to free and bound excitons 

are suppressed by foreign dopants which offer more efficient luminescence. 

The exciton trapping is a process of energy transfer; the efficiency of the 

emission due to trapped exciton relies on the energy transfer kinetics.  We have 

gained spectral clues of energy transfer, from luminescence spectral evolution of 2D 

perovskites upon Sn doping, PLQY enhancement, to dominant self-trapping exciton 

emission in low doping samples.  In particular, a trace amount of Sn, e.g. 

PEA2PbI4:Sn(0.00005%), where an Sn dopant is surrounded by Pb atoms in a 

1.8×104-nm2 region, could render the Sn-induced emission dominant (68% in integral, 

Figure S12) with a doubled PLQY value.  The increased PLQY value suggests that 

the red-to-NIR emission is from intimate energy transfer, rather than from the 

reabsorption and re-excitation events.  For 0.36%-Sn sample, a Sn dopant occupies an 
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average area of 2633 Å2, equivalent to a radius of 29 Å.  This value is a little larger 

than the reported exciton Bohr radius of PEA2PbI4 (17 Å).[43]  The feasibility to trap 

the excitons of PEA2PbI4 mainly stems from the potential wells, as well as the 

capability of exciton diffusion in the inorganic layers.[19, 61]  In fact, the effective 

radius of Sn dopant to trigger STEs should be larger than 29 Å as the 0.0053%-Sn 

sample show a little drop in PLQY.  Importantly, this PLQY value shows a sign of 

excitation power dependence, as suggested by the superlinear increase of STE 

emission with excitations fluence (Figure 2d and S13 

To explore the kinetics of energy transfer, we investigated the transient PL 

properties.  With Sn doping, the average PL lifetimes of free exciton exhibit a 

decreasing trend (Figure S15 and Table S2).  For example, the averaged PL lifetimes 

drop from 1.00 to 0.28 ns after 5.0%-Sn doping.  The shortened PL lifetime indicates 

the presence of a new exciton relaxation pathway, namely energy transfer.  The fast 

PL lifetimes at the sub-nanosecond scale suggest that the following energy transfer 

should complete in the sub-nanosecond scale to survive severe PL quench and to give 

the self-trapped exciton emission in time.  Then we tracked the PL decay of self-

trapped states in PEA2PbI4:Sn(0.36%).  These states are immediately populated and 

recombined radiatively upon the arrival of the excitation pulse without a resolved 

delay (Figure 5a).  The delay remains negligible even for a 0.00005%-Sn-doped 

sample, indicating a fast energy transfer process from light absorption to ultimate 

radiation. 
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Figure 5b summarizes the relaxation channels of charge carriers and excitons 

in the excited Sn-doped 2D perovskites.  Charge carrier migration (Pathway I) within 

the conduction band represents a fast energy transfer pathway.  However it generally 

relaxes to excitons in a short period (10-50 fs).[47]  For a quantum confined system 

with high binding energy, carriers relax to excitons almost irreversibly.  Once the free 

carriers degenerated to excitons, the following process is governed by the kinetics of 

excitons.  In this sense, long-range exciton diffusion (Pathway II), which may involve 

partial dissociation of excitons because of the presence of potential gradient posed by 

Sn dopants, is essential. 

To reveal the energy transfer pathway, we firstly investigated the kinetics of 

exciton relaxation by the transient absorption techniques.  2D perovskite, PEA2PbI4, 

shows strong excitonic absorption centered at 516 nm.  The excitonic peak remains 

remarkable upon 5% Sn doping, with a slight broadening to the low-energy side 

(Figure S8). The spectral broadening indicates the inhomogeneous broadening of 

excitonic levels, especially at the lower energy regions correlating to Sn-induced traps.  

Figure 5c-d show TA signals recorded with a 495-nm femtosecond pulse as the 

excitation source, the photon energy of which is insufficient for band-to-band 

transition (Eg = 2.58 eV,[43] corresponding to 481 nm).  This condition excludes the 

relaxation of excited states related to charge carriers.  PEA2PbI4 exhibits a narrow 

negative TA signal region centered around 516 nm, which is consistent with the 

excitonic absorption peak, and therefore can be attributed to exciton bleaching (XB).  

Compared to the pristine perovskite, the 5% Sn-doped film shows less bleaching at 
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516 nm, but additional negative signals at around 535 nm, which is consistent with the 

steady absorption.  The weak bleaching at the lower energy side (~540 nm) can be 

assigned to the isoelectric traps induced by the Sn dopants.[24] 

The whole TA spectra of pristine perovskite can be regarded as the overlap of 

three components, one from pronounced exciton bleaching and two from 

photoinduced absorption (PIA), as fitted in Figure S16.  The kinetic traces of 

bleaching recovery at 516 nm for the pristine and Sn-doped films, which represent the 

kinetics of exciton relaxation, were fitted in a bi-exponential decay model, as shown 

in Figure 5e (see the details in Supporting Information).  Different from the undoped 

film, ΔA of Sn-doped film recovers ~70% rapidly with a time constant of 0.85 ps, 

corresponding to fast energy transfer through Sn-oriented exciton diffusion from the 

PEA2PbI4 host to the Sn dopants.  The small portion (25.5%) of the slow process 

(~0.18 ns) is probably associated with radiative and non-radiative recombination 

relevant to free excitons of perovskite host. This value is roughly consistent with the 

PL lifetime of free excitons mentioned above (0.28 ns).  The time discrepancy is 

mainly due to the different excitation sources.  The bleaching at the lower-energy side, 

which reflects the relaxation of Sn-induced trap states that is partly counteracted by 

PIA signals, reaches its minimum with only a ~1 ps delay, suggesting that excitons 

are transferred and trapped rapidly. 

Next, we evaluated the carrier migration as another possible energy transfer 

pathway. This relaxation kinetics of carriers can be derived from TA kinetic profile 

through above-bandgap pumping (at 425 nm, Figure S17).  Similarly, the remarkable 
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bleaching, which corresponds to the XB, was observed around 516 nm for Sn-doped 

films.  Almost fixed XB peak with respect to undoped one shows the little 

contribution of carrier migration to energy transfer.  Otherwise, XB band would 

inhomogeneously extend to the bathochromic-shift region, because part carriers 

would relax to an exciton of lower energy than that of the intrinsic one during 

impurity-directed migration.  In fact, the energy transfer efficiency almost remains 

constant for both below and above bandgap excitation, as the weight of Sn-induced 

emission remains (Figure S12 and 18).  The dominant Sn-triggered emission under 

sub-bandgap excitation (Figure S18) also indicates the essential role of exciton 

diffusion in energy transfer for 2D perovskites, which, to the best of our knowledge, 

was not emphasized before.  It should be noted that, as a pathway of energy transfer, 

exciton diffusion is allowed in all semiconductors no matter how high the binding 

energy is, while carrier migrates readily only in semiconductors of low binding 

energy. 

Self-trapping of excitons is detrimental to the efficiency of solar cells, but 

desired for efficient luminescence.  It frequently occurs in conventional II-VI and I-

VII semiconductors,[39] but was not observed unambiguously in ionic 3D lead-halide 

perovskites which are also highly polar in nature.[37]  There is no doubt that the basic 

building block metal-halide octahedra are deformable, and the formation of STEs 

depends on the critical potential barriers which are related to the dimensionality of 

systems. By using the quantum mechanical treatment of a square well of various 

dimensions, it is deduced that a bound state appears only if the product V0a2 exceeds a 
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threshold value, where V0 and a are the depth and width of the well, respectively.[39]  

This criterion leads to the conclusion that a minimum distortion is needed to create a 

sufficient well in 3 dimensions, and therefore a potential barrier that must be 

overcome to initiate self-trapping, whereas in quasi-one-dimensional systems there is 

no barrier to self-trapping.[39]  This dimensional dependence suggests the difficulty in 

self-trapping in 3D perovskites and the feasibility in low-dimensional systems.  Due 

to the challenge in creating a sufficient potential well by intrinsic materials 

themselves, a foreign shallow defect potentially provides the possibility of trapping 

free carriers or excitons cooperatively.  In our case, Sn dopants exactly play such a 

role in assisting the exciton trapping.  They serve like electron acceptors because of 

their low-lying energy level with respect to the orbit of Pb, and possibly positive 

charging due to partial oxidation, as evident in the Sn3d XPS signals that is broadened 

to the larger binding energy in Sn-doped perovskites with respect to the pure Sn-based 

one (Figure S19).  In this way, partially exciton dissociation may occur when 

electrons migrate and were trapped by the Sn-induced potential wells and followed by 

the holes by Coulomb force.  The simultaneous involvement of exciton dissociation 

with extrinsic exciton trapping may explain for the superlinear increase of PL with 

excitation power (Figure 2d).[24]  To some degree, the emission of such extrinsic self-

trapped excitons behaves like that of excitons bound to acceptors or donors, which 

sometimes also show PL superlinear increase with excitation fluence at the steady 

state.[62,63]  Although the introduction of dopants may reduce the barrier for trapping, 

we can still find the signature of barrier that PLQY of PEA2PbI4:Sn(0.36%) shows its 
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minimum around 516 nm which coincides with the excitonic absorption peak (Figure 

S20).  It can be interpreted under the framework of the configurational coordination 

(Figure S21).  The intersection between the excitonic branches of PEA2PbI4 and Sn 

traps may result in an energy barrier,[39] so that the excitons with limited kinetic 

energy (excited at 516 nm) could not easily overcome. 

In summary, Sn dopant triggers the occurrence of exciton self-trapping in 2D 

perovskites where this process is absent in the pure states, resulting in a remarkable 

red-to-near-infrared emission with luminescence efficiency increase of 8.6 folds at 

ambient temperature.  As revealed by ultrafast transient absorption spectroscopy, Sn-

oriented exciton diffusion in the inorganic layer may serve as an essential energy 

transfer channel, which enables the initial exciton localization which is required for 

further exciton self-trapping.  Given the polar nature of perovskites, it is envisaged 

that appropriate dopants are likely to facilitate exciton self-trapping cooperatively in 

perovskites beyond low-dimensional cases.  Such success in perovskites would 

tremendously extend the spectral coverage of perovskites to the short-wavelength 

infrared regime, and they may find emerging applications in efficient NIR LEDs and 

supercontinuum sources. 
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Figure 1. Luminescence properties of 2D perovskites at ambient temperature. (a) 

Schematic illustration of exciton trapping in pristine and Sn-doped 2D perovskite 

crystals.  Fluorescence micrographs of (b) PEA2PbI4 and (c) PEA2PbI4:Sn(0.36%) 

crystals.  Scale bar, 100 µm.  (d) Microscopic PL emission spectra of bulk crystals 

taken under a microscope at room temperature.  Only the emissions inside the crystals 

were collected (λex = ~470 nm). 
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Figure 2. Doping-level-dependent PL properties at room temperature. (a) Emission 

spectra of PEA2PbI4 and Sn-doped PEA2PbI4 perovskite crystals, and (b) 

corresponding intensity and emission peaks as a function of doping levels (λex = 470 

nm). (c) Quantum yields of perovskite crystals as a function of the molar ratio of Sn 

and Sn+Pb (λex = 472 nm, power density, ~80 µW/cm2). The dashed line serves as a 

guide to the eye. (d) Fluence-dependent PL intensity of PEA2PbI4:Sn(0.36%) crystals. 
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  = 0.9971 and 0.9970, respectively, for emission at 525 nm and 700 nm. 
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Figure 3. FWHM of PL lines of Sn-doped perovskite crystals as a function of 

temperature.  Data were fitted according to Equation S2 with the fitted parameters of 

zero-phonon line width Γ0 = 218 meV, energy of homopolar phonon = 8.8 meV 

and deformation potential DCV = 7.0×108 eV/cm for 0.36%-Sn crystals, and Γ0 = 209 

meV,  = 8.0 meV and  DCV = 6.6×108 eV/cm for 0.0053%-Sn sample. 
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Figure 4. PL quench suppressed by Sn dopants. (a) Temperature-dependent PL 

spectra of pristine and Sn-doped 2D perovskite crystals (λex = 470 nm). (b) Integrated 

intensity of PL as a function of temperature. Thermal quenching of PL was fitted 

using the formula of η = I0/(1+ξexp(-Ea/kBT)), where Ea is the thermal activation 

energy for PL quench as plotted in (c), T is the temperature, kB is Boltzmann constant, 

and  is a parameter associated with radiative and non-radiative recombination times, 

which are assumed independent of temperature.  PL intensity was integrated over 500 

to 580 nm for pristine perovskite, and over 560 to 850 nm for Sn-doped samples, as 

the emissions are negligible in the other spectral regime for corresponding samples. 
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Figure 5. Energy transfer in Sn-doped perovskite films.  (a) PL decay curve of 

0.36%-Sn-doped 2D perovskite crystals at room temperature and instrumental 

response (λex = 397 nm; pulse duration, ~63 ps; λem = 525 or 700 nm).  IRF, 

instrument response function.  (b) Schematic illustration of radiative channels in Sn-

doped 2D perovskites.  Arabic numerals 1, 2, and 3 represent the luminescence from 
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free, bound excitons of pristine perovskite, and Sn-triggered STEs of Sn-doped 

perovskite, respectively.  Roman numerals I and II denote the energy transfer pathway 

in the form of carrier migration and exciton diffusion, respectively. Pseudo-color (ΔA) 

representation of transient absorption spectra of pristine (c), and PEA2PbI4:Sn(5%) (d) 

perovskite films. Wavelength of pumping laser, ~495 nm; pulse energy density, ~4 

µJ/cm2. (e) Kinetics of TA signals of pristine and Sn-doped PEA2PbI4 films. The data 

were fitted using a bi-exponential decay model. 
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luminescence quantum yield increase from 0.7% to 6.0% (8.6 folds). Random 
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