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ABSTRACT: Hybrid organic-inorganic lead halide perov-
skites have shown promising results as active layers in light-
emitting diodes, typically utilizing the near monochromatic, 
free exciton emission. Instead of the narrow emission, some 
perovskite compounds show broadband emission that is more 
intense than the free exciton counterpart. In this study, we 
show that the light emission properties of Ruddlesden-Popper 
hybrid lead iodide perovskites PEA2MAn-1PbnI3n+1 (PEA = 
phenethylammonium, MA = methylammonium) can be tuned 
by Sn alloying and are highly sensitive to Sn%. Indeed, broad-
band emission can even be triggered unintentionally by trace 
impurities in the precursor solution. With increasing dimen-
sionality or inorganic layer thickness, the broadband emission 
quantum yield decreases drastically, from 23% in n = 1 to < 1% 
for the n = 3 compound. Using density functional theory cal-
culations and transient reflectance spectroscopy, the broad 
emission in all n = 1 - 3 layered perovskites is identified as orig-
inating from self-trapped excitons. A dynamic picture of the 
self-trapped exciton formation process is also presented, for 
which ultrafast (< 5 ps) hole-trapping at the Sn site is the first 
step, followed by electron localization from coulombic inter-
action. These findings are especially valuable for designing 
perovskite materials with intense room temperature broad-
band emission for solid-state lighting applications. 

  Hybrid organic-inorganic lead halide perovskite (HOIP) 
semiconductors have revolutionized photovoltaic research, 
with rapidly increasing power conversion efficiencies over the 
past ten years.1-2 Recently, they have also attracted significant 
attention in light-emitting applications, due to their tunable 
emission wavelength/color and high photoluminescence (PL) 
quantum yield (QY).3-4 Notably, green and red light emitting 
diode (LED) devices have been demonstrated with external 
quantum efficiency exceeding 20%,5-8 underlining the poten-

tial of utilizing these materials for solid-state lighting applica-
tions. Interestingly, instead of the typical narrowband free ex-
citon PL, some hybrid perovskites (e.g., (N1-methyl-ethane-
1,2-diammonium)PbBr49 and (2,2’-(ethylenedioxy)-
bis(ethylammonium))PbBr410) intrinsically show broadband 
(white light) emission11-13 originating from self-trapped exci-
tons (STEs)14 that are correlated with the structural distortions 
within the inorganic lattice.15 Such broadband emission can 
also be tuned extrinsically via alloying and can lead to very 
high PLQY in the case of the inorganic double perovskite 
Cs2AgInCl6.16 Similarly, reports have shown that phenethyl-
ammonium (PEA)-based layered lead iodide perovskites can 
also exhibit broadband red PL with relatively high PLQY when 
small amounts of foreign atoms are imbedded into the lattice 
(e.g., Sn alloying or interstitial I).17,18 However, in these layered 
perovskite systems the structural effect of alloying, influence 
of dimensionality and the mechanism and formation process 
of STE are not fully understood and still require more in-depth 
investigation. 

  Here we show that broadband emission in Ruddlesden-
Popper (R-P) lead iodide perovskites (PEA2MAn-1PbnI3n+1) can 
be tuned by both compositional modification and structural 
dimensionality. In the lowest order n = 1 (two-dimensional or 
2D) R-P system, even trace amounts of Sn substitution can in-
duce broadband emission. We discover that there is broad 
emission even in “pristine” (without intentional Sn addition) 
PEA2PbI4 crystals made from hydriodic acid (HI) solution, not 
due to I2 as reported,18 but rather to trace amounts of Sn im-
purity arising from the HI solution. Such broad emission per-
sists as well for higher-order (e.g. n = 2 and 3) R-P members 
with 1% Sn alloying. The center of the broad emission redshifts 
systematically in this series, but with decreasing photolumi-
nescence quantum yield (PLQY), from 23% in n = 1 to < 1% in 
n = 3, as the structure changes from 2D to quasi-2D. The origin 
of the broadband emission is also studied with density func-
tional theory (DFT) and transient reflection spectroscopy 
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(TRS). Structural distortion within the Sn-based octahedra is 
observed by DFT calculation, under excitation, which stabi-
lizes the hole initially trapped at the Sn site, followed by STE 
formation. These STEs are less stable in higher n systems (con-
sistent with the observation that STE does not arise in the 3D 
MAPbI3)14, presumably giving rise to the smaller PLQYs. With 
TRS, we compare the carrier dynamics of pristine and 1% Sn-
alloyed n = 1, 2 and 3 perovskites. The results corroborate the 
DFT findings and indicate that Sn alloying can induce an ex-
citon trap and that the first stage of trapping (evidently hole-
trapping) happens on an ultrafast timescale, i.e. within ~ 5 ps. 

  

 
Figure 1. (a) Illustration of the crystal structure of Sn-alloyed 
PEA2PbI4. (b) PL spectra of PEA2PbI4 crystals of different nom-
inal Sn% using 442 nm laser as excitation. Insert: pictures of 
0% Sn (left) and 1% Sn (right) crystals under UV light. (c) XRD 
patterns of pristine n = 1, 2 and 3 crystal flakes. (d) PL spectra 
of pristine and 1% Sn alloyed n = 1, 2 and 3 crystals using 442 
nm laser as excitation. The intensities are normalized based 
on PL of pristine n = 1, 2 and 3 crystals respectively.  

The structural changes to the n = 1 perovskite lattice as a 
function of Sn alloying are monitored by single-crystal X-ray 
diffraction (SC-XRD) (Table S1). Sn2+ remains miscible in the 
perovskite structure from 0-100 % alloying concentration. 
With increasing Sn%, the color of the crystals darkens from 
orange to dark red to almost black (Figure S1). While the crys-
tal structure remains 2D (Figure 1a), the unit cell shrinks with 
increasing Sn%, due to the slightly smaller size of Sn com-
pared to Pb. Interestingly, the space group of the unit cell also 
changes from centrosymmetric P-1 to non-centrosymmetric 
Cc for Sn% above 5%, despite the apparent continuous evolu-
tion of lattice constants (in a reduced primitive subcell), likely 
due to breaking of the overall inversion symmetry of the unit 
cell by inclusion of Sn within the lattice. The Sn% obtained 
from SC-XRD structure refinement agrees with the values ob-
tained by inductively coupled plasma mass spectroscopy (ICP-

MS; see Table S1). Below 1 mol% Sn, the effect of alloying can-
not be detected using X-ray diffraction techniques, but can 
still be determined using ICP-MS. Based on X-ray photoelec-
tron spectroscopy (XPS), the oxidation state of Sn atoms re-
mains 2+ and the 4+ state cannot be readily detected (Figure 
S2) if the crystal is stored with limited exposure to air. 

Steady state PL of the crystals was also studied over the full 
Sn alloying range (Figure 1b). Overall, the PL spectra (sharp 
exciton and broad emission) show drastic evolution for small 
Sn% and gradual change at high Sn%. The broad emission 
shows high sensitivity to Sn alloying and can be triggered at as 
low as 0.01 Sn% level (lowest level intentionally prepared). 
While the single excitonic PL peak around 525 nm is still visi-
ble at low Sn%, by 1% Sn inclusion, the excitonic PL is almost 
completely quenched and intense red-hued broadband emis-
sion dominates (Figure 1b inset and Figure S3). This obser-
vation is in slight contrast to a previous report wherein unu-
sual double excitonic PL peaks are observed in the pristine 
(0% Sn) sample and the excitonic PL is still visible at 5% Sn. 
These differences may be due to crystal quality; in the current 
study, we have been able to synthesize high quality, millime-
ter scale crystals whose structure can be successfully deter-
mined by SC-XRD at each alloying level. The broad emission 
remains strong up to 15 Sn% and starts to blue shift and nar-
row gradually above 25 Sn%, with PEA2SnI4 (100 Sn%) only 
showing normal excitonic PL. The evolution of PL for high 
Sn% is shown here for the first time and is fundamentally dif-
ferent compared to low Sn%. We suspect that the differences 
are related to interactions between [SnI6] octahedra “clusters” 
at high Sn%, whereas at low Sn% the [SnI6] octahedra remain 
relatively isolated.  

Somewhat surprisingly, we find that “pristine” PEA2PbI4 
crystals synthesized from HI solution consistently show weak 
broad emission (about 20% of the intensity of the excitonic 
PL) at the same position as the Sn alloyed samples. A previous 
report has attributed the broadband emission to excess I2 in 
the HI solution, leading to interstitial I defects.18 We at-
tempted synthesis employing a targeted I2-free HI solution, 
using hypophosphorous acid as a reducing agent. This ap-
proach still yields crystals with broad PL (Figure S4) and such 
observation is persistent over several attempted syntheses us-
ing different batches of precursor materials. In fact, ICP-MS 
shows a measurable amount of Sn (506 μg/L) in the HI solu-
tion used, whereas deionized water contains 1.2 μg/L, barely 
above background level. In a typical synthesis, the native Sn 
content within the HI solution corresponds to ~0.002% nom-
inal alloying level—i.e., small but still significant considering 
the sensitivity of PL to Sn alloying. On the other hand, crystals 
synthesized via diffusion of dichloromethane into dimethyl-
formamide (both contain <1 μg/L Sn) solution show no observ-
able broad PL (Figure S5). Therefore, we conclude that the 
broad PL in “pure” PEA2PbI4 originates from trace Sn in the HI 
solution. This finding has wider implications, as various other 
layered lead iodide perovskites synthesized using HI solution 
may also be affected by potential trace Sn or other metal im-
purities. 

The influence of Sn alloying on higher dimensional Rud-
dlesden-Popper phases was also studied by synthesizing pris-
tine and 1% Sn alloyed n = 2 and 3 crystals (Figure 1c). While 
the pristine n = 1, 2 and 3 crystals show narrow excitonic PL at 
525 nm, 577 nm and 622 nm, respectively, because of the de-
creasing band gap when n increases, the Sn alloyed samples all 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.



 

exhibit almost complete excitonic PL quenching and red-
shifted broad emission (Figure 1d). The center of the broad-
band emission shows a relatively small shift to longer wave-
length for n = 2 and a larger shift for n = 3. However, the rela-
tive intensity of the broadband emission (Ibroad /Iexcitonic) de-
creases by an order of magnitude from n = 1 to n =2 to n = 3, 
leading to the PL signal of the n = 3 samples being barely visi-
ble. The PLQY values measured on 1% Sn alloyed n = 1, 2 and 
3 crystals are 23.1%, 2.8% and 0.31%, respectively. This obser-
vation is consistent with previous reports that broad emission 
from STE is more prevalent in hybrid perovskites with lower 
structural and electronic dimensionality,14 and the fact that, in 
the 3D MAPbI3, Sn alloying evidently does not lead to broad-
band emission.19 

 

 

Figure 2. Hole (a) and electron (b) STE isosurfaces (center of 
the supercell and insert shows an isolated [SnI6] octahedron). 
(c) calculated coordination diagram showing the energy sur-
faces of ground state (GS), free exciton (FE), and STE (E1 and 
E2 are the corresponding emission energies, EST is the self-
trapping energy, EL is the lattice relaxation energy, Δ is the 
barrier height for the self-trapping). (d) calculated and exper-
imental PL spectra. Calculations are based on structural mod-
els with 3.125 Sn% (1 Sn atom in 32 Pb atoms). 

Table 1. Calculated parameters in the coordination dia-
gram 

Parameters E1 E2 EST EL Δ 

(eV) 2.58 1.81 0.27 0.50 0.016 

 
We performed first-principles DFT calculations to under-

stand the mechanism of the broadband emission. The hybrid 
PBE0 functional20-21 was employed to remove the self-interac-
tion error. The excited state was approximated using the con-
strained-occupation DFT.14 The exciton-phonon interaction 
was evaluated by relaxing the lattice, initiating the process 

from the free exciton configuration. In the excited state, we 
observed contraction of the [SnI6] octahedra, with all Sn-I 
bonds shortened (Table S2). This contraction facilitates the 
stabilization of the hole trapped at the Sn site (Figure 2a), 
since the valence band maximum (VBM) is derived from the 
bonding state of Sn 5s and I 5p orbitals, in contrast to a previ-
ous report that Sn states are located at the conduction band 
minimum (CBM).17 The hole (Sn 5s and I 5p) is localized 
mainly within one single [SnI6] octahedron, whereas the elec-
tron is in a state derived from Pb 6p and Sn 5p (small contri-
bution due to higher energy level) and is rather delocalized 
within the simulation supercell (Figure 2b). Note that spin-
orbit coupling needs to be included in these calculations to 
accurately reflect the orbital contribution of different atoms 
at the VBM and CBM.  

For the STE formation, the hole (larger effective mass and 
with states derived primarily from Sn/I) is expected to be self-
trapped immediately after photoexcitation due to the absence 
of hole-trapping barrier22 and then the surrounding electron 
will be captured through Coulombic attraction.23-25 The con-
figuration coordinate (cc) diagram of the STE formation is 
shown in Figure 2c, with Table 1 showing the key parameters. 
We observed a self-trapping barrier Δ of 16 meV, which is con-
sistent with the experimental observation of the dual PL peaks 
(i. e., in addition to the broad emission peak, a very small ex-
citonic PL peak can still be observed above background in the 
experimental PL spectra; if there were no barrier, the excitonic 
PL would completely disappear). The calculated PL spectrum 
of STE (without considering the free exciton) (Figure 2d) is in 
very good agreement with the experimentally measured 
broadband emission. Note that the same method was used to 
evaluate the excited state of pure Pb perovskite, but no self-
trapping was observed. 

Based on the DFT results, the effective phonon frequency of 
the lattice distortion for the STE formation is 7 meV, which 
corresponds to 595 fs for the trapping time without consider-
ing the trapping barrier. Since the STE structure is dominated 
by the hole configuration change as described above, we can 
assume that the hole trapping has the same phonon frequency 
as the STE. For hole trapping, there is no barrier, due to the 
long range nature of the electron-phonon coupling.22 There-
fore, in this approximation, the hole trapping time is 595 fs. 
For the actual STE formation, taking into account the barrier 
(as shown in Table 1), a rough estimation of the trapping time 
can be calculated by (2π/ω)*exp(Δ/kT), where omega is the 
phonon frequency and Δ is the barrier height. This will give a 
STE trapping time of ~1.2 ps. 
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Figure 3. (a) Hilbert transformed transient reflectance spectra 
at 5 ps delay for 0% (dashed line) and 1% (solid line) Sn alloyed 
n = 1,2 and 3 samples. The main exciton peak red shifts with 
increasing n number. Normalized transient kinetics of the 
main exciton peak of 0 % and 1% Sn alloyed n = 1(b), 2(c) and 
3(d) samples. With 1% Sn alloying, the exciton lifetime be-
comes longer. The samples are excited with 1.7 μJ/cm2 at 500 
nm. (e) Hilbert transformed transient reflectance spectra at 1 
and 5 ps delay for n = 1 2D perovskite Sn doped at 1%. The 
shoulder at 530 nm is only present at 5 ps delay. (f) Normal-
ized transient kinetics with fits of the main exciton at 510 nm 
and the trap state at 530 nm for 1% Sn alloyed n = 1 sample. (g) 
Diagram showing STE formation. 

To further study the origin and layer thickness dependence 
of the broad PL emission, we applied TRS to probe the carrier 
dynamics in synthesized 2D and quasi-2D perovskite single 
crystals.26-27 The excitation power is kept low at 1.7 μJ/cm2 (at 
500 nm) to minimize higher order Auger recombination pro-
cesses. Figure 3a shows the transient spectra at 5 ps for the 
0% (dashed line) and 1% (solid line) Sn alloyed n = 1, 2 and 3 
crystals. With an increase of the 2D layer thickness, the center 
of the exciton bleach peak red shifts from 510 nm to 610 nm as 

expected.28 With 1% Sn alloying, each of the spectra broadens 
and develops, at delay times greater than 5 ps, a lower energy 
shoulder (most easily seen in the n= 1 sample), indicating the 
formation of lower energy electronic states. For n = 1, the ad-
ditional peak is most prominent and centered around 530 nm. 
Similar observations have been reported previously in Sn al-
loyed 2D n = 1 films and we assign these lower energy peaks to  
the presence of holes at the [SnI4] octahedra (vide infra).17 For 
n = 2 and 3, we do not generally observe a clearly resolved 
lower energy peak; however, the main exciton peak red shifts 
and broadens, consistent with lower energy transitions. Fig-
ure 3b, c and d show the normalized transient kinetics of the 
main exciton peak of 0 and 1% Sn alloyed n = 1, 2 and 3. Inter-
estingly, with 1% Sn alloying, all the kinetics exhibit an ultra-
fast decay (most clearly observed in the n=2 sample, figure 3c) 
with time constant < 2 ps, followed by a slower decay than that 
observed for crystals without Sn (see dashed, no Sn, vs solid, 
Sn alloyed, traces in Figure 3b, c and d). Referring to the DFT 
calculations, the ultrafast decay potentially relates to one of 
the charges (here presumably the hole) localizing on the Sn 
site. As a result, the other charge has an elongated lifetime rel-
ative to free excitons in the pure Pb systems. That is, the exci-
ton dissociates to a trapped hole and free electron.  

To understand this carrier localization process further, we 
focus on the kinetics for the 1% Sn alloyed n = 1 sample (Fig-
ure 3e). At early time delays (1 ps), the shoulder peak near 530 
nm is not observed (Figure 3e dashed and triangles). It is only 
present after 5 ps (Figure 3e solid trace). Figure 3f shows the 
normalized kinetics of the 1% Sn alloyed n = 1 sample, focusing 
on the exciton (510 nm) peak (yellow trace) and comparing to 
the dynamics for the shoulder peak (530 nm, blue trace). At 
early time delays (< 2 ps), the main exciton (510 nm) decay is 
matched by a rise of the shoulder peak (530 nm), supporting 
our assignment that one of the photogenerated charges 
(holes) migrate to become localized on the Sn site, forming a 
hole-polaron. The formation time can be extracted with a sin-
gle exponential rise function to be ~ 0.5 ps. At longer time de-
lay (from 5 ps to 100 ps), the signature of the localized state 
decays and is accompanied by the recovery of the exciton 
bleach. These dynamics are potentially due to the reorganiza-
tion of lattice due to the formation of the polaron, shifting the 
spectra such that more spectral weight is pulled into the blue 
side. After 100 ps, the 530 nm shoulder further decays within 1 
ns, as the electron localizes around the hole polaron site and 
forms a STE (Figure 3g). The formed STE resides on a differ-
ent potential energy surface and therefore may not be cap-
tured by the transient reflection spectroscopy. The formation 
dynamics therefore can be inferred from the decay of the ex-
citon bleach. The picture of carrier migration presented here 
is in good qualitative agreement with the DFT results dis-
cussed above. These combined results provide evidence for  
the existence of discrete steps at different time scale during 
STE formation in layered perovskites. 

Overall, this work demonstrates that chemical composition 
and structural dimensionality are crucial in controlling the di-
verse emission properties of layered hybrid perovskites. Pho-
toluminescence of layered lead iodide perovskites respond 
strongly to Sn alloying and the usual excitonic PL can be com-
pletely quenched at 1% Sn alloying level, resulting in more in-
tense broadband emission. Additionally, Sn and other metal 
impurities should be considered when preparing crystals and 
films, as they could have fundamental impact on the optical 
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and/or electronic properties, even at trace levels—i.e., broad-
band emission in nominally “pure” PEA2PbI4 crystals has been 
attributed to Sn impurities in the HI starting solution. As the 
inorganic layer thickness increases in quasi-2D systems, the 
broadband emissions red shift and decrease dramatically in 
intensity. DFT and TRS show that STE formation is responsi-
ble for the broadband emission in all n = 1, 2 and 3 compounds, 
which share similar carrier migration dynamics, and this pro-
cess is more prevalent in the n = 1 case leading to higher PLQY. 
Additionally, a new step-wise picture for STE formation dy-
namics is also demonstrated, in which STE formation is initi-
ated by ultrafast hole-trapping at the Sn site within 5 ps, in 
response to Sn-I octahedra structural distortions in the ex-
cited state. Hole polaron formation is followed by electron lo-
calization to form the STE due to coulombic attraction. These 
findings concerning STE formation dynamics and influence of 
foreign atoms, as well as continued study on experimentally 
resolving the structural distortions occurring after photoexci-
tation, can provide pathways for designing highly luminescent 
broadband perovskite emitters for solid-state lighting applica-
tions through STE stabilization. 
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