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1. Introduction

As metal halide perovskites (MHPs) have 
risen to prominence as the star optoelec-
tronic materials of this decade, signifi-
cant research efforts have been allocated 
to engineering compositions with more 
favorable properties for efficient light 
absorption, emission, and charge trans-
port.[1,2] Among the most popular atomic 
substitutions within the prototypical 
methylammonium lead iodide (MAPbI3) 
structure is tin replacing lead (Sn → Pb) 
resulting in MASnI3. This substitution 
lowers the band gap (EG) from 1.65 to 
1.35 eV, much closer to the thermodynam-
ical ideal EG = 1.40 eV for efficient power 
conversion of the solar spectrum.[3–5] 
However outside of this band gap reduc-
tion, there is little consensus regarding 
the effect of this substitution on the mate-

rial’s fundamental optoelectronic properties. For example, the 
effect of the Sn → Pb substitution on the exciton–polaron states 
(binding energy, polarizability, etc.) or charge-lattice interac-
tions are still open questions,[6,7] both of which have large impli-
cations on the optoelectronic device performance of MHPs.

While computational studies based on density functional 
theory (DFT) have predicted significantly lower exciton binding 
energies and stronger polaronic coupling for tin-based MHPs,[8–

11] experimental studies have thus far either been unable to 
probe the question or have contradicted the DFT calculations by 
reporting negligible differences between tin and lead.[6,12,13] The 
lack of experimental investigation on the similarities and differ-
ences between lead and tin MHPs is in-part due to the difficulty 
of working with tin-based MHPs which rapidly oxidize (from 
Sn2+  → Sn4+) resulting in a highly conductive p-doped mate-
rial state.[14,15] Additionally, tin-based MHPs have much broader 
absorption features than their lead-counterparts, making spec-
troscopic assignments at the band edge very challenging. In 
this work, we avoid these experimental challenges by studying 
the effect of the Sn → Pb substitution within 2D MHPs which 
are more stable than their 3D counterparts and have a larger 
energy separation between exciton and band-to-band transi-
tions. Moreover, tin-based 2D MHPs are intriguing materials 
in their own right, with growing applications in light-emitting 
diodes (LEDs), field-effect transistors (FETs), photodetectors, 
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and other devices, but with a lack of fundamental characteriza-
tion compared to their lead-based counterparts.[16–22]

The electronic and phonon structure in 2D MHPs (general 
formula A2BX4, where A is a cation with a +1 charge, B is lead 
or tin with +2 charge, and X is a halide with a −1 charge) origi-
nate from the same metal-halide octahedral subunits [BX6]4– 
as in 3D MHPs (general formula ABX3). For both 2D and 3D 
structures, the conduction band is primarily determined by the 
B-site metal’s p orbital and the valence bands are largely com-
prised of the X-site halide’s p orbital antibonded to the B-site 
metal’s s orbital.[12,23] However in 2D MHPs, bulky organic 
cations occupy the A-site; this separates the metal halide octa-
hedra into layers (shown in Figure 1A) and results in quantum 
confinement, dielectric confinement, and a lower bulk dielec-
tric constant.[24] These three factors produce exciton binding 
energies (EB) that are an order of magnitude greater than their 
3D counterparts (≈250 meV vs 10 meV),[25–27] allowing for 
clear spectroscopic isolation of the exciton state. We compare 
the spectral structure of the exciton peak in tin versus lead 2D 
MHPs, using photoluminescence (PL), absorption, and elec-
troabsorption (EA) to measure Stark shifts, Franz–Keldysh 
effects, and the exciton’s spectral fine structure. The tin and 
lead 2D MHPs exhibit a number of significant differences. For 
example, the wide spacing between exciton–polaron resonances 
in the tin-based 2D MHPs suggest a large polaron binding 
energy, while the close proximity of Stark and Franz–Keldysh 
features in the electroabsorption demonstrates excitons in tin-
based 2D MHPs have much lower binding energies than in 
lead-based 2D MHPs. These results have critical implications 

for the engineering of efficient 2D and 3D MHP devices given 
that polaron formation plays an important role in MHP charge 
transport and EB dictates the ratio of excitons to free carriers. 
This can help explain why tin-based 2D MHPs are often favored 
over lead-based 2D MHPs in FETs and photodetectors.

2. Results and Discussion

2.1. Synthesis and Structural Characterization

In order to explore the effect of the Sn → Pb substitution on the 
2D MHP morphology, electronic structure, and optical proper-
ties, we fabricated 2D MHP polycrystalline films via standard 
spin-coating procedures (see the Experimental Section). As 
shown in Figure  1A, the 2D MHP structure with general for-
mula A2BX4 consists of alternating organic-inorganic layers 
which form quantum barriers and wells respectively where 
the semiconducting electronic structure is confined within the 
[BX6]4– well layer and the organic [A2]2+ layer modulates the 
dielectric environment.[28] We focus our discussion on the com-
monly-studied phenethylammonium lead iodide (PEA2PbI4) 
and phenethylammonium tin iodide (PEA2SnI4) structures but 
we also complement our findings by investigating the optoelec-
tronic properties of butylammonium lead iodide (BA2PbI4) and 
butylammonium tin iodide (BA2SnI4) structures to provide sec-
ondary confirmation of trends when necessary.

To fabricate highly crystalline and oriented polycrystalline 
films, we tested various common spin coating procedures (see 
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Figure 1.  A) Representation of the PEA2PbI4 and PEA2SnI4 crystal structure with alternating organic–inorganic layers. B) X-ray diffraction patterns for 
PEA2PbI4 and PEA2SnI4 thin films with uniformly spaced diffraction peaks corresponding to the {00l} family of crystallographic planes. Errors on the 
d002 spacing are reported as 1 standard deviation. C) AFM images of the polycrystalline films revealing grain sizes of ≈25 µm for PEA2PbI4 and ≈10 µm 
for PEA2SnI4.
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Figure S1 in the Supporting Information) and found that spin 
coating at elevated temperatures (hot-casting) produced films 
with phase-pure X-ray diffraction (XRD) patterns and large 
grains. All 2θ peaks can be ascribed to diffraction from the 
{00l} family of crystallographic planes for the PEA2PbI4 and 
PEA2SnI4 structures (Figure  1B). Using Bragg’s law, we calcu-
late the d002 spacing is 1.629 ± 0.003 nm for PEA2PbI4, 1.627 ± 
0.002  nm for PEA2SnI4, 1.377  ± 0.003  nm for BA2PbI4 and 
1.365 ± 0.004 nm for BA2PbI4 (XRD patterns for BA2PbI4 and 
BA2PbI4 are provided in Figure S2 of the Supporting Informa-
tion). The lack of additional XRD peaks for all 2D MHP com-
positions demonstrates the phase purity of the thin films. The 
AFM images of the film surface (Figure 1C) show uniform cov-
erage of the substrate surface with low RMS surface roughness 
(Rq ≈ 50 nm) and large grains (≈25 µm for PEA2PbI4 vs ≈10 µm 
for PEA2SnI4).

To further characterize the morphology of the thin films 
and also probe the electronic structure of the phenethylam-
monium molecules, we performed angle-resolved C K-edge 
near edge X-ray absorption fine structure (NEXAFS) spectros-
copy (Figure 2). In this experiment, polarized X-rays excite 
transitions from the C K-shell (1s core orbital) into unoccu-
pied antibonding molecular orbitals, providing a fingerprint 
for the distribution of carbon bonds within the thin film.[29,30] 
We assign the discernable peaks as follows: a C Cπ =

∗  resonance 

at 285.2 eV, a C Hσ −
∗  near the C1s step edge at ≈288 eV, a series of 

three peaks between 289 and 294 eV corresponding to various 
(C N,C C)σ − −
∗  transitions, and a final broad peak at 303  eV which 

we assign to C Cσ =
∗ .[31–33] The strong agreement in the energetic 

positions of the C K-shell transitions and linewidths between 
PEA2PbI4 and PEA2SnI4 demonstrates that the electronic 
structure of the phenethylammonium molecule is unaffected 
by the Sn → Pb substitution, indicating negligible electronic 
coupling between organic and inorganic layers. This validates 
our use of 2D MHPs as a scaffold to study similarities and dif-
ferences between tin and lead perovskites that are intrinsic to 
the electronic structure of the metal–halide octahedra. We addi-
tionally use the angle-dependence of the C Cπ =

∗  peak intensity to 
measure the degree of alignment among the PEA+ molecules 
with respect to the substrate. The C Cπ =

∗  orbitals are orthogonal 
to the plane of the phenyl group and we deduce from the angle-
dependence of their intensity in the NEXAFS spectra that the 
2D MHP layers are predominantly stacked parallel to the sub-
strate (see Figure S3 in the Supporting Information).

2.2. Absorption and Emission Properties

The low-temperature absorption (red) and PL (blue) spectra for 
PEA2PbI4 and PEA2SnI4 thin films are shown in Figure 3A. The 
spectral features are qualitatively similar for the two materials—
each shows pronounced exciton absorption below the band gap 
and a slow rise of continuum absorption at higher energies. 
The ≈0.4 eV lower band gap energy of PEA2SnI4 compared to 
PEA2PbI4 is similar to the reduction in band gap moving from 
MAPbI3 to MASnI3.[4]

For both PEA2PbI4 and PEA2SnI4, the peak linewidth is suf-
ficiently narrow to resolve the spectral fine structure in the 
absorption and PL spectra, as shown in Figure 3B for PEA2PbI4 
and Figure 3C for PEA2SnI4. By plotting the absorption and PL 
on a logarithmic scale, it becomes evident that the peaks are 
energetically separated by regular intervals (labeled “Δ”) and 
each of the peaks exhibit a consistent Stokes-shift between the 
absorption and PL spectra (labeled with arrows). This spec-
tral fine structure has been the subject of investigation for 
multiple studies in the past few years.[34–36] A recent study by 
Thouin et al. discovered beating patterns in the exciton’s tran-
sient absorption spectrum, a finding which established that 
the spectral fine structure arises from multiple transitions 
into exciton–polaron states with unique phonon couplings to 
lower-energy (≈5 meV) optical phonons within the [BX6]4– octa-
hedra layer.[34] We measure the average separation of neigh-
boring peaks in PEA2PbI4 to be ΔPb = 37 ± 5 meV. In contrast, 
PEA2SnI4 exhibits a larger spacing of ΔSn = 50 ± 5 meV (ΔSn = 
48  ± 5 meV was measured for BA2SnI4, see Figure S4 in the 
Supporting Information). We interpret ΔSn  >  ΔPb as being 
indicative of a larger polaron binding energy for PEA2SnI4 
since the polaron binding energy likely contributes to the 
magnitude of Δ.[34,35] A larger polaron binding energy in tin-
based MHPs is logical considering that the lower mass of Sn 
should allow for greater lattice distortions in the presence of an 
excited charge. Indeed, first principle calculations on 3D MHP 
lattices predict stronger polaronic effects in tin-based MHPs. 
For example the polaron stabilization energy, as calculated by 
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Figure 2.  Polarized C K-edge NEXAFS spectra for A) PEA2PbI4 and (B) 
PEA2SnI4. All spectra were pre- and postedge normalized. The C K-edge 
NEXAFS spectra for PEA2PbI4 and PEA2SnI4 are essentially identical, dem-
onstrating that the molecular orbitals in the phenethylammonium cations 
are unaffected by the Sn → Pb substitution.
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DFT simulations, increases from 46 to 75 meV moving from 
MAPbI3 to MASnI3.[9] It should be noted, however, that other 
effects such as the spin-orbit interaction, many-body correla-
tions, and exchange interactions may also contribute to the 
energetic separation of the peaks,[34,35] and therefore, further 
modeling of exciton–polaron states in 2D MHPs is encouraged 
to improve our understanding of ΔPb and ΔSn.

The disparity between ΔPb and ΔSn inspired further investiga-
tion of exciton–phonon interactions by tracking the peak width 
of the exciton PL as a function of temperature, which is then fit 
to the independent boson population model[37]

T
E k T

1
exp / 1

0 LO
LO B

γ ( )( )Γ = Γ +
−







� (1)

where Γ0 is the temperature-independent peak width, γLO is 
the exciton–phonon coupling strength, and ELO is the phonon 

energy. Gaussian profiles were fit to PL, as shown in Figure 4A 
for PEA2PbI4 and Figure  4B for PEA2SnI4. The width of the 
most intense peak as a function of temperature is plotted in 
Figure 4C alongside a least-squares fit of Equation (1). The cor-
responding fit parameters are provided in Table 1. The values 
for PEA2PbI4, γLO  = 29  ± 10 meV and ELO  = 19  ± 4 meV, are 
in agreement with previous studies.[35,38] For PEA2SnI4, we 
measure a significantly smaller exciton–phonon coupling con-
stant γLO = 11 ± 5 meV and moderately smaller phonon energy 
ELO = 14 ± 4 meV. In the Fröhlich model of exciton–LO phonon 
scattering, the magnitude of γLO is proportional to ELO as well 
as the exciton radius.[39] Thus, considering the relatively similar 
ELO values between lead and tin MHPs (a finding which is cor-
roborated by DFT calculations[40]), the near-three-fold reduction 
of γLO moving from lead to tin suggests a smaller exciton radius 
for tin-based MHPs. To further explore this hypothesis and 
better characterize the exciton state, we begin by seeking accu-
rate measurements of the exciton binding energy (EB).

The temperature dependence of the PL intensity can be fit 
with an Arrhenius model to estimate EB, as follows:[41]

I T
I

A E k T1 exp /
0

B B( )( ) =
+ −

� (2)

where I(T) is the integrated intensity of the free exciton emis-
sion, kB is Boltzmann’s constant, A is the ratio between radia-
tive and thermal dissociation time constants (τrad/τtherm), and 
the integrated PL intensity is normalized such that I0 = 1. Least-
squares fits (shown in Figure 4D) yield EB = 160 ± 20 meV for 
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Figure 4.  Gaussian profiles fit to the temperature-dependent PL for 
A) PEA2PbI4 and B) PEA2SnI4. C) Homogenous broadening linewidth (Γ) 
of the most intense PL peak as a function of temperature. The curve of 
Γ(T) is steeper for PEA2PbI4, indicating stronger exciton–phonon cou-
pling for lead-based 2D MHPs. D) Integrated intensity of the PL as a 
function of temperature.

Figure 3.  A) PL (blue) and absorbance (red) spectra for PEA2PbI4 and 
PEA2SnI4 thin films. PL emission and absorption spectra plotted with a 
logarithmic y-axis for easy visual identification of the multiple peaks with 
regular energy spacing for B) PEA2PbI4 and C) PEA2SnI4. All spectra were 
normalized and the baselines were subtracted to make the peak locations 
more evident.



www.advancedsciencenews.com

© 2022 Wiley-VCH GmbH2102698  (5 of 11)

www.advopticalmat.de

PEA2PbI4 and a significantly lower value of EB  = 50  ± 4 meV 
for PEA2SnI4. Given this large disparity, we repeated the experi-
ment for BA2PbI4 and BA2SnI4 compounds and found a con-
sistent reduction of EB moving from Pb to Sn (EB  = 155  ± 
65 meV for BA2PbI4 and EB  = 48  ± 40 meV for BA2SnI4, see 
Section S4 in the Supporting Information). While the factor of 
three difference between lead and tin 2D MHPs obtained in 
this manner provides strong evidence the latter do have a lower 
EB, measuring EB from temperature-induced PL quenching 
admittedly carries significant uncertainty because it assumes 
that thermal dissociation is the exciton’s only nonradiative 
recombination pathway. We tested the validity of this assump-
tion by performing time-resolved photoluminescence (TRPL) at 
different temperatures. As detailed in Section S5 (Supporting 
Information), we measured a modest temperature dependence 
of the free exciton optical lifetime which renders the assump-
tions of Equation (2) less valid[42] despite its widespread use in 
the literature, and the values of EB obtained from the Arrhenius 
fits are untrustworthy.

The value of EB can in principle be measured in a model-
independent fashion by finding the difference between the 
exciton (E1s) and band gap (EG) energies, where we define E1s 
to be the 1s state of the exciton–polaron state with the most 
prominent absorption. While E1s is easily obtained by fitting 
the linear absorption spectrum at low temperatures, precise 
and accurate determination of EG is highly nontrivial for MHP 
systems.[43,44] At low temperatures, for PEA2PbI4, a small step-
like feature is resolved at the band edge; however, for other 2D 
MHPs such as PEA2SnI4, BA2PbI4, and BA2SnI4 in this study, 
the spectral overlap of the above-gap absorption peaks prohibits 
such a measurement even at low temperatures (see Figure S5 
in the Supporting Information). For example, we found that 
the uncertainty in a Tauc measurement of the optical gap to be 
≈0.5 eV for tin-based MHPs.

In the past, modulation spectroscopies such as electroab-
sorption (EA; the difference between a material’s absorption 
with and without an applied electric field) have been used to 
provide more precise measurements of electronic energy levels 
than traditional spectroscopies such as absorption, reflection, or 
ellipsometry.[26,45] EA features manifest as sharp derivative-like 
line shapes at critical points in the density of states and can lead 
to extremely precise measurements of EG and EB provided that 
the physical origins of the EA features are understood. Due to 
anisotropy of the electronic structure in quantum well systems, 
EA responses are vastly different for electric fields oriented 
out-of-plane versus in-plane with the quantum well layers.[44,46] 
Therefore to determine the physical origin of the 2D MHP EA 
signal, we first determined the quantum well orientation rela-
tive to the field by grazing incidence wide-angle X-ray scattering 
(GIWAXS). As detailed in Section S6 (Supporting Information), 
GIWAXS patterns were collected and mosaicity factors (MF) 

were calculated from the off c-axis diffraction, where MF values 
falls on a linear scale from 1 (homogenous parallel orientation) 
to −1 (homogenous perpendicular orientation) with respect to 
the substrate. The MF values for these 2D MHPs range from 
0.88 to 0.96 and therefore we assume an ideal parallel case in 
our analysis of the EA signal.

2.3. Electroabsorption—Assignments and EB Measurements

For the EA studies, the MHP films were spin-cast onto an array 
of interdigitated electrodes (Figure 5A) which allowed for the 
generation of large electric fields parallel to the quantum well 
layers (Figure  5B) while also allowing for the transmission of 
light through the perovskite thin film (see Experimental Sec-
tion). As depicted in Figure  5C, the application of an electric 
field to an excitonic semiconductor affects the exciton and con-
tinuum states differently. The excitons redshift due to the Stark 
effect and produce derivative-like EA line shapes. In contrast, 
continuum states respond via the Franz–Keldysh (FK) effect to 
produce an interband feature at the band gap and FK oscilla-
tions above the band gap, as shown in Figure 5D.[25,47] As dis-
cussed in greater detail below, each of these features (Stark, 
interband, and FK oscillation) is present to varying degrees 
in the 2D MHP EA spectra. The measured EA spectra are 
shown in Figures 5E–H for PEA2PbI4, PEA2SnI4, BA2PbI4, and 
BA2SnI4 at room temperature (≈300 K) and in Figures  5I–L 
for the corresponding spectra at low temperature (<50 K). The 
absorption spectrum (black) is presented using the right-hand 
y axis to provide a reference for the EA features. The Stark-
shifting of exciton states below the band gap is clear both at 
room and low temperatures. Near the band-edge, we observe 
the onset of an additional large oscillation, which we assign to 
the continuum wavefunction leaking into the forbidden gap, 
hereto referred to as the “interband” feature (oscillatory period 
centered on “*” in Figures 5I–L). While at room temperature, 
the exciton and interband features are somewhat convoluted 
due the large homogenous broadening Γ, the two features are 
spectrally separated and distinct in the low temperature EA. 
Our assignments of the exciton and interband features are 
not only based on their energetic positions but also their field-
dependent behavior which is expected to deviate for below-gap 
and above-gap states due to the differing nature (bound versus 
unbound) of the excited states (exciton vs continuum).

The exciton and continuum features in the EA signal can 
be distinguished via three key criteria: 1) field-dependence of 
amplitude, 2) field-dependence of the line shape, and 3) the 
line shape’s resemblance to first and second derivatives of the 
absorption spectrum. Since the Stark effect is a third order 
(χ(3)) nonlinear optical processes, Stark-shifted exciton fea-
tures are expected to exhibit field-invariant line shapes that 
closely resemble first and second derivatives of the absorp-
tion, with EA amplitudes that scale quadratically with applied 
field (ΔA ∝ Fk where k = 2).[48] For features that originate from 
the high-field FK effect, these conditions are reversed—the 
EA line shape broadens with increasing field strength, does 
not resemble numerical derivatives of the absorption, and the 
amplitude scales subquadratically with increasing field (where 
1/3 < k < 2).[49]
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Table 1.  Temperature-dependent photoluminescence fit parameters.

Γ0 [meV] γLO [meV] ELO [meV] GdE
dT P





 [meV 

K−1]

PEA2PbI4 9.9 ± 0.9 29 ± 10 19 ± 4 0.158

PEA2SnI4 13.6 ± 0.8 11 ± 5 14 ± 4 0.155
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As shown in Figure 6A, the EA amplitude in the exciton range 
shows a linear relationship with F2—this quadratic dependence 
indicates the feature’s origin lies in the Stark effect. As detailed 
in Section S7 (Supporting Information), we measure the average 
power-law scaling between amplitude and field strength, k, 
to be 2.08 for the exciton features in contrast to 1.62 for inter-
band features. In addition to this subquadratic dependence, we 
also observe a slight field-broadening in the interband features 
that is absent in the exciton features, as shown in Figure 6B for 
PEA2PbI4, PEA2SnI4, BA2PbI4, and BA2PbI4 at low temperature. 
The final and most convincing evidence of the interband fea-
ture’s origin in the continuum states is the lack of resemblance to 
numerical derivatives of the absorption spectrum (see Figure S12 
in the Supporting Information), which demonstrates that the 
feature is not produced by the shifting or broadening of absorp-
tion but rather from the continuum wavefunction leaking into 
the band gap. We investigated this effect in detail in a previous 
study and found that the zero-crossing of the interband feature 

corresponds to one electron band gap energy (EG) (labeled “*” in 
Figures 5I–L).[25] The exciton binding energy is then determined 
as EB = EG − E1s (where E1s is obtained from the peak position of 
the excitonic absorption, see Section S8 in the Supporting Inf). 
The EA corroborates the temperature-dependent PL finding of 
low EB values in the tin-based MHPs. We measure a reduction 
from 220 to 128 meV moving from PEA2PbI4 to PEA2SnI4, and a 
similar reduction from 249 to 170 meV moving from BA2PbI4 to 
BA2SnI4 (see Table 2 for E1s, EG, and EB values). The experimental 
values differ from the DFT predictions of 539 meV and 267 meV 
for BA2PbI4 and BA2SnI4, although the trend is consistent. This 
large reduction in EB moving from Pb to Sn has been computa-
tionally predicted for both 2D and 3D MHPs due to the larger 
dielectric constant of tin-based MHPs (E 1/B r

2ε∝ );[8,10] however, 
this has not been experimentally verified until now due to the 
difficulty in measuring EB, with previous experimental reports 
reporting minimal or no change in the value of EB when moving 
from Pb to Sn.[6,12,13] As detailed in Section S9 (Supporting 
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Figure 5.  2D MHP electroabsorption (EA). A) Schematic of the EA experiment. Interdigitated electrodes are used to apply high electric fields across 
the perovskite thin film. B) As established by GIXD measurements, electric fields parallel to the substrate are in-plane with the quantum well layers. 
C) Prototypical absorption (black) and field-shifted absorption (red) of an excitonic semiconductor and D) the corresponding EA signal which is defined 
as: ΔA = A(F ≠ 0) − A(F = 0). The measured room temperature absorption (black) and EA (red) spectra of E) PEA2PbI4, F) PEA2SnI4, G) BA2PbI4, 
H) BA2SnI4 and the corresponding low-temperature absorption (black) and EA (blue) spectra of the same materials, I) PEA2PbI4, J) PEA2SnI4, K) BA2PbI4, 
and L) BA2SnI4. Below the band gap, the 1s exciton resonance peak (E1s) redshifts and broadens from linear and quadratic Stark effects, producing first 
and second derivative line shapes in the EA signal. At the band gap, an interband EA feature is resolved with a zero-crossing (labeled “*”) that marks 
the one-electron band gap energy. At higher energies we observe large peaks (labeled γ and δ) which are more prominent for the tin-based MHPs.



www.advancedsciencenews.com

© 2022 Wiley-VCH GmbH2102698  (7 of 11)

www.advopticalmat.de

Information), we expect a similar factor of reduction for 3D 
MHPs. Given the critical importance of EB in determining the 
photoluminescence quantum yield and the ratio of free carriers 
to excitons, these findings serve to explain the higher conduc-
tivity of MASnI3 and the superior performance of PEA2SnI4 in 
devices such as LEDs, photodetectors, and FETs.[16–20]

2.4. Below-Gap EA

The tin and lead 2D MHPs have different EA line shapes in the 
exciton region—we observe a predominantly first derivative line 
shape for PEA2PbI4 and BA2PbI4, i.e., the applied field redshifts 
the exciton peak, whereas for PEA2SnI4 and BA2SnI4 the line 
shape is far more second-derivative-like, i.e., the applied field 
broadens the exciton peak (see Figure S10 in the Supporting 
Information for a visual explanation of the derivative line 
shapes). The exciton’s EA response is presented in Figure 7A 
for PEA2PbI4 and Figure 7B for PEA2SnI4 where the EA (blue) is 
fit to a linear combination of first and second derivatives of the 
absorption spectrum (dotted black). This derivative fit corrobo-
rates that which is also visibly apparent, namely, the PEA2SnI4 
spectrum is far more second-derivative-like. We determine a 
first derivative (second derivative) percentage of 92% (8%) for 
PEA2PbI4 in comparison to 33% (67%) for PEA2SnI4; with 90% 

(10%) for BA2PbI4 in comparison to 38% (62%) for BA2SnI4 for 
the low-temperature EA spectra.

The first derivative response (redshift) observed in the 
lead-based MHPs is expected for a Wannier exciton while 
the second derivative (broadening) observed in the tin-based 
MHPs is far more anomalous. Although the quantum wells in 
the tin-based MHP films are oriented slightly less parallel to 
the substrate, we rule out the small difference in orientation 
homogeneity, as measured by NEXAFS and GIWAXS, to be the 
origin of their second derivative line shapes. This is because 
a quantum-confined Stark effect, if present, would only con-
tribute to the first derivative component. Field-ionization of the 
exciton as possible origin for the line shape difference was also 
explored, as detailed in Section S10 (Supporting Information). 
However, we calculated an upper bound for the ionization-
induced linewidth to be extremely negligible (10–10 meV) even 
for the largest applied field strength in this study. Having ruled 
out the above stated potential artifacts and physical origins, we 
confidently conclude that the difference in line shape origi-
nates from a real difference in the exciton dipole moment and 
polarizability between the lead and tin 2D MHPs. For tightly 
bound excitons, it can be shown via a Taylor expansion of the 
EA signal that these values (dipole moment and polarizability) 
determine the derivative-like EA line shapes as follows:[50]

A E
A E

E
F

A E

E
F

1
2

1
2

ge
2

2

2 ge
2 2α µ( ) ( ) ( )∆ = − ∂

∂
+ ∂

∂
	 (3)

where E is the photon energy, ΔA(E) is the EA spectrum, A(E) 
is the absorption spectrum, F denotes the field strength experi-
enced by the exciton (see Section S11 in the Supporting Infor-
mation for calculation of F), αge is the change in the exciton’s 
polarizability and μge is the change in dipole moment upon the 
transition from ground to an excited state g → e. Our meas-
urement of large EB values and negligible field-ionization 
effects validate the use of Equation (3) in its application to the 
2D MHPs under the modest field strengths used in this study. 
Thus, we perform a linear regression fit procedure to determine 
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Figure 6.  Amplitude and broadening trends within the low-temperature EA spectra. A) Amplitude of first exciton peak as a function of V2 where V is 
the applied voltage. The linear slope indicates that these features are caused by the Stark effect. B) Spectral separation (broadening) between the first 
maximum and first minimum of the interband feature, plotted as a function of applied voltage. The trends are baseline-subtracted for easy comparison 
of the slopes. The positive relationship demonstrates the interband feature has high-field Franz Keldysh character.

Table 2.  Energy levels for 2D MHPs measured from the low-temperature 
EA spectrum.

E1s [eV] EG [eV] EB [meV] DFT prediction of 
EB [meV]

PEA2PbI4 2.384 ± 0.004 2.606 ± 0.004 220 ± 6 –

PEA2SnI4 1.982 ± 0.004 2.11 ± 0.015 128 ± 16 –

BA2PbI4 2.540 ± 0.003 2.789 ± 0.004 249 ± 5 539a)

BA2SnI4 2.181 ± 0.004 2.35 ± 0.02 170 ± 20 267a)

a)Values from Ma et al.[10]
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μge and αge at each field strength. The average values of μge and 
αge are reported in Table 3, where the error is reported as one 
standard deviation between different field strengths. In accord-
ance with the line shape difference, we measure much larger 
dipole moments (≈75  vs 10 D) and much smaller polarizabili-
ties (≈7 × 103 vs 50 × 103 Å3) for the tin-based 2D MHPs.

Such a large transition dipole moment is uncommon for 
semiconducting materials and is indicative of a shallow exciton 
(smaller EB) in a disordered energy landscape. For example, 
static disorder within conductive polymer films has been shown 
to induce similarly large dipole moments (≈50 D) within the 
one-dimensional exciton states along the polymer backbone.[51] 
The principle of a disorder-induced dipole is that the charge 
density within an asymmetric energy barrier will naturally 
shift toward the low-barrier side resulting in an asymmetric 

charge density, i.e., a dipole moment.[51] The AFM images show 
that the PEA2SnI4 thin film has grain sizes that are smaller 
than those in the PEA2PbI4 by a factor of ≈2.5, thus, we find 
it unlikely that the disordered morphology alone accounts for 
the seven-fold increase in μge moving from Pb to Sn especially 
when considering that the static disorder contribution from 
point-defects is likely much greater than that of grain-bound-
aries in MHPs (e.g., this effect will also be present in single 
crystals).[52,53] Instead, the excitons within the tin-based MHP 
films are more affected by disorder because they reside in a 
shallower potential well (smaller EB) and therefore the charge 
density shifts more substantially in the presence of disorder. It 
is the sum of these two effects, low EB and high disorder, that 
produces the observed seven-fold increase in μge when moving 
from Pb to Sn.

The reduced exciton polarizability in the tin-based 2D MHPs 
indicates that the excitons have smaller radii α ∝ (er)2.[54] The 
radii can be determined from the polarizabilities (as detailed 
in Section S12 in the Supporting Information), and indeed, 
we find smaller values for the tin MHPs (≈0.5 nm vs ≈1.8 nm, 
values listed in Table  3). This finding places excitons in tin-
based 2D MHPs on the border between Frenkel and Wan-
nier classifications, as depicted in Figure  7C, since the length 
of the radius is roughly equivalent to one [SnI6]–4 octahedral 
subunit, in contrast to roughly three [PbI6]–4 octahedral subu-
nits in the case of lead. To understand this significant dis-
crepancy between lead and tin, we turn to a recent DFT study 
that predicted strongly localized electron states in tin-based 
3D MHPs.[55] Ouhti et  al. found that the electron localization 
was correlated to the elongation of specific tin-halide bonds 
and the formation of a tightly-bound small polaron. The trend 
was robust and observed for a wide range of ABX3 composi-
tions. Thus, we believe a similar effect is present here in the 2D 
case, namely, the dynamic disorder of the polar lattice localizes 
exciton states in tin-based 2D MHPs via Anderson localization 
resulting in smaller exciton radii. Considering that within the 
Fröhlich formalization the exciton–phonon coupling strength is 
proportional to the exciton radius,[39] the factor of ≈3 decrease 
in the exciton radius moving from lead to tin also explains 
the significantly reduced exciton–phonon coupling in the tin-
based MHPs discussed previously. Electron and hole localiza-
tion typically results in the trapping of charge carriers which 
is detrimental to optoelectronic device performance. However, 
for MHPs there is substantial evidence that localization and 
polaron formation increases carrier lifetime by decreasing elec-
tron-hole wavefunction overlap.[56] Indeed, by performing time 
resolved PL on single crystals we measure the exciton lifetime 
to be ≈3× longer for PEA2SnI4 than PEA2PbI4 (Figure S8, Sup-
porting Information), a finding that is also supported in the 
literature.[57]

2.5. Above-Gap EA

The tin and lead 2D MHPs also show notable differences in 
their above-gap EA response. For PEA2PbI4 and BA2PbI4, we 
observe a small, yet clearly resolved FK oscillation with signifi-
cant field-broadening behavior immediately following the inter-
band feature (see Figure S11 in the Supporting Information). 
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Figure 7.  The exciton’s EA response (blue) at low temperature fit to first 
and second derivatives of the absorption (dashed black) for A) PEA2PbI4 
and B) PEA2SnI4. The downward pointing arrows marks the exciton’s 
absorption peak. C) Cartoon representation of the 1s exciton state. The 
excitons in tin-based 2D MHPs have smaller binding energies, larger 
dipole moments, smaller polarizabilities, and smaller radii than their 
lead counterparts.

Table 3.  Exciton transition dipole moments, polarizabilities and radii.

μge [D] αge [103 Å3] r [nm]

PEA2PbI4 10 ± 4 50 ± 1 1.76 ± 0.24

PEA2SnI4 72 ± 7 6.3 ± 0.8 0.48 ± 0.07

BA2PbI4 10 ± 2 51 ± 1 1.89 ± 0.25

BA2SnI4 83 ± 13 7 ± 1 0.58 ± 0.08
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However, this feature is absent for PEA2SnI4 and BA2SnI4 due 
to competitive overlap of above-gap features. Unlike the inter-
band feature, the above-gap oscillations in the tin-based MHPs 
exhibit clear χ(3) behavior and the line shapes are consistent 
between the two compositions, PEA2SnI4 and BA2SnI4. In the 
SI Section S13, we explore possible physical origins for these 
above-gap EA feature and conclude they likely originate from 
the low-field FK effect. Their presence in the tin-based MHPs 
(and absence in the lead samples) may be due to smaller 
(larger) energy gaps in multivalley absorption, which is under-
stood to be significant in MHPs.[10,58,59]

3. Conclusion

The electroabsorption unambiguously demonstrates the Sn → 
Pb substitution lowers EB from 220  meV for PEA2PbI4 to 
128 meV for PEA2SnI4. This substantial reduction in EB sug-
gests the occupied band edge states in the 3D tin analog MASnI3 
are predominantly free carriers; and the excess hole population 
in MASnI3 (due to self-p-doping[5]) should only serve to further 
increase this free-carrier to exciton ratio. We have shown that 
despite the lower EB, the excitons in tin-based 2D MHPs have 
smaller radii. This is opposite to the Bohr model, where the 
exciton’s binding energy and radius are inversely related. This 
counterintuitive relationship demonstrates the wide-spanning 
consequences of the polar MHP lattice on band-edge states 
outside of simple band gap fluctuations.[60] In addition to the 
localization effect, the excitons in the tin-based MHPs have 
large dipole moments which is a consequence of increased sen-
sitivity to disorder within the highly polar MHP lattice—pertur-
bations to the exciton’s energy landscape are more significant 
for excitons in a shallow well (low EB). Finally, the exciton’s 
spectral fine structure suggests the polaron binding energy is 
greater for tin-based MHPs. The above-stated findings are in 
excellent agreement with DFT calculations on 3D MHPs that 
predict charge carriers in tin-based 3D MHPs exist as highly-
localized small polarons with a polaron binding energy greater 
than their lead counterparts, despite a lower exciton binding 
energy.[8,9,55]

The low binding energy of tin-based MHPs is advanta-
geous for efficient exciton dissociation at electron and hole 
transport layers. However, it is less clear how the local-
ized polaronic nature of the exciton state might affect opto-
electronic performances. On one hand, the decreased overlap 
between the electron and hole wavefunctions leads to longer 
carrier lifetimes. Indeed, we measure the free exciton lifetime 
of PEA2SnI4 to be 3× greater than that of PEA2PbI4. How-
ever, localization may additionally reduce carrier mobility in 
MHPs. It is unclear whether the trade-off between these two 
effects, longer lifetime and lower mobility, sums to a net posi-
tive or negative for the ultimate optoelectronic performance. 
Further experimental work and computational modeling of 
charge-lattice interactions in MHPs is needed to weigh the 
magnitude of these effects. The findings herein advance our 
understanding of lead and tin-based MHPs. Still, many details 
remain to be filled in regarding the nature of the exciton 
dynamics and charge-lattice interactions in this intrinsically 
complex class of materials.

4. Experimental Section
Fabrication of 2D MHP Thin Films: 2D MHP thin films were fabricated 

by dissolving metal-iodide salts (SnI2 and PbI2) and stoichiometric 
ratios of ammonium salts (PEA-I and BA-I) in a 4:1 DMF:DMSO 
solvent mixture. For example, to produce a 0.4 m precursor solution of 
PEA2SnI4, 149  mg of SnI2 and 199  mg of PEAI were mixed in 1  mL of 
the 4:1 DMF:DMSO solvent mixture. To spin coat a thin film, substrates 
were cleaned via sequential steps of sonication in soapy water, distilled 
water, acetone, isopropanol, and lastly, the substrates were plasma 
cleaned under vacuum. The substrate material was soda-lime glass 
for all measurements except electroabsorption, in which case a quartz 
substrate with a ≈100  nm thick gold layer of interdigitated fingers was 
used. According to the hot-cast method,[61] the precursor solution 
(65 °C) was pipetted onto the glass substrate (150 °C) and immediately 
spun at 4000  rpm for 30 s to produce a polycrystalline film with large 
grain sizes. For the thin films used in electroabsorption measurements, 
it was necessary to reduce the molarity of the precursor solution to 
0.1 m in order to keep the peak optical density low (≈1 OD) so that the 
transmission was resolved at energies of high absorption. For PEA2SnI4 
and BA2SnI4, a quarter-stoichiometric quantity (0.025 m) of SnF2 was 
added to the precursor solution in order to reduce unwanted oxidation 
from Sn2+ to Sn4+ and increase sample resistivity.[62]

Characterization: The X-ray diffraction (XRD) patterns were obtained 
using an X-ray diffractometer (Bruker D8 Discover) with Cu Kα radiation 
(1.5406 Å). AFM images were collected on a Bruker Dimension Icon 
atomic force microscope in tapping mode. The electronic structure and 
orientation of the phenethylammonium molecule within the PEA2PbI4 
and PEA2SnI4 thin films were studied by acquiring the polarized C 
K-edge spectra via near-edge X-ray absorption fine structure (NEXAFS) 
spectroscopy measurements. Measurements were performed at the 
Stanford Synchrotron Radiation Lightsource (SSRL, beamline 10–1). A 
variable line spacing plane grating monochromator using a 600 lines/
mm grating with an energy resolution of ≈0.1 eV was used to spectrally 
separate the synchrotron X-ray source. The spectra were acquired in 
partial electron yield mode by using a channeltron electron multiplier 
located near the sample with the detector at an entrance grid bias of 
−200  V to enhance surface sensitivity. A carbon mesh was used as a 
reference standard for calibration of the energy scale for each spectrum 
by using the π* transition at 285.2 eV. To eliminate the effects of incident 
beam intensity fluctuations and monochromator absorption features, the 
partial electron yield signals were normalized by using the drain current 
of a freshly evaporated gold mesh with 90% transmittance located along 
the path of the incident X-rays. All data were acquired at four angles (θ = 
20°, 43°, 58°, and 79°). All spectra were pre-edge normalized to zero and 
post-edge normalized to unity for direct comparison.

Optical Spectroscopies: For temperature-dependent photoluminescence 
measurements, the thin films were mounted in a cryostat and the PL 
was excited with a mechanically chopped 473 nm diode-pumped solid-
state laser. The emission was filtered through a 500 nm long pass filter 
to remove stray laser light, focused into a 0.25 m f/3.5 monochromator, 
and then detected with a silicon photodiode. The amplified photodiode 
signal was collected with a Stanford Instruments SR830 lock-in amplifier 
referenced to the mechanical chopper.

For absorbance and electroabsorption measurements, perovskite 
thin films were spin-coated on an array of interdigitated gold electrodes 
which were deposited via photolithography onto a quartz substrate.[25,63] 
The small distance between opposing electrode fingers (d  = 45 μm) 
allowed for the generation of large electric fields (11 – 77 kV/cm) using 
modest voltages (50 – 350 V). Thin copper wires were soldered to the 
opposing electrode stripes and samples were mounted in a cryostat 
for low temperature measurements. The difference in absorbance with 
and without a static field (ΔA) was calculated from the normalized 
electro-transmission spectrum ΔT/T where T and ΔT were collected as 
independent wavelength scans. The output of a Xe lamp was spectrally 
filtered through a 0.25 m f/3.5 monochromator with 1.5  nm spectral 
resolution, focused onto the sample, and then refocused onto a 
UV-enhanced photodiode detector. The RMS value of the photodiode’s 
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signal was amplified with a transimpedance amplifier and demodulated 
with a Stanford Research Systems SR810 or SR830 lock-in amplifier. For 
T and T0, the signal was detected at the first harmonic of the mechanical 
chopper’s frequency (330  Hz), whereas the ΔT signal was lock-in 
detected at either the first or second harmonic of the modulating signal, 
VAC(t), depending on which Fourier component of the squared signal 

( )AC
2V t  was largest. Various VAC(t) waveforms were tested and found 

to yield consistent EA line shapes and amplitudes after instrumental 
correction factors were accounted for. The reported absorbance was 
calculated as A = log 10(T0/T). The EA response is then given by

log log10
0

F
10

0A
T
T

T
T

∆ = 



 − 



 	 (4)

where TF represents the field-perturbed transmission spectrum. 
Substituting TF = ΔT + T, Equation (4) becomes

log 110A T
T

γ( )∆ = − + ∆ 	 (5)

where an instrumental correction factor γ has been introduced, which is 
the ratio of the RMS value of the mechanical chopper signal’s 1ω Fourier 
coefficient and the RMS value of the ( )AC

2V t  signal’s 1ω (or 2ω) Fourier 
coefficient.[64]
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