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ABSTRACT: Self-assembled hybrid perovskite quantum
wells have attracted attention due to their tunable emission
properties, ease of fabrication, and device integration.
However, the dynamics of excitons in these materials,
especially how they couple to phonons, remains an open
question. Here, we investigate two widely used materials,
n a m e l y , b u t y l a m m o n i u m l e a d i o d i d e
(CH3(CH2)3NH3)2PbI4 and hexylammonium lead iodide
(CH3(CH2)5NH3)2PbI4, both of which exhibit broad photo-
luminescence tails at room temperature. We performed
femtosecond vibrational spectroscopy to obtain a real-time picture of the exciton−phonon interaction and directly
identified the vibrational modes that couple to excitons. We show that the choice of the organic cation controls which
vibrational modes the exciton couples to. In butylammonium lead iodide, excitons dominantly couple to a 100 cm−1

phonon mode, whereas in hexylammonium lead iodide, excitons interact with phonons with frequencies of 88 and 137
cm−1. Using the determined optical phonon energies, we analyzed photoluminescence broadening mechanisms. At low
temperatures (<100 K), the broadening is due to acoustic phonon scattering, whereas at high temperatures, LO phonon−
exciton coupling is the dominant mechanism. Our results help explain the broad photoluminescence line shape observed in
hybrid perovskite quantum wells and provide insights into the mechanism of exciton−phonon coupling in these materials.

KEYWORDS: perovskites, 2D materials, temperature-dependent photoluminescence, transient absorption dynamics,
ultrafast vibrational spectroscopy, Raman spectroscopy

O rganometal halide hybrid perovskites have become
one of the most promising materials for highly
efficient and low-cost optoelectronic devices. The

power conversion efficiency of hybrid perovskite photovoltaics
has seen a rapid rise in the last 5 years and has exceeded 20%.1

In layered two-dimensional (2D) perovskites, corner-sharing
metal halide anion [MX4]

2− quantum wells are confined by
aliphatic or aromatic alkylammonium cation barriers (Figure
1a). Due to the hydrophobic property of organic cations, 2D
perovskite devices retain their performance under ambient
humidity levels.2 2D perovskites have been successfully
implemented into solar cell2−4 and light-emitting device
(LED) fabrication.5 Because quantum-confined excitons result
in efficient radiative decay, the LEDs exhibit high external
quantum efficiency of up to 11.7%.6 These encouraging studies
show that hybrid perovskite quantum wells can be a promising
candidate for the fabrication of efficient and long-term stable
devices.

Electron−phonon coupling in hybrid perovskites is an area
that is attracting increasing attention because, for photovoltaic
and LED applications, electron−phonon coupling affects
charge-carrier mobilities and cooling, and it governs the line
shape and line width of the emission. Wright et al.7 suggest that
electron−phonon coupling at room temperature in 3D
perovskites is mainly due to longitudinal optical (LO) phonon
scattering via Fröhlich coupling and that acoustic phonon
scattering is negligible. By contrast, Zhu et al.8 suggest that large
polaron formation in 3D perovskites protects carriers from
optical phonon scattering. Guo et al.9 investigated exfoliated 2D
perovskite flakes and suggested that acoustic and homopolar
optical phonons are the main scattering mechanisms for
excitons in these materials. It is thus clear that the role of
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electron−phonon in hybrid perovskites is still controversial. In
addition, many of the widely studied low-dimensional perov-
skite materials show asymmetric and broad photoluminescence
(PL) line shapes4,10−13 in comparison to 3D perovskites that
exhibit Gaussian-shaped PL spectra. It is important to
understand the nature of the states causing the emission. If
they arise due to defects or trap states, it might lower the device
performance. However, if it is connected with exciton−phonon
coupling, it might provide a means of systematic control via
tuning the crystal structure.
Here, we investigate the optical properties of two 2D

perovskite materials , butylammonium lead iodide
(CH3(CH2)3NH3)2PbI4 and hexylammonium lead iodide
(CH3(CH2)5NH3)2PbI4, which both show asymmetric PL
shape with a long tail on the low-energy side. We used PL
microscopy to investigate whether the asymmetric PL shape is a
result of localized inhomogeneity, but no localized defects can
be detected at micrometer scale. At low temperatures, the PL of
hexylammonium lead iodide becomes narrower and more
symmetric, suggesting that the origin of the room temperature
asymmetric PL shape is phonon scattering and self-trapped
excitons. To directly probe the exciton−phonon coupling and
identify the excited-state phonon modes in 2D perovskites, we
used femtosecond transient absorption (fs-TA) spectroscopy.
In butylammonium lead iodide, excitons dominantly couple to
a phonon mode at 100 cm−1, whereas in hexylammonium lead
iodide, excitons couple to phonons with frequencies of 88 and
137 cm−1. Based on the determined phonon modes, the PL
broadening mechanism in hexylammonium lead iodide was
analyzed using a model that involves acoustic phonons, optical
phonons, and impurity scattering. At low temperatures (<100
K), the line width broadening is due to acoustic phonon
scattering at 0.026 meV/K, whereas at high temperatures, LO
phonon−exciton coupling is the main mechanism. We show

that in 2D perovskites, the coupling strength between LO
phonons and excitons is several tens of meV.

RESULTS AND DISCUSSION

To study how different organic ligands affect the photophysical
properties of 2D perovskites, spin-coated polycrystalline films
of two compounds were investigated: butylammonium lead
iodide (CH3(CH2)3NH3)2PbI4 and hexylammonium lead
iodide (CH3(CH2)5NH3)2PbI4. They will be abbreviated as
BA2PbI4 and HA2PbI4, respectively. Figure 1b shows the
absorption and PL spectra of thin films of both materials at
room temperature. In the absorption spectra, excitonic peaks
center at 2.42 eV (512 nm). BA2PbI4 exhibits an extra
absorbing feature between 550 and 600 nm. The photo-
luminescence spectra of 2D perovskites peak at 2.37 eV (523
nm) with a small Stokes’ shift. The PL of both 2D perovskites is
asymmetric and has a broader emission at the low-energy side
with a long tail until approximately 675 nm. The observed
asymmetric PL shape with a long tail is consistent with previous
research.4,10,11

The extra absorption feature seen in BA2PbI4 suggests a more
disordered energetic structure or the presence of another phase
within the film leading to spatial inhomogeneity. To investigate
this further and estimate the energetic disorder, photothermal
deflection spectroscopy (PDS) was used as an ultrasensitive
absorption measurement. PDS measures the refractive index
change due to heat that is caused by nonradiative relaxation
when the incoming light is absorbed. The Urbach energy (Eu)
defines the energetic disorder of a material and is given by A(E)
∝ eE/Eu, where A is the absorbance of the material and E the
excitation energy.14,15 In the PDS spectra (Figure 1d), the
absorbance of the extra feature between 550 and 600 nm is
about 10 times higher in BA2PbI4 than in HA2PbI4. The Urbach
tails in the spectra were fitted with linear regression

Figure 1. Room temperature crystal structure and optical properties of perovskite quantum wells. (a) Layered crystal structure of HA2PbI4
(view along the crystal b-axis). (b) Normalized absorption and PL spectra of BA2PbI4 and HA2PbI4 polycrystalline thin films. (c) Peak
position map of a 50 × 50 μm2 area on a BA2PbI4 film under PL microscope. (d) PDS absorption spectra of BA2PbI4 and HA2PbI4 thin films.
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(Supporting Information, SI, Figure S1a). For BA2PbI4 two
Urbach Energies can be defined because it has two absorbing
features (SI, Figure S1b). The Urbach energy is calculated to be
around 31 and 27 meV for BA2PbI4 and HA2PbI4, respectively.
These values are about twice the Urbach energy of 3D
perovskite methylammonium lead iodide14 but much lower
than some organic excitonic system, such as P3HT, whose
Urbach energy is about 50 meV.16 It is noticeable that below 2
eV both BA2PbI4 and HA2PbI4 exhibit a flat absorbing region,
which we consider to arise from sub-band-gap nonradiative
states that have been reported previously in 3D perovskites.15,17

The different absorbance of these states between the two
compounds may be due to different lattice distortion caused by
the organic cations (see discussion in SI, Figure S1c).
To further investigate the presence of spatial inhomogeneity,

a thin film of BA2PbI4 was probed with PL microscopy. The
sample was excited by a 405 nm laser with a beam diameter of
about 0.5 μm. A 50 × 50 μm2 area was scanned under the
microscope, and the spatially resolved PL map was generated.
As seen in Figure 1c, the peak position of the PL varies from
522 to 528 nm within the scanned area. The full width at half-
maximum (FWHM) changes between 15 and 23 nm, but the
shape of the PL spectrum remains the same when probing
different spots (SI, Figure S2). This shows that no localized
defects can be detected at micrometer scale, and the
asymmetric PL shape is not a result of spatial inhomogeneity.
To rule out the possibility that reabsorption may be affecting

the emission spectra shape,18 we studied the PL of mechanically
exfoliated thin crystal flakes of the same material, which are
thinner than the spin-coated film. Both the exfoliated flakes and
spin-coated film show the same PL (SI, Figure S3), proving that

the asymmetric line shape is not due to reabsorption effects.
Our finding is consistent with previous research,11 where it was
shown that thin 2D perovskite crystals with thickness of a few
unit cells also exhibit asymmetric PL shape.
Because phonon occupancy drops at low temperature,19

temperature-dependent photoluminescence spectra were re-
corded to study the effect of phonon scattering on the PL
shape. Figure 2a,b shows the steady-state temperature-depend-
ent PL map of a BA2PbI4 thin film excited with a continuous
wave (CW) 405 nm laser and measured in 10 K steps. At low
temperature, the PL peak shifts from 520 to 493 nm due to an
orthorhombic-to-orthorhombic phase transition.20 The impact
of structural phase changes of (CnH2n+1NH3)2PbI4 compounds
on their optical properties was first reported by Ishihara et al.21

In addition, we observed a hysteresis loop when measuring the
temperature-dependent PL spectrum, meaning that the phase
transition occurs at 230 K when cooling down (Figure 2a) but
at approximately 280 K when heating up (Figure 2b). The
hysteresis effect of BA2PbI4 shows that a metastable state exists
between 230 and 280 K, and the crystal structure is switchable
within this temperature range. Temperature-dependent UV−vis
spectroscopy further confirmed the hysteresis of phase
transition (SI, Figure S4). Thermal hysteresis of BA2PbI4 was
also revealed in previous research using calorimetry.20 A similar
hysteresis loop of phase transition was observed on
(C12H25NH3)2PbI4 2D perovskite crystals22 and on 3D
perovskite thin films.23

It is also notable that in both Figure 2a,b the low-energy
emission from 550 nm onward starts to become more
pronounced when the phase transition happens. This indicates
that the long tail at the low-energy side of the PL emission in

Figure 2. Low-temperature PL measurements on BA2PbI4 and HA2PbI4 perovskite films. (a) Temperature-dependent photoluminescence map
of BA2PbI4 obtained by cooling from room temperature. (b) Temperature-dependent photoluminescence map of BA2PbI4 obtained by
heating from 210 K. (c) Temperature-dependent photoluminescence map of HA2PbI4. (d) Photoluminescence spectra of HA2PbI4 at different
temperatures before phase transition point.
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Figure 1 probably results from states related to a different phase
or lattice distortion. The fact that inhomogeneity is not
detected in the PL microscopy studies means that these
different phases or lattice distortions are presumably mixed on
sub-micrometer scales and uniformly distributed in the film.
Further experiments, such as micro-X-ray diffraction or near-
field scanning optical microscopy, need to be conducted to
examine this sub-micrometer-scale inhomogeneity.
Temperature-dependent PL of HA2PbI4 behaves completely

different from that of BA2PbI4 (Figure 2c). The phase transition
happens at a much lower temperature than BA2PbI4. The
emission of the low-temperature phase of HA2PbI4 peaks at 533
nm (2.33 eV), which is red-shifted in comparison to the
emission of the room temperature phase. Because the emission
peaks of the two phases of HA2PbI4 are close to each other, it is
hard to determine the exact phase transition point. By plotting
the separate contribution of the two phases over the total
integrated PL intensity versus temperature (SI, Figure S5), it is
found that the PL intensity of the high-energy phase drops and
the intensity of the low-energy phase rises when the
temperature is below 127 K, suggesting the phase transition
point is at approximately 127 K. Billing et al. suggested that at
low temperature, HA2PbI4 undergoes a orthorhombic-to-
monoclinic phase transition.20 Furthermore, through temper-

ature-dependent UV−vis spectroscopy, no hysteresis effect was
observed for HA2PbI4 (SI, Figure S6). The fact that the
temperature-dependent PL is different between BA2PbI4 and
HA2PbI4 suggests that the organic ligands have a controlling
role on the crystal structure of the quantum wells.
In order to see how the PL line shape changes with

temperature before the phase transition happens, normalized
PL spectra of HA2PbI4 at different temperatures above 127 K
are shown in Figure 2d. At a temperature of 150 K and lower,
the PL spectrum consists of a symmetric peak (510−545 nm)
and broad side emission (560−590 nm). The symmetric part of
the PL can be assigned to the emission of free excitons. As
discussed before in the case of BA2PbI4, the emission between
560 and 590 nm may associate with a different phase or lattice
distortion. Remarkably, asymmetric broadening is observed
with increasing temperature, where the broadening of the low-
energy part of the emission (from peak to 550 nm) is stronger
than that on the high-energy side (wavelengths shorter than
peak). This can be interpreted as the formation of self-trapped
excitons below the optical band gap due to strong exciton−
phonon coupling.10,12,13,24 Thus, the PL line shape of 2D
perovskites is controlled by the presence of lattice distortion
and exciton−phonon interactions. At low temperature, where
these interactions are suppressed, the line shape is symmetric.

Figure 3. Femtosecond transient absorption on a BA2PbI4 perovskite film. (a) Transient absorption map of BA2PbI4 pumped at 520 nm. (b)
Wavelength-resolved Fourier transform power map of BA2PbI4. (c) Fourier transformed oscillation spectra of BA2PbI4 averaged over 560−
600 nm (GSB/SE) and 620−880 nm (PIA) in comparison with Raman spectrum excited at 633 nm. The three black highlighted modes are the
modes found in the GSB/SE but are absent in the PIA. (d) Normalized Fourier transform power of 49 and 100 cm−1 vibrational modes in
BA2PbI4 throughout the probe wavelengths.

ACS Nano Article

DOI: 10.1021/acsnano.7b03984
ACS Nano 2017, 11, 10834−10843

10837

http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b03984/suppl_file/nn7b03984_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b03984/suppl_file/nn7b03984_si_001.pdf
http://dx.doi.org/10.1021/acsnano.7b03984


At room temperature, asymmetric broadening occurs due to
strong exciton−phonon coupling. Interestingly, between 150
and 250 K, the PL peak position and the optical band gap are
blue-shifted at 0.24 meV/K with increasing temperature (SI,
Figure S7). As has been reported in a previous study,11 the
slight increase of the optical band gap may relate to lattice
expansion.
Although electron−phonon coupling in hybrid perovskite

materials has been studied before,7,9,25,26 no experiments have
provided a real-time picture of how excitons couple to phonon
modes. It is crucial to identify which modes dominate the
coupling because it can help us understand the mechanism of
exciton−phonon coupling in perovskites. For instance, based
on the phonon energy, we can distinguish between acoustic
phonons and optical phonons. In perovskites, the acoustic
phonons normally have much lower energy than optical
phonons.7 Moreover, we will use the identified phonon
modes to evaluate the PL broadening mechanisms later. We
therefore conducted fs-TA spectroscopy to directly probe the
excited-state and ground-state phonon vibrational modes in 2D
perovskites. Spin-coated films of BA2PbI4 and HA2PbI4 were
excited with a 16 fs pump pulse resonant with the optical band
gap (520 nm). They were probed with a chirped broad-band

white light continuum pulse (560−880 nm). Figure 3a shows a
transient absorption map of BA2PbI4, where ΔT/T is plotted as
functions of probe wavelength and time delay between pump
and probe. ΔT is the change in the transmission of the sample
with/without the pump pulse, and T is the transmission
without the pump pulse. The positive signal from 560 nm to
around 600 nm represents the ground-state bleach (GSB) and
stimulated emission (SE), which agrees with steady-state PL
and absorption spectra and is consistent with previously
reported transient absorption measurements probed from 450
to 750 nm by Wu et al.10 The negative signal between 620 and
880 nm corresponds to photoinduced absorption (PIA), that is,
the absorption of excited states generated by the pump pulse.
The use of a compressed 16 fs pump pulse generates wave

packets both in the ground and excited states.27,28 It allows us
to access not only the electronic dynamics of the photo-
excitation but also the molecular vibrational modes due to the
generation of wave packets. In order to obtain these vibrational
dynamics, we globally fitted the map in Figure 3a with a linear
combination of three exponential functions that describes the
electronic decay dynamics (SI, Figure S8a). Subtracting these
electronic dynamics leaves the residual vibrational oscillations
(SI, Figure S8b), which are then fast Fourier transformed into

Figure 4. Femtosecond transient absorption on a HA2PbI4 perovskite film. (a) Transient absorption map of HA2PbI4 pumped at 520 nm. (b)
Wavelength-resolved Fourier transform power map of HA2PbI4. (c) Fourier transformed oscillation spectra of HA2PbI4 averaged over 560−
600 nm (GSB/SE) and 620−880 nm (PIA) in comparison with Raman spectrum excited at 633 nm. The black highlighted mode is a mode
found in the GSB/SE but absent in the PIA. (d) Normalized Fourier transform power of 88, 137, and 207 cm−1 vibrational modes in HA2PbI4
throughout the probe wavelengths.
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the frequency domain. Only data after 160 fs were considered
in order to exclude the coherent artifact contributions. The
resolution of fast Fourier transform (FFT) is around 17 cm−1,
and the lowest frequency that can be resolved is about 33 cm−1,
which is limited by the probe time window of 2 ps. The Fourier
transformed result of BA2PbI4 is shown as a wavelength-
resolved Fourier transform power map in Figure 3b, which
identifies which TA features the vibrational modes modulate. It
can be clearly seen that vibrational modes are present in the
GSB/SE as well as in the PIA region. The oscillation frequency
is shown until 500 cm−1, as no higher frequency mode was
identified.
It is necessary to distinguish between ground-state and

excited-state phonons because only the excited-state phonons
couple to excitons and modulate the exciton relaxation
pathway. They can therefore have influence on the PL line
width via exciton−phonon coupling. Thus, we compared the
vibrational modes that are found in the Fourier transformed fs-
TA data with the ground-state phonon modes in the steady-
state Raman spectrum, where the sample was excited off-
resonantly at 633 nm. In Figure 3c, the vibrational modes from
Figure 3b were averaged over GSB/SE (560−600 nm) and PIA
(620−880 nm) because the modes in the GSB are ground-state
phonons and in the SE and PIA are excited-state phonons.
Unfortunately, due to the small Stokes’ shift of the materials
and the limitation of the probe wavelength, it is difficult to
distinguish between GSB and SE. In the GSB/SE region, we
identified three vibrational modes (marked in black) with
frequencies of 49, 141, and 157 cm−1 absent in the PIA region.
No previous experimental or theoretical work on 2D perovskite
quantum wells assigns these modes. Despite this, we consider
that 2D and 3D perovskites should share some common
vibrational modes as both consist of PbI6 octahedra. Perez-
Osorio et al.29 calculated the vibrational modes in 3D
perovskite MAPbI3. They assign the modes below 40 cm−1,
between 40 and 50 cm−1 and between 50 and 100 cm−1 to Pb−
I−Pb rocking motion, bending motion, and Pb−I stretching
motion, respectively. The frequencies between 120 and 180
cm−1 are assigned to spin, libration, and translation of MA
cations.29 We expect the motion of the cations and their
corresponding frequencies would be different between 2D and
3D perovskites, as the cations in 2D perovskites are larger than
MA cations, and they are located between the PbI6 octahedra
sheets, whereas in 3D perovskites, the cations are confined in
the octahedra holes. In the PIA region, the 100 cm−1 mode
seems to stand out among the observed vibrational modes. In
general, comparing the Fourier transformed TA spectra with
the off-resonant Raman spectrum, the former gives better peak
resolution than the broad Raman spectrum, which shows only
diffuse and continuum modes with frequencies lower than 200
cm−1. This comparison reveals the benefit of our ultrafast time-
domain approach.
In Figure 3d, the normalized |FFT|2 of the dominant mode in

the GSB/SE (49 cm−1) and PIA (100 cm−1) is plotted against
the probe wavelength. It can be clearly seen that the 49 cm−1

mode is in the GSB and in the off-resonant Raman spectrum
but not in the PIA, suggesting a ground-state phonon mode.
The 100 cm−1 mode is in the GSB/SE, in the off-resonant
Raman spectrum, and in the PIA, meaning that it is a mode that
exists in excited states as well as in the ground state.
The phonon modes of HA2PbI4 were also investigated.

Figure 4a shows a transient absorption map of HA2PbI4. The
GSB/SE and PIA wavelengths are similar to those of BA2PbI4.

However, as shown in Figure 4b, the wavelength-resolved
Fourier transform power map of HA2PbI4 is different from the
map of BA2PbI4 (Figure 3b), suggesting that changing the
organic cations in 2D perovskite will affect its phonon modes.
The vibrational modes were averaged over GSB/SE (560−600
nm) and PIA (620−880 nm) in Figure 4c and were compared
with the off-resonant Raman spectrum. In the GSB/SE region,
a black marked vibrational mode with a frequency of 207 cm−1

is absent in the PIA. In Figure 4d, the normalized |FFT|2 of the
three dominant vibrational modes in the GSB/SE and PIA (88,
137, and 207 cm−1) is plotted against the probe wavelength.
We disregarded the 40 cm−1 mode (gray shadowed) in the PIA
because the large |FFT|2 amplitude of this mode is due to the
high noise level, as it is close to the low-frequency cutoff of the
Fourier transform window. The 207 cm−1 mode is in the GSB,
but absent in the PIA, suggesting a ground-state phonon mode.
The 88 and 137 cm−1 modes are in the GSB/SE, in the PIA and
in the off-resonant Raman spectrum, which means that they are
phonon modes that exist both in the ground state and in the
excited states.
As control experiments, we measured blank substrates and

noncrystallized PbI2 precursor. In the blank substrate, no
vibrational mode is observed (SI, Figure S9). In the PbI2
precursor, only one dominant mode at 108 cm−1 exists (SI,
Figure S10). We therefore confirm that the multiple phonon
modes obtained above belong to BA2PbI4 and HA2PbI4
materials.
To sum up, using fs-TA spectroscopy, we directly observed

the exciton−phonon coupling dynamics in 2D perovskite. As
we aim at understanding the PL line width broadening through
phonon scattering, we focus on the assigned excited-state
phonon modes and disregard ground-state phonon modes.
Comparing the phonon modes in BA2PbI4 and HA2PbI4,
multiple phonon modes exist in 2D perovskites at frequencies
lower than 300 cm−1 in both compounds. Modes around 45,
70, and 100 cm−1 are found in both BA2PbI4 and HA2PbI4.
However, some modes are ligand-dependent; for instance, the
modes around 33 and 250 cm−1 are clearer in BA2PbI4 but not
obvious in HA2PbI4. Table 1 summarizes the dominant phonon

modes in the ground state and excited states of both
compounds. In BA2PbI4, excitons dominantly couple to a
mode at 100 cm−1 (12.4 meV), whereas in HA2PbI4, excitons
mainly interact with 88 cm−1 (10.9 meV) and 137 cm−1 (17.0
meV) modes. The phonon energies of BA2PbI4 and HA2PbI4
are similar to the calculated values of 3D perovskites7,29 and
another compound of 2D perovskite (PEPI).25 These modes
are attributed to optical phonons because acoustic phonons in
perovskite materials have much lower energy (<2.5 meV).7

Crucially, these results show that the dominant mode to which
the excitons couple is related to the organic cations. This means
that the exciton−phonon coupling and properties affected by it,
such as the PL line shape, can be controlled by the choice of
organic cation.

Table 1. Dominant Ground-State and Excited-State Phonon
Modes in BA2PbI4 and HA2PbI4 Identified by Femtosecond
Transient Absorption Spectroscopy

phonon modes in
BA2PbI4 (cm

−1)
phonon modes in
HA2PbI4 (cm

−1)

only in the ground state 49 207

in both the ground state and
excited states

100 88 and 137
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Using the phonon energies that were measured by fs-TA
spectroscopy, we can qualitatively study PL broadening
mechanisms as a result of exciton−phonon coupling. We
extracted the FWHM of the PL spectra of HA2PbI4 in Figure 2c
as a function of temperature. Because a phase transition occurs
at low temperature, the two phases are separated by fitting the
spectra into two Gaussian peaks (SI, Figure S11). In Figure 5,
the FWHM of the high-energy peak, which is the dominant
phase at room temperature, is plotted over temperature. The
relationship between the PL line width and phonon scattering
in most inorganic materials can be estimated by the following
equation:30−32

Γ = Γ + Γ +
Γ

−
+ Γ

−
T T

e
e( )

1E kT

E kT

0 ac
LO

/ imp
/

LO

b

(1)

The first term Γ0 is the inhomogeneous broadening term and
the line width at 0 K. The second term describes the
homogeneous broadening due to the acoustic phonon
scattering via deformation and piezoelectric potentials,30

where Γac is the coupling strength between exciton and
acoustic phonons. The third term corresponds to the
homogeneous broadening that results from LO phonon
(Fröhlich) scattering with exciton and optical phonon coupling
strength of ΓLO and the energy of LO phonon of ELO. The last
term describes the inhomogeneous broadening caused by
ionized impurities. When impurities are fully ionized, Γimp is
their contribution to the line width broadening and Eb is the
average binding energy of impurities.30,32 However, this
approach has some limitation. For instance, it is assumed that
the phonon energy is independent of temperature, but 2D
perovskite quantum wells are soft materials and their phonon
energy could possibly change with temperature. Another
limitation is that the model only includes a single LO phonon
mode, although the fs-TA spectroscopy has shown that
multiple modes can couple to excitons in 2D perovskites. It
is an open question whether the line width broadening is a
linear combination of the coupling between excitons and
different LO phonons. Nevertheless, this model is a good tool
to help understand the mechanisms of exciton−phonon
coupling in perovskite materials.
The optical phonons that couple to excited states were

determined by fs-TA spectroscopy (Table 1). ELO is found to
be about 12.4 meV (100 cm−1) for BA2PbI4 and 10.9 meV (88
cm−1) and 17.0 meV (137 cm−1) for HA2PbI4. By fitting the
curve of the integrated PL of the high-energy emission of
HA2PbI4 over temperature using the Arrhenius formula,33−35

the binding energy of the ionized impurities Eb is calculated to
be about 67 meV (SI, Figure S12), which is consistent with the
values previously reported for another 2D perovskite, namely,
(C6H5C2H4NH3)2PbI4 (abbreviated as PEPI).25 We note that
the fitting of the impurity binding energy has some limitation
because it is possible that the monomolecular recombination
rate constant and the radiative efficiency of 2D perovskites
could be temperature-dependent. The determined ELO and Eb
are inserted into eq 1, and the curve of FWHM over
temperature is fitted in Figure 5.
In polar semiconductors, electrons at low temperature (<100

K) have low energy and cannot emit optical phonons with
energy of tens of meV. At room temperature, optical phonons
can be sufficiently emitted by high-energy electrons. In
addition, due to high thermal occupation number of optical
phonons, the probability of electrons absorbing optical
phonons is high. Consequently, optical phonons dominate

over acoustic phonons at room temperature.19 Therefore, we
fitted the low-temperature regime with inhomogeneous broad-
ening at 0 K (Γ0) and acoustic phonons scattering (Γac) (green
curve). Γac is equal to 0.026 ± 0.003 meV/K, which is
consistent with the value for another 2D perovskite PEPI (0.03
± 0.01 meV/K)25 and 1 order of magnitude larger than the
value for GaAs quantum wells.36 The high-temperature regime
(T > 100 K) was fitted using the combination of Γ0 and LO
phonon−exciton coupling (ΓLO) (red curve). The fitting
parameters of each curve are listed in Table 2. The red curve

is also extrapolated into the low-temperature regime (dashed
line). The model does not match the experimental data in this
regime. There could be two explanations. One reason is that, as
already mentioned, at low temperatures the population of
optical phonons is low. Another reason is that due to the phase
transition of the material below 127 K, the phonon energy and
behavior may change due to lattice distortion. Similar
phenomenon was observed for 3D perovskites (MAPbI3 and
MAPbBr3).

7 As seen in the blue dashed curve, we also tried the
fitting at the high-temperature regime using ΓLO and impurity
scattering (ΓImp). It does not contribute much to the line width
broadening because the shape of the fitted curve does not agree
with the experimental data. In previous study on electron−
phonon coupling in 3D perovskite, it was also found that
scattering with ionized impurities does not play any major role.7

The coupling strengths between excitons and two different
LO phonons are around 30 and 60 meV. These values are
similar to the LO phonon−electron coupling strength in 3D
perovskites7,26 and larger than the coupling strength in some
inorganic quantum wells.37,38

Figure 5. Temperature-dependent PL FWHM of the high-energy
phase of HA2PbI4 and fitting examples according to eq 1. The green
line is the combination of inhomogeneous broadening and acoustic
phonon. The red curve shows the effect of inhomogeneous
broadening and LO phonon (ELO = 10.9 meV) coupling to
excitons. The red dashed curve is the extrapolation of the red solid
curve to 0 K. The blue dashed curve is the fitting of inhomogeneous
broadening and impurity (Eb = 67 meV) scattering. The gray dotted
line shows the phase transition point.

Table 2. Parameters of the Best Fit. (*Fixed Values That
Were Determined by fs-TA Spectroscopy)

Γ0 (meV) ELO* (meV) ΓLO (meV)

LO phonon−exciton coupling
13.2 ± 0.4 10.9 34.2 ± 0.3

18.7 ± 0.3 17 55.8 ± 0.4
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CONCLUSIONS

In conclusion, we investigated the origin of the asymmetric PL
spectra of self-assembled perovskite quantum wells (BA2PbI4
and HA2PbI4) at room temperature. Using PL microscopy, we
ruled out the probability of localized impurities causing the
asymmetric emission. By investigating the PL emission on
samples of different thickness, we confirmed that the
asymmetric line shape is not due to reabsorption effects.
When lowering the temperature, the PL shape of HA2PbI4
becomes narrower and symmetric, suggesting that the
asymmetric PL shape at room temperature originates from
exciton−phonon coupling. We performed femtosecond tran-
sient absorption spectroscopy to obtain a real-time picture of
how excitons couple to phonons and directly identified the
phonon modes that couple to excitons. It is found that
changing the organic cations will affect the phonon modes of
2D perovskites. In BA2PbI4, excitons dominantly couple to
phonons at 100 cm−1, whereas in HA2PbI4, excitons couple to
phonons with frequencies of 88 and 137 cm−1. Based on the
determined modes and a model that fits the temperature-
dependent PL line width, we qualitatively studied the PL line
width broadening mechanisms as a consequence of exciton−
phonon coupling. At low temperatures (<100 K), the line width
broadening is due to acoustic phonon scattering at 0.026 meV/
K, whereas at high temperatures, LO phonon−exciton coupling
is the dominant mechanism that broadens the PL. In 2D
perovskites, the LO phonon−exciton coupling strength is
several tens of meV. Our results agree with what has been
reported in 3D perovskites,7 where it is suggested that Fröhlich
coupling between charge carriers and LO phonon modes
dominates at room temperature.
Overall, strong exciton−phonon coupling in perovskite

quantum wells may not be an advantage for LED devices
because it causes line width broadening and may result in
undesired asymmetric line shape. However, it is possible that
the broadening can be suppressed by changing the organic
ligands, as we show that the choice of organic ligands affects the
exciton−phonon interaction. For other applications, strong
exciton−phonon coupling in 2D perovskites can be a benefit;
for instance, it can accelerate polariton relaxation and realize
polariton lasing with very low threshold.39,40 It could also
provide interesting opportunities for the development of broad-
band, short-pulsed lasers.

METHODS

Materials. All materials were purchased from Sigma-Aldrich or
Dysol and were used as received. A solution of PbI2 and
CH3(CH2)3NH3I (or CH3(CH2)5NH3I) having a molar ratio of 1:2
was prepared in N,N-dimethylformamide solvent by constant stirring
until dissolved. Inside a nitrogen-filled glovebox, the solution was then
spin-coated on top of clean Spectrosil fused silica substrate at 2000
rpm for 60 s and annealed at 100 °C for 5 min.
Absorption Measurement. Linear absorption spectra of thin

films deposited on Spectrosil fused silica substrates were measured
using a Hewlett-Packard 8453 UV−vis spectrometer with blank
substrate correction.
Photoluminescence Measurement and Temperature-De-

pendent PL. For room temperature PL measurements, a CW 405
nm diode laser was used to photoexcite the samples. Emission was
measured using an Andor iDus DU420A Si detector. The samples
were encapsulated using glass coverslips to avoid degradation. For low-
temperature PL measurements, the samples were unencapsulated and
placed in a continuous-flow cryostat (Oxford Instruments Optistat)
under helium atmosphere. We allowed the sample temperature to

equilibrate for 30 min before taking data. The excitation power was 4
W/cm2.

Photoluminescence Microscopy. Microscopic photolumines-
cence mapping was performed using a WITec alpha 300 RAS confocal
setup. The excitation source was a 405 nm CW laser (Coherent
CUBE). The laser was coupled through an optical fiber to the
microscope and focused to a beam diameter about 0.5 μm using a
100× objective (NA = 0.9). The power output was 10 μW. Thin film
samples were spin-coated on Spectrosil fused silica substrates and
located on a X−Y piezo stage under the objective. The PL spectra were
collected in reflection mode with the same objective and acquired
using a CCD detector. A long-pass filter with a cutoff wavelength of
435 nm was put before the detector to block the excitation beam. The
movement of the stage was controlled by the WITec ScanCtr
Spectroscopy Plus software, in which the PL maps were recorded.

Photothermal Deflection Spectroscopy. PDS is a scatter-free
surface averaged absorption measurement capable of measuring 5−6
orders of magnitude weaker absorbance than the band-edge
absorption. For the measurements, a monochromatic pump light
beam produced by a combination of a Light Support MKII 100 W
xenon arc source and a CVI DK240 monochromator is shone on the
sample (film on Spectrosil fused silica substrate), inclined
perpendicular to the plane of the sample, which on absorption
produces a thermal gradient near the sample surface via nonradiative
relaxation induced heating. This results in a refractive index gradient in
the area surrounding the sample surface. This refractive index gradient
is further enhanced by immersing the sample in an inert liquid FC-72
Fluorinert (3M Company) that has a high refractive index change per
unit change in temperature. A fixed wavelength CW laser probe beam,
produced using a Qioptiq 670 nm fiber-coupled diode laser with
temperature stabilizer for reduced beam pointing noise, is passed
through this refractive index gradient, producing a deflection
proportional to the absorbed light at that particular wavelength,
which is detected by a differentially amplified quadrant photodiode
and lock-in amplifier (Stanford Research SR830) combination.
Scanning through different wavelengths gives the complete absorption
spectra.

Temperature-Dependent Absorption. Temperature-dependent
absorption spectra were measured with an Agilent Cary 6000i UV−
vis−NIR spectrophotometer with blank substrate correction. Spin-
coated samples on fused silica substrates were unencapsulated and
placed in a continuous-flow cryostat (Oxford Instruments Optistat)
under helium atmosphere. We allowed the sample temperature to
equilibrate for 30 min before taking data.

Steady-State Raman Spectroscopy. Raman measurements were
conducted by backscattering (HORIBA T64000) at 633 nm (CW
HeNe) line with a subtractive triple stage. Spectra were collected
between 26 and 650 cm−1 where the CCD detector (HORIBA
Synapse Open-Electrode) has an approximately constant quantum
efficiency 0.45 ± 0.02. Acquisitions employed a 100× optical objective
and used minimal laser intensity to avoid laser damage.

Femtosecond Transient Absorption Spectroscopy. The fs-TA
experiments were performed using an Yb-based amplified system
(PHAROS, Light Conversion) providing 14.5 W at 1025 nm and 38
kHz repetition rate. The probe beam is generated by focusing a
portion of the fundamental in a 4 mm YAG substrate and spans from
520 to 1400 nm. The pump beam is generated in a noncollinear
optical parametric amplifier (NOPAs; 37° cut BBO, type I, 5° external
angle) pumped with the third harmonic of the source. The NOPA
outputs 1 mW power centered at 520 nm, with pulse durations of 16 fs
(upper limit determined by FROG). The white light is delayed using a
computer-controlled piezoelectric translation stage, and a sequence of
probe pulses with and without pump is generated using a chopper
wheel on the pump beam. The pump irradiance was at 34 μJ/cm2.
After the sample, the probe pulse is seeded to a visible
monochromator (550 nm blazed grating) and imaged using an
InGaAs photodiode array camera (Sensors Unlimited).
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Ledinsky, M.; Haug, F. J.; Yum, J. H.; Ballif, C. Organometallic Halide
Perovskites: Sharp Optical Absorption Edge and Its Relation to
Photovoltaic Performance. J. Phys. Chem. Lett. 2014, 5, 1035−1039.
(15) Sadhanala, A.; Deschler, F.; Thomas, T. H.; Dutton, S. E.;
Goedel, K. C.; Hanusch, F. C.; Lai, M. L.; Steiner, U.; Bein, T.;
Docampo, P.; Cahen, D.; Friend, R. H. Preparation of Single-Phase
Films of CH3NH3Pb(I 1- xBrx)3 with Sharp Optical Band Edges. J.
Phys. Chem. Lett. 2014, 5, 2501−2505.
(16) Kronemeijer, A. J.; Pecunia, V.; Venkateshvaran, D.; Nikolka,
M.; Sadhanala, A.; Moriarty, J.; Szumilo, M.; Sirringhaus, H. Two-
Dimensional Carrier Distribution in Top-Gate Polymer Field-Effect
Transistors: Correlation between Width of Density of Localized States
and Urbach Energy. Adv. Mater. 2014, 26, 728−733.
(17) Pathak, S.; Sepe, A.; Sadhanala, A.; Deschler, F.; Haghighirad,
A.; Sakai, N.; Goedel, K. C.; Stranks, S. D.; Noel, N.; Price, M.;
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