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ABSTRACT: The recently discovered phenomenon of broadband white-light emission at
room temperature in the (110) two-dimensional organic−inorganic perovskite (N-
MEDA)[PbBr4] (N-MEDA = N1-methylethane-1,2-diammonium) is promising for
applications in solid-state lighting. However, the spectral broadening mechanism and, in
particular, the processes and dynamics associated with the emissive species are still unclear.
Herein, we apply a suite of ultrafast spectroscopic probes to measure the primary events
directly following photoexcitation, which allows us to resolve the evolution of light-induced
emissive states associated with white-light emission at femtosecond resolution. Terahertz
spectra show fast free carrier trapping and transient absorption spectra show the formation of
self-trapped excitons on femtosecond time-scales. Emission-wavelength-dependent dynamics
of the self-trapped exciton luminescence are observed, indicative of an energy distribution of
photogenerated emissive states in the perovskite. Our results are consistent with
photogenerated carriers self-trapped in a deformable lattice due to strong electron−phonon coupling, where permanent lattice
defects and correlated self-trapped states lend further inhomogeneity to the excited-state potential energy surface.

Organic−inorganic perovskites show diverse and techno-
logically important optoelectronic properties that can be

systematically tuned through the dimensionality of the
inorganic framework. Three-dimensional hybrid lead-halide
perovskites (CH3NH3)[PbX3] (X = Br and I) have gained
prominence recently as efficient absorbers in photovoltaic
cells.1,2 These materials exhibit a narrow luminescence peak at
the bandgap energy and a number of studies have been focused
on their applications as light-emitting diodes and as laser gain
media.3−6 In the two-dimensional limit, additional novel optical
and functional properties emerge.7−10 For example, two-
dimensional lead-iodide perovskites have been shown to
function as absorbers in solar cells with high open-circuit
voltages,7 and narrow photo- and electroluminescence have
been achieved in lead-halide perovskites.8,9 In prior work, we
showed that the (110) two-dimensional hybrid perovskites (N-
MEDA)[PbBr4] (N-MEDA = N1-methylethane-1,2-diammo-
nium) and (EDBE)[PbX4] (EDBE = 2,2′-(ethylenedioxy)bis-
(ethylammonium); X = Cl and Br) exhibit broadband white-
light emission upon near-ultraviolet excitation at room
temperature.11,12 The emitted white light has color rendering
indices exceeding commercial requirements for indoor
illumination, and both “warm” and “cold” white light can be

achieved by halide substitution, important for applications in
solid-state lighting. We proposed that this novel broadband
white-light emission arises from self-trapped excitons (STEs) as
well as from carriers trapped at permanent defects.11,12 In
contrast to permanent material defects (such as lattice
vacancies), STEs are transient defects that form in the excited
state where photogenerated charge carriers are stabilized
through large lattice distortions driven by strong electron−
phonon coupling.13 A time-resolved photoluminescence (PL)
study on a related white-light-emitting (001) two-dimensional
perovskite has been recently reported.14 However, the
dynamics that immediately follow photoexcitation have not
been studied to date. Investigation of the microscopic processes
and ultrafast dynamics associated with events that immediately
follow photoexcitation is critical toward understanding the self-
trapping process, which may guide the design of new
broadband white-light emitters with optimized functionality.
There are a number of examples of broadband light emission

in materials with strong electron−phonon interactions.15−19 In
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these materials, photogenerated free carriers typically first form
free excitons, which then relax into STEs with an associated
surrounding lattice deformation. Luminescence from the STEs
gives rise to broadband Stokes-shifted emission. STE formation
is found to have a strong dependence on the dimensionality of
the system.20−22 In the one-dimensional limit there is no
potential barrier separating the free exciton and STE, and thus,
the STE forms promptly, on subpicosecond time-scales, from
the free exciton.15−17,23 In the three-dimensional systems, STE
formation typically takes significantly longer (∼2 ns in RbI
single crystals) due to the existence of a large potential barrier
for trapping.19 Two-dimensional systems are thought to be an
intermediate case, where modeling predicts two critical
thresholds for the electron−phonon coupling constant, above
which self-trapping may occur with or without an energy
barrier.20,21 In this work, we study the hybrid perovskite (N-
MEDA)[PbBr4], which is the first reported white-light emitter
in the two-dimensional hybrid perovskite family and has a PL
quantum efficiency (PLQE) of ∼0.5% at room temperature.11

We apply ultrafast terahertz (THz), optical transient absorption
(TA), and PL spectroscopy to directly resolve the initial events
from excitation of free charges to free exciton formation to STE
formation, resolving the dynamics of the emissive states
associated with white-light emission. We show that STEs
form in a quasibarrierless manner (barrier height <4 meV) and
that broadband emission is associated with an ensemble of
transient light-induced emissive states developing on subpico-
second time-scales.

The perovskite (N-MEDA)[PbBr4] adopts a layered
structure (Figure 1a) with corrugated inorganic lead-bromide
sheets separated by organic cations (molecular structures
shown in Figure S1).11 This results in a natural multiquantum
well-like electronic structure.24 Figure 1b shows the static
optical absorption spectrum of an (N-MEDA)[PbBr4] thin film
with crystallinity confirmed by grazing-incidence X-ray
diffraction measurement25 (Figure S3). A sharp exciton peak
occurs at 387 nm with a binding energy of ∼0.3 eV, estimated
as the difference between the bandgap and excitonic absorption
peak in the low-temperature (5 K) absorption spectrum (not
shown here). Following above-excitonic-peak photoexcitation,
the broadband PL is centered at ∼560 nm and spans the entire
visible spectrum.11

To probe the dynamics of free carriers after photo-
excitation,26−28 time-resolved THz measurements were per-
formed on (N-MEDA)[PbBr4] thin films. The reference THz
waveform transmitted through an unexcited thin film is shown
in Figure 2a, together with the waveform change measured at
600 fs after 266 nm above-gap photoexcitation. The 266 nm
pump-induced change in the transmitted THz electric field was
measured at variable pump−probe delays producing the two-
dimensional time-domain data shown in Figure 2b. The change
in the transmitted THz electric field signifies the onset of
transient photoconductivity in the sample, which reaches its
maximum ∼600 fs after photoexcitation and recovers almost
instantaneously, limited by the time resolution of the setup. As
the product of the electric charge, charge carrier mobility, and
the density of photogenerated free carriers,29 measurement of

Figure 1. (a) Crystal structure of the (110) perovskite (N-MEDA)[PbBr4].
11 Turquoise, brown, blue, and gray spheres represent Pb, Br, N, and C

atoms, respectively. H atoms are omitted for clarity. (b) Static optical absorption spectrum (blue) of a film of (N-MEDA)[PbBr4] measured using an
integration sphere to eliminate diffuse scattering and emission spectrum of a powder sample (red).

Figure 2. (a) THz waveform transmitted through an unexcited thin film (blue) and the waveform change (green) measured at 600 fs after 266 nm
photoexcitation. The inset shows the frequency domain (0.5−2.5 THz) of the transmitted THz pulse. (b) Two-dimensional waveform change as a
function of the pump−probe delay and electro-optic sampling delay. (c) Relative change in the peak of the THz transmission (−ΔE/E0, E0 is the
peak electric field amplitude of the THz pulse transmitted through an unexcited film) under two different excitation wavelengths. The excitation
fluence is 50 μJ/cm2 (6.7 × 1013 photons/cm2/pulse).
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the transient photoconductivity provides a direct monitor of
the density of photogenerated free carriers in this wide bandgap
material. Its rapid turn on and turn off indicate a similarly rapid
free carrier generation under 266 nm photoexcitation, followed
by an immediate removal of free carriers from the conduction
band. Note this measurement alone does not distinguish
between free carriers that evolve into free excitons or to STEs
or distinguish between STE formation and trapping at
permanent defects. Figure 2c compares the differential THz
transmission (−ΔE/E0) as a function of the pump−probe delay
under 266 and 387 nm (in resonance with the exciton)
photoexcitation. No transient photoconductivity, and therefore
no photogenerated free carriers, are observable under 387 nm
pump, indicating the direct formation of excitons in the sample
under resonant exciton pumping, consistent with the large
exciton binding energy of (N-MEDA)[PbBr4].
To probe the electronic trap states associated with the

broadband emission following free exciton formation, below-
gap TA spectroscopy was measured on (N-MEDA)[PbBr4]
thin films with 387 nm resonant exciton pumping and white-
light supercontinuum probes, as shown in Figure 3. Following

387 nm photoexcitation, a broad below-gap induced absorption
feature is observed. This is in contrast to the reported TA
spectra of two-dimensional and three-dimensional lead-iodide
hybrid perovskites,30 where broad below-gap bleaching features
are observed as permanent defects in the below-gap region are
populated by relaxed photogenerated charge carriers. Because
of the negligible optical absorption in the below-gap energy
region (Figures 1b and S2), permanent lattice defect states are
not likely to play a dominant role here. This is consistent with
prior studies in the analogous (110) perovskite (EDBE)[PbBr4]
where the integrated PL intensity shows a linear dependence on
excitation intensity instead of a sublinear dependence as
permanent defect states are filled.12 Because no free carriers are
generated with 387 nm resonant photoexcitation (Figure 2c),
this feature cannot be explained by free carrier absorption. We
attribute the observed induced absorption to the formation of
new electronic states in the below-gap region following

photoexcitation. The rapid turn-on time (∼400 fs) is longer
than the time resolution of the measurement (∼90 fs),
measured by a cross-correlation of the white-light super-
continuum with 800 nm femtosecond pulses (inset to Figure
3). This turn-on time is comparable to the period of the Pb−Br
stretching mode (∼300 fs) in (EDBE)[PbBr4] as measured by
Raman spectroscopy. This mode has been attributed to the
phonon mode coupled to the electronic transition as revealed
from the temperature dependence of the fwhm of the PL
emission.12 STE formation times comparable to the vibrational
period of the relevant phonon mode have been observed in
other 1D exciton self-trapping systems23 and indicates that
almost no potential barrier exists for the transition from free
excitons to STEs. The almost identical rise time of all probing
wavelengths indicates these new self-trapped states formed
simultaneously within the resolution of our TA setup (∼90 fs).
To further confirm that the pump-induced absorption is from

self-trapped states rather than from free excitons or permanent
lattice defects, we measured the (001) two-dimensional
perovskite, (N-MPDA)[PbBr4] (N-MPDA = N1-methylpro-
pane-1,2-diammonium; structure shown in Figure S1). As
previously reported, instead of broad white-light emission, (N-
MPDA)[PbBr4] shows narrow free excitonic emission upon
photoexcitation at room temperature (Figure S6a).11 Contrary
to (N-MEDA)[PbBr4], instead of a pump-induced absorption,
we observed only an induced increase in transmission near the
lower-energy tail of the exciton band (Figure S6b). The absence
of lower-energy absorption features in (N-MPDA)[PbBr4]
suggests that the self-trapped states associated with the broad
emission have not formed in this narrow emitter. Similar
responses were seen in a (001) lead-iodide perovskite and
assigned to permanent trap states.30

Time-resolved PL spectroscopy was measured on (N-
MEDA)[PbBr4] single crystals and pressed-powder pellets to
directly follow the evolution of the light-induced emissive
states. Both samples give broadband emission and the PL
spectra are similar to each other (Figure S7). As shown in
Figure 4a, wavelength-dependent PL decay dynamics are
observed at room temperature. The free exciton luminescence
at 390 nm drops to 1/e of its maximum value on a time-scale
limited by the experimental time resolution (∼8 ps) whereas
longer wavelengths decay on longer time-scales. Also shown in
Figure 4a are fits to the measured PL decay using a stretched-
exponential function I(t) = I0 × exp{−(t/τ)β}, where τ and β
are two fitting parameters.31,32 This function is typically applied
when a distribution of relaxation times are involved.33 The
fitted decay time-constants τ are summarized in Figure 4b,
which exhibit an exponential dependence on the emitted
photon energy. Similar emission-wavelength-dependent relaxa-
tion dynamics have been reported in studies of luminescence
from Si nanocrystals embedded in SiO2.

31,32 In these reports,
the exponential dependence of PL decay dynamics on the
emission energy has been attributed to nonradiative quenching
of STE states through a phonon-assisted tunneling mechanism,
with the tunneling probability for more deeply trapped states
exponentially reduced. Wavelength-dependent PL decay times
have also been recently reported in a related (001) lead-
bromide perovskite, although the exponential form of this
dependence or possible origins were not discussed.14 Temper-
ature-dependent PL-decay dynamics in (N-MEDA)[PbBr4]
selectively integrating over the peak STE emission (530−650
nm) show that the STE luminescence becomes longer (Figure
S9) and more efficient (∼75% PLQE at 20 K) at lower

Figure 3. Normalized TA onsets probed at below-gap wavelengths
under 387 nm resonant photoexcitation at room temperature for (N-
MEDA)[PbBr4]. The inset shows the response function of the setup
measured by cross-correlation of the white-light supercontinuum with
800 nm laser light. The excitation fluence is 50 μJ/cm2 (9.7 × 1013

photons/cm2/pulse).
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temperatures, consistent with attenuation of nonradiative decay
channels. Figure 4c shows the PL onset time measured using an
optical Kerr-gate setup with ∼1.3 ps time resolution (setup
described in the Supporting Information) showing an ultrafast
turn-on, consistent with the TA measurements. Although this
measurement was carried out under much higher excitation
fluence to obtain sufficient signal-to-noise (8 mJ/cm2) and we
expect competing dynamics of exciton−exciton annihilation, a
similar spectral dependence of the PL turn-on dynamics is
observed, with longer emission wavelengths evolving more
slowly on few-picosecond time-scales.
To determine the potential barriers between free exciton and

STE states, we measured the temperature-dependent ratio
between free exciton and STE luminescence using a streak
camera to capture the radiated photons from each of the two
states (Figure 5a, details in the Supporting Information). With
decreasing temperature, the STE luminescence becomes more
dominant compared to free exciton luminescence, and the
intensity ratio reaches a plateau below ∼40 K. This trend has
been observed in other materials and can be understood as
arising from a thermally driven back transfer from the STE to

the free exciton state, which becomes more difficult at lower
temperatures.34 The free exciton PL decay curve shows a rapid
drop followed by a long tail (Figure S10). We interpret this as
evidence for fast transfer from the free exciton to the STE state
followed by a rapid thermal equilibrium established within
picoseconds that sets the number of carriers in each state. The
essentially linear response observed in both the PL (Figure
S11) and TA (Figure S12) measurements as a function of
fluence shows that at the intensities investigated here, exciton−
exciton annihilation effects do not play a dominant role in the
fast decay of the free exciton PL signal. The self-trapping depth
(or difference in activation energies for carrier transfer between
the free exciton and STE states) can then be obtained by fitting
the measured PL intensity ratios as a function of temperature to
the Arrhenius relation, shown as the red dotted line in Figure
5a, which gives a value of ∼18 meV. Here, we assume equal
nonradiative decay rates from the free exciton and STE states.
At even lower temperatures (15−40 K), the STE formation
from free excitons becomes limited, and the intensity ratio
reaches a plateau, which may indicate that tunneling between
the STE and free exciton states continues to be possible.
Supporting Information Figure S10 shows that even at 17 K, a
quasi-equilibrium exists between the free exciton and STE
states, as shown by the roughly equal decay constants at long
times. At sufficiently low temperatures (not measured here),
the free exciton luminescence should be dominant over the
STE luminescence (without considering the effects of
tunneling), and the ratio of ISTE/IFE (FE for free exciton)
should decrease. Our measurements set an upper limit to the
energy barrier for the free exciton to STE transition as
approximately 4 meV. This is consistent with the fast turn-on of
the induced absorption effect in TA measurements and the
rapid onset of the STE PL.
Several models have been proposed to explain intrinsic PL

broadening.17,35 One model considers carriers in a single
excited state that is distorted with respect to the ground state
relaxing into different vibrational levels in the ground state,
giving rise to a homogeneously broadened emission peak.35

Our measurements show wavelength-dependent PL onset and
relaxation times (Figure 4), indicating that the emission
broadening cannot be purely homogeneous and that there
has to be a distribution of emissive self-trapped states. This is

Figure 4. (a) Normalized PL decay of (N-MEDA)[PbBr4] after 343 nm photoexcitation measured at various emission wavelengths at room
temperature. The black dotted lines are fits to the result based on the equation described in the text, where both τ and β (∼0.65) are allowed to vary
to achieve the best fitting. The solid black line is the response function of the system. The excitation fluence is 13 μJ/cm2 (2.2 × 1013 photons/cm2/
pulse). (b) Spectral dependence of the decay time-constants obtained from the fitting. (c) Normalized PL onsets with 266 nm photoexcitation at
room temperature.

Figure 5. (a) Intensity ratio of STE and free exciton luminescence
(ISTE/IFE) as a function of temperature (blue) under 343 nm
photoexcitation. The red dotted line is a linear fit to the curve. (b)
Schematic of the adiabatic potential energy curves of the ground state
(G), free-exciton state (FE), free-carrier state (FC), and various
excited states (STEs) in a configuration space. The horizontal dashed
line shows possible nonradiative decay processes of the STEs.
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consistent with the observed stretched-exponential decay as
well as the inhomogeneous contributions we previously used to
model the temperature dependence of the emission width in
the related (110) perovskite (EDBE)[PbBr4].

12 We note that
we can rule out the possibility that the broad emission
originates from cooling of “hot” STEs to the excited-state
potential surface minimum, which gives rise to a symmetric
distribution of decay times around the emission peak
wavelength,15,16 not observed here. Our result is consistent
with a model considering both the inhomogeneous nature of
the STE states and their radiative and nonradiative decay, as
illustrated in Figure 5b. In this model, a distribution of STE
states with different self-trapping depths arises from free
excitons through strong electron−phonon interactions. Longer
emission wavelengths come from more distorted and deeper
trapped emissive states, and excited carriers may shuttle from
shallower trapped states to more deeply trapped states. As a
result, PL in the red-end of the emission spectrum turns on
more slowly, as observed in Figure 4c. We note that permanent
lattice defects (such as vacancies) may also play a role here by
adding further inhomogeneity to the excited-state potential
surface and aiding the self-trapping process. Such defect-
assisted, extrinsic self-trapping is commonly found in systems
where intrinsic self-trapping is observed.13 Furthermore,
correlations between self-trapped states may serve a similar
role to that of permanent lattice defects. For example, a large
lattice distortion that follows an initial self-trapping event could
serve as a transient nucleating site (akin to a permanent lattice
defect) for a subsequent self-trapping event.
In conclusion, we have shown that the broadband Stokes-

shifted emission in the two-dimensional (110) hybrid perov-
skite (N-MEDA)[PbBr4] originates from a photogenerated
energy distribution of STE states. Almost no potential barrier
exists for the transition from free exciton to STE due to strong
electron−phonon coupling, enabling ultrafast formation of the
STE states as observed by both transient absorption and
photoluminescence measurements. The distribution of self-
trapped states likely arises from multiple local minima in the
excited-state potential energy surface, with likely additional
contributions from permanent material defects and correlated
self-trapped sites. Additional information about the local
structural reorganizations associated with the formation of
these trap states may be obtained in the future through time-
resolved X-ray/electron spectroscopy and scattering ap-
proaches.36,37
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