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ABSTRACT: A high-speed, wide-field photoluminescence
(PL) imaging method is established for measuring carrier
diffusion in formamidinium lead triiodide (FAPbI3) perovskite
thin films. This method allows transient PL imaging with a
diffraction limited spatial resolution (∼300 nm) and a
subnanosecond (500 ps) temporal resolution to directly
observe carrier diffusion and reliably estimate diffusivity.
Combining this method with background continuous-wave
(CW) illumination, carrier diffusivity is found to increase with
the background carrier density. This effect is discussed within
the context of trap−carrier interactions. Our results suggest that the intrinsic value of carrier diffusivity in the FAPbI3 thin films
may be up to a factor of two higher than the value measured in a trap-limited regime under one-sun illumination.

KEYWORDS: transient photoluminescence imaging, carrier diffusion, carrier recombination, trap screening,
perovskite photovoltaic materials

In recent years, hybrid organic−inorganic halide perovskite
solar cells have attracted significant attention due to their

high and rapidly increasing power conversion efficiencies.
Despite this success achieved through improvements in the
fabrication processes and compositional engineering, the
underlying optoelectronic properties of these materials,
including charge transport, remain controversial. In particular,
a better understanding of intrinsic properties could help
elucidate the fundamental limits of perovskite thin-film solar
cells and help establish guidelines for their further develop-
ment.
Charge-transport properties are of great relevance to

optoelectronic devices, as they determine the quantum
efficiency of both photovoltaics and light-emitting diodes. In
such devices, the mobility of charge carriers can be limited by
both extrinsic and intrinsic factors.1 Intrinsic factors, such as
charge−lattice interactions, cannot be avoided, but extrinsic
factors, such as crystal defects and grain boundaries, are
qualities that can be engineered to enhance device perform-
ance. To study experimentally charge-transport properties,
several electrical2−6 and optical methods7−21 have been
developed to measure carrier diffusivity and mobility.
Optical methods for characterizing carrier diffusivity can be

divided into three categories: transient absorption spectrosco-
py,12,13 light-induced transient grating spectroscopy,14−17 and
transient photoluminescence (PL) spectroscopy.18−21 In the
former two categories, the changes in light absorption and
diffraction efficiency require a high carrier concentration.
However, carrier concentration drops quickly with time due to

diffusion and recombination, which limits the spatial and
temporal window for observing carrier diffusion. Transient PL
spectroscopy, on the other hand, can help monitor carrier
concentrations over longer time scales. However, conventional
time-resolved PL setups with discrete detectors (e.g., avalanche
photodiodes or photomultiplier tubes) generally only measure
the transient PL at one location on the sample and require
repeated measurements at multiple positions to monitor carrier
diffusion. The accuracy of such methods can be compromised
if the measured locations on the sample are too few;
conversely, scanning measurements across the sample may
take a long time and may be impacted by sample degradation.
Here, we present a wide-field transient PL imaging method

for estimating carrier diffusivity using a fast-gated intensified
camera that allows temporal binning with subnanosecond (500
ps) resolution. Compared with conventional transient PL
spectroscopy, this method replaces the point detector with a
megapixel intensified camera that parallelizes the measurement
to achieve diffraction-limited resolution (∼300 nm) over a
wide observation field (∼130 μm). By repeatedly gating the
intensifier at fixed-time intervals after the laser excitation
pulses, this camera can be used to build up a high signal-to-
noise image for a given delay time. The high temporal and
spatial resolutions as well as short measurement time allows us
to explore carrier diffusion under various conditions. In this
paper, we show that this transient PL imaging method can
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enable direct characterization of carrier diffusion and, in
combination with CW background illumination, can be used to
estimate intrinsic limits on carrier mobility.
In particular, we study carrier diffusion in formamidinium

lead triiodide (FAPbI3) perovskite thin films. FAPbI3 is a
popular perovskite solar cell absorber due to its good thermal
stability and desirable bandgap of 1.45 eV. Solar cells with a
FAPbI3 absorber with greater than 20% efficiency have been
reported.22 Large-grain (∼5 μm) thin films can also be
fabricated by using a solvent annealing method.23 We studied
carrier diffusion within individual grains of this material to
preclude the confounding effect of grain and subgrain
boundaries.24 Finally, by combining our time-gated measure-
ment technique with CW illumination, we will show that
carrier transport in FAPbI3 thin films is in a trap-limited
regime, which suggests that this material still has potential for
further improvement in power conversion efficiency.

■ RESULTS AND DISCUSSION

To characterize carrier diffusion, samples were excited by a
focused 408 nm pulsed laser. Spatially resolved PL was
acquired and imaged onto a fast-gated intensified camera
(Princeton Instruments, PI-MAX4). With the help of its
picosecond gating function, 1 ns long exposures are repeated
for 6.4 × 105 cycles at the same delay time with respect to
excitation laser pulses (10 kHz repetition rate). The
intensifying and binning mechanisms help achieve an improved
signal-to-noise ratio while maintaining high temporal and
spatial resolution.
The PL images, recorded as a function of time delay with

respect to the excitation laser pulses, are shown in Figure 1a.
The PL distribution expands with time and keeps an
approximate 2D Gaussian shape until it is limited by grain
boundaries. Note that this expansion rate cannot be due to
light traveling and scattering in the material, because that
process would occur at much faster time scales. The slow
expansion rate and the barriers observed at grain boundaries
indicate that the PL distribution dynamics are related to carrier
diffusion in the material. Carriers generated in the illuminated
region (near-diffraction-limited, 250 nm spot) diffuse due to
the carrier-concentration gradient and ultimately decay

through radiative and nonradiative recombination channels.
Since the PL intensity I(x, y, t) is proportional to the square of
the carrier density n(x, y, t), the PL distribution can be used to
infer the dynamics of the carrier density. Note that the exciton
binding energy of ∼10 meV is small compared to thermal
energy,25 and we observe no excitonic peak in room-
temperature absorption spectra. Thus, we assume that primary
carriers are free electrons and holes. Given that the diffusion of
electrons and holes is linked by their Coulomb attraction, and
since their effective masses are close (approximately 3:4 for
FAPbI3 and 4:5 for similar MAPbI3 halide perovskite
materials26,27), we therefore assume that electron and hole
diffusivities are not very different. A 2D Gaussian model that
describes carrier distribution is used to fit the square root of
the PL distribution to extract the Gaussian carrier width σ(t),
as shown in Figure 1b. Then the σ(t) evolution is used to
estimate the carrier diffusivity D through12

σ = +t D t t( ) 2 ( )0

where the parameter t0 is introduced to account for the initial
carrier distribution (|t0| < 0.1 ns, see Supporting Information).
This diffusion model neglects possible surface diffusion effects,
and only holds exactly when linear recombination dominates.
The systematic error in estimating diffusivity with this model is
discussed in the Supporting Information. The carrier diffusivity
in this particular grain is inferred to be 1.55 ± 0.02 cm2/s.
This method allows us to measure the diffusivity D in each

individual grain, which is helpful for understanding the
variation of carrier transport within FAPbI3 thin films. Figure
2a shows the corresponding σ evolution for 20 different grains,
together with the resulting histogram for diffusivities in Figure
2b (A movie showing transient PL images for the 20 grains is
included in the Supporting Information). In each grain, the PL
distribution keeps an approximately symmetric 2D Gaussian
shape while expanding with time, which indicates that the
diffusivity is roughly spatially homogeneous within each grain,
even though it varies between 1.3 and 1.8 cm2/s in the
observed grains.
Interestingly, carrier diffusion can be accelerated by applying

uniform CW laser illumination to the sample using the
configuration shown in Figure 3a, where a homogeneous 401

Figure 1. Time-resolved PL imaging measurements of carrier diffusion. (a) Time-resolved PL distribution for 1, 4, 16, and 61 ns time delays after
excitation laser pulses. Scale bars are 3 μm. (b) Crosscut of PL distributions and corresponding Gaussian fittings for different time delays. (c)
Width of PL distributions fit with a diffusion model, yielding an extracted carrier diffusivity D = 1.55 ± 0.02 cm2/s.
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nm CW laser is applied to the sample, together with the
focused pulsed-excitation laser at 408 nm. To observe a large
change in carrier diffusivity, a relatively high CW laser power
density (150 W/cm2) is required. Since constant illumination
at this power density could heat and decompose the sample,
we modulated the CW illumination to be only turned on
intermittently for 500 ns when the PL measurement is running,
so that the average CW power is sufficiently low at ∼1 W/cm2

so as not to degrade the sample (a detailed timing diagram can
be found in the Supporting Information). Transient PL images
were acquired to measure the diffusivity for the carriers
generated from the pulsed laser with and without the
homogeneous quasi-CW background laser excitation. In
order to observe the diffusion of carriers generated by the
pulsed laser, the PL distribution under quasi-CW illumination
alone was measured and subtracted from the transient PL
distribution data.
By fitting the width evolution to the diffusion model, we

estimate the diffusivity of the grain in Figure 3 to be 1.2 cm2/s
before the CW illumination, 2.6 cm2/s under illumination, and
returning to 1.3 cm2/s after illumination, as shown in Figure
3b. Note that the increase in carrier diffusivity induced by the
background illumination is reversible, indicating that the
increased diffusivity under CW illumination is not due to
structural changes in the material.
A possible mechanism for the increase in the diffusivity

under background laser illumination is the charge-trap
screening effect. In FAPbI3 thin films, traps can capture
carriers and limit their mean free path. However, carriers
generated by the quasi-CW illumination can fill and neutralize
these traps, preventing them from capturing other carriers.
Thus, the mean free path of carriers injected by the pulsed
laser may be extended by the background illumination,
resulting in a higher diffusivity, as is illustrated by the right
panel of Figure 3c.
We also performed the previous measurements under quasi-

CW laser power densities from 2 to 400 W/cm2. The 400 W/
cm2 upper bound was chosen because we observed a sharp
decrease in PL intensity above 500 W/cm2 (averaged power
density 2.5 W/cm2); this drop could be due to either the

Figure 2. Diffusivity variation in 20 grains. (a) Width evolution of 20
grains and the corresponding fits to the diffusion model. (b)
Histogram of diffusivity D for the 20 grains

Figure 3. Carrier diffusivity enhancement under quasi-CW uniform laser illumination. (a) Schematic illustration of CW illumination and transient
PL distribution evolution under different illumination conditions. Scale bars are 3 μm. (b) Width evolution under different illumination conditions
and the corresponding diffusion model fits. The transient PL distribution measurements were taken before applying quasi-CW illumination (blue),
with the quasi-CW illumination (yellow), and after turning off the quasi-CW illumination (red). The instantaneous CW illumination power density
is 150 W/cm2, and the average CW illumination power density is 750 mW/cm2. (c) Schematic illustrating the increase in carrier mean free path by
charge trap screening effect.
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increase in sample temperature or heat-related damage. We
acquired transient PL images for each power density. Initially,
the diffusivity increased with the background laser illumination
power, but this effect saturated at a power density of around
250 W/cm2, as is shown in Figure 4a. Power-dependent carrier

diffusivity measurements were performed on three different
grains. Even though the diffusivities for the three grains were
different in the dark (1.52 ± 0.03, 1.42 ± 0.03, and 1.60 ± 0.03
cm2/s for grains 1, 2, and 3, respectively), their saturation
values were roughly the same (2.87 ± 0.08, 2.89 ± 0.08, and
2.84 ± 0.08 cm2/s).
In order to estimate the carrier density under a given

background CW laser illumination power, the carrier
recombination mechanism needs to be better understood. A
transient PL decay experiment was therefore carried out using
different pulsed-laser pump energy densities, and the PL signal
was measured using a fast single-photon avalanche diode
(PicoQuant, τ-SPAD), which has a higher time resolution of
64 ps.
To model the time dynamics of carrier density n(x, y, t), a

phenomenological model consisting of Shockley-Read-Hall
recombination, bimolecular recombination, and diffusion terms
was considered:28

τ
β∂

∂
= + ∇ − −n r t

t
G D n r t n r t n r t

( , )
( , )

1
( , ) ( , )2 2

(1)

where G corresponds to the carrier generation rate, τ to carrier
lifetime, β to bimolecular recombination coefficient, and D to
the diffusivity. Given that the film thickness is approximately
450 nm (i.e., negligible given the relevant time scale and
diffusivity), the diffusion can be modeled as a 2D process.
Due to the Gaussian shape of the pump beam and the

observed rotational symmetry of the PL distributions, the

initial carrier density was modeled to be a symmetric Gaussian.
By assuming that the PL intensity is proportional to n2, the
numerical solution of this PDE is integrated over the collection
area of the optics, and then fit to the normalized time-resolved
PL intensity measured by the SPAD. A single set of τ = (3.72
± 0.05) × 10−8 s and β = (2.4 ± 0.2) × 10−10 cm3 s−1 values
provided a good fit for all five input pump energy densities.
Then with the carrier generation rate G calculated from the
background illumination power, steady-state carrier concen-
tration can be estimated using eq 1. The corresponding carrier
concentration for saturation background illumination power of
250 W/cm2 is (1.8 ± 0.3) × 1017 cm−3.
The measured diffusivity improvement under CW illumina-

tion reflects an increase in carrier mean free path, which could
result from trap screening by the background carriers. This
hypothesis is also consistent with the saturation observed in
the power-dependent diffusion measurements shown in Figure
4a. Initially, carrier diffusivity increases with CW laser power as
more traps are filled by background carriers; this is a trap-
limited regime in which the trap-carrier interactions impede
transport. Once the illumination power density reaches ∼250
W/cm2, carrier diffusivity plateaus as traps become saturated.
The trap occupation dynamics can be determined if the trap
densities and energy levels are known.28,29 While the actual
trap densities in our samples require further study, our results
point to the same order of magnitude as the saturation
background carrier concentration (1017 cm−3), consistent with
previous reports on surface trap density for similar
methylammonium lead triiodide (MAPbI3) perovskite materi-
al.30 As shown in Figure 4a, the diffusivity saturation level for
multiple grains is quite similar, which suggests that these grains
have a similar intrinsic diffusivity and that the difference in
their measured diffusivity values in the dark is due to different
trap densities. Interestingly, our results suggest that carrier
diffusion is still in the trap-limited regime under 1 sun
illumination (∼100 mW/cm2).
In conclusion, we have presented a wide-field transient PL

imaging method to measure the carrier diffusivity in perovskite
thin films. In contrast to point detectors used in conventional
transient PL spectroscopy setups, the fast-gated intensified
camera sacrifices picosecond time resolution for parallelized
measuring capability that provides diffraction-limited resolu-
tion over a wide field of view. In the context of carrier transport
studies in organic−inorganic halide perovskites, 1 ns time
resolution is sufficient for resolving carrier transport, whereas
spatial information over length scales comparable to grain size
is important for accurately estimating carrier diffusivity. Using
our method, carrier diffusivity changes were studied as a
function of background carrier density created by CW
illumination and discussed within the context of trap-carrier
interactions. We show that, even in the absence of grain and
subgrain boundary scattering, the carrier diffusion in FAPbI3 is
still in the trap-limited domain under one-sun illumination.
Such carrier-trap interactions would impede carrier extraction
and ultimately limit the short circuit current and quantum
efficiency of solar cell devices.

■ MATERIALS AND METHODS
Sample Fabrication. The thin films were processed in a

N2-filled glovebox using a method described in ref 23. Briefly,
the precursor solution of FAPbI3 was prepared by dissolving
FAI (Dyesol, Australia) and PbI2 (Sigma-Aldrich, U.S.A.) in
stoichiometric (1:1) ratio in N,N-dimethyl formamide (Sigma-

Figure 4. Diffusion and recombination kinetics. (a) Diffusivities of
three grains as a function of CW illumination power. Inset shows the
PL width evolution under various CW illumination powers for grain 1.
(b) Transient PL decay at different pump powers fit with a
recombination and diffusion model. The decay curves are shifted
consecutively by 1 ns for clarity.
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Aldrich, U.S.A.) to obtain a 45 wt % solution. The solution was
spin-coated at 6000 rpm for 45 s onto precleaned glass
substrates (Fisher Scientific, 12-548C). At the end of the sixth
second during spinning, 300 mL of antisolvent chlorobenzene
(Sigma-Aldrich, U.S.A.) was dripped quickly at the center of
the film. The thin films were annealed at 95 °C, while being
exposed to solvent vapor, for 20 min using a setup similar to
that used by Xiao et al.31 Briefly, the substrate with the as-
deposited thin film was placed on a preheated hot plate, then a
10 mL drop of dimethyl sulfoxide (DMSO) was placed 2 cm
from the closest edge of the substrate on a glass slide. The
substrate and the glass slide with DMSO were covered
immediately with an inverted glass Petri dish.
Photoluminescence Measurement. During the optical

measurement, the FAPbI3 thin films were kept in nitrogen to
reduce the damage from humidity and oxygen. Samples were
excited with a 408 nm pulsed laser (PicoQuant, PDL800)
focused by an oil immersion objective (Nikon, 100× 1.3 NA).
Spatially resolved photoluminescence was collected with the
same objective and imaged with a fast-gated intensified camera
(Princeton Instruments, PI-MAX4). When acquiring the time-
resolved PL data, 1 ns exposures were repeated at a same delay
time for 6.4 × 105 cycles to achieve a desirable signal-to-noise
ratio. In the power-dependent carrier diffusion experiment, a
401 nm CW laser (Coherent CUBE) was used for illuminating
the sample from the top to create background carriers.
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