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ABSTRACT: The fundamental photophysics underlying the remarkably high power conversion 

efficiency of organic-inorganic hybrid perovskite-based solar cells has been increasingly studied 

using complementary spectroscopic techniques. However, the spatially heterogeneous 

polycrystalline morphology of the photoactive layers owing to the presence of distinct crystalline 

grains has been generally neglected in optical measurements and therefore the reported results 

are typically averaged over hundreds or even thousands of such grains. Here, we apply 

femtosecond transient absorption microscopy to spatially and temporally probe ultrafast 

electronic excited-state dynamics in pristine methylammonium lead tri-iodide (CH3NH3PbI3) 

thin films and composite structures.  We found that the electronic excited-state relaxation 

kinetics are extremely sensitive to the sample location probed, which was manifested by 

position-dependent decay timescales and transient signals. Analysis of transient absorption 

kinetics acquired at distinct spatial positions enabled us to identify contributions of excitons and 

free charge carriers.   
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The remarkably high power conversion efficiencies achieved with solution-processed 

organometallic halide perovskite-based solar cells in recent years has stimulated increasingly 

intensive efforts to understand the fundamental photophysics underlying their impressive 

performance
1-3

. Detailed experimental studies have been reported by several laboratories 

employing complementary spectroscopic techniques, including linear absorption
4
, steady-state 

and time-resolved photoluminescence (PL)
5-10

, femtosecond transient absorption
8, 9, 11-15

, THz 

spectroscopies
16-18

, and microwave conductivity measurements
16, 19

. However, fundamental 

questions such as the nature of photoexcited species being either neutral excitons, free charge 

carriers or their coexistence have been debated. This lack of understanding further leads to a 

controversial assignment for the origin of the observed PL to either exciton relaxation
5, 6, 10

 or to 

the radiative recombination of charge carriers
8
. Even more problematic is that most of the 

spectroscopic studies did not take into account the spatially heterogeneous polycrystalline 

morphology of these perovskite-based materials, that arise from the presence of crystalline grains 

with remarkably different size, shape, and possibly distinct level of defects
2, 10, 20, 21

. Because 

these spectroscopic measurements have been performed almost exclusively at an ensemble level, 

which typically probe several tens to hundreds of micrometers of material, the experimental 

results obtained represent an average description of the optical properties for many distinct 

grains. Consequently, these results cannot distinguish the detailed electronic excited-state 

dynamics associated with different crystalline grains or, equivalently, distinct spatial locations of 

these thin films. An unambiguous understanding of the electronic excited-state processes and 

physical mechanisms requires an ultrafast spectroscopic technique that is capable of not only 

high temporal resolution, but also sufficient spatial resolution in order to selectively probe the 
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electronic excited-state dynamics associated with micrometer-sized crystalline grains or thin film 

areas. 

 

Here, we report an experimental study of spatially resolved ultrafast electronic excited-state 

dynamics in pristine and composite perovskite thin films using femtosecond transient absorption 

microscopy (TAM)
22

. The most striking finding of our measurements is that the transient 

absorption (TA) kinetics extracted from the images are extremely sensitive to the spatial 

positions probed in the perovskite samples, which is manifested by distinct decay signatures and 

TA signal signs, i.e., signals are composed of induced transmission (positive) and induced 

absorption (negative) characteristics that evolve on distinct timescales. Acquisition of TA images 

at variable time delays allows for the identification of distinct spatial features that are 

significantly larger in size than the typical 1-4 m grains observed for samples prepared on 

planar substrates using post-annealing processing in this and previous work
2, 10, 20, 21

. These 

results suggest that the excited state dynamics are not necessarily heterogeneous on a grain-to-

grain scale, but rather are heterogeneous over a larger length scale.  Analysis of the kinetic data 

extracted from distinct spatial locations further allows us to identify the coexistence of both 

neutral excitons and free charge carriers that are formed at particular locations in the thin films.  

The results underscore the need to resolve electronic excited-state dynamics of complex 

materials in both space and time in order to understand the fundamental photophysics at the heart 

of light harvesting and emitting technologies.    
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Figure 1. SEM image of pristine CH3NH3PbI3 film. 

 

Figure 1 shows the surface morphological image of a pristine CH3NH3PbI3 thin film acquired 

using a scanning electron microscope (SEM, Zeiss Merlin SEM) with a gun voltage of 5 KV, 

where distinct grains with typical size on the order of 1-4 m is clearly evident.  Representative 

TA images collected for the pristine CH3NH3PbI3, CH3NH3PbI3/ PCBM and CH3NH3PbI3/Spiro-

OMeTAD samples at five delay times are shown in Fig. 2. From the images collected from the 

first two samples, one can immediately identify several striking features. First, the signs of the 

observed TA signals depend strongly on the spatial position probed in the individual samples, 

and display amplitudes with signs that vary from positive-signed photo-induced transmission to 

negative-signed photo-induced absorption. Signals with a positive sign arise from more probe 

light reaching the detector as compared to the case when the pump pulse is absent; such signals 

correspond to stimulated emission and ground state bleaching.  Negative signals correspond to 

excited state absorption, where the probe photon induces an electronic transition from the 

initially prepared photoexcited state created by the pump pulse to a higher-lying excited state(s).  

Second, the observed spatial features evolve temporally on distinct timescales, which can be seen 
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by comparing the images collected at different delay times. Third, the observed spatial features 

are significantly larger than the typical grain sizes, which are on the order of 1-4 µm for the 

samples prepared on planar substrates using post-annealing processing as shown in Fig. 1 and 

also refs. 2, 10, 20, 21. In fact, the observed feature size is comparable to that seen in recently 

reported one- and two-photon fluorescence imaging studies
23

, implying that the excitation 

distribution occurs on a larger length scale than the spatial heterogeneity. Besides these general 

similarities, the TA images acquired for the CH3NH3PbI3/ PCBM sample also exhibit noticeable 

differences from the corresponding images obtained from the pristine CH3NH3PbI3 sample, 

manifesting in relatively larger features and less dramatic variations with time. In striking 

contrast, the TA images measured from the CH3NH3PbI3/Spiro-OMeTAD sample are 

substantially different from the previous two samples, in that larger spatial features are observed 

and only signals with the same sign are found across the entire image at any given delay time.  

The general observations described above are consistent from experiment-to-experiment at 

different locations of the same type samples, which were performed over several separate 

experimental runs to ensure reproducibility and consistency of the sample preparation and TAM 

measurements.   
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Figure 2.  TAM images acquired for the same area of the pristine CH3NH3PbI3 (a), 

CH3NH3PbI3/PCBM (b), and CH3NH3PbI3/ Spiro-OMeTAD (c) samples at five different delay 

times as indicated. Scale bars are 5 µm, and the color scales at the bottom depict the variation of 

TAM signal sign and amplitude for the images shown. Amplitudes of each image are scaled to 

emphasize spatial features; absolute intensities for each image are given in Supplementary Table 

2. 

The remarkable dependence of the observed TA signals on the sample spatial location probed 

can be more clearly seen by directly comparing the kinetic traces obtained by integrating over 

smaller 1.6 µm × 1.6 µm areas at selected positions of the TA images shown in Fig. 2 and 

plotting those signals as a function of the delay time between the pump and probe pulses. The 
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size of these areas was chosen to achieve a good signal-to-noise ratio in the extracted transients, 

while being small enough to avoid averaging between clearly spatially heterogeneous locations 

of the TA images.  There were no significant differences in the results by making the regions 

larger or smaller as long as the signal integration area is within a chosen spatial feature.  Figures 

3a, b and c show the kinetics obtained from two different positions of the TA images acquired 

from the pristine CH3NH3PbI3, CH3NH3PbI3/PCBM, and CH3NH3PbI3/Spiro-OMeTAD samples, 

respectively. The positions where these kinetic profiles were obtained are indicated on the 

corresponding TA images shown in Fig. 2. For comparison, the scaled kinetic traces obtained by 

integrating an entire 20 µm × 20 µm image area are also shown for all three samples. For both 

the pristine CH3NH3PbI3 and CH3NH3PbI3/PCBM samples, the kinetic traces are strongly 

dependent on the spatial position that is interrogated, which is manifested by not only a change 

of TA signal sign (from induced transmission to induced absorption), but also by clearly 

different decay timescales and associated amplitudes. Even though the three kinetic traces 

obtained for the CH3NH3PbI3/Spiro-OMeTAD sample are generally similar, showing at all 

positions a pronounced induced absorption signal that rapidly changes to an induced 

transmission signal, the subsequent decays are again dependent on the spatial location probed in 

the sample. For all three samples, the most significant observation is that the TA kinetics 

obtained by integrating the entire 20 µm × 20 µm image area are substantially different from 

either of the kinetic traces obtained by integrating a smaller area at the two selected spatial 

positions.  
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Figure 3. TA kinetics at two different locations of the TAM images acquired from pristine 

CH3NH3PbI3 (a), CH3NH3PbI3/PCBM (b), and CH3NH3PbI3/ Spiro-OMeTAD (c) samples. The 

precise locations are indicated in the corresponding TAM images shown in Figure 2.  These 

kinetic traces were obtained by integrating a 1.6 µm × 1.6 µm image area, and the kinetics 

obtained by integrating the entire 20 µm × 20 µm image area are also shown (dark green 

triangles). The solid lines are the results of deconvolution fitting as described in the 

Supplementary Methods, and the dash lines show the baseline for the each panel. Note that TA 
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kinetics collected over the entire range of delay times (850 ps) are shown in Supplementary 

Figure 2.  

A similar spatial-dependence of TA kinetics was observed by Katayama et al. in their TA 

imaging measurements of a CH3NH3PbI3 perovskite-based solar cell fabricated on a mesoporous 

TiO2 layer under lower pump and probe intensities
24

. Although the signal-to-noise of their 

reported results is poorer than ours, a variation of the TA signal sign at different sample position 

was clearly evident.  As our probe pulse centered at 800 nm is very close to the zero-crossing 

point of the TA spectra measured from the same kind of perovskite films,
14, 25

 a clear shift of the 

linear absorption spectra from one grain to another could give rise to position-dependent TA 

signal sign. However, the broad probe spectrum (20 nm, full-width at half maximum) and 

negligible absorption edge shift for the small grains present in our films
21, 24

 make this very 

unlikely. Thus, these offer strong support that our observed change in the TA signal sign 

represents an intrinsic property of these pristine and composite perovskite samples rather than an 

unwanted nonlinear effect, as will be discussed in more detail below. Use of planar substrates in 

our current study enabled us to address the fundamental photophysics without a potential 

complication arising from a spatial confinement effect owing to perovskite infiltrated into a 

mesoporous substrate. Additionally, the pulse intensities used here are higher, which enable us to 

acquire high quality images and use them to distinguish contributing photoexcited species 

through analysis of nonlinear excitation phenomena, as will be discussed in the following 

sections.  All together, these observations unambiguously demonstrate a spatial dependence of 

the electronic excited-state dynamics in the pristine and composite perovskite thin films. Given 

the polycrystalline morphology due to the presence of crystalline grains with variable size and 

shape as shown in Fig. 1, as well as possibly distinct level of defects from one position to 
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another, it is perhaps not surprising that the TA kinetics are so sensitive to the spatial position 

within these materials. Furthermore, as ensemble TA measurements integrate the entire spatial 

overlapping region of the pump and probe beam spots, which have typical diameters ranging 

from tens to hundreds of micrometers, the results will describe an average over hundreds or 

thousands of individual crystalline grains. It can therefore be fairly difficult to capture the 

electronic excited-state dynamics associated with well-defined crystalline grains of micrometer 

size using more commonly employed ensemble measurements. Unless the sampling area is 

sufficient large, the data collected using ensemble measurements might even vary with the 

sample position or/and the changes in the spot size of the pump and probe beams. This further 

highlights the critical need for simultaneous high spatial and temporal resolution in order to 

unambiguously identify the nature of photoexcitations and reveal their intrinsic ultrafast excited-

state dynamics and underlying physical mechanisms in such structurally heterogeneous systems.  

 

Turning attention back to the kinetic data shown in Fig. 3, one can see that the presence of 

either PCBM or Spiro-OMeTAD leads to noticeably slower decays than what was observed from 

pristine CH3NH3PbI3 samples. This is clearly inconsistent with previous ensemble TA 

measurements using lower pump intensities
9
. However, given the higher pump and probe 

intensities used in our TAM measurements we expect that nonlinear electronic excited-state 

phenomena, including exciton-exciton annihilation
26

 and Auger recombination of charge 

carriers
27, 28

, can play a significant role in the relaxation processes.  In this case, the presence of 

either PCBM or Spiro-OMeTAD will facilitate exciton dissociation, leading to a decreased 

exciton population and in turn the contribution from these nonlinear processes will become less 

prominent in the kinetics. Although the exciton diffusion constant is only 0.01 cm
2
s

-1 25
, the 
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incident laser beams strike the hole or electron transport layer prior to reaching the perovskite 

films (see Supplementary Fig. 1 for our sample geometries) and therefore the excitons generated 

in the interfacial region can be quenched very rapidly. Consequently, the TA kinetics with hole 

or electron transport layers should exhibit slower decays than those observed from pristine 

CH3NH3PbI3 samples, as was observed here. It should be emphasized that the observed change 

in signal signs is not a result of the high intensities because the same sign differences were also 

observed by Katayama et al. in their TAM experiments performed at lower intensities
24

.  

Additionally, the general mechanisms proposed to qualitatively describe the kinetics are well 

established and commonly invoked in ultrafast spectroscopy. A more quantitative description of 

the extraordinary spatial dependence of the decay behaviors observed in the TA kinetics shown 

in Fig. 3 is obtained through a least squares deconvolution fitting algorithm with explicit 

consideration of the finite instrumental response; the fit results are given in the Supplementary 

Table 1.  

 

To explore the possible origins of the different TA signal signs, i.e., positive-signed induced 

transmission versus negative-signed induced absorption, that were observed across the images of 

both the pristine CH3NH3PbI3 and CH3NH3PbI3/PCBM samples, we further examine the decay 

behavior of those kinetics obtained at the most distinct and visually homogeneous spatial 

locations of the TA images (e.g., positions 1 and 2 shown in Fig. 2). Because of the presence of 

nonlinear excited-state relaxation processes in the polycrystalline CH3NH3PbI3 films described 

above, we are able to explicitly consider the following high intensity phenomena: exciton-

exciton annihilation
26

 and Auger recombination of charged carriers
27, 28

. According to the 
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analysis described in detail in refs. 29 and 30, the equations describing these nonlinear dynamical 

processes are: 

1

𝑛𝑒𝑥(𝑡)
− 1 = 𝛾𝑒𝑥𝑡   (1) 

1

[𝑛𝑒ℎ(𝑡)]
2 − 1 = 𝛾𝐴𝑡   (2) 

where 𝑛𝑒𝑥(𝑡) and 𝑛𝑒ℎ(𝑡) in equation (1) and (2) are the populations of excitons and charge 

carriers at a time delay, t, and 𝛾𝑒𝑥 and 𝛾𝑒ℎ are the rate constants of exciton-exciton annihilation 

and Auger recombination, respectively. Note these equations hold only for early delay times 

when the nonlinear dynamical processes dominate the linear relaxation. As the TA signal, ∆𝐴(𝑡), 

is proportional to 𝑛𝑒𝑥(𝑡) or 𝑛𝑒ℎ(𝑡) depending on the nature of photoexcited species being either 

excitons or free charge carriers, these equations offer a straightforward means to distinguish the 

contributing species by simply plotting either an inverse of the TA signal amplitude, 1 ∆𝐴(𝑡)⁄ , or 

its square, 1 [∆𝐴(𝑡)]2⁄ , as a function of the delay time, t. A linear relationship between the 

inverse of the TA signal amplitude and delay time is expected if the contributing species are 

excitons. For free charge carriers, a squared inverse of the TA signal amplitude should instead 

scale linearly with delay time.  
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Figure 4. Plot of 1 ∆𝐴(𝑡)⁄  and 1 [∆𝐴(𝑡)]2⁄  vs delay time for the data obtained at position 1 (blue 

curves) and 2 (red curves) of the pristine CH3NH3PbI3 (a, c) and CH3NH3PbI3/PCBM (b, d) 

samples, respectively, as described in the text. The black solid lines are the fits to the linear 

regions of the corresponding plots, and the fitting parameters are summarized in Supplementary 

Table 3. 

As shown in Fig. 4a and 4b, a linear dependence of 1 ∆𝐴(𝑡)⁄  on t is clearly evident for the data 

collected at position 2 of both samples, whereas the results obtained from position 1 obviously 

deviate from linearity. The linear dependence suggests that the photoexcited species at position 2 

in Fig. 2a and 2b are excitons. In comparison, plotting 1 [∆𝐴(𝑡)]2⁄  for the data acquired at 

position 1 of both samples shows a linear dependence on t in the initial delay time, while such a 

linearity is not seen for the results obtained at position 2 (see Fig. 4c and 4d). This indicates that 
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the contributing species at position 1 are free charge carriers. This analysis indicates that both 

neutral excitons and charge carriers coexist in the polycrystalline perovskite films but they are 

generated at spatially distinct positions in the sample. Such an analysis is not possible without 

using high pump and probe pulse intensities with correspondingly high spatial and temporal 

resolution.  The same analysis was also carried out for the data acquired from the 

CH3NH3PbI3/Spiro-OMeTAD sample, but no spatial signature of preferential generation of 

excitons or charge carriers was ever found, implying that they might not be generated in spatially 

distinct regions, or, in another word, a mixture of these photoexcited species may coexist at any 

spatial location in this composite sample. Repeated experiments on a given material (different 

locations of the same sample or different sample of the same type) always showed the same 

general transient behaviors and size/length scales of spatial features, indicating repeatability. It is 

worth noting that the coexistence of excitons and free charge carriers was previously speculated 

by Katayama et al. in explaining their observed spatially dependent TA kinetics in a 

CH3NH3PbI3 based solar cell fabricated on a mesoporous TiO2 layer
24

. However, no evidence 

was provided to support this idea, perhaps due to the relatively poor signal-to-noise ratio of their 

kinetic data, which would limit such an analysis.  Thus, our results provide more convincing 

experimental evidence that excitons and carriers coexist in perovskite thin films, and are 

generated in distinct spatial domains on the order of several micrometers. It should be pointed 

out that we exclude exciton-charge interaction and possible contribution from non-germinate free 

charge carrier recombination that can also lead to a second-order behavior as exciton-exciton 

annihilation in the above analysis. The reason is that the former is less favorable   due to the 

repulsion force between the same charged carriers and the latter cannot explain the distinct TA 

signal sign.   
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The nature of the photoexcited species in perovskite-based materials remains as a pressing 

open question
1, 31

. This arises from the diverse values of the reported exciton binding energies for 

three-dimensional CH3NH3PbI3 or its mixed halide analogue CH3NH3PbI3-xClx crystals, which 

differ in a range of several tens of meV
4, 5, 10, 32-36

 to as small as 2 meV
37

, implying either 

coexistence of excitons and charge carriers or exclusively charge carriers at room temperature, 

respectively. This lack of unambiguous identification of photoexcited species further leads to 

controversial assignment regarding the origin of time-resolved PL to either radiative decay of 

bound electron and hole pairs, i.e., excitons
5
 , or radiative recombination of  free charge carriers

8
. 

The coexistence of excitons and charge carriers in polycrystalline perovskite films under high 

excitation intensities revealed by our TAM results offers more convincing experimental evidence 

for this unsettled fundamental question. Our finding is in accordance with the predication of 

Stranks et al. based on an analytical model describing both equilibrium properties of free charge 

carriers and excitons in the presence of electronic sub-bandgap trap states
38

. Those authors 

showed that the fractions of excitons will increase at higher excitation densities. It is also 

consistent with the calculations of D’Innocenzo et al. using the Saha equation, which also shows 

a larger fraction of excitons with increasing photoexcitation density
4
. It is unclear, however, why 

certain spatial locations are preferable for either excitons or free charge carriers and why no such 

favorable locations are found in the presence of the hole transport layer. This remains a pressing 

and open question for future studies of these complex materials. 

 

In conclusion, femtosecond transient absorption microscopy was applied to study ultrafast 

electronic excited-state dynamics in spatially heterogeneous CH3NH3PbI3 perovskite based thin 
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films.  Our most striking finding is that the observed TA kinetics are extremely sensitive to the 

spatial position probed, manifested by distinct TA signals dominated by either positive induced 

transmission or negative induced absorption characteristics in combination with different decay 

signatures. Analysis of the decay behavior of the kinetics acquired from spatially distinct 

locations enabled us to identify coexistence of excitons and free charge carriers in the perovskite 

films with and without the electron transport layer. The TA images collected at variable time 

delays exhibit distinct spatial features that are significantly larger in size than the nominally ~1-4 

m grains but are comparable to those observed from recent one- and two-photon fluorescence 

imaging data. The remarkable difference between the TA kinetic traces obtained by integrating 

the entire TA images and distinct sub-images further demonstrates the need for a novel 

spectroscopic technique with simultaneous spatial and temporal resolution in order to 

unambiguously determine the excited-state relaxation processes and underlying physical 

mechanisms in such systems with highly spatial heterogeneity. We thus expect that these and 

future ultrafast nonlinear imaging studies will provide greater insight into the fundamental 

electronic processes underlying light harvesting and emitting devices. 

 

EXPERIMENTAL METHODS: 

Thin films of pristine methylammonium lead tri-iodide (CH3NH3PbI3) and its composite 

structures with either the commonly used electron acceptor [6,6]-phenyl-C61-butyric acid methyl 

ester (PCBM) or hole transport layer p-type doped 2’-7,7’-tetrakis(N,N-di-p-

methoxyphenylamine)-9,9-spirobifluorene (Spiro-OMeTAD) were prepared on 1 mm thick glass 

substrates following the procedure described in Supplementary Methods. To avoid sample 

degradation arising from exposure to air and moisture during experiments, each of these films 
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was covered with a flat 100 µm thickness microscope glass coverslip and all edges were sealed 

with UV epoxy in a nitrogen atmosphere. The exact sample geometries are therefore glass/ 

CH3NH3PbI3/glass, glass/CH3NH3PbI3/PCBM/glass, and glass/CH3NH3PbI3/Spiro-

OMeTAD/glass (see Supplementary Fig. 1), referred to as pristine CH3NH3PbI3, 

CH3NH3PbI3/PCBM and CH3NH3PbI3/Spiro-OMeTAD hereafter. The femtosecond TA imaging 

microscope is based on a 250 kHz regenerative Ti:Sapphire amplifier ( 50 fs pulses) in 

combination with a visible optical parametric amplifier, generating desired pump and probe 

pulses centered at 500 and 800 nm, respectively. The average power levels were 13.1 μW for the 

pump and 7.0 μW for the probe measured at the sample position, corresponding to pulse energies 

of 52 pJ and 28 pJ, respectively.  The 1/e
2
 radii were estimated to be 407 and 650 nm for the 

pump and probe beams, and the corresponding fluences were 10 and 2.1 mJ/cm
2
, respectively. 

These power levels were at the limit of our detection capabilities using an 800 nm probe pulse 

due to the low TA signal, and thus no pump fluence dependence was measured. Transmission 

and brightfield images of the same sample area chosen for TAM data acquisition were collected 

before and after the TAM measurements to ensure no sample damage.  A detailed description of 

this imaging apparatus and the sample characterization/preparation methods is provided in the 

Supplementary Methods.  
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