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The fundamental photophysics underlying the remarkable performance of organic-inorganic hybrid perovskites 
in optoelectronic device applications has been increasingly studied using complementary spectroscopic techniques. 
However, the spatially heterogeneous polycrystalline morphology of the solution-processed thin films is often over-
looked in conventional ensemble measurements and therefore the reported results are averaged over hundreds or 
even thousands of nano- and micro-crystalline grains. Here, we apply femtosecond transient absorption micros-
copy to spatially and temporally probe ultrafast electronic excited-state dynamics in chloride containing mixed lead 
halide perovskite (CH3NH3PbI3-xClx) thin films. We found that the  electronic excited-state relaxation kinetics are 
extremely sensitive to the spatial location probed, which was manifested by position-dependent transient absorp-
tion signal amplitude and decay behaviour, along with an obvious rise component at some positions. The analysis of 
transient absorption kinetics acquired at several distinct spatial positions enabled us to identify Auger recombination 
as the dominant mechanism underlying the initial portions of the spatially dependent dynamics with variable rate 
constants. The different rates observed suggest occurrence of distinct local electronic structures and variable contri-
butions from impurities/defects and phonons in this nonlinear dynamical process.
Keywords: transient absorption microscopy, ultrafast electronic excited-state dynamics, Auger recombina-
tion, metal halide perovskites

1. Introduction

As an emerging solution-processible class of optoe-
lectronic materials, metal halide perovskites (MHPs) 
have demonstrated an enormous potential for pho-
tovoltaic and light-emitting applications  [1–8]. 

The remarkable properties of these materials have 
stimulated increasingly extensive studies to un-
derstand the  fundamental photophysics underly-
ing their impressive performance  [9–11]. How-
ever, the spatial heterogeneity arising largely from 
the  presence of crystalline grains with a  varying 
size, shape, orientation, and level of defects in these 
thin films [10, 12–16] imposes substantial challeng-
es for such efforts. On the one hand, application of 
commonly applied ensemble optical spectroscopic 
techniques to such spatially heterogeneous systems 
is challenging, as the results obtained will be aver-
aged over many distinct microscopic structures or 
crystalline grains, which may not represent the in-
trinsic properties of either the overall material or 
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any individual grain within it. In the worst case, 
the  results may even vary with the  sample loca-
tion being probed. On the  other hand, to reveal 
the physical mechanisms underlying the observed 
spatial dependences of various electronic excited-
state phenomena, an incisive technique with a si-
multaneous high spatial and temporal resolution, 
and additionally a capability of assessing the cor-
responding morphological information is needed. 
This need has been demonstrated in several time-
resolved optical imaging studies based on pico-
second photoluminescence (PL) microscopy and 
femtosecond transient absorption microscopy 
(TAM). These efforts have enabled the elucidation 
of several spatially dependent phenomena such 
as the nature of elementary photoexcitations [17, 
18], distributions of photoexcited species  [19] 
and electronic trap states  [20, 21], electronic 
excited-state relaxation  [22–24] and transition 
dipole moment orientations [25], as well as tran-
sient sub-bandgap states  [26] and charge carrier 
diffusion  [27–29], etc. A  combination of steady-
state or time-resolved PL microscopy with struc-
tural characterization methods such as scanning 
electron microscopy (SEM) or/and atomic-force 
microscopy (AFM) has further enabled the  cor-
relation of electronic and morphological hetero-
geneities  [22, 23]. Furthermore, a  multimodal 
all-optical imaging approach involving femto-
second TAM, time-integrated PL, transmission, 
and confocal reflectance modalities developed re-
cently by our laboratory offers an alternative route 
towards simultaneously probing both electronic 
and morphological heterogeneities in a  contact-
less and noninvasive manner [30, 31]. Application 
of this approach to thin films of chloride contain-
ing mixed MHP (CH3NH3PbI3-xClx) has enabled 
us to successfully separate bulk and surface con-
tributions to the complex electronic excited-state 
processes [30].

Despite these exciting advances, it is still not 
yet well understood why the  observed spatial 
features in the  TAM images acquired from high 
quality thin film samples are often much larger 
than the corresponding microscopic morphologi-
cal structures, how and why the underlying elec-
tronic dynamics vary from one spatial location to 
another, and what physical mechanisms govern 
the  associated relaxation dynamics. Here, we re-
port an experimental study probing spatially re-

solved ultrafast electronic excited-state dynamics 
in thin films of chloride containing mixed MHP 
(CH3NH3PbI3-xClx) using femtosecond TAM [32]. 
The key difference between this work and our pre-
vious studies [17, 21, 30, 33] on both triiodide and 
mixed metal halide perovskites lies in a  signifi-
cantly improved spatial resolution  –  meeting or 
exceeding the diffraction limit of light. This allows 
us to examine not only the  observed TAM spa-
tial features but also spatially resolved electronic 
dynamics with a  spatial resolution much greater 
than the microscopic structures of the perovskite 
grains themselves. The  most striking finding of 
our measurements is that the transient absorption 
(TA) kinetics extracted from the  TAM images 
are remarkably sensitive to the  spatial positions 
probed in the MHP samples, which is manifested 
by not only distinct TA signal amplitudes but also 
different decay kinetics. The analysis of the kinetic 
data extracted from several spatial locations fur-
ther allows us to identify an Auger recombination 
process as the  dominant mechanism governing 
the initial decay dynamics but with clearly differ-
ent relative rates. These variable Auger rates result 
from either distinct local electronic structures 
or different contributions of impurities/defects 
and phonons to this nonlinear dynamical pro-
cess or both. Similar to our previous observation, 
the  spatial features seen in the  TAM images are 
again significantly larger in size than the  typical 
grains even with the  improved spatial resolution 
by almost a factor of 2 – we show that the underly-
ing reason for this apparent discrepancy is due to 
contributions from both emissive and nonemis-
sive species to the TAM signal. The results again 
underscore the need to resolve electronic excited-
state dynamics of complex materials in both space 
and time to understand the  fundamental photo-
physics at the heart of light harvesting and emit-
ting technologies.

2. Experiment

Femtosecond TAM data was acquired using 
a  modified commercial white light microscope 
(Eclipse TE 300, Nikon) in combination with 
a  femtosecond laser system as detailed previ-
ously [17, 21, 30]. Briefly, a commercial 250 kHz 
femtosecond Ti:Sapphire regenerative am-
plifier (RegA  9000, Coherent) and an optical 
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parametric amplifier (OPA 9400, Coherent) were 
employed to produce pump and probe pulses cen-
tred at 500 and 750  nm, respectively. The  major 
difference between this work and all our previous 
optical imaging studies lies in the use of a 100 ×, 
1.40  NA oil immersion objective (Nikon), which 
offers a  significantly improved spatial resolution 
to image possibly the smallest microscopic struc-
tures in the  mixed perovskite thin films. TAM 
images corresponding to a  128  ×  128 pixel data 
array were collected by a  raster scanning sample 
stage over a 10 × 10 μm area at a fixed delay time 
between the  pump and probe pulses. The  power 
levels were kept at the lowest possible values while 
still achieving adequate signal-to-noise ratio: av-
erage power levels were approximately 3.5  μW 
pump and 3.2  μW probe, corresponding to 14.0 
and 12.8 pJ pulse energies, respectively.

The linear absorption spectrum was measured 
using a  Cary 4E UV–Visible spectrophotometer 
and a  steady-state PL emission spectrum was 
recorded using a  Fluorolog-3 fluorometer with 
a Hamamatsu R2658 InGaAs photocathode pho-
tomultiplier. Bandwidths for the  excitation and 
emission monochromators were 5 and 2 nm, re-
spectively, and a 520 nm longpass filter was placed 
in front of the emission monochromator to elimi-
nate residual excitation light scattering.

High quality perovskite films were prepared 
on a  thin #2 (~200  µm) microscope glass cover 
slip using a  previously reported procedure  [16]. 
To protect the film from moisture induced degra-
dation, a thin layer of poly(methyl methacrylate) 
(PMMA) was spin-coated at 2000  rpm from 
a 1.5% PMMA (Sigma-Aldrich) solution in chlo-
robenzene, as has been used by Savenije and co-
workers in their time-resolved spectroscopic ex-
periments [34]. Fresh samples were prepared and 
kept in a  N2-filled glovebox until TAM imaging 
experiments. The average thickness of the perov-
skite films was 275 nm, and the RMS roughness 
was 30–40  nm. The  morphology of the  samples 
was examined using a Zeiss Merlin VP scanning 
electron microscope (SEM).

3. Results and discussion

Figure  1 shows the  SEM image acquired using 
a  scanning electron microscope (Zeiss Merlin) 
with 3 KV gun voltage for a typical chloride con-

taining a  mixed MHP (CH3NH3PbI3-xClx) thin 
film, which was prepared following the same pro-
cedure as those used for our TAM imaging mea-
surements described in this paper, but without 
a  protective PMMA layer. From this image, one 
can clearly see distinct grains with a  typical size 
on the order of 1–2 µm. In addition, the presence 
of only very few pinholes in the thin film further 
shows a  high quality of our sample, in contrast 
to those used in some of recent reports based on 
femtosecond TAM measurements.

The typical spectra of linear absorption and 
steady-state PL emission measured for the  thin 
film samples used for our TAM imaging experi-
ments are shown in Fig. 2. Based on the positions 

Fig. 1. The SEM image of a  chloride containing 
mixed lead halide perovskite (CH3NH3PbI3-xClx) film. 
The scale bar is 2 µm.

Fig. 2. Linear absorption (a solid line) and steady-
state PL emission (a dash line) spectra of a  chlo-
ride containing mixed lead halide perovskite  
(CH3NH3PbI3-xClx) film sample. The PL emission spec - 
trum was measured upon an excitation at 500 nm.
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of the absorption edge and the PL emission band, 
we expect the TA signal detected with a probe pulse 
centred at 750 nm and a bandwidth of 25 nm (full-
width at half maximum) should be dominated by 
photoinduced bleaching and stimulated emission 
as indeed observed from the TAM measurements 
detailed below.

The representative TAM images collected at five 
delay times are shown in Fig. 3. From these images, 
one can immediately identify several striking fea-
tures. First, the amplitudes of the observed TA signals 
depend strongly on the spatial positions probed in 
the film, but the TA signal sign remains unchanged 
across the  entire image. The  same TA signal sign 
indicates that the dominant contributions are from 
both photoinduced bleaching and stimulated emis-
sion. Second, the  observed spatial features evolve 
temporally on distinct timescales, which can be 
seen by comparing the  images collected at differ-
ent delay times. Given the heterogeneous morphol-
ogy due to the presence of crystalline grains with 
a variable size, shape and orientation as shown in 
Fig. 1, as well as a possibly distinct level of defects 
from one position to another, it is not surprising 
that the TA kinetics are so sensitive to the spatial 
position within this material. Third, the observed 
spatial features are significantly larger than the typ-
ical grain sizes, which are on the order of 1–2 µm 
as shown in Fig. 1. The observed spatial features are 
in fact very similar to those seen in our previous 
TAM measurements on mixed CH3NH3PbI3-xClx 
perovskite thin films using the  same microscope 
and laser wavelengths but a different objective with 
a comparably lower NA (0.75) [30]. They are, how-
ever, noticeably smaller than those seen in triiodide 
CH3NH3PbI3 perovskite thin films [17], which were 
again acquired using the same imaging settings as 
described in Ref. [30] except that the probe wave-
length was centred at 800  nm. Different sizes in 
the observed spatial features may reflect relatively 
larger grains in the triiodide perovskite films than 
the ones in the mixed perovskites. Despite the dif-
ference in the sizes of the observed spatial features, 
a  common observation for both triiodide and 
mixed perovskite samples is the absence of any ob-
servable grain boundaries in the acquired TAM im-
ages. Furthermore, these observed spatial features 
in the TAM images are again comparable in size to 
those seen in one- and two-photon fluorescence 
imaging studies [35]. Given the high spatial resolu-

Fig. 3. TAM images acquired for the  same area of 
a  CH3NH3PbI3-xClx thin film sample at five differ-
ent delay times as indicated. Scale bars are 2  µm, 
and the  image size is 10  ×  10  µm, corresponding 
to 128 × 128 pixels. ROI #1, 2 and 3 correspond to 
the spatial locations with low, medium and high TA 
signal amplitudes, respectively, and ROI #4 depicts 
a region with a clear rise in the TA kinetics.

2 mm

t = 1.4 ps

t = 27.4 ps

t = 97.4 ps

t = 647.4 ps

t = 797.4 ps

tion afforded by the  higher NA objective used in 
this work, absence of any resolvable grain bound-
aries here is somewhat unexpected. Since much 
abundant spatial features with sizes comparable to 
the grains can be readily observed with PL imaging 
even with a lower NA objective [21, 30], the clearly 
larger TAM features seen here and previously are 
obviously not the  result of an insufficient spatial 
resolution. Also, the surface- and bulk-specificities 
of these imaging modalities for strongly absorbing 
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MHP thin films  [30] cannot account for the  re-
markably distinct spatial features observed either, 
simply because some of the grains are in fact as tall 
as the film thickness [12] and therefore should be 
resolvable in both modalities. In view of the differ-
ent photoexcited species being probed by PL and 
TA spectroscopies, emissive species in the  former 
whereas both emissive and nonemissive in the lat-
ter, we believe that the absence of observable grain 
boundaries in the  TAM images arises from non-
emissive species contribution to the  TA signal at 
the  grain boundaries. Thus, the  results in Fig.  3 
show that the overall photoexcitation distribution 
in such highly heterogeneous systems must occur 
on a larger length scale than the spatial heterogene-
ity seen in the thin film morphology.

The remarkable dependence of the observed TA 
signals on the  sample spatial location probed can 
be more clearly seen by directly comparing the ki-
netic traces obtained by integrating over smaller 
1.0 × 1.0 µm areas at selected positions of the TAM 
images shown in Fig. 3 and plotting those signals as 
a function of the delay time between the pump and 
probe pulses. Figure 4 shows the kinetics obtained 
from three different positions of the TAM images 
with low, medium and high signal amplitudes as 
indicated on the TAM images shown in Fig. 3, cor-
responding to the region of interest (ROI) labelled 
as 1, 2 and 3, respectively. The results of their de-
convolution fitting are also included in Fig. 3, and 
all the fitting parameters are summarized in Table 
1. Besides the apparent differences in the peak sig-
nal amplitudes, the  overall relaxation timescales 
differ as well, which is manifested by an accelerated 
decay with increasing peak amplitude. As the  TA 
signal amplitude at a  given delay time is propor-
tional to (σPA – σPB – σSE) n(t), where σPA, σPB and σSE 
are the cross sections of photoinduced absorption 
(PA), stimulated emission (SE) and photoinduced 
bleaching (PB), respectively, and n(t) is the charge 
carrier density [36], the observed differences may 
arise from either spatially dependent σPA, σPB, σSE, 
and n(t), or a combination of them. To distinguish 
these possibilities, we first consider the slower de-
cay behaviour of the TA kinetics by scaling the data 
to an approximately equal amplitude at long delay 
times. As shown in Fig. 4(d), this slower decay be-
haviour appears to be very similar within the ex-
perimental uncertainty, and therefore the observed 
differences must be dominated by the fast relaxation 

Fig. 4. TA kinetics at three different locations of 
the  TAM image with low  (a), medium  (b) and 
high (c) signal amplitude features. The precise loca-
tions correspond to the ROIs labelled as 1, 2 and 3 
in the  TAM images shown in Fig.  3. These kinetic 
traces were obtained by integrating a 1.0 × 1.0 μm 
image area, and the  solid lines are the  results of 
deconvolution fitting. Same kinetic traces scaled 
to an approximately equal amplitude at long delay 
times (d).

(a)

(b)

(c)

(d)
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dynamics within the first 200 ps. Next, we explore 
the  physical mechanism underlying the  observed 
kinetic differences. Although the pump power em-
ployed for acquiring the TAM images is about four 
times lower than that used in our previous TAM ex-
periment on triiodide CH3NH3PbI3 thin films [17], 
use of different microscope objectives in current 
(1.40 NA) and previous (0.72 NA) experiments will 
lead to an approximately four times smaller pump 
focal spot in this work than that in our previous 
study. This would lead to a comparable pump flu-
ence in the current and previous experiments. As 
a  result, we expect that the  nonlinear carrier dy-
namics such as Auger recombination observed pre-
viously will also play a dominant role here. As such 
nonlinear dynamical processes are very sensitive 
to the  initial density of photoinduced charge car-
riers, the observed differences may be explained by 
assuming generation of distinct initial densities of 
charge carriers at different spatial locations with-
out invoking spatially dependent cross sections. 
Occurrence of these distinct carrier densities may 
result from spatially dependent sample absorp-
tion owing to primarily different orientations and 
heights of grains. A higher carrier density at a given 
spatial location will not only lead to a larger TA sig-
nal amplitude but also a more pronounced charge 
carrier relaxation given that the effect induced by 
Auger recombination is proportional to the  third 
power of the carrier density, which would in turn 
result in a more rapid decay in the early timescale. 
This expectation is fully consistent with the experi-
mental results shown in Fig. 4.

An even more dramatic spatial dependence of 
kinetics is found at the ROI #4 in the TAM images 
in Fig. 3. As shown in Fig. 5 and also Table 1, a sat-
isfactory description of this kinetic trace would not 
be possible without inclusion of a slower rise com-

ponent with a  timescale of 48 ps. The subsequent 
relaxation process appears to be clearly slower 
than any of the kinetics shown in Fig. 4. Although 
the exact cause for this unique kinetic behaviour is 
unclear, we speculate that rapid charge carrier trap-
ping results in limited carrier migration and associ-
ated interactions. For comparison, we further show 
the kinetic trace obtained by integrating the entire 
10 × 10 µm image area in Fig. 5(b). Clearly, the de-
cay behaviour is substantially different from ei-
ther of the  kinetic traces obtained by integrating 

Fig. 5. TA kinetics obtained by integrating a  small 
1.0  ×  1.0  μm area  (a) at a  chosen location labelled 
as ROI #4 in the  TAM image shown in Fig.  3, and 
the entire 10 × 10 μm image area (b). The solid lines 
are the results of deconvolution fitting.

Table 1. Summary of the time constants (t1–t4) and relative amplitudes (a1–a4) determined for the TA kinetics 
obtained by integrating different regions of interest (ROI) and the entire image area.

ROI τ1, ps a1, % τ2, ps a2, % τ3, ps a3, % τ4, ps a4, %

1 1.9 –57.9 31.5 –32.5 113 48.1 Const. 51.9
2 4.7 –38.8 – – 73.6 48.8 Const. 51.2
3 8.9 –53.5 31.5 57.0 – – Const. 43.0
4 2.9 –13.7 48.0 –68.3 67.5 69.2 Const. 30.8

Total 2.8 –34.9 25.9 –17.3 99.6 42.2 Const. 57.8
A long-lived decay component whose time constant cannot be determined due to the relatively short scan 
range is specified as ‘Const.’ in the Table.



Y.-Z. Ma et al. / Lith. J. Phys. 58, 326–336 (2018)332

a  smaller area at all four selected ROIs as shown 
in Figs.  4 and 5. As ensemble TA measurements 
integrate the  entire spatial overlapping region of 
the pump and probe beam spots, which have typi-
cal diameters ranging from tens to hundreds of mi-
crometres, the results will describe an average over 
hundreds or even thousands of individual crystal-
line grains. It is therefore challenging to capture 
the  electronic excited-state dynamics associated 
with well-defined crystalline grains of a microme-
tre size using more commonly employed ensemble 
spectroscopic measurements. Unless the sampling 
area is sufficiently 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 a simultaneous high 
spatial and temporal resolution to unambiguously 
reveal both ultrafast excited-state dynamics and 
underlying physical mechanisms in such spatially 
heterogeneous systems.

Further insight about the  spatially dependent 
kinetics can be obtained by explicitly considering 
the  Auger recombination of charged carriers  [37, 
38] at early delay times. According to the analysis 
described in detail in Refs.  [39, 40], the  equation 
describing this nonlinear dynamical process can be 
written as

, (1)

where n(t) is the  charge carrier density at delay 
time, t, and γA is the rate constant of Auger recom-
bination. Note this equation holds only for early 
delay times when the nonlinear dynamical process 
dominates the linear relaxation. As the TA signal, 
ΔOD(t), is proportional to n(t), this equation offers 
a  straightforward means to qualitatively compare 
the  Auger recombination rates at distinct spatial 
locations by simply plotting the squared inverse of 
the TA signal amplitude, 1/[ΔOD(t)]2, as a function 
of the delay time, t. As one can see from Eq.  (1), 
the slopes of the linear portions of these plots are 
directly proportional to the  Auger recombination 
rate constants.

As shown in Fig. 6, the linear dependence of 1/
[ΔOD(t)]2 on t is clearly evident in the early de-
lay times for all the kinetics shown in Figs. 4 and 
5, but the corresponding slopes are clearly differ-
ent. Specifically, the slope reduces in the order of 

decreasing the TA signal amplitude for the spatial 
features with the  high, medium and low ampli-
tude. The  slope for the  TA kinetics obtained by 
the integrated entire image lies between those as-
sociated with the medium and low amplitude fea-
tures, whereas the spatial feature at the ROI #4 has 
the  smallest slope due to its significantly slower 
decay than all other kinetics. This analysis shows 
that the  Auger recombination rate depends on 
the spatial location in this heterogeneous system, 
and these distinct rates also contribute to the ob-
served spatially dependent kinetics at early delay 
times as shown in Figs.  4 and 5. Consequent-
ly, the  observed spatially dependent electronic 
excited-state dynamics is expected to originate 
from the  creation of spatially distinct charge  

Fig. 6. The plot of 1/[ΔOD(t)]2 vs delay time for 
the data obtained at the ROI #1, 2, 3 and 4 in the TAM 
images shown in Fig. 3. The result for the entire image 
is also shown for completeness. Note that the  peak 
amplitudes of all the  kinetic data were normalized 
to 1.0 prior to calculating the squared inverses, and 
the solid lines are drawn to guide the eye. The calcu-
lated squared inverses are vertically offset for clarity.
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carrier densities in combination with their result-
ing Auger recombination with variable rates. As 
the Auger recombination rate in semiconductors 
depends strongly on the  electronic band struc-
ture [41] and can be further affected by impurities 
and phonons [42], the different rates observed in 
this work may arise from the presence of distinct 
local grain structures or/and a  variable involve-
ment of impurities/defects and phonons in this 
nonlinear dynamical process. For solution-pro-
cessed polycrystalline thin films, all these varia-
tions should be possible, and, in fact, all these 
influences on the Auger recombination rates have 
been indeed experimentally observed in various 
triiodide and mixed MHPs [43–45].

Although we found that an Auger recombination 
process plays a dominant role in the initial portions 
of the spatially resolved electronic excited-state dy-
namics, which lasts approximately 200 ps as shown 
in Fig. 4(d), the distinct spatial features observed in 
the TAM images are by no means the result of this 
nonlinear electronic relaxation. Instead, they de-
scribe an intrinsic heterogeneity of charge carrier 
distribution in the polycrystalline MHP thin films, 
which is clearly evident by comparing the  TAM 
images acquired at long and short delay times such 
as 1.4 and 797.4  ps, respectively. The  seemingly 
‘blurred’ images at long delay times result from 
charge carrier diffusion within the thin films. Tak-
ing the diffusion coefficients of 0.042±0.016 cm2 s–1 
for electrons and 0.054±0.022 cm2 s–1 for holes [46], 
we can estimate that these charge carriers should 
diffuse 116 and 132  nm, respectively, from their 
initial positions of photogeneration after 800 ps. As 
a  result, the probe pulse will see a decreased car-
rier density, leading to a low TA signal and image 
contrast.

In conclusion, femtosecond TAM was applied to 
study ultrafast electronic excited-state dynamics in 
spatially heterogeneous chloride containing mixed 
lead halide perovskite (CH3NH3PbI3-xClx) thin films. 
In comparison to our previous studies on both trii-
odide and mixed metal halide pe rovskite thin films, 
the results presented here are obtained with an im-
proved spatial resolution by employing a  micro-
scope objective with higher NA while maintaining 
adequate time resolutions to clock excited state dy-
namics with a sufficiently high temporal resolution. 
However, we found that achieving a higher spatial 
resolution does not allow one to resolve finer spa-

tial structures than those previously observed, and 
this finding was attributed to the contributions from 
both emissive and nonemissive photoexcited spe-
cies to TA signals. Our most striking finding is that 
the observed TA kinetics are extremely sensitive to 
the  spatial position probed, manifested by distinct 
TA signal amplitudes in combination with differ-
ent decay/rise signatures. The analysis of the decay 
behaviour of the  kinetics acquired from spatially 
distinct locations enabled us to identify the  Auger 
recombination as the dominant mechanism under-
lying the  initial spatially dependent kinetics with 
variable rate constants. Based on these observations, 
we conclude that the observed spatially dependent 
electronic excited-state dynamics originates from 
a combination of creation of spatially distinct charge 
carrier densities and their resulting Auger recom-
bination with variable rates. The  remarkable dif-
ference 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 a simultaneous spatial 
and temporal resolution in order to unambiguously 
determine the excited-state relaxation processes and 
underlying physical mechanisms in such systems 
with a high spatial heterogeneity. We thus expect that 
these and future ultrafast nonlinear imaging studies 
will provide a greater insight into the fundamental 
electronic processes underlying optoelectronic de-
vices based on this class of novel materials.
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