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namics in Varied Regions of a Polycrystalline Perovskite Film
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ABSTRACT: We developed a direct mapping approach to over-
lay the image of a polycrystalline perovskite film obtained from the
transient absorption microscope (TAM) with that from the scanning
electron microscope (SEM). By mapping these imaging data pixel by
pixel, we are able to observe the relaxation dynamics of the photo-
generated charge carriers on varied regions of the film. The carrier
relaxation dynamics contain a dominated single-exponential decay
component due to the recombination of charge carriers. We found
that the lifetime distribution of charge recombination shows a bi-
modal feature, for which the rapid and slow distributions are as-
signed as free and trapped carriers, respectively. The charge recom-
bination was slower in the grain boundary (GB) region than in the
grain interior (GI) region. The small grains have longer lifetimes than
the large grains for the crystal size smaller than 500 nm. Our results
thus indicate that GB with retarded charge recombination might play
a positive role in a perovskite solar cell.

Organo-inorganic halide perovskites have attracted much at-
tentions due to their successful applications not only for photo-
voltaics,*-%! but also for other potential optoelectronic applica-
tions.*-%1 However, fundamental understanding of the opera-
tional mechanism for a perovskite solar cell (PSC) has not been
well recognized. In principle, the performance of a PSC is pro-
portional to how far the photogenerated charge carriers can
travel so that they can be effectively collected at the terminals.
The limiting factors for rapid charge separation and slow charge
recombination are determined by how many trap states, defects
and dislocations of the carriers throughout the perovskite film in
bulk crystals or in the boundaries of the crystals.[”! There have
been reported that the bigger size of the crystals gives the better
overall device performance due to a better crystal growth control
to increase the charge transport rate and to decrease the elec-
tron-hole recombination rate.’*2 In contrast, Don et al.l'¥ re-
ported that the size-dependent factor reaches a counter-intuitive
point where larger crystal grains may cause more voids to give
a negative effect on device performance. Moreover, the positive
roles of grain boundaries (GB) on charge recombination and de-
vice performance have been reported experimentally®*4-26 and

[a] A. Fathi, Dr. Y.-P. Lee, Dr. E. W.-G. Diau Department of Applied
Chemistry and Institute of Molecular Science, National Chiao Tung
University
1001 Ta-Hsueh Rd., Hsinchu 30010, Taiwan
E-mail: diau@mail.nctu.edu.tw

[b] Dr. E. Jokar, Dr. Y.-P. Lee, Dr. E. W.-G. Diau
Center for Emergent Functional Matter Science, National Chiao
Tung University
1001 Ta-Hsueh Rd., Hsinchu 30010, Taiwan

Supporting information for this article is given via a link at the end of
the document.

theoretically.'”l These controversial conclusions indicate the ne-
cessity of real-time probing of the charge carrier relaxation dy-
namics on varied regions of the perovskite film using ultrafast
imaging techniques reported elsewhere.!819 Although some
time-resolved optical microscopy (OM) techniques have been re-
ported to show carrier relaxation dynamics?°24 and effect of hot
carrier cooling in MAPbI; perovskite films,??-24 the observed OM
lifetime images are difficult to directly correlate with those ob-
tained from a scanning electron microscope (SEM) due to the
poor spatial resolution of the former resulting from the optical dif-
fraction limit. To solve this problem, in the present study we de-
veloped a novel mapping technique to match the image of a
femtosecond (fs) transient absorption microscopy (TAM) with the
SEM image for which both images were obtained from the same
perovskite film. Based on this approach, the carrier relaxation
dynamics can be measured pixel-by-pixel and the corresponding
lifetime distributions were analyzed accordingly for the charge
recombination in varied locations of the perovskite film.

The MAPbDI; perovskite film was prepared via a solution-pro-
cessing procedure reported elsewhere;?® the crystal morphol-
ogy (SEM) and its corresponding optical properties (absorption
and PL) are shown in Figures Sla and S1b, Supporting Infor-
mation (SI), respectively. The sample was sandwiched and
sealed with a microscope coverslip and mounted upside down
with the sealing coverslip facing the objective. The experimental
setup for the fs TAM measurements is shown in Figure S2, SI.
The pump is selected at 600 nm and the probe is set at the band-
edge of the sample (770 nm). The pump and probe fluences
were ~1 and ~3 pJ cm?, respectively, for which the pump fluence
was low enough to avoid any other higher order charge recom-
bination reported elsewhere.?%27] The TAM image was first taken
on a small field of view (FOV) with the size 6.6 x 6.6 um? (256
pixels by 256 pixels) and the range of the time delays between
pump and probe pulses extended up to 1200 ps. After the TAM
imaging scan was finished, the sample was etched with a high
laser power (~10 mW). Two kinds of markers were done: first,
the film was etched with a spot at the left-bottom corner of the
FOV; second, the film was etched with two large co-centered
squares (33 x 33 and 44 x 44 pm?) outside the FOV. The TAM
intensity image at the maximum signal (time zero) was then
taken again followed by taking the SEM image on the same
etched sample. The co-centered square markers on the sample
can be found in SEM by panning the FOV slowly and the spot
marker is needed to determine the orientation of the film. The
matching images of both TAM and SEM are visualized in Figure
S3, Sl

To precisely match the TAM and SEM images within the small
FOV taken before etching, there are a few steps necessary to be
done. First, we consider a larger size of the SEM image including
the spot-etched area (Figure 1a) so that the TEM image can be



done in the same area with good spatial resolution to match with
the TEM image. Second, we convoluted this etched SEM image
with a simulated point spread function (PSF) to generate a sim-
ulated TAM image (Sim-TAM, Figure 1b) with the coordinates for
the SEM image. This step is needed because the etched SEM
image itself does not have clear correlations with the etched
TAM image (Figure 1c). Third, we can now match the coordi-
nates of the TAM image with those of the Sim-TAM image (Fig-
ure 1d) in the original FOV (6.6 x 6.6 um?). Finally, the matching
coordinates were used to overlay the TAM image on top of the

SEM image, as shown in Figure 1le. The successful image map-
ping between the TAM intensity at time zero and the SEM mor-
phology can be visualized in a small window with the size of FOV
4.4 x 4.4 um?, as shown in Figure 1f. To confirm that the marking
process did not cause any photo-degradation, the TAM images
before and after etching were taken and compared in Figure S4,
Sl. The SEM image with a larger FOV (Figure S5, Sl) does not
show any photo-damage outside the laser ablation region.
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Figure 1. Steps towards finding the precise matching between SEM and TAM images of a polycrystalline MAPbIz film: (a) SEM image with the spot etching pattern
to be matched with the TAM intensity image; (b) simulated TAM image (Sim-TAM) by convolution of the SEM image with the simulated point spread function (PSF);
(c) the TAM intensity image obtained at time zero; (d) mapping of the TAM image with the Sim-TAM image to produce the matching coordinates for SEM; (e) the
TAM intensity image mapped on top of the SEM image; (f) the matched TAM/SEM images in a small field of view (FOV).

The TAM intensity image shown in Figure 1f indicates that,
upon excitation at 600 nm, the crystals generated more charge
carriers in the grain interiors (Gl) than in their GB. The grains
with high intensity might reflect those crystal grains with great
crystallinity. In contrast, the grains with low intensity might imply
their poor crystallinity with certain defects or trap states in the
crystal. For clarity, the TA intensities are normalized to 0 — 1 and
segmented into three regions, low (0-0.3), mid (0.3-0.7) and high
(0.7-1) intensities. The corresponding TAM/SEM mapping im-
ages and the colgr-cortjgd ”t']istograms of iptensi_ties
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are shown

respectively in Figures S6a and b, SI. As shown in Figure 2, the
blue-coded pixels (low intensity, Figure 2a) are mostly accumu-
lated around the GB region whereas the red-coded pixels (high
intensity, Figure 2c) are mostly accumulated in the Gl region; the
green-coded pixels (mid intensity, Figure 2b) are evenly distrib-
uted all over the film. The corresponding decay kinetics would be
analyzed pixel-by-pixel for the TAM image in varied regions of
the film.
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Figure 2. TAM intensity images (a-c) and the corresponding histograms of the lifetime distributions (d-f) for the normalized TA intensities in the three scales (a/d)

low intensity: 0-0.3, (b/e) mid intensity: 0.3-0.7 and (c/f) high intensity: 0.7-1.
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For the carrier relaxation dynamics in each pixel, the TA decay
profiles can be fitted by convolution of the instrument response
function (IRF ~0.5 ps) with the kinetics involving three compo-
nents — a Gaussian function representing the thermal lensing ef-
fect,?® a single exponential decay function representing the re-
combination of charge carriers and an offset signal representing
the long-lived carriers. The above kinetic model is described in
equation S1, Sl. We discovered that the carrier relaxation life-
times are broadly distributed in varied crystal regions of the film;
the histogram of the lifetime distribution of the whole FOV is
shown in Figure S7, Sl. It is noted that the observed carrier re-
laxation lifetimes are highly correlated to the quality of the film in
different areas with a broad lifetime distribution in the range 16 —
933 ps; the average (mean) lifetime (tave) Of the distribution is
380 ps. Since this lifetime distribution shows an asymmetrical
feature, it was fitted by two Gaussian functions with the peak po-
sitions at 281 and 447 ps, respectively. This bimodal lifetime dis-
tribution feature (sample 1) has been confirmed by another per-
ovskite film (sample 2) fabricated with the same procedure but
at a different day. The lifetime distribution of sample 2 was fitted
with two Gaussians centered at 213 and 551 ps, respectively,
with a mean lifetime 448 ps. Note that the long lifetime distribu-
tion of sample 2 is so pronounced and narrow whereas the short
one is broadly distributed to extend to 1500 ps (Figure S8, SlI;
the corresponding color-coded intensity image is shown in Fig-
ure 9a, Sl). Even though the two samples show different lifetime
distributions, both demonstrate a bimodal lifetime distribution,
which is a characteristic feature for a solution processed poly-
crystalline perovskite film that requires many well-controlled ex-
perimental steps to produce.

As shown in Figures 2d-f (sample 1) and Figures S9b-d, Sl
(sample 2), the relative amplitudes of the long and short lifetime
distributions strongly depend on the normalized TA intensities.
The intensity-dependent lifetime distributions of both samples
show the contrast relative amplitude changes for the long and
short lifetime distributions, for which the long/short amplitude ra-
tios show a systematic trend for low intensity > mid intensity >
high intensity. For sample 1, the mean lifetimes are 411, 381 and
350 ps for low, mid and high intensities, respectively; for sample
2, they are 538, 454 and 362 ps, respectively. Since the low-
intensity and high-intensity pixels are most located at the GB and
the Gl regions (Figure S6a for sample 1 and Figure S9a for sam-
ple 2), respectively, our results thus indicate that the charge re-
combination is slower in the GB region with low TA intensities
than in the GI region with high TA intensities. There is also an
additional distribution with ultra-short lifetimes (< 100 ps) in the
histogram of low intensity (Figure 2d) representing the structural
defects in some low-intensity areas.

To understand the effect of mean lifetime on grain size, we cal-
culated the mean lifetimes for each grain on both samples. Fig-
ures 3a and b show the SEM images for sample 1 and sample
2, respectively, with the boundaries of each crystal grain high-
lighted in yellow. In this way, the lifetime distributions of each
grain can be determined and the corresponding mean lifetimes
were plotted as a function of grain size for the two samples, as
shown in Figure 3c. The total number of grains is 58 for sample
1 and 283 for sample 2. It is apparent that sample 1 contains
more large grains than sample 2 with the average grain size (de-
termined by the square root of the crystal area) in the range 150-
900 nm, whereas sample 2 contains many small grains with the
grain size in the range 100-700 nm. As shown in Figure 3c, the
mean lifetimes of both samples match quite well for grain size
larger than 500 nm with a constant lifetime ~380 ps. In contrast,
for the grain size smaller than 500 nm, there is a clear increasing
trend on mean lifetimes with decreasing the grain sizes. Note

that the small grains also show large fluctuations on lifetimes be-
cause less pixels are averaged in small grains. Although the life-
times of sample 1 still overlap with those of sample 2 within the
uncertainties, the large contributions of long lifetimes on the
small grains of sample 2 make the size-dependent effect on
mean lifetimes more evident for sample 2 than for sample 1 (Fig-
ure 3c). Therefore, our results seem to show that the mean life-
times are greater for the small grains than for the large grains
when the crystals are smaller than 500 nm, and the lifetimes are
independent on the grain size when the crystals are larger than
500 nm. This phenomenon is consistent with the fact that the
small grains contain larger portions of GB with longer lifetimes
than for the large grains, for which the latter is dominated by the
contribution of Gl that shows the constant lifetime for both sam-
ples.
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Figure 3. SEM images of (a) sample 1 and (b) sample 2 with the crystal grains

highlighted in yellow; (c) the corresponding plots of mean lifetime (tave) as a

function of grain size for sample 1 (open circle) and sample 2 (solid circle). The

mean lifetimes of the whole FOV of both samples are indicated.

Our direct-mapping results show that the charge recombina-
tion times are longer for the small grains with more contributions
from the GB than for the large grains with more contributions
from the GI. This observation has resolved the controversial is-
sue for the influence of GB of a perovskite film on charge carrier
recombination to play a positive role, in consistent with previous
experimental results*41¢l and theoretical predictions.'”l Accord-
ing to theory, symmetry breaking at the GB creates trap states
that leads to slower charge recombination in GB than in GI.1]
Therefore, we may assign the long and short lifetime distribu-
tions being due to the trapped and free charge carries undergo-
ing charge recombination, respectively. For sample 2, the two
lifetime distributions are well separated and the deep trapped
charge carriers can be visualized in the SEM/TAM lifetime im-
ages (Figure S10, Sl) showing the red pixels (tave > 950 ps) dis-
tributed around the GB region and some small grains. In the
study of Jiang et al.,?¥ they concluded that the grain boundaries
act as energy acceptors to accelerate hot carrier cooling. In our
case, the effect of cooling (< 2ps) cannot be observed due to the
interference of thermal lensing occurred in that time scale. As-
suming that the hot carrier cooling was completed within the pi-
cosecond region, the long lifetimes in the grain boundaries indi-
cate that the grain-to-grain interaction is weak and there would
be more chance for the cold charge carriers in the surface trap



states to transfer to the charge extraction layers. However, the
rate of charge extraction depends on the interfacial properties
between perovskite and the charge-extraction layer. Therefore,
more characterizations are needed to understand the charge ex-
traction property for trapped charges in GB and free charges in
Gl in order to enhance the device performance of a PSC.

In conclusion, a direct mapping approach is reported in this
work for that the fs TAM image of a polycrystalline perovskite film
can be overlapped pixel-by-pixel with the TEM image. This is for
the first time the carrier relaxation dynamics can be correlated
directly on varied areas of a well-prepared perovskite film show-
ing uniform and close-packed morphology. We fitted the lifetime
distributions of the two samples with two Gaussian functions, for
which the short and long lifetime distributions might represent the
charge recombination processes for free and trapped carriers,
respectively. We then analyzed the lifetime distributions in three
normalized TA intensity regions for the two samples. We found
that the low-intensity pixels mostly located in the grain boundary
region with longer mean lifetimes whereas the high-intensity pix-
els mostly located in the grain interior region with shorter life-
times. As a result, the small grains with more contributions from
the GB feature longer lifetimes than the large grains for the grain
size smaller than 500 nm. For the grains larger than 500 nm, the
mean lifetimes are independent on the grain size up to 900 nm.
Our results thus indicate that the surface trap states in the grain
boundaries with retarded charge recombination (longer lifetimes)
might play a role for efficient charge extraction to the contact
layer. The TAM work on the effect of charge extraction from per-
ovskite to varied underlayers is underway.
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