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Transient Photoluminescence Microscopy (TPLM) allows for the direct visualization of carrier transport in
semiconductor materials with sub nanosecond and few nanometer resolution. The technique is based on
measuring changes in the spatial distribution of a diffraction limited population of carriers using spatio-
temporal detection of the radiative decay of the carriers. The spatial resolution of TPLM is therefore pri-
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marily determined by the signal-to-noise-ratio (SNR). Here we present a method using cylindrical lenses
to boost the signal acquisition in TPLM experiments. The resulting asymmetric magnification of the
photoluminescence emission of the diffraction limited spot can increase the collection efficiency by
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Introduction

Transient Photoluminescence Microscopy (TPLM) has
emerged as a powerful technique to directly visualize the dis-
placement of energy carriers in a variety of semiconductor
materials, including organic semiconductors," nanocrystal
assemblies,? transition metal dichalcogenides,”® and perovs-
kite semiconductors.®® Through this direct visualization of
the carrier motion, detailed information on the spatial
dynamics can be obtained.'®

In its simplest form, TPLM uses a pulsed laser for near-
diffraction-limited excitation of an initial population of energy
As the population broadens in time, photo-
luminescence (PL) emission that results from carrier recombi-
nation is collected and projected with large magnification
(typically >300x). By raster scanning an avalanche photodiode
(APD) through the strongly magnified image plane, a map of
the spatial and temporal dynamics of the population can be
recorded with sub-ns and few-nm resolution. Raster scanning
of an APD is the simplest and most cost-effective implemen-
tation of TPLM,"? though alternative detection schemes have
been reported as well, including the use of streak cameras®’
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more than a factor of 10, significantly reducing acquisition times and further boosting spatial resolution.

or time-gated ICCDs.® While there are small differences in the
quantum efficiency and temporal resolution of these different
detectors, the overall performance is comparable.

Using this method, a movie-like representation of the time-
dependent broadening of the carrier population is obtained.
By determining the change in variance (6°(t) — o*(¢ = 0)) of the
population for each time-slice, the mean-square-displacement
(MSD) of the population can be extracted (MSD = ¢°(t) — o°(t =
0)). Importantly, the spatial precision with which the expansion
can be determined is set by the signal-to-noise-ratio (SNR) and
can be on the order of just 10 nm.”> Consequently, maximising
the SNR is one of the key challenges in TPLM experiments.

Importantly, in many materials, carrier diffusion is isotro-
pic along the different in-plane dimensions. In this case, a
line-scan through the centre of the carrier population suffices
to obtain the full carrier transport characteristics. The reduced
scan area allows for a higher spatial precision within the same
acquisition time. At the same time though, a large fraction of
the signal is projected outside of the collection area of the line
scan and is therefore lost. To further boost the acquisition
efficiency of TPLM measurements in isotropic materials, we
propose the use of cylindrical lenses to concentrate the
majority of the PL signal onto the one-dimensional scan area.
We show that this method dramatically improves the SNR for a
given acquisition time. While this improvement is significant
to all types of materials, it is largest for materials with a large
diffusion length where carriers diffuse farther out from the
original excitation spot. The use of cylindrical lenses provides
a straightforward route toward improved spatial resolution in
TPLM measurements.
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Results and discussion

Our basic TPLM setup is based on the original reports by
Akselrod et al® and uses raster scanning of an avalanche
photodiode (APD, Micro Photon Devices PDM, 20 X 20 pm
detector size) through the image plane of the carrier popu-
lation. In short, a pulsed laser diode (PicoQuant LDH-D-C-405,
PDL 800-D, 4 = 405 nm) is focussed down to a near-diffraction
limited excitation spot with a full-width-at-half-maximum
(FWHM) of a few hundred nm using a 100x oil immersion
objective (Nikon CFI Plan Fluor, N.A. = 1.3). Fluorescence from
the material is then collected using the same objective, filtered
using a dichroic filter and projected to an intermediate image
plane using the standard f= 200 mm tube lens of the micro-
scope to yield a 100x magnification. To generate a higher mag-
nification for TPLM measurements, a set of relay lenses is
used. For conventional TPLM, this set consists of a f= 100 mm
collimating and a f = 400 mm imaging lens to yield a theore-
tical total magnification of the image plane of 400x (see
Fig. S1}). For example, taking an emission spot of 500 nm, the
projected size of the carrier population at this magnification
would be as large as 200 pm, which is significantly larger than
the APD detector size of 20 um. The relatively small size of the
APD allows for high resolution mapping of the emission
profile of the carrier population along the scan direction.
Importantly though, as mentioned, a trade-off exists between
the achievable resolution in the scan direction and the loss of
signal from carriers moving in the orthogonal direction.

To capture signal from carriers moving orthogonally to the
scan direction, we implement a detection scheme with cylind-
rical lenses. In this alternative geometry, we substitute the f =
400 mm spherical lens with a set of two perpendicularly
oriented cylindrical lenses to collapse the x-axis of the image
plane (see Fig. 1 and a more complete set-up description in
Fig. S27). The first cylindrical lens (LJ1363RM Thorlabs) has
the identical focal length to the original spherical lens (f; =

scanning :
APD :
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400 mm) and generates the high total magnification of 400x
along the scanning direction (y-axis in Fig. 1). The second
cylindrical lens has a short focal length (f, = 20 mm, AYL2520-
A Thorlabs) and is used to collapse the image along the
orthogonal direction (x-axis in Fig. 1), resulting in a total mag-
nification of 20x. With a magnification ratio of 400/20 = 20,
the short axis of the asymmetric image of the carrier popu-
lation is then reduced to around 10 pm, well within the size of
the APD detector and significantly reducing the signal losses
due to carriers moving in the orthogonal direction. It should
be emphasized that these magnifications are theoretical and
can vary in practise due to imperfections in the alignment and
in the lens quality.

To test the cylindrical lens setup, we image the PL emission
spot of a single crystalline flake of 2D perovskite ((PEA),Pbl,)
onto an EMCCD camera (Princeton Instruments, ProEM HS
1024BX3). 2D perovskites exhibit isotropic carrier diffusion in
the in-plane directions in the form of excitons.®”"'** Fig. 2a
shows the image of the PL emission using the traditional spheri-
cal lens setup, showing the projection of the symmetric emis-
sion spot at large magnification. In comparison, for the image
from the cylindrical lens setup shown in Fig. 2b, the large mag-
nification along the y-axis is maintained but the compression of
the image along the x-axis is clearly visible. To compare the light
intensity of the cylindrical (Iy) and spherical lens (L) con-
figurations, in Fig. 2c we show the intensity profiles along the
x-axis normalized to the maximum intensity of Iy,,. For the
cylindrical projection the FWHM of the large y-axis magnifi-
cation (blue solid line) measures 312 pm, while for the x-axis
this is reduced to 26 um, yielding a magnification ratio of
around 12. While this is less than the theoretical magnification
ratio (400/20 = 20), a significant gain in signal collection onto
the 20 um APD detector can be achieved, as indicated by the
grey dashed lines in Fig. 2c. To quantify the signal enhance-
ment, we integrate the intensity of the central 20 um of the line
traces shown in Fig. 2c. While the spherical lens projects only

v

Fig. 1 Set of cylindrical lenses placed along the light path towards the APD. The lenses highly magnify the PL emission spot along the scanning
direction (y-axis) while simultaneously demagnifying it along the orthogonal direction (x-axis). The APD scan of the imaged PL spot is performed

along the y-axis (white dashed line).
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(a and b) Visualization of the projection of the emission intensity of the 2D perovskite with the spherical and the cylindrical lenses, respect-

ively. (c) Intensity profiles along the x-axis of the center of the population for the cylindrical (red) and the spherical (blue) lenses. Dashed grey lines
denote the APD size (20 pm). Intensities in c are normalized to the maximum intensity detected with the spherical lens.

3% of the total emission along the x-axis onto the detector, the
cylindrical lens enhances this to 35%. This is translated into a
total integrated intensity enhancement (Iey/Ispn) of 10.8.

To test the benefits of the intensity enhancement achieved
with the new configuration, we perform TPLM with both set-
ups. For this, the image plane is projected onto the APD,
which is placed on a motorized x-y stage that allows for the
spatial scanning. In a first step, the APD is raster scanned
across the image plane to find the center of the emission spot.
Then, for both the spherical and cylindrical lens configuration,
the actual measurement is performed by scanning along the
y-axis while keeping the x-axis fixed. The resulting one-dimen-
sional diffusion maps for the 2D perovskite are presented in
Fig. 3a and b. In these spatiotemporal maps, every time slice is
normalized to its maximum intensity, highlighting the broad-
ening of the population as a function of time. Despite equal
integration times (4.5 min), laser repetition rate (40 MHz), and
excitation fluence (50 nJ cm™?), the SNR of the diffusion map
of the cylindrical lens configuration is considerably better as
compared to the spherical lens configuration.

In a conventional TPLM experiment with spherical lenses,
the MSD is extracted by measuring along the central cross-
section of the exciton population and tracking its change in
variance o°(t) — 6°(0) for each time slice by fitting the experi-
mental result with the expected intensity profile - normally a
Gaussian or a Voigt distribution. Using a Gaussian or a Voigt
distribution as a fit function for the cross section is possible in
a conventional TM experiment with spherical lenses because

This journal is © The Royal Society of Chemistry 2023

the detector size is much smaller than the magnified image of
the carrier population (20 vs. 200 pm in the example above)
and can therefore be well approximated as a point detector.'’
Crucially though, because of the smaller magnification in the
orthogonal direction in the cylindrical lens setup, the approxi-
mation of a point detector no longer holds. In fact, due to the
small magnification in the orthogonal direction (x-direction in
Fig. 1 and 2b) the detector no longer collects a one-dimen-
sional slice of the distribution, but a larger collection area,
which can be represented by the integral: i(y) = ji/ziz f(x,y)dx,
where f(x,y) is the carrier distribution and d is the projected
and demagnified detector size in the x direction (e.g. for a
20 um APD and a cylindrical setup with 20x magnification: d =
20 um/20 = 1 pm). This integral represents the expected inten-
sity distribution to be measured for a cylindrical lens setup,
and hence A(y) has to be used to fit the experimental results.
Interestingly, for a Gaussian exciton population, the integral is
again Gaussian just like the simple cross section (A(y) «f(x,y =
const.)). However, this proportionality is specific to the
Gaussian fit and does not hold for other types of fit functions
to the distribution. A number of Transient Microscopy studies
have shown that simple Gaussian functions often fail to
capture the tails of the emission profile in thin films.>*"* For
a more accurate determination of the MSD(¢), the tails of emis-
sion profiles are often best described by Voigt functions,
which are convolutions of a Lorentzian with a Gaussian.>° To
accurately determine the change in variance o(t)* — o(t)* of the
Voigt function in the case of the definite integration, we intro-
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Fig. 3 Diffusion maps of a perovskite sample for the spherical (a) and
cylindrical (b) lens setups. (c) MSD extracted from (a) and (b) for the
cylindrical (red circles) and the spherical (blue diamonds) setups.

duce a numerical integration %(y) of a 2D Voigt along the
x-axis in the APD scan area. With the resulting integrated func-
tion, we fit the experimental TPLM data, allowing us to calcu-
late the MSD(t) dependence using MSD(t) = o(t)* — 6(0).>

Fig. 3c shows a comparison of the resulting MSD as a func-
tion of time for both the spherical and cylindrical lens setup.
The error bars represent the uncertainty (one standard devi-
ation) in the fitting procedure for MSD(¢), in both cases increas-
ing significantly at later times when the fluorescent signal is
diminished due to the exponential decay of the excitons in the
system. Importantly though, the error bars for the cylindrical
lens setup are dramatically reduced as compared to the spheri-
cal lens, as expected from the improved signal collection (see
Fig. S3 and S4f). Consequently, for equal acquisition times,
more precise information about the MSD can be obtained
using the cylindrical lens setup. A noteworthy implication is
that this can improve the visualization of the dynamics at the
later times where the SNR is typically low, providing valuable
information about anomalous transport regimes and the
corresponding local energy landscape of the material.'®

To determine the diffusion length, we use a biexponential
fit of the fluorescence lifetime decay dynamics (see Fig. S57) to
determine the fraction of surviving excitons as a function of

14834 | Nanoscale, 2023, 15, 14831-14836
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time (see Fig. S51). The diffusion length Ly, is then defined as
the net displacement in one dimension achieved by 37% (i.e.,
1/e) of the exciton population. The improved SNR in both the
spatial as well as the temporal decay dynamics using the
cylindrical lens setup improves the precision with which the
diffusion length can be determined for equal acquisition
times, yielding Ly, = 174 + 11 nm for the spherical and L, = 184
+ 4 nm for the cylindrical lens setup.

The ability to resolve the displacement of excitons is pri-
marily determined by the SNR in the experiment. While exci-
tons in (PEA),Pbl, diffuse across several hundreds of nm
during their lifetime, displacements in other systems are often
much smaller. An example of such a system are colloidal
quantum-dot thin films in which transport of excitons relies
on Forster-mediated energy transfer between individual
quantum dots in the lattice. Fig. 4 shows the comparison of
the MSD as a function of time between the spherical and
cylindrical lens setup. Comparing Fig. 4a and b, a clear
improvement in the SNR is observed when using the cylindri-
cal lens setup. Importantly, even though the broadening of the
population in both diffusion maps is much less pronounced
than for the perovskite materials, a clear broadening can be
observed in the corresponding MSD curves (see Fig. 4c). In the
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Fig. 4 Diffusion maps of a QD sample for the spherical (a) and cylindri-
cal (b) lens setups. (c) MSD for the cylindrical (red circles) and the
spherical (blue diamonds) lenses. Dashed lines are fits to a power law.
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case of the QDs, the MSD shows a clear sub-linear behaviour,
indicative of subdiffusive transport (see Fig. 4c). Subdiffusion
of carriers in QD solids is commonly observed and is caused
by polydispersity in the QD ensemble leading to a disordered
energy landscape.” To quantify the subdiffusive behaviour, we
use a power law (MSD(¢) = 2Dt%). From the fits we obtain D =
0.003 + 0.002 cm”® s~ and D = 0.003 + 0.001 cm” s~ in the
spherical and cylindrical lenses, respectively. Corresponding
diffusion lengths that are obtained from these measurements
are Lp = 41 + 6 nm for the spherical and L, = 40 + 5 nm for the
cylindrical lens setup. With the cylindrical lens setup, a single
measurement provides higher accuracy for both the diffusion
length and the diffusivity (see Fig. S4 and S61).

Conclusion

We have demonstrated a simple method to improve the data
acquisition efficiency in Transient Microscopy measurements
for materials with isotropic diffusion in the x-y plane using
cylindrical lenses. The intensity enhancement for the specific
examples in this work is around 10-fold, reducing the needed
acquisition time for measurements with equal SNR by the
same amount. Importantly, further improvements in the inten-
sity enhancement can be achieved using larger focal length
ratios for the two cylindrical lenses, as well as using higher
quality lenses. In the presented work, the combination of the
two cylindrical lenses (f; = 400 mm, f, = 20 mm) was chosen
for practical reasons to fit the existing path-length between
microscope and detector. Naturally, if chosen freely, larger
focal length ratios will yield larger compression along the
x-axis and further improved intensity enhancement. Crucially
though, the current setup employs a f, = 20 mm focal length
lens with a diameter of 25 mm as the short focal length cylind-
rical lens, resulting in a small f-number and relatively poor
quality of the focus. This limitation is clear when comparing
the theoretical demagnification (400/20 = 20) and the experi-
mentally obtained demagnification of around 12. Larger
f-numbers on both cylindrical lenses would further improve
the experimental intensity enhancement and the improvement
in the signal collection, although at the cost of a longer optical
path of the total setup. Importantly, the intensity enhance-
ment for the cylindrical lens setup also depends on the
diffusion length of the carriers in the specific material under
study. For materials with long diffusion lengths, larger
enhancements can be obtained as the carriers diffuse farther
away from the axis of measurement in the conventional spheri-
cal lens setup. We simulate the maximum enhancement for
different time-integrated population distributions and
different magnification ratios for a given detector size (here
taken as d, = 20 pm) and fixed y-axis magnification (M, ~ 400).
The results displayed in Fig. 5 are obtained considering a
Voigt population distribution, although similar values were
obtained with a Gaussian distribution, see Fig. S7.f
Enhancements of up to 25 times are achievable for example
for a magnification ratio of 30 and a relatively long diffusion

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Simulations of the dependence of the signal enhancement (/.,/
Ispn) ON the magnification ratio (M,/M,) and the time-integrated FWHM
of the energy carrier population for a detector size of 20 pm and y-axis
magnification of M, ~ 400. A signal enhancement up to ~25 is predicted
for magnification ratios of 30 and FWHM of 1.2 um. A Voigt was chosen
as population distribution.

length with a full-width-at-half-maximum (FWHM) of 1.2 pm.
Simulations of the dependence of the signal enhancement on
more general system parameters are shown in Fig. S8.1

Finally, it is worth mentioning that the use of cylindrical
lenses can benefit to other Transient Microscopy techniques
beyond TPLM, including for example Transient Absorption
Microscopy or Transient Scattering Microscopy (ie.
stroboSCAT)."®> The improved SNR in these types of measure-
ments will help to reduce data acquisition times and sample
degradation, and may help resolve details of the transport
dynamics at longer times when the decay of the carrier popu-
lation reduces the signal strength.
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