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ABSTRACT: With the increasing demand for new materials for
light-harvesting applications, spatiotemporal microscopy techni-
ques are receiving increasing attention as they allow direct
observation of the nanoscale diffusion of excitons. However, the
use of pulsed and tightly focused laser beams generates light
intensities far above those expected under sunlight illumination,
leading to photodamage and nonlinear effects that seriously limit
the accuracy and applicability of these techniques, especially in
biological or atomically thin materials. In this work, we present a
novel spatiotemporal microscopy technique that exploits structured
excitation in order to dramatically decrease the excitation intensity,
up to 10,000-fold when compared with previously reported
spatiotemporal photoluminescence microscopy experiments. We
tested our method in two different systems, reporting the first exciton diffusion measurement at illumination conditions below
sunlight, both considering average power and peak exciton densities in an organic photovoltaic sample (Y6), where we tracked the
excitons for up to five recombination lifetimes. Next, nanometer-scale energy transport was directly observed for the first time in
both space and time in a printed monolayer of the light-harvesting complex 2 from purple bacteria.

KEYWORDS: spatiotemporal, exciton, diffusion, light-harvesting, nanoscale transport, sunlight

B INTRODUCTION photodamage limits the application of spatiotemporal micros-
copy, especially in biological and atomically thin samples.
Second, high exciton densities lead to the presence of many-
body effects, such as singlet—singlet annihilation (SSA), usually
causing an overestimation of the diffusion coefficients.'' ™"
These limitations apply particularly to methods based on
TA,'"'"" as they rely on a nonlinear contrast mechanism.'®
Alternatively, as PL is linear, point-excitation spatiotemporal
PL (PE) microscopy is the chosen technique when low
fluences are required. This method has proven useful in
studying different materials, including TMDs,'”"® perov-
skites,'”~*' quantum-dots solids,”> and many others.'>""**
As its name suggests, PE microscopy uses a diffraction-
limited spot to excite the sample, and the diffusion properties
are obtained by performing spatiotemporal maps of the
emitted PL. This is achieved by a spatially displaced confocal

Tracking energy flow on the nanoscale has become
fundamental for the development of novel technological
devices and materials as well as for fundamental research in
biology and chemistry. In particular, exciton transport received
increasing attention' since the advent of new high-performance
semiconductors for light harvesting and photonic applications,
such as perovskites” and transition metal dichalcogenides
(TMDs).” In chemistry, the transfer of energy between two
molecules is usually referred to as excitation energy transfer
(EET), which has been investigated extensively, for example, in
the process of photosynthesis.”

Visualization of nanoscale energy transport is a challenging
task, requiring high resolution in both space and time, as
exciton recombination lifetimes are usually in the picosecond
to nanosecond range and transport lengths are on the order of
tens of nanometers. To achieve this, ultrafast lasers and high- -
resolution microscopy have been combined in a variety of Received:  January 2, 2024 {Ptictonics
techniques that exploit transient absorption (TA)°™" or Revised:  February 9, 2024
photoluminescence'® (PL) to report on exciton transport. Accepted:  February 12, 2024

Despite the success of these techniques, they require laser Published: February 22, 2024
intensities that are many orders of magnitude above sunlight
(operando) conditions. This has two major drawbacks: first,
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Figure 1. Excitation power densities needed for StrEET (this work) and previously reported point-excitation spatiotemporal microscopy
experiments in units of sunlight intensity (1 sun = 0.1 W/cm?). Using the point-excitation technique, most samples required between 10 and 100

solar intensities.

detection, where a small pinhole is scanned across the
excitation beam and the collected light is detected in a time-
correlated single photon counting (TCSPC) scheme'’ or using
a streak camera.”* As a result, two-dimensional (2D) maps
(photon arrival time vs pump-detection relative distance) are
acquired, where diffusion is directly observed as a spatial
broadening of the exciton population whose squared width
grows linearly with time.”> As diffusion lengths are usually in
the order of tens of nanometers®® (far below the diffraction
limit), the fitting of a broadened point spread function (PSF)
model is required, usually a Gaussian. The fitting dramatically
increases the spatial accuracy, allowing for the detection of
such small variations in the PL emission.

Nevertheless, as very small broadening must be detected,
tightly focused beams and high signal-to-noise ratios (SNR)
are necessary, again requiring an increase in the excitation
fluence. Moreover, small differences between the real PSF and
the fitted model may lead to signal artifacts and inaccuracies.
As shown in Figure 1 (and using the intensity of sunlight at the
Earth’s surface, roughly 0.1 W/ cm?, as a reference), a literature
review shows that most PE microscopy measurements were
performed with a power density in the range between 10 and
100 solar intensities, with the lowest reported close to one sun.
This means that the goal of performing measurements under
sunlight conditions has still not been achieved for most
samples.

A recent study used PE microscopy to investigate the effect
of laser fluence on exciton diffusion in the nonfullerene
acceptor Y6 (a promising organic photovoltaic material for the
next-generation solar energy harvesting devices” ™) and
proposed a method for uncoupling the SSA effect on the
diffusion coefficient."" Nevertheless, this approach requires a
fluence dependence study, together with a numerical fit of an
SSA model.

Here, we present structured EET (StrEET) microscopy, a
novel method for spatiotemporally resolved EET measure-
ments that exploits structured excitation to achieve measure-
ments at extremely low light levels. This is accomplished by an
increase in the sensing area, which is interrogated in a parallel
fashion, allowing a fluence reduction by up to 10*fold when
compared to point-excitation (as shown in Figure 1).
Additional benefits of the method are that no PSF nor lifetime
fitting is required, as the transport information is obtained
from a simple computation between two time-resolved PL
traces, and increased accuracy, as the spatial scale is given by
the excitation structure. Details of the technique are presented,
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followed by experimental results. We show ultralow fluence
measurements (below solar power densities) in two different
samples. In the first, we use the nonfullerene acceptor Y6,
where we demonstrate the relevance of measuring at low
fluences to avoid SSA contributions to the diffusivity, and in
the second we use a monolayer’ of light-harvesting complex 2
(LH2 of purple photosynthetic bacteria>'). LH2 is a fragile
biological antenna system where photobleaching and SSA****
are relevant at relatively low pump fluences and, thus, reducing
the fluence is of vital importance for the experiment. Although
evidence of transport was previously presented for LH2-based
systems,ss’34 our experiment is, to our knowledge, the first to
track the diffusion of excitons in both space and time.

B STREET MICROSCOPY

In this section, we describe the method and present the
mathematical formulation that allows for the retrieval of the
diffusion properties using StrEET microscopy.

As stated previously, the goal of the method is to reduce the
excitation fluence by redistributing the pump light over a larger
area of the sample. If the total number of incident photons is
kept constant, this leads to a reduction of the exciton density
without a loss of SNR, as the total number of detected photons
is also conserved. In any case, high spatial frequency excitation
is required to retrieve spatial information, so we used a sine-
wave pattern with a period close to the diffraction limit.
Conceptually, the method exploits the reduction of the
modulation amplitude of the periodic excitation caused by
diffusion, as illustrated in Figure 2a. As the excitons diffuse,
they migrate following the concentration gradient (peaks to
valleys of the excitation), leading to a washing out of the
periodic structure.

This idea is also at the heart of transient grating
spectroscopy (TGS),**® where the spatial distribution of
the exciton population acts as a diffraction grating for a probe
beam, whose diffraction efficiency reports on the modulation
contrast of the grating. Here two important differences to TGS
should be noted: first, TGS is a pump—probe technique,
meaning that a nonlinear signal is being measured, whereas PL
is a linear signal, which allows for a large reduction of the
excitation fluence. Second, the low fluence is combined with
photon counting, and the pump pulse has to produce only a
few excitations, which are distributed over an area as large as
40 pm in diameter. This means that the exciton population
hardly resembles a diffraction grating at any time. Indeed, the
spatial information in StrEET microscopy is not recovered

https://doi.org/10.1021/acsphotonics.4c00004
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Figure 2. StrEET microscopy method and experimental setup. (a) Representation of the PL spatial dependence under sine-wave excitation for two
different times. Shaded regions represent the two areas selected by the detection mask. A zoom shows how an exciton created in region A can emit
a PL photon there or in region B after diffusing, leading to different PL dynamics. (b) Experimental setup, representing the pump and PL beam
paths through the microscope. A transmission mask is used to select the two areas of interest. (c) EMCCD image of a representative sample
showing the structured excitation pattern. (d) Time-resolved PL traces for the two positions of the transmission mask (on a Y6 sample), whose

difference (shaded region) contains the transport information.

from a collective modulation of the refractive index of the
sample, but from a statistical average of the individual emission
positions. To achieve this, a periodic transmission mask is
introduced in the detection path, to selectively block the
photons emitted from either the peaks or the valleys of the
excitation. The emission of all the excited area (after the mask)
is integrated into a single-pixel avalanche detector. This results
in two individual time-resolved PL traces (corresponding to
the two selected areas), from where we calculate the diffusion
properties of the sample without the need for any fitting.

To formally describe this scheme, we start by considering a
short light pulse that excites our sample with a sine-wave
spatial dependence in one direction. Because of the interaction
with the incident electric field, an exciton population is created
whose location probability reproduces the same spatial
structure as the excitation. After this, the system will start
evolving due to two major effects: diffusion and recombination.
For an exciton population N of characteristic recombination
time 7 experiencing isotropic, in-plane diffusion, the differential
Equa‘%on describing the evolution of the system takes the
orm”

ON 20 L=
—(#,t) = DV*N(¥,t) — =N(7, t
G, ) = DV'NGF, ) = =N, 1) o

where 7 = (x,y) and t are the spatial and temporal degrees of
freedom and D is the diffusivity. Thus, for a periodic sine-like
excitation, we can write the exciton population at time zero
(shortly after the interaction with the laser) as

NG, t=0) = %(1 + cos k) o

where k is the excitation spatial frequency and N is a scale
factor which depends on the absorption cross-section and the
laser parameters. The evolution of this initial state under eq 1
is
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N
N(#, t) = Toe_t/f(l + e ¥ Plos kx)

()

Because of the linearity of eq 1, expression 3 has the same
spatial frequency components present in the initial population,
and only the amplitude of each term changes over time.
Indeed, we can see that the CW component contains
information only on the recombination lifetime 7, while the
oscillatory term (at spatial frequency k) is affected by both
recombination and transport. Thus, diffusion information can
be isolated by computing a ratio between these two spatial
frequency components. To achieve this, we need to spatially
demodulate our PL signal to retrieve the individual amplitudes
of each term. To do so, the emission from the sample is imaged
on a transmission mask with identical periodicity. The PL
intensity distribution I after the mask is then obtained by
multiplication of the transmission function as

I=Le""(1 + e ¥l cos kx)(1 + cos(kx + ¢)) (4)

where I, is a proportionality factor related to N, by the
emission properties of the sample and ¢ is the relative phase
between the excitation and the transmission mask periodicities.
If we expand this expression, we will find terms at spatial
frequencies 0, k, and 2k. As we want to integrate all of the PL
in a single point detector, only the CW frequency component
will contribute, as the other two will average to zero. From
these considerations, we find that the integrated signal in our
detector S can be expressed as

S= Soe_t/f(l + Lo (p)

2 (5)
where S, is a proportionality constant related to I, by the
properties of the optics and the detector. Choosing appropriate
values of ¢ allows us to isolate the transport and
recombination contributions. It is easy to see that the
maximum and minimum values of transmission will occur

https://doi.org/10.1021/acsphotonics.4c00004
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when the mask is in phase and out of phase, respectively, with
respect to the excitation. We define these two signals as A and
B (obtained by evaluating ¢, = 0 and @ = 7 in eq S). These
are the only two experimental measurements required to
retrieve the diffusivity of our sample. First, we simply need to
realize that A — B is the amplitude of our spatial modulation,
i.e., the one containing both D and 7 information. Second, A +
B is twice the average value, i.e., the CW term, containing only
7. We can also understand A + B as being the integrated signal
without using the periodic mask in detection where the
diffusion information is averaged to zero. It is then easy to see
that

A-B _ le—kth
A+ B 2

(6)

where the dependence on 7 is no longer present. From this
expression, we only need to accurately know k, the excitation
spatial frequency, to get D. Unsurprisingly, this expression is
the impulse response function of the diffusion equation in the
spatial frequency domain. As higher frequencies decay faster
than the lower ones, the sensitivity of the method is maximized
when the excitation period is close to the diffraction limit. In
contrast, point-excitation requires a broad band of spatial
frequencies to achieve tight focusing, of which the lower part
carries little information, as their associated decay times are
much longer than the recombination lifetime. As a result,
StrEET recovers the same information with reduced fluence
and leads to a much easier interpretation of the data. Also, the
use of the demodulation mask allows encoding the spatial
information into intensity variations, increasing the SNR, and
eliminates the need for Gaussian fitting to track the excitation
expansion. Moreover, accuracy is enhanced, as the spatial scale
is defined purely by the excitation period, which is produced by
a high-precision diffraction grating, leading to reduced
calibration errors. The only trade-off for these advantages is
that the diffusion information is averaged over the whole
excitation area, making the method suitable for relatively
homogeneous samples. It should be noted that also point-
excitation methods still impose some homogeneity constraints,
as the diffusion is required to be constant on a scale a few times
larger than the excitation full-width half-maximum to
accurately fit a Gaussian model. This leads to an effective
spatial resolution (meaning the ability to resolve spatial
changes in the transport properties of the sample) in the
order of a few microns.

To visualize the transport of energy, previous studies
define the mean square displacement (MSD) as the variance of
the impulse response function of the diffusion equation in the
spatial domain. For a direct comparison, we can obtain the
same information from eq 6, leading to

20,21

MSD(t) = —%Iog(i "

B) « 2Dt
B )
the slope of which is proportional to the diffusivity. This
equation highlights the fact that the method needs only two
spatial measurements (in contrast to the many required to
accurately fit a Gaussian PSF model) and that no fitting is
required to track the diffusion.

As A and B are the extrema of eq 5, small variations in the
relative phase between the excitation and the demodulation
mask will only cause a signal variation that is proportional to
the square of the positioning error, making the method very
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robust to small misalignments. In fact, because of the
normalization, the technique requires only a phase difference
of 7 between A and B to isolate the diffusion contribution. For
the case of ¢, # 0 and ¢pg # 7 but ¢pg — P, = 7, eq 6 holds
with a proportionality factor smaller than 1/2 (which relates to
the cosine value at ¢,) that becomes a constant offset when
the logarithm is evaluated in expression 7, the slope of which
still reports on the diffusivity. The same argument holds for an
imperfect sine-like illumination, which also reduces the 1/2
contrast factor in eq 6. Taking all of these considerations into
account, positioning accuracy on the order of one micron is
required, which is easily achieved with a piezoelectric actuator.
For accurate positioning of the detection mask, a calibration
measurement is performed prior to the diffusion measure-
ments, where fluorescence is collected while scanning the
actuator position. From this scan, the locations corresponding
to ¢, and ¢py are precisely identified as the maximum and
minimum of the fluorescence signal.

Equation 1 assumes that the interaction between excitons is
negligible. This is not the case for high excitation fluences,
where many-body effects such as SSA are often relevant. To
account for this, a quadratic term of the form —y(t)N* should
be included in eq 1, where y(t) is a function that accounts for
the annihilation rate.*® The solution to this nonlinear equation
becomes nonanalytical and dependent on the initial fluence.
The use of the linear solution when nonlinearities are present
leads to an overestimation of the diffusion coefficients, which
can be understood as arising from a distortion of the Gaussian
profiles in the point-excitation method or from an accelerated
modulation amplitude decay in the one proposed here. In
situations where SSA cannot be neglected, a numerical fit of
the full model [including the quadratic SSA term —y(t)N*] can
still be performed, as proposed in previous point-scanning TA
measurements,” where y was assumed to be constant.
Nevertheless, the drastic reduction in fluence achieved by
StrEET allows SSA to be completely ruled out in most cases,
leading to a simpler and more accurate data analysis.

The experimental setup used for the measurement of
diffusion using StrEET microscopy is shown in Figure 2b
and thoroughly described in the Methods section. Briefly, a
diffraction grating and a high NA microscope objective are
used to generate a high-frequency structured illumination in
the sample. The PL emission is collected by the same
objective, spectrally separated, and imaged on a transmission
mask of the same period as the excitation, mounted on a
piezoelectric actuator. The transmitted light is then integrated
into a single-photon avalanche detector (SPAD) for TCSPC.
The overall magnification is 1.2X sample to detector, limiting
the maximum collection area to about 42 ym in diameter for a
50 um diameter SPAD. For this particular situation, the fluence
reduction compared to a diffraction-limited point-excitation
setup is greater than 12,000 times.

Figure 2c shows the PL arising from the periodic excitation
of a homogeneous, 50 nm thick Y6 film. Two typical time-
resolved PL traces corresponding to mask positions A and B
(peaks and valleys) are shown in Figure 2d. There, we can see
that the difference between the two curves (pink shading),
which contain the diffusion information, decreases with time,
as expected from eq 6. A typical measurement is performed by
acquiring these two traces in an alternated way and for a
relatively short integration time (around 10 s) to avoid
saturation of the TCSPC electronics and to minimize the

https://doi.org/10.1021/acsphotonics.4c00004
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Figure 3. Results of the StrEET microscopy experiment in a Y6 sample. (a) Y6 molecule and crystalline lattice.** (b) Fitted diffusivity against
excitation fluence, showing apparent increase at high fluences due to the presence of SSA. (c) MSD measurement for the lowest fluence of 0.002
nJ/cm? and linear fit for diffusivity estimation. (d) MSD at 0.18 nJ/cm” for a longer time scale. Sublinearity of the MSD evidence the presence of

trap states.

effects of bleaching. The desired SNR is then achieved by
iteration of this process.

B RESULTS AND DISCUSSION

We start by characterizing the performance of the method in a
Y6 sample, as illustrated in Figure 3. For this purpose, a fluence
dependence study was performed, covering S orders of
magnitude from 0.002 nJ/cm® up to 190 nJ/cm® Compared
to the solar power density, this corresponds to 107 up to 100
solar intensities. Note that, as shown in Figure 1, most PE
microscopy measurements are performed in the range between
10 and 100 solar intensities.

The results of these experiments are listed in Figure 3. For
every fluence, TCSPC traces are acquired for the detection
regions A and B and, after this, MSD is calculated using
expression 7. From each MSD plot, diffusion is obtained from
the slope of a linear fit constrained to the first lifetime of the
PL signal (around 650 ps). In Figure 3b, the resulting
diffusivities are plotted against fluence (and sun intensity in the
upper axis), showing a constant value for fluences smaller than
1 nJ/cm? resulting in D = (1.41 + 0.03) X 107> cm®/s (2%
relative error) at a fluence of 0.18 nJ/cm?, and corresponding
to a diffusion length of /2Dt = 43 nm. In Figure 3¢, we show
the MSD signal at the lowest fluence of 0.002 nJ/ cm?, where
the linear fit (light blue) results in D = (1.4 + 0.1) X 107>
cm?/s (7% relative error). At higher fluences, the diffusivity
apparently increases, as expected from SSA. This effect is
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particularly important in the range where PE microscopy
experiments are usually performed, where overestimations of
the diftusivity of up to a factor of 10 are observed.

A previous study on the same sample using the point-
excitation strategyll also reported an important SSA
annihilation effect. In this work, values of D = (2.0 + 0.6) X
107 cm?/s and D = (2.3 + 0.3) X 107 cm?/s are reported for
different fitting models at a fluence of 13 nJ/cm? (S excitations
per pulse), together with a numerical solution to the
differential equation including a quadratic SSA term, resulting
in an estimated diffusivity of D = (1.7 & 0.3) X 107 cm?/s.
These values are close to the ones found here and might still
overestimate diffusivities due to SSA, as our results suggest.
Notice that the estimations provided by the point-excitation
technique require various levels of mathematical abstraction
and fitting, such as PSF fitting for the width extraction and 2D
numerical modeling for the low fluence extrapolation. On the
other hand, our structured excitation approach retrieves the
exciton MSD without any fitting, and ultralow fluence
measurements completely rule out nonlinear effects.

Until now, we made use of average power densities to
compare with solar intensities, as is usual in literature.
Nevertheless, and from the sample point of view, operando
conditions are better described by accounting for the steady-
state exciton density present in the material under solar
illumination. This number is system-dependent, as it is affected
by absorption cross sections, recombination lifetime, and
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Figure 4. Results of the StrEET microscopy experiment in an LH2 monomolecular layer. (a) Structure of the light-harvesting 2 complex®
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spectral overlaps. To see if our particular experiment is below
this threshold, we can define the operando-equivalent fluence
for a given material and pump wavelength as the fluence at
which the peak exciton density is equal to the steady-state
density under sunlight. This means that the exciton density
during the experiment will be lower than that expected at
operation at all times. For Y6 and a laser wavelength of 800 nm
this results in an operando-equivalent fluence of 0.023 nJ/cm?,
a much lower threshold than the 1.3 nJ/cm?* obtained from
comparing average intensities. Nevertheless, our measurement
at the very low fluence of 0.002 nJ/cm? is still 1 order of
magnitude below the threshold, making this, to our knowledge,
the first direct measurement of the exciton diffusivity below
operando illumination conditions, both considering average
power density and peak exciton density.

An additional advantage of our method is that as a
consequence of increased SNRs, excitons can be tracked for
much longer times. In Figure 3d, we show the MSD signal
measured at a fluence of 0.18 nJ/ cm? (below one solar average
intensity and the SSA threshold), where the excitons can be
tracked up to 3.5 ns, equivalent to S exciton lifetimes (1/e
decay time). At these long times, we can see that the diffusion
equation (dashed line) starts failing to describe the data, which
shows a subdiffusive expansion. This kind of behavior was
already observed by PE microscopy in tetracene'’ and
perovskites,zo’21 but never before in Y6, and it is attributed
to the presence of trap states. A homogeneous trap distribution
model was proposed20 to describe this, leading to an
exponential saturation of the MSD of the form

MSD(t) = 24%(1 — e P4 (8)
where 4 is the average trap distance. We can see that for t <
2*/D the linear behavior is recovered. By fitting this model
(full line), we retrieve an average trap distance of 4 = 180 nm,
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corresponding to a trap density of 3 X 10° cm™2. This shows
that StrEET microscopy can provide additional sample
information, even at average intensities below sunlight.

In addition to the Y6 characterization shown so far, we
present the first spatiotemporal measurement of exciton
transport in a printed monolayer of LH2, from purple bacteria.
As shown in Figure 4a, these very large biological molecules
consist of a hollow cylinder of 18 protein subunits that bind
rings of 9 and 18 bacteriochlorophylls (red and green), and a
ring of 9 carotenoids (blue).”’ LH2 complexes have a low PL
quantum yield and are very easily photobleached under intense
excitation, making this a particularly demanding experiment.
Again, we observed an apparent fluence-dependent diftusivity,
which marked the presence of SSA effects. Because of the
reduced number of photons at equal pumping (compared to
Y6), the measurement of a full diffusivity versus fluence curve
was not a convenient way to determine the appropriate pump
levels. Instead, the dependence of the excited state lifetime and
the linearity of the total number of counts were used as
indicators of the presence of SSA. For this, the PL dynamics
were measured without a detection mask to integrate the
diffusion contribution to the signal. The resulting PL signal was
fitted by a biexponential model. The shortest of the lifetimes is
plotted as a function of pump fluence in Figure 4b (top),
where it is clearly seen how the decay gets faster with
increasing pulse energy, as expected for the additional decay
pathway provided by SSA. In the bottom part of Figure 4b, the
total number of PL counts is again plotted against fluence,
showing a clear sublinear behavior at higher fluences. We can
see that SSA effects become negligible below a certain
threshold at around 0.3 nJ/cm” (shaded region), where the
lifetime stabilizes at around 3285 ps, and the total counts show a
linear dependence. It is also observed that the relative weight
of the exponential term plotted in Figure 4b approaches unity
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at the low fluence range, resulting in essentially mono-
exponential dynamics for fluences below the 0.3 nJ/cm?
threshold.

We selected a fluence of 0.21 nJ/cm’ to perform the
transport measurements shown in Figure 4c. Even at this low
fluence, bleaching is still important, limiting the maximum
achievable photon counts. Because of this, five consecutive
regions of the sample were averaged to further boost the SNR.
In the results shown in Figure 4c, we can clearly identify a
linear expansion of the MSD for the first lifetime from where
we estimate a diffusivity of D = (9 +2) X 107> cm?/s and, as a
consequence, a diffusion length of 24 nm. This value confirms
that the exciton is visiting several complexes (each one around
7 nm in diameter) before recombination. In fact, it is exploring
an area of 1800 nm’ that might contain up to 42 LH2
complexes, similar to numbers observed in living samples using
SSA.* In any case, the transport properties are expected to be
strongly dependent on the average distance between the
complexes and, thus, a density study is required to address
relevant questions on this matter. Anyway, the measurements
presented here on a fragile biological sample of molecular
thickness demonstrate the power of the method and open the
door for new experimental studies on energy transport in
photosynthetic membranes.

B CONCLUSIONS

We present StrEET microscopy, a novel method that uses
structured excitation to measure exciton diffusion in photo-
luminescent samples using extremely low light levels, reaching
10*fold fluence reduction when compared to point-illumina-
tion spatiotemporal microscopy methods. StrEET requires
only two spatial measurements to track the diffusion of
excitons in space and time and without the need of fitting PSF
models. The method is by design robust to misalignment and
calibration errors, and because of the low fluence requirements,
it is particularly suited for samples where nonlinear effects are
relevant or where photodamage is a concern.

The performance of the method was evaluated in a Y6
sample, where fluence was reduced down to the pJ/cm? level,
resulting in the first direct measurement of exciton diffusion
below sunlight illumination conditions, considering both
average power density and peak exciton density. Because of
the increased SNR, we were able to track exciton expansion for
up to five recombination lifetimes, observing a subdiffusive
behavior at long times, attributed to the presence of trap states.

Additionally, the future possibilities of the technique were
illustrated by showing the first direct measurement of exciton
transport in a printed monomolecular layer of LH2 complexes,
where a diffusion length of 24 nm was determined. This was
achieved using a fluence of 0.21 nJ/cm? which is again well
below solar power densities. We are convinced that StrEET
microscopy has the potential to play an important role in the
quest for better and more efficient light-harvesting materials by
extending the use of spatiotemporal microscopy to samples
previously impossible to investigate, and by providing an
accurate and more complete characterization of these materials
under low light-level operation conditions.

B METHODS

StrEET Setup. The experimental setup is depicted in Figure
2b. Short pulses at 800 nm are obtained from a titanium-
sapphire oscillator (76 MHz, 150 fs). The pulses are spatially
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filtered and stretched up to 2 ps using 20 m of a single-mode
fused silica optical fiber. After collimation, the beam is sent to
an amplitude grating (chrome on glass, 10 lines/mm), which
will ultimately be imaged into the sample. An intermediate
image is first produced by means of a 1:1 telescope made of
two identical 150 mm achromatic lenses. A metallic mask is
placed in the Fourier plane of the telescope to block all the
diffraction orders other than =+1. An iris is placed in the
intermediate image plane to control the excitation area. Light
reflects in a long-pass dichroic mirror (DM, Thorlabs
DMLP80S) and is then imaged in the sample by the main
microscope optics (200 TL, Thorlabs TL200A tube lens and
Olympus 60X 1.49 NA objective), leading to a sine-wave
excitation with a period of 750 nm. PL is collected by the same
objective, transmitted by the dichroic mirror, and spectrally
filtered using a fluorescence bandpass filter. Another amplitude
grating (chrome on glass, 20 lines/mm) is placed in the image
plane. The grating is mounted in a piezoelectric actuator
(PZT) with a 57 pm total range. The transmitted light is
collected by a 200 mm achromatic lens (200 AC) and then
imaged in the SPAD detector (MPD-PDOSOCOE, S0 um
diameter active area, 50 ps temporal resolution) with a long
working distance objective (Olympus LMPLFLN 50X 0.5
NA). Time-correlated single photon counting is achieved by
feeding the individual photon arrival pulses to a PicoQuant
PicoHarp 300 system, together with a reference signal of the
pump beam obtained by a fast PIN photodiode. A removable
mirror can be placed before the detection objective to direct
the fluorescence to an EMCCD camera for sample visual-
ization.

Sample Preparation. Sample preparation is described in
detail elsewhere for Y6'' and LH2.” Briefly, 50 nm thick Y6
samples were prepared to start from a solution of Y6 polymer
(eflexPV) in chloroform (6 mg/mL), which is spin-coated at
1000 rpm onto a cleaned 0.17 mm thick coverslide. Samples
were thermally annealed (50 °C, 3 min) and sealed within a
dry nitrogen atmosphere by covering with an additional cover
slide held in place using UV adhesive (NOA 73, Norland).

For the LH2 samples, a polydimethylsiloxane stamp was
prepared by mixing Sylgard184 silicon elastomer base and
curing agents (Dow Corning, ratio 10:1), which is then cast
onto a Si master template. The stamp was immersed in a
solution of LH2 complexes (15 M protein in buffer consisting
of 20 mM HEPES, 0.03% p-DDM) for five min and
subsequently blown dry using Argon. Before the stamping, a
0.17 mm thick coverslide coated with poly-L-lysine was treated
with 20 mM dimethyl suberimidate to activate lysine as the
cross-linker for amine attachment. The LH2 molecules were
printed on the surface by gently placing the stamp on top of
the treated substrate for 5 min. Samples were sealed in a dry
nitrogen atmosphere to lower the extent of bleaching.
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