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ABSTRACT: We present a statistical analysis of femtosecond transient
absorption microscopy applied to four different organic semiconductor
thin films based on perylene-diimide (PDI). By achieving a temporal
resolution of 12 fs with simultaneous sub-10 nm spatial precision, we
directly probe the underlying exciton transport characteristics within 3
ps after photoexcitation free of model assumptions. Our study reveals
sub-picosecond coherent exciton transport (12−45 cm2 s−1) followed
by a diffusive phase of exciton transport (3−17 cm2 s−1). A comparison
between the different films suggests that the exciton transport in the
studied materials is intricately linked to their nanoscale morphology,
with PDI films that form large crystalline domains exhibiting the largest diffusion coefficients and transport lengths. Our study
demonstrates the advantages of directly studying ultrafast transport properties at the nanometer length scale and highlights the need
to examine nanoscale morphology when investigating exciton transport in organic as well as inorganic semiconductors.

■ INTRODUCTION

Organic semiconductors are of interest for a large variety of
light-emitting1,2 and light-harvesting applications.3,4 These
materials can be readily synthesized, easily integrated into
devices,5 display a high degree of electronic tunability,6 and
have high absorption cross sections.7 In contrast to inorganic
semiconductor materials, however, photoexcitation of organic
semiconductors results in strongly bound electron−hole pairs
(excitons).8 Understanding the spatiotemporal behavior of
excitons is thus important both from a fundamental point of
view and also to further improve device functionality.
A challenge associated with determining exciton transport

properties arises from their intrinsically short lifetimes, which
are typically on the femto- to picosecond time scales. Ultrafast
pump−probe spectroscopy has been used to measure exciton
diffusion lengths in a wide variety of organic and inorganic
materials, with transport lengths of up to 1 μm reported in
some cases.9−15 Such studies, however, require careful
modeling of the observed photoresponse, which involves
several approximations that can greatly affect the extracted
transport parameters. Additionally, ensemble-level spectro-
scopic studies average out the effect of micromorphologies due
to the large sample volume probed simultaneously, further
complicating accurate modeling of the transport parame-
ters.16−18

In this context, transient absorption microscopy enables
local probing of photoinduced dynamics in materials, thereby

avoiding some of the key challenges associated with the
determination of transport parameters encountered in
ensemble-based spectroscopic approaches. The time resolution
of current transient absorption microscopy setups, however, is
typically restricted to ∼100−200 fs, preventing direct insight
into the ultrafast dynamics occurring directly after photo-
excitation.19−25 To overcome this shortcoming, we recently
developed an ultrafast extension of transient absorption
microscopy, which can access sub-100 fs exciton transport
behavior in real time and space.26−28

Here, we discuss the different implementations of transient
absorption microscopy and apply this technique to four
different thin film organic semiconductor films based on
perylene-diimide (PDI) molecules with varying side groups.
PDIs are one of the most intensely studied classes of organic
semiconductor materials owing to their high degree of
chemical tunability, environmental stability, and ability to
readily form highly organized supramolecular structures via wet
and dry processing methods.29−33 PDIs have found use in a
range of applications from n-type transistors,34 high-efficiency
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organic photovoltaic cells as replacements for fullerenes,35,36

and more disparate technologies such as gas sensors37 and dye
lasers.38,39 In this work, we study evaporated PDI films and
show that the crystallinity of PDI thin films controls the singlet
exciton transport behavior during the initial sub-3 ps excited-
state relaxation. Measurement of several sample locations
across the homogeneous films unexpectedly shows a large
variation in the transient absorption kinetics, which are not
correlated to the exciton transport properties. Instead, we find
irrespective of the kinetics that each (crystalline) film features
two distinct spatial expansion regimes within the first 3 ps after
photoexcitation: An initial, sub-500 fs expansion with
associated diffusion coefficients reaching 12−45 cm2 s−1,
which is followed by a slower expansion with diffusion
coefficients of 3−17 cm2 s−1. Our study provides a systematic
investigation into exciton transport in PDI films and how this
can be influenced by the molecular packing and crystallinity.
More generally our results highlight the importance of
microscopic structure on energy transport in organic semi-
conductor materials.

■ METHODS
Materials. The syntheses of PDI 1, PDI 3, and PDI 4 were

adapted from Yang et al.40

PDI 1. A reaction mixture containing perylene-3,4,9,10-
tetracarboxylic dianhydride (3.14 g, 8.00 mmol, 1.0 equiv), n-
butylamine (1.76 g, 24.0 mmol, 3.0 equiv), and 45 g of
imidazole was heated under argon at 160 °C for 3 h.
Chlorobenzene (30 mL) was added while the mixture was still
hot, and the resulting suspension was slowly added into 2 M
aqueous HCl. The solids were collected by filtration, washed
with H2O, MeOH, and acetone, and redispersed in 200 mL of
chloroform/acetone (1:1 v/v). After it was stirred overnight,
the solids were collected by filtration, washed successively with
H2O, acetone, CHCl3 (20 mL), and Et2O, and dried under
high vacuum to yield the title compound as deep purple
microcrystalline needles (3.98 g, 7.92 mmol, 99%).

1H NMR (400 MHz, CDCl3) δ 8.71 (d, J = 8.0 Hz, 4H),
8.65 (d, J = 8.1 Hz, 4H), 4.26−4.20 (m, 4H), 1.81−1.72 (m,
4H), 1.53−1.43 (m, 4H), 1.01 (t, J = 7.4 Hz, 6H).
PDI 2. A reaction mixture containing perylene-3,4,9,10-

tetracarboxylic dianhydride (392 mg, 1.00 mmol, 1.0 equiv),
cyclohexylamine (397 mg, 4.0 mmol, 4.0 equiv), Zn(OAc)2 ×
2H2O (220 mg, 1.00 mmol, 1.0 equiv), and 8 g of imidazole
was heated under argon at 130 °C for 16 h. Chlorobenzene
(30 mL) was added while the mixture was still hot, and the
resulting suspension was slowly added into 2 M aqueous HCl.
The solids were collected by filtration, washed with H2O,
MeOH, and acetone, redissolved in a CHCl3/ethyl acetate
(EtOAc) (95:5 v/v) mixture (2 L), and passed through a plug
of silica gel. All volatiles were removed under reduced pressure.
The solid residue was dissolved in 600 mL of CHCl3 at 95 °C,
layered with EtOAc (400 mL), and left to crystallize over 3
days. The precipitate was separated by filtration, washed with a
small amount of CHCl3, and dried under high vacuum to yield
the title compound as a red fibrous solid (600 mg, 0.901 mmol,
90%).

1H NMR (500 MHz, CDCl3) δ 8.67 (d, J = 8.0 Hz, 4H),
8.61 (d, J = 8.0 Hz, 4H), 5.05 (tt, J = 12.2, 3.8 Hz; 2H), 2.62−
2.53 (m, 4H), 1.94−1.91 (m, 4H), 1.80−1.73 (m, 6H), 1.50−
1.33 (m, 6H).
PDI 3. Synthesized using the same procedure as described

for PDI 1, but using n-octylamine (87% yield).

PDI 4. A reaction mixture containing perylene-3,4,9,10-
tetracarboxylic dianhydride (1.96 g, 5.00 mmol, 1.0 equiv), 3-
pentylamine (1.74 g, 20.0 mmol, 4.0 equiv), and 28 g of
imidazole was heated under argon at 160 °C for 4 h.
Chlorobenzene (30 mL) was added while the mixture was still
hot, and the resulting solution was slowly added into 2 M
aqueous HCl. The mixture was extracted with CHCl3, and the
organic phase was dried over MgSO4 and concentrated under
reduced pressure. Purification by column chromatography
(silica gel, dichloromethane (DCM)) yielded the title
compound as a red crystalline solid (2.31 g, 4.35 mmol, 87%).

1H NMR (400 MHz, CDCl3) δ 8.63 (d, J = 7.9 Hz, 4H),
8.55 (d, J = 8.1 Hz, 4H), 5.07 (tt, J = 9.5, 5.9 Hz, 2H), 2.34−
2.20 (m, 4H), 2.02−1.89 (m, 4H), 0.94 (t, J = 7.4 Hz, 12H).

Evaporation. The freshly synthesized PDI was transferred
to an evaporator chamber and kept at 150 °C overnight under
high vacuum (<10−6 mbar) to remove any residual solvent
prior to thermal evaporation. A 145 nm thick layer of PDI was
thermally evaporated at a rate of 0.5 ± 0.1 Å s−1. The rate was
monitored using a standard Quartz-crystal microbalance and
calibrated with atomic force microscopy (AFM) measure-
ments.

Film Characterization. X-ray diffraction (XRD) was
performed using a Bruker X-ray D8 Advance diffractometer
with Cu Kα1,2 radiation (λ = 1.541 Å). Spectra were collected
with an angular range of 2° < 2θ < 20° and Δθ = 0.014 31°
over 60 min. Measurements were performed on films
evaporated on (pre-cleaned) silicon substrates. AFM measure-
ments were done in tapping mode (Veeco Dimension 3100) at
room temperature. The AFM cantilever was provided by
MikroMasch. The tip radius was ∼10 nm.

Femtosecond Transient Absorption Microscopy. The
femtosecond wide-field detected transient absorption micro-
scope has been described in detail previously.26,27 Briefly, a
Yb:KGW amplifier system (LightConversion, Pharos, 5 W, 180
fs, 1030 nm, 200 kHz) was used to seed two white-light stages
for pump and probe generation. The pump white light (3 mm
Sapphire) was spectrally adjusted with a 650 nm short-pass
filter (FESH650, Thorlabs) and compressed to 10 fs for all
optical elements with two pairs of third-order compensated
chirped mirrors and a wedge-prism pair (Layertec). Sub-
sequently, the mode of the pump pulse was cleaned by a
pinhole before being focused through the objective lens
(numerical aperture (NA) = 1.1, oil immersion) to a spot size
of ∼260 nm (full width at half-maximum). The probe white
light (3 mm YAG) was spectrally adjusted to 650−900 nm in a
home-built fused silica prism filter and compressed to 7 fs with
a pair of third-order compensated chirped mirrors and a
wedge-prism pair (Venteon) before being free-space focused
onto the sample (20 μm Gaussian spot size full width at half-
maximum). The transmitted probe was imaged onto an
emCCD (Rolera Thunder, Photometrics) at 55.5 nm/pixel as
verified by a resolution target. The frame rate of the camera
was set to 30 Hz with an integration time of 11 ms, and pump
off/on images were generated by a mechanical chopper at a
frequency of 15 Hz. For the measurements, we adjusted the
pump fluence to achieve initial carrier concentrations (n0) in
the range: n0 = 1.02 × 1017 to 2.19 × 1018 cm−3 for all films
(see Supporting Information, section 2 for further details).

■ RESULTS
Design Criteria for an Ultrafast Transient Absorption

Microscope. Recently, several groups have combined optical
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pump−probe spectroscopy schemes with microscopic detec-
tion modalities to correlate spatial and dynamic material
parameters.41−43 These experiments generate a spatially
localized excited-state population by tightly focusing an optical
pump pulse onto the sample by means of a high numerical
aperture (NA) microscope objective. This results in a
diffraction-limited excitation spot in the form of a two-
dimensional (2D) Gaussian function, with a standard
deviation, σ, given by the Abbe criterion:

σ λ= 1
2 2 ln(2) 2NA (1)

where λ is the pump wavelength. Subsequently, a time-delayed,
diffraction-limited probe pulse is delivered to the sample by the
same objective, and its transmission is collected with a second
objective before it is detected with a photodiode coupled to a
lock-in amplifier (synced to the pump pulse modulation,
Figure 1a). The transient absorption image for a given probe
wavelength and time delay is constructed by slow point-
scanning of the probe over the excitation region, producing a
two-dimensional Gaussian transient point-spread function
(Figure 1b,c). This detection is thus comparable to a confocal
microscope but without the use of a confocal pinhole.
An important consequence of recording transient absorption

images as a function of time delay is that the achievable spatial
precision, that is, the ability to distinguish different spatial
profiles, is determined solely by the signal-to-noise ratio.
Owing to the extremely sensitive lock-in detection with
avalanche photodiodes (noise floor of down to 10−7), these
microscopes routinely achieve a spatial precision of σ ≈ 10−50
nm and have been successfully utilized to reveal charge-carrier
dynamics with direct access to spatial domains in thin film
inorganic and organic semiconductors. Yet, the temporal
resolution achieved in these systems is typically limited to
more than 100 fs, preventing a direct visualization of the initial
exciton diffusion processes for most systems. In addition, the
construction of a transmission microscope featuring two high-
NA objectives is technically challenging and must be
performed carefully to avoid possible imaging artifacts. These

constraints can, however, be mediated by operating the
microscope in reflection, which requires only a single objective.
To explore ultrafast exciton dynamics at sub-100 fs time

scales, we recently developed an ultrafast optical transient
absorption and reflection microscope, which can achieve a time
resolution of 12 fs together with a spatial precision of σ < 10
nm. We replaced the probe point scanning and lock-in
detection with free-space illumination and wide-field imaging
with a high-sensitivity emCCD camera (Figure 1d). Con-
sequently, probe pulses no longer experience the high degree
of temporal dispersion arising from the illumination, which
allows for straightforward probe compression down to 7 fs at
the sample with commercial optical elements. The transmitted
probe pulses are imaged using a low-dispersion oil-immersion
objective (NA = 1.1), which is simultaneously used to deliver
the diffraction-limited pump pulses to the sample (Figure 1e).
This low dispersion objective is critical to achieve a near
transform-limited temporal compression of the pump pulses to
10 fs with commercial optical elements, resulting in an effective
time resolution of the experiment of 12 fs. It is important to
note that our objective achieves its low dispersion by lacking
chromatic aberration and flat field correction lenses, resulting
in an overall imaging quality that deteriorates over a large field
of view. However, the differential point-spread function in a
transient absorption microscope is only weakly affected by the
imaging objective in a small field of view (2−3 μm), if
detection is performed with a sufficiently narrow-band-pass
filter in front of the detector.
An important difference of our wide-field imaging detection

compared to a confocal-like microscope is the intrinsic shape
of the point spread functions. Photoexcitation by a diffraction-
limited, two-dimensional Gaussian pump pulse generates a
spatially localized perturbation of the dielectric function of the
material, which can be represented by a two-dimensional
Gaussian-shaped aperture. The resulting far-field radiation
pattern of a transmitted plane-wave probe pulse consequently
exhibits a Fraunhofer diffraction pattern also known as Airy
disk (or Bessel function of the first kind) arising from the
interference of light detected from different sample regions

Figure 1. Implementations of transient absorption microscopy. (a)−(c) Confocal-like microscopy based on point-scanning and high-sensitivity
point detection with an avalanche photodiode (APD). (d)−(f) Wide-field microscopy based on free-space probe focusing and two-dimensional
image detection. BS − beam splitter, S − sample, BP − band-pass filter, TL − tube lens, M − mirror, CM − curved focusing mirror, FO − objective
focal length, FTL − tube lens focal length.
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(Figure 1f). This interference effect is preserved over the
intrinsic coherence length Lcoh of the employed probe pulses,
which can be approximated from its spectral line width by

π υ
=

Δ
L

c
coh (2)

where c is the speed of light, and Δυ is the bandwidth of the
pulse. For a 7 fs probe pulse centered at 800 nm, we obtain a
coherence length of Lcoh ≈ 700 nm. On the basis of this value
and the NA of our objective, we universally expect to observe a
pronounced first diffraction ring in our imaging apparatus,
deviating from the pure two-dimensional Gaussian point-
spread function obtained in confocal-like imaging (compare
Figure 1c,f).
The spatial precision of our apparatus is determined in the

same way by the signal-to-noise ratio of the transient point-
spread function. This can optimized by adjusting the image
magnification to enable maximum light collection for each
single pixel of the detector, resulting in a typical noise level of
10−5. While this is 2 orders of magnitude worse than a lock-in
detection scheme, the full image collection allows us to
efficiently reference for laser noise and is thus shot-noise
limited to well below this value, eliminating the need for highly
stable laser sources or fast pump modulation. A wide-field
illumination and detection scheme furthermore removes the
need to physically scan the probe pulses over the sample,
preventing potential scanning or degradation artifacts. Lastly,
organic semiconductors often display high exciton absorption
cross-section resulting in high signal-to-noise ratios even in the
linear excitation regime, enabling a spatial precision of σ < 10
nm for most materials. We highlight that the same precision is
possible to attain in a confocal-like microscope implementa-
tion.
Spatiotemporal Singlet Exciton Dynamics in PDI

Films. Steady-State Measurements. Films of the four
different PDIs (PDI 1−4) were prepared by thermal
evaporation under identical preparation conditions (Figure
2a). The absorption spectra of the different PDI thin films
display a broad visible absorption feature between 400 and 650
nm with distorted vibronic progressions, in agreement with
previous studies (Figure 2b). The lowered intensity ratio of the
first two vibronic peaks in the absorption spectra of PDI 1−4
compared to the isolated monomer in solution is a strong
indicative of H-aggregate formation.44,45 In PDI aggregates/
films, the alignment of the molecular transition dipoles (head-
to-tail or side-by-side) and hence long-range Columbic

interactions between PDI chromophores dominate the overall
shape of the absorption spectrum. Nonetheless, small displace-
ments between nearest-neighbor PDIs can induce subtle
changes in the absorption spectra that critically affect the
excited-state photodynamics of PDI aggregates/films. As
shown in Figure 2b, the non-negligible low-energy absorption
bands not only reflect a significant deviation in the
intermolecular packing geometry from the perfect H-type
geometry but also reveal additionally the existence of short-
range interactions, which arise from Frenkel/charge-transfer
state mixing. As outlined in other studies,46,47 short-range
charge-resonance interactions can be either H-like or J-like
depending on the degree of lateral spatial offset,48 which is
dictated by the nodal positions of neighboring frontier
molecular orbital overlap.49 Accordingly, the presence of
additional H- and J-like features in PDI 1−4 thin films implies
a complex nature of excited-state dynamics originating from
complex short- and long-range molecular interactions.
Although the molecular packing dictates the absorption

spectra of the measured films, a spectral analysis alone is
insufficient to provide a complete picture of the long-range
molecular ordering in PDI thin films. We therefore conducted
additional X-ray diffraction measurements to gain insight into
the degree of crystallinity (Figure 2c). We find that PDI 1 lacks
pronounced discernible features indicative of an amorphous
packing arrangement, while PDI 2, PDI 3, and PDI 4 display
crystalline structures with longer-range order. A semiquantita-
tive analysis of the crystalline domain size can be obtained via
atomic force microscopy (Supporting Information, section 1),
which confirms that the average grain sizes in our films increase
from PDI 1 (amorphous) with sub-30 nm domains to PDI 4
(quasi single-crystalline) with micron-sized domains. By
comparison, PDI 2 and PDI 3 show similar intermediate
domain sizes of ∼120 nm, despite exhibiting different
molecular packing based on X-ray diffraction. We remark
that the width of the X-ray peaks for all films approaches the
instrument response limit (see Supporting Information, section
5) precluding analysis using the Scherrer broadening equation.
We note that, in the case of PDI 4, the individual Kα1 and Kα2
peaks can be resolved as a split peak in the lowest angle
reflection 2θ = 4.56° (Figure 1c, green curve), indicating a
highly ordered film.

Femtosecond Transient Absorption Microscopy. The
qualitative trend in crystallinity without significant changes in
the absorption spectrum allows us to directly investigate the

Figure 2. Characterization of evaporated PDI thin films measured in this work. (a) Chemical structure of PDI with various imide substituents
termed PDI 1−4. (b) Absorption spectra and (c) X-ray diffractograms of PDI 1−4. The degree of crystallinity increases in the order from PDI 1 to
PDI 4, which is assessed by the broadening of any diffraction peaks and AFM characterization of the domain size (Supporting Information, section
1 and section 5).
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effect of local morphology on the underlying transport
behavior of photoexcited excitons in these materials. To
deduce the transport parameters directly after photoexcitation,
we performed femtosecond wide-field detected transient
absorption microscopy employing a diffraction-limited 10 fs
visible pump pulse (σ = 112 nm) centered at 560 nm in
combination with a time-delayed, 7 fs wide-field probe pulse (σ
≈ 10 μm) centered at 800 nm (Figure 1d−f). We subsequently
recorded the transient spatiotemporal photodynamics at 740
nm. This probe wavelength is associated with a broad
photoinduced absorption band, which is attributed to singlet
excitons and thus allows direct insight into the excitonic
transport behavior of this class of materials. We remark that no
additional excited-state signatures are present at this probe
wavelength45 and that the samples show only a small degree of
surface roughness (∼1−2 nm).
To gain insight into the spatiotemporal exciton diffusion, we

model the initial pump-induced population at t = t0 as

σ
= −

− + −i

k

jjjjjj
y

{

zzzzzzn x y t N
x x y y

t
( , , ) exp

( ) ( )

2 ( )0 0
0

2
0

2

0
2

(3)

Assuming carrier transport with a constant diffusion
coefficient D in the absence of exciton−exciton annihilation,
we can construct the associated differential diffusion equation

τ
∂

∂
= ∂

∂
−

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑ
n x t

t
D

n x t
x

n x t( , ) ( , ) ( , )2

2
(4)

which allows us to describe the spatial profile of the exciton
population at a given time delay t as

σ
= −

− + −i

k

jjjjjj
y

{

zzzzzzn x y t N
x x y y

t
( , , ) exp

( ) ( )

2 ( )
0

2
0

2

2
(5)

We note that the measurements presented in this study
show no pronounced differences in their spatial dynamics
under different initial carrier concentrations (Supporting

Information, section 2). We can consequently neglect higher-
order carrier annihilation terms in eq 4.50 The time-dependent
spatial profiles of the measured transient point-spread
functions, as measured by σ, are then related to the underlying
transport behavior via

σ σ= − = −t t t D t tMSD( ) ( ) ( ) 2 ( )2
0

2
0 (6)

where MSD denotes the mean-square displacement. Equation
6 can be extended to include a nonlinear time dependence via

σ σ= − = − αt t t B t tMSD( ) ( ) ( ) ( )2
0

2
0 (7)

in which B is an arbitrary scaling factor, and α accounts for
nonlinearity in time. In the case of α = 1 we retrieve normal
diffusion, while α > 1 is known as superdiffusive behavior, and
α < 1 is referred to as subdiffusive behavior.
The transient absorption images obtained for our films

features a near isotropic point-spread function with a negative
differential transmittance signal at its center, as expected for a
photoinduced absorption signal induced by a Gaussian
excitation spot (see Supporting Information, section 3 for
detailed discussion). In addition, we observe a first positive
diffraction ring as expected in wide-field microscopy and in
agreement with previous studies. We note that the slight
asymmetry in the point-spread function is due to the imperfect
imaging conditions of our objective. Critically, however, this
asymmetry does not translate to the central portion of the
point-spread function.
Following eq 5, we describe the transient point-spread

function at each time delay with a two-dimensional Gaussian
function:

σ σ
= −

−
−

−
+

i

k

jjjjjj
y

{

zzzzzzG x y A
x x y y

( , ) exp
( )

2

( )

2
offset

x y

0
2

2
0

2

2

(8)

where x0 and y0 are the center-of-mass coordinates of the
Gaussian function, and σx and σy are the associated standard
deviations. Equation 8 allows us to retrieve time-dependent

Figure 3. Femtosecond transient absorption microscopy results for the studied PDI films. (a)−(d) Normalized transient absorption kinetics (top)
and associated spatial dynamics (middle) recorded at 740 nm retrieved from a 2D Gaussian fit analysis. (bottom) Resulting time-dependent mean-
square displacement curves (MSD). Individual colors indicate experiments conducted at different sample locations. All pixels contributing to the
ΔT/T signal were averaged to obtain the kinetics.
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dynamics encoded in A as well as the spatial profile given by
the standard deviations σx and σy. To compare the transient
point-spread functions of all PDI films, we focus in this work
exclusively on the temporal evolution of the mean spatial

profile given by σ =
σ σ+

2
x y (see Supporting Information,

section 3 for a discussion on the asymmetry of the transient
point-spread function).
The time-dependent dynamics, represented by A, exhibit for

all films an instrument-response limited signal rise (∼12 fs)
followed by a decay within the first 3 ps that can be adequately
described with two exponential time constants (Figure 3, top).
These biexponential decay dynamics are preserved at different
sample locations for all films (differently colored lines in Figure
3), but the initial, fully resolved decay component exhibits a
noticeable spread, which is most pronounced for PDI 3 (915
± 450 fs (49%)) followed by PDI 4 (576 ± 189 fs (33%)) and
PDI 2 (619 ± 142 fs (23%)). PDI 1 (829 ± 154 fs (19%))
shows the smallest spread in the initial dynamics. We remark
that, in contrast to transient absorption spectroscopy, the
dynamics retrieved in transient absorption microscopy (A in eq
8) are a superposition of spatially localized exciton decay and
additional decay contributions arising from diffusive transport.
To assess the degree of spatial dynamics, we extracted the

average time-dependent standard deviations (Figure 3, middle
panel). The transient point-spread function for PDI 1
measured 50 fs after photoexcitation shows an average
standard deviation of σ = 147 ± 8 nm, which is in excellent
agreement with the expected diffraction limit at a probe
wavelength of 740 nm (σ = 143 nm). In contrast, the initial
point-spread function for PDI 2, PDI 3, and PDI 4 reaches
spatial standard deviation values of σ = 191 ± 4, 175 ± 14, and
161 ± 10 nm, which are all slightly above the expected
diffraction limit reached for PDI 1. We attribute this increase
to the effect of spherical aberrations, which are more
pronounced in crystalline domains due to enhanced inter-
molecular coupling.51 Between 50 fs and 3 ps, we observe no
pronounced change in the spatial dynamics for PDI 1, despite
an ∼50% decrease in signal intensity over the same interval
(Figure 3a, middle and top panel, respectively). By
comparison, PDI 2, PDI 3, and PDI 4 all undergo spatial
broadening over time (Figure 3b−d, middle panel) with
average standard deviation changes of Δσ = 9.7 ± 1.5 and 11.5
± 1.7 nm for PDI 2 and PDI 3 within 3 ps, and Δσ = 21.7 ±
5.4 nm for PDI 4 within 1.5 ps after photoexcitation. The

observed spatial dynamics are largely independent of the
probed sample position with more variation observed for PDI
4.
To extract the actual diffusion transport behavior for the

studied films, we computed the corresponding time-dependent
MSD curves according to eq 6 with respect to t0 = 50 fs
(Figure 3, bottom panel). This time delay was selected to avoid
parasitic coherent artifact contributions at t = 0 ± 50 fs, which
can be pronounced in all ultrafast transient absorption
measurements with sub-20 fs pulses and wavelength-resolved
detection (see, e.g., Figure 3d, middle panel, sub-50 fs
behavior). The MSD curve for PDI 1 shows no expansion
above our noise level irrespective of the sample position
(Figure 3a, bottom, differently colored lines), suggesting
vanishingly small diffusion in this film during the first 3 ps
after photoexcitation. Upon describing the MSD curve in PDI
1 with a linear fit (eq 6) and calculating the statistical variation
between different sample position, we can extract the error
range of the retrieved diffusion coefficients in our setup to be
±0.07 cm2 s−1. PDI 2, PDI 3, and PDI 4 in contrast show a
pronounced increase in their MSD over time for all measured
sample positions (Figure 3b−d, bottom) with maximum MSD
values of 3815 ± 606 and 4217 ± 599 nm2 for PDI 2 and PDI
3 in the first 3 ps, and 8146 ± 2343 nm2 for PDI 4 within 1.5
ps after photoexcitation.

■ DISCUSSION

A comparison of the absorption spectra for all measured films
suggests that the exciton bandwidth for each of the PDI films is
similar,52 whereas morphology characterization (X-ray and
AFM) reveals differences in the degree of crystallinity. Among
the investigated films, PDI 1 exhibits an amorphous crystal
packing, which causes high site energy differences and an
elevated trap state density (grain boundaries and point
defects). Following photoexcitation of PDI 1 (Figure 3a),
the initially delocalized excitons will get rapidly trapped locally
and decay due to the high trap state density imposed by the
amorphous crystal packing. Since the fast decay component
observed in PDI 1 (829 fs, Figure 4a) is independent of the
probed location in the film, we assign it to trap kinetics, largely
free of diffusive contribution. We therefore suggest that spatial
transport of excitons in PDI 1 is subject to large activation
barriers and thereby restricted to diffusive hopping (incoherent
transfer) between amorphous sites arising from slow

Figure 4. Retrieved spatiotemporal parameters for measured PDI films. (a) Box-plot representation of the fast component of the transient
absorption kinetics. (b, c) Box-plot representation of the retrieved diffusion coefficient in different time segments according to eq 6 for PDI films
that show transport (see main text for temporal segmentation). p-values according to a two-tailed Student t-test are indicated between each data set
(gray).
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detrapping kinetics on time scales exceeding our time window
(Figure 3a, top). PDI 1 thus serves as an ideal control system
for the spatiotemporal dynamics of the other studied films. We
remark that, in the initial 3 ps after photoexcitation, neither
intersystem crossing nor singlet fission have been reported to
occur in PDI films, and we can be confident that we probe the
population of singlet excitons.45,53

PDI 2, PDI 3, and PDI 4 all exhibit long-range order, as
evident from the X-ray diffraction patterns shown in Figure 2c.
We can garner an estimate of the grain sizes from AFM of
∼120 nm for PDI 2 and PDI 3 and micron-sized domains in
PDI 4. In these crystalline domains, the coupling strength
between adjacent PDI molecules are expected be higher than
the site-to-site energy difference, rendering spatial exciton
transport kinetics competitive with local trap kinetics. To
assess the similarity in initial decay dynamics for these films, we
employ a statistical analysis based on a two-tailed Student t-test
by taking into account all measured data sets (sample size ≥6,
Figure 4a). This statistical test allows to quantify the difference
in means of two different data sets and is frequently employed
to estimate if two data sets are identical or different within a
given significance-level (p-value). On the basis of a significance
level of p < 0.05, we deduce that PDI 2, PDI 3, and PDI 4
show statistically identical lifetimes that are significantly
different from that of PDI 1. We note that PDI 3 weakens
this assignment marginally due to its large variation in lifetimes
(49% standard deviation), but the significant difference to PDI
2 and PDI 4 is interpreted as sufficient to differentiate PDI 1
from all other films. Since the initial photodynamics in PDI 1
are solely related to trap kinetics and show no spatial transport,
we conclude that the decay dynamics in PDI 2, PDI 3, and
PDI 4 arise due to significant contributions from spatial
exciton transport.
The spatial dynamics (Figure 3b−d, bottom panel) appear

on first glance sublinear over the investigated time window,
which is indicative of hop-diffusive motion as described by eq
7. We were, however, unable to satisfactorily describe the
spatial dynamics with a sublinear diffusion fit over the full time
window (see Supporting Information, section 4) and, there-
fore, opted to describe the MSD curves by two linear diffusion
segments to extract the associated diffusion coefficients D. For
PDI 2 and PDI 3 we used time segments from 50−800 fs (D1)
and from 1.2−3 ps (D2), while PDI 4 required a different
segmentation from 50−450 fs (D1) and 0.85−1.50 ps (D2).
Applying eq 6 to each segment results in two satisfactory fits
with average diffusion coefficients of D1(PDI 2) = 11.9 ± 1.5
cm2 s−1, D2(PDI 2) = 3.2 ± 0.3 cm2 s−1; D1(PDI 3) = 13.9 ±
2.7 cm2 s−1, D2(PDI 3) = 3.3 ± 0.6 cm2 s−1; D1(PDI 4) = 45.3
± 17.6 cm2 s−1, D2(PDI 4) = 17.3 ± 4.1 cm2 s−1 (Figure 4b,c).
We note that we observe in all PDIs a relatively large variation
in the retrieved kinetics that is dependent on the sample
location but only a small variation in the diffusion parameters.
This suggests that transport parameters extracted solely from
lifetimes can lead to substantial errors in understanding exciton
transport in PDI films.
A statistical analysis based on a Student t-test suggests that

the retrieved diffusion coefficients in both time segments are
similar only between PDI 2 and PDI 3 (p1 = 0.11, p2 = 0.87),
while PDI 4 displays significantly higher diffusion coefficients
(p1,2 < 0.01) albeit with a much larger internal variation. These
values demonstrate that exciton diffusion is similar in PDI 2
and PDI 3 but significantly higher in PDI 4. Qualitatively, this
trend mirrors the average grain size distribution (Supporting

Information, section 1), where PDI 2 and PDI 3 exhibit
similar subdiffraction limited domains (∼120 nm), whereas
PDI 4 features micron-sized domains, which exceed the
diffraction limit.
It is interesting to note that PDI 2 and PDI 3 show

statistically identical diffusion coefficients, despite exhibiting
different X-ray diffraction patterns, that is, molecular packing
order. However, PDI 4 displays markedly higher diffusion
coefficients, while showing similar long-range order as PDI 2
and PDI 3 in X-ray diffraction measurements. Exciton diffusion
in PDI films therefore appears to be mainly limited by the
microscopic grain size.54 In this case the higher diffusion
coefficients for PDI 4 can be understood as a consequence of a
lower trap state density, achieved by removing grain
boundaries. Additionally, a higher crystallographic order as
suggested from AFM in PDI 4 further avoids additional
intragrain point defects. It is important to stress that the spatial
resolution in femtosecond transient absorption microscopy (fs-
TAM) is diffraction limited to the probe wavelength of interest
and corresponds to σ = 143 nm, or a full width at half-
maximum of 336 nm. This implies that our observations relate
to photoexcitation of several domains in PDI 2 and PDI 3 and
that the extracted diffusion coefficients thus sensitively monitor
the microstructure of our evaporated PDI films.
The magnitude of the diffusion coefficients extracted from

the second time segment is similar to previous reports for
highly mobile singlet excitons in organic semiconductors.19,55

By contrast, the first time segment exceeds values of normal
diffusive transport. For molecular aggregates, the initial exciton
dynamics are governed by an interplay between the coupling
strength of adjacent PDI molecules (J) and the energetic
disorder (ΔEn).

56 If the interaction strength and the site-to-site
energy differences are comparable, exciton energy transfer falls
into an intermediate regime between coherent (wavelike) to
incoherent (hopping) mechanisms.57 An analysis of the
absorption spectra reveals that all films investigated here
belong to an intermediate coupling regime (J ≈ 600 cm−1).58

The exciton transfer dynamics are thus neither in the strong or
weak coupling regime and can be controlled by the site-to-site
energy difference (energetic disorder), that is, the long-range
molecular ordering. Since the initial ultrafast spatial dynamics
are only observed for crystalline films, we attribute the early
spatial expansion to coherent exciton migration. Intriguingly,
the time scale for this process (sub-500 fs) aligns well with
previously reported studies on exciton transport in molecular
oligomers,58 further supporting our assignment. We stress that,
while we extracted the diffusion coefficients for the different
time segments with a normal diffusion equation analysis, the
observed spatial dynamics in the first ∼500 fs after photo-
excitation should not be interpreted as normal, random-walk
diffusive behavior. Our analysis, instead, serves as a
benchmarking tool to compare critical diffusion parameters
among different systems and time scales. More detailed
modeling studies are required to understand coherent exciton
migration in femtosecond transient absorption microscopy.
In addition to the diffusion coefficient, it is important to

benchmark the exciton transport length L according to eq 9

τ=L D2 (9)

where τ denotes the lifetime of the underlying process.
Equation 9 can be applied if the spatial expansion is fully
resolved, allowing us to extract the coherent exciton migration
transport lengths (L1) from the first time segment. We note
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that lifetime τ in eq 9 refers to the intrinsic coherent exciton
lifetime, which is different from the apparent lifetime extracted
in Figure 4a, which includes diffusion-mediated decay
pathways. While the exact determination of the coherent
exciton lifetime for the studied PDI films is beyond the scope
of this study, we can nonetheless estimate a lower lifetime on
the order of τ ≈ 100 fs based on the overall length of the time
segment as well as from previous studies in PDI oligomers.58

The associated diffusion length L1, corresponding to ultrafast
coherent exciton diffusion based on the average diffusion
coefficient, then computes to 15.4 ± 1.0, 16.6 ± 1.6, and 30.1
± 5.8 nm for PDI 2, PDI 3, and PDI 4, respectively.
On the basis of these results (overview in Table 1), we can

identify key factors affecting the exciton transport data of the

PDI films investigated in this study and organic semiconductor
materials in general. A critical aspect observed here is that PDI
films have to show a minimum degree of long-range molecular
packing to ensure exciton propagation, which can be
qualitatively assessed with X-ray diffraction measurements. As
expected, highly amorphous films will not display significant
exciton transport. Provided the samples display sufficient
crystallinity, the degree of crystallinity appears to have only a
weak effect on the overall transport behavior provided the
long-range coupling mechanisms are similar, which can be
deduced by comparing absorption spectra of relevant films.
Critically, large diffusion coefficients, and therefore transport
lengths, are best achieved by operating in a coherent exciton
transport regime (sub-500 fs), which is ensured by maximizing
the domain sizes and crystal packing of the films to suppress
trap states (such as grain boundaries and point defects) as
much as possible.

■ CONCLUSION
In summary, we have demonstrated femtosecond transient
absorption microscopy on four side-chain engineered PDI thin
films and extracted their transport properties. By carefully
considering the microstructure of the grains and the inherent
crystallinity, we identified two transport regimes occurring on
the sub-3 ps time scale. A first regime takes place within ∼500
fs after photoexcitation and is governed by coherent exciton
transport, followed by a second regime characterized by
normal diffusion of highly mobile excitons. Our results
demonstrate that crystallinity and domain size are critical
elements in achieving high exciton diffusion coefficients, with
crystalline films where the domain size is large (>1 μm)
performing best. This makes it possible to optimize organic
semiconductors such as PDIs by carefully engineering the
involved side chains to optimize the grain size and crystal
packing and will be of particular relevance for organic
photovoltaic technology, where the exciton diffusion length
is a key parameter for device optimization.

More generally our approach highlights the potential of
femtosecond transient absorption microscopy for imaging
carrier transport in materials in the coherent exciton diffusion
regime. Since the photoexcited signals obtained in our
measurements are directly proportional to carrier population
the technique provides a useful complement to photo-
luminescence9-based methods without potential drawbacks of
photon-waveguiding,59 etc. More importantly this method can
be applied to nonluminescent materials and for tracking the
motion of a range of different quasi-particles (plasmons,
charges, phonons, polaritons, etc.) in organic and inorganic
materials. The high time resolution achieved in these
experiments will allow for the tracking of electronic population
on the time scales of electronic dephasing providing insight
into a hitherto unexplored regime of quasi-particle dynamics.
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Table 1. Overview of Extracted Parameters for PDI Films
Studied in This Work

PDI 1 PDI 2 PDI 3 PDI 4

average grain size
(nm)

∼20 ∼120 ∼120 >1000

D1 (cm
2 s−1) 0 ± 0.7 11.9 ± 1.5 13.9 ± 2.7 45.3 ± 17.6

D2 (cm
2 s−1) 0 ± 0.7 3.2 ± 0.3 3.3 ± 0.6 17.3 ± 4.1

L1 (nm) ∼0 15.4 ± 1.0 16.6 ± 1.6 30.1 ± 5.8
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