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ABSTRACT: Covalent organic frameworks (COFs), crystalline 
and porous conjugated structures, are of great interest for 
sustainable energy applications. Organic building blocks in 
COFs with suitable electronic properties can feature strong 
optical absorption, whereas the extended crystalline network 
can establish a band structure enabling long-range coherent 
transport. This peculiar combination of both molecular and 
solid-state materials properties makes COFs an interesting 
platform to study and ultimately utilize photoexcited charge 
carrier diffusion. Herein, we investigated the charge carrier 
diffusion in a two-dimensional COF thin film generated through 
condensation of the building blocks benzodithiophene-
dialdehyde BDT and N,N,N’,N’-tetra(4-aminophenyl)benzene-
1,4-diamine W. We visualized the spatiotemporal evolution of 
photogenerated excited states in the 2D WBDT COF thin film 
using remote-detected time-resolved PL measurements (RDTR 
PL). Combined with optical pump terahertz probe (OPTP) 
studies, we identified two diffusive species dominating the 
process at different timescales. Initially, short-lived free charge 
carriers diffuse almost temperature-independently before 
relaxing into bound states at a rate of 0.7 ps-1. Supported by 
theoretical simulations, these long-lived bound states were 
identified as excitons. We directly accessed the lateral exciton 
diffusion within the oriented and crystalline film, revealing 
remarkably high diffusion coefficients of 4 cm2 s-1 (200 K) and 
diffusion lengths of several hundreds of nanometers and across 
grain boundaries. Temperature-dependent exciton transport 
analysis showed contributions from both incoherent hopping 
and coherent band-like transport. In the charge transport 
model developed based on these findings, we discuss the 
complex impact of order and disorder on charge carrier 
diffusion within the WBDT COF thin film. 

INTRODUCTION 

The diffusion of excitons is one of the most fundamental 
processes in semiconducting materials, characterizing their 
ability to transport energy.1–3 Large diffusion coefficients D and 
long diffusion lengths LD of excited states are crucial for 
applications in optoelectronic and photocatalytic devices.4–6 In 
the quest for novel, more efficient photoactive materials, a 
long-standing goal has been to link the energy transport ability 
of a material to its molecular structure, thereby understanding 
the relationship between electronic properties and structural 
features.7,8  

Two-dimensional covalent organic frameworks (2D COFs) are 
an emerging class of highly ordered, crystalline porous 
materials built from organic molecules.9 Due to their structural 
versatility, they allow for precise control over their optical and 
electronic features.10 Through covalent linking of organic 
building blocks, an extended π-conjugation can be forged, 
leading to a delocalized electronic system throughout the 
crystalline and periodic framework, often imparting 
semiconducting properties to the 2D COF.11,12 As a result, COFs 
have been successfully implemented into optoelectronic 
devices such as light-emitting diodes13,14, sensors15 or 
photovoltaic devices16–18 and used as photocatalysts19–21, e.g. 
for hydrogen evolution and CO2 reduction. Due to the 
atomically precise structural control, COFs are highly 
interesting materials for studying structure-property 
relationships in photogenerated energy transport.22–27 So far, 
excitonic processes in 2D COFs have been studied mostly in 
colloidal suspensions using transient absorption spectroscopy 
(TA)23,25,27 or via optical pump terahertz probe spectroscopy 
(OPTP) on powder pellets and thin films.28–30  Employing OPTP, 
effective charge carrier mobilities ranging from 10-1 – 100 cm2 
V-1 s-1 for bulk powders28,30,31 to exceptionally high values of  
102 - 103  cm2 V-1 s-1  for thin films29,32  were determined, while 
TA studies reported diffusion coefficients in the range of 10-5- 

  



 

 

Figure 1. (a) Chemical structure of the two molecular building blocks W and BDT together with the top view onto a 22 supercell, 
illustrating the Kagomé-like pore structure of the WBDT COF. (b) GIWAXS pattern of the WBDT thin film on glass with the 
corresponding hkl indices for in-plane (100, 110, 200, 210, 300, 220) and out of plane reflexes (001). (c) SEM top view of the thin 
film surface. (d) TEM image of the thin film, confirming the preferential crystal orientation within the grains. (d) Normalized steady-
state PL and UV-Vis absorption spectra of the WBDT thin film. 

10-2 cm2 s-1 and diffusion lengths of tens of nm for colloidal 
suspensions of 2D COFs.25,27 Commonly used techniques to 
study charge transport in semiconductors include photo33–36- 
and cathodoluminescence37, terahertz spectroscopy38,39, 
microwave conductivity40,41 or Hall effect measurements42,43, 
generally coupled with band structure calculations. However, 
these methods typically only shed light on particular, often 
spatially limited aspects of the transport processes and do not 
provide a full picture of the macroscopic transport properties 
of emerging semiconducting materials, as these can be strongly 
affected by structural defects and disorder, interfaces between 
components, and particularly grain boundaries. Revealing the 
impact of structural inhomogeneities on energy transport 
phenomena is key to understanding and developing novel 
electronic and optoelectronic materials. In recent years, new 
optical methods imaging the spatiotemporal evolution of 
photogenerated energy carriers have been developed, 
providing a more complete picture.44 The three main 
spatiotemporal characterization techniques are time-resolved 
photoluminescence (TRPL),45 transient scattering (TS)46 and 
transient absorption (TA),47,48 all of which are based on an 
incipient laser pulse triggering the formation of 
photogenerated energy carriers and the subsequent imaging of 
their spatial propagation as a function of time.  

In this study, we employ a non-destructive remote-detected 
time-resolved photoluminescence (RDTR PL) technique to 
study the temperature-dependent charge carrier diffusion in 
two-dimensional covalent organic framework (COF) thin films. 
RDTR PL is a confocal microscopic technique enabling access to 

local processes occurring on the micrometer length scale. By 
directly measuring emitted light (PL), single photon detectors 
can be used, offering high sensitivity of the collected signal. 
RDTR PL has already been successfully employed to study 
large-crystal thin films of methylammonium lead iodide 
(MAPI), a semiconducting material commonly implemented as 
active layer in perovskite-based solar cells.45 In the latter case, 
the extracted diffusion coefficient decreases with increasing 
temperature, providing crucial information on the dominant 
charge transport regime in this material. In semiconductors, a 
description of charge transport is commonly based on two 
paradigms: coherent band-like vs. incoherent hopping 
transport.49 As seen in MAPI thin films, prevalent band-like 
transport results in a decrease of diffusion coefficient with an 
increase of temperature, whereas hopping transport shows the 
opposite trend as activation barriers are overcome at higher 
temperature. Given that COFs are fully organic, crystalline 
periodic polymers, both types of transport can be relevant for 
accurately describing the prevailing diffusion regime. The 
coexistence of band-like and hopping transport of charge 
carriers is observed in some organic semiconductors and 
organic crystals.50–52 Furthermore, structural and electronic 
disorder in the system can have a significant and non-intuitive 
impact on the diffusion of charges or excitons in a 
semiconductor and must therefore be considered when 
interpreting experimental data and drafting a charge transport 
model.53,54 A comprehensive study of the carrier diffusion and 
transport mechanisms in COF thin films is still lacking and the 
powerful RDTR PL technique has not yet been applied to this 
materials class. 



 

The imine-linked 2D COF thin films studied here comprise the 
organic building blocks benzodithiophene-dialdehyde BDT 
and N,N,N’,N’-tetra(4-aminophenyl)benzene-1,4-diamine W. 
This WBDT COF, first published by our group in 2020, was 
chosen for this study because of its significant intrinsic 
conductivity (1.64  10-3 S cm-2) and its tendency to form highly 
crystalline thin films.55 We use confocal microscopy to detect 
remote photoluminescence (RDTR PL), helping us to 
understand intrinsic properties of the radiative excited state 
energy transport in this material. We extracted an 
exceptionally high diffusion coefficient of 4 cm s-1 (at 200 K) 
and diffusion lengths of several hundreds of nm for the lateral 
transport.  

Through thorough analysis of the RDTR PL data in combination 
with theoretical simulations and optical-pump terahertz probe 
(OPTP) spectroscopy, we elucidate the diffusion mechanism in 
WBDT thin films involving excitons as the majority energy 
carriers. For the first time, the use of RDTR PL provides direct 
access to large-scale diffusion in 2D COFs, allowing for a 
correlation of the excited state dynamics to the features of the 
highly crystalline 2D network. Efficient long-range exciton 
transport can be observed in this WBDT COF thin film, with D 
and LD values exceeding those of other COFs and organic 
semiconducting materials by several orders of magnitude.1,25,27  

 

RESULTS  

In this study, we combined advanced spectroscopic techniques 
with in-depth theoretical investigations to understand the 
diffusion dynamics in 2D COF thin films comprised of BDT and 
W. Thin films of this fully conjugated COF are highly crystalline 
and porous, with a Kagomé-like pore structure introduced by 
the tetra-functionalized W node. Both W and BDT are electron-
rich molecules with the former being the more dominant π-
donor.  

The COF was synthesized according to the literature55 under 
solvothermal conditions via the acid-catalysed imine 
condensation of W and BDT (Figure 1a). Thin films were 
grown on glass or quartz substrates under similar 
solvothermal conditions as for the bulk material (see section 
S3 in the Supporting Information for characterization of the 
bulk material). The 100, 110, 200, 210, 300, 220 and 001 
reflections of the COF crystal lattice are clearly visible in the 
GIWAXS pattern in Figure 1b and appear at identical scattering 
vectors in the PXRD pattern of the bulk material (Figure S1). 
The intensity of the hkl reflections is concentrated in the qy 
direction, indicating a predominant orientation of the a-b plane 
of the 2D COF sheets parallel to the substrate with the pores 
extending vertically from the substrate. Scanning electron 
micrographs in Figure 1c show a dense and uniformly covered 
thin film with grains of 100 - 200 nm in size and a thickness of 
~120 nm, which is further confirmed by atomic force 
microscopy (AFM) (Figure S7). TEM images (Figure 1d) 
confirm the preferential parallel orientation of the COF within 
the grains. The absence of a defined crystal structure at the 
grain boundaries implies a disordered character in this region.  

Steady-state UV Vis absorption and photoluminescence (PL) 
spectra are shown in Figure 1e. The bright red COF thin film 
exhibits a maximum absorption at 2.51 eV (494 nm) and an 
emission peak at 1.78 eV (697 nm) with a full width at half 
maximum (FWHM) of 0.35 eV. Fitting of the absorption onset 
using a Tauc plot gives a direct band gap of 2.1 eV (Figure S6a). 
Confocal scanning and hyperspectral imaging of a 10  10 µm2 
section show negligible changes in the normalised intensity, 
central energy, and spectral width of the PL signal, confirming 

the homogeneity of the spectral response from the thin film 
(Figure S9).  

The calculated band structure of WBDT is shown in Figure 2. 
Both the valence and conduction bands exhibit triplet 
arrangements, typical of structures based on the Kagomé 
lattice. WBDT displays moderate in-plane and strong out-of-
plane band dispersions, which is highest for the valence bands. 
A Dirac cone is only 0.1 eV away from the top of the valence 
band. The projection of the states on the atoms of W and BDT 
indicates that the frontier electronic levels in the valence band 
are primarily formed by the atomic orbitals of W. The lowest 
unoccupied bands show a balanced contribution from the 
atomic orbitals of both fragments. 

 

Figure 2. Projected band structure of WBDT. Projection on the 
W-based atomic orbitals in red and BDT atomic orbitals in 
blue, calculated using the PBE functional and empirical scissors 
shift56 of +0.49 eV to estimate the band gap at Hybrid-DFT 
(HSE06) level (see section S8 for more details). Darker colors 
indicate higher weight of states in certain bands on the 
fragment’s atomic orbitals. The distance between Γ and A 
points has been scaled by 0.2 for illustration purpose. 

Time-resolved measurements. In this work, we employ a 
spatiotemporal characterization technique termed remote 
detected time-resolved photoluminescence (RDTR PL). This 
method allows for fully contactless access to intrinsic diffusive 
transport characteristics of crystalline thin film samples. 
Herein, a confocal microscope is used for the time-resolved PL 
measurements, enabling access to the micrometer length scale. 
The detection segment of the microscope comprises a 
spectrometer and time-correlated single photon counting 
(TCSPC) electronics for the temporal resolution. For the spatial 
resolution, a tiltable mirror is implemented in the back focal 
plane of the detection part, allowing for scanning around the 
fixed confocal spot. The aperture of the microscope is defined 
by the chip of an avalanche photo diode (APD), which, used as 
a single photon detector, is overfilled by the light emitted from 
the confocal spot. The studied material is excited with a pulsed 
laser (510 nm), triggering the formation and subsequent 
diffusion of photoexcited states from the confocal excitation 
spot to a remote position, where they recombine whilst 
emitting a photon. A timestamp is assigned to each of the 
detected photons, creating a transient. A schematic 
representation of the methodology is depicted in Figure 3a. 



 

 

Figure 3. (a) Scheme of the remote-detected time-resolved photoluminescence measurement technique. The pulsed laser (yellow) 
excites the sample at the confocal spot. Photoluminescence emitted from the confocal spot as well as at remote distances from the 
confocal spot can be detected (red). The temporal resolution is realized via TCSPC. (b) RDTR-PL data at 5K. PL intensity as a function 
of time (y-axis) and distance (x-axis) from the excitation spot. (c) Temperature independent diffusion coefficient of the free charge 
carriers (fast species) during the first picoseconds after excitation. (d) Exciton (slow species) diffusion coefficient as a function of the 
temperature. For data set 1 and 2, the diffusion coefficient is determined for the blue side of the PL spectrum and for the whole 
spectrum, respectively.

In the transients obtained via RDTR PL, lateral broadening of 
the confocal PL spot can be observed (Figure 3b). This 
broadening is caused by two-dimensional diffusion of the 
excited states in the film. While diffusion in the third dimension 
(z-direction) is likely to be present, it cannot be accessed 
through RDTR PL. Since the Rayleigh length of the excitation 
laser is longer than the thickness of the film, at the laser spot 
the thin film is excited across its entire thickness (section S5). 
Therefore, the diffusion extracted from this RDTR PL 
measurement can be treated as a two-dimensional process. To 
analyse the spatial broadening of the RDTR PL signal and to 
determine the temperature-dependent diffusion coefficient 
𝐷(𝑇), two different methods were used: In method I, a Gaussian 
peak function is fitted to the RDTR PL data for each time step 
resulting in the time dependent spatial broadening 𝜎(𝑡). As a 
result of the analysed spatial broadening 𝜎(𝑡) of the confocal 
PL spot, the diffusion coefficient 𝐷 can be extracted via the 
following relation: 

𝜎(t) =  √2Dt 

Alternatively, in method II the complete time-dependent data 
set (Figure 3b) is fitted using the analytical solution to the 2D 
diffusion problem to determine D (see section S5 in SI for 
details on the analysis and fitting). Due to the finite width of the 
excitation focus, a Gaussian distribution is assumed as initial 
condition for both methods. Also, a Gaussian peak function is 
added with time-independent width attributed to an immobile 
species in both cases (Figures S11 and S12). All measurements 
were analysed using both methods for cross-verification and 
resulted in the same values for the diffusion coefficients within 
the experimental error (section S5). RDTR PL data were 
collected stepwise across a temperature range from 5 to 300 K.  

From the RDTR PL measurements of the WBDT film, two 
diffusion processes at different timescales can be 
distinguished, visible as two different slopes in the spatial 
broadening. In the first picoseconds, still within the rise of the 
PL signal, a fast transport process is observed with diffusion 

coefficient D ~ 10 cm2/s in Figure 3c (termed fast species). On 
the longer nanosecond timescale, a slower temperature-
dependent diffusion is detected (Figure 3d) with significantly 
lower diffusion coefficient (termed slow species).  Together 
with the immobile contribution used in the analysis of the 
RDTR PL data, the slow and the fast species, at least three 
different species need to be considered in a comprehensive 
model description of the excited state dynamics in the studied 
WBDT film.  

Immobile species: In general, immobile species can result 
from defect or disorder-related trap states. Remarkably, the 
steady-state PL spectrum of the WBDT film shows no 
significant narrowing of the PL band for lower temperatures 
(Figure S6b). This indicates the presence of such lower lying 
trap states,54 which would dominate the red side of the PL 
spectrum. Indeed, when limiting the detection range to the red 
side of the PL spectrum, no significant spatial broadening of the 
PL spot in the RDTR PL measurements is observed. In contrast, 
spatial broadening indicative of excited state diffusion of a 
mobile species can be clearly seen while detecting the blue side 
of the RDTR PL spectrum (2.03 - 2.10 eV, data set 1 in Figure 
3c, d). Detecting the whole spectrum (1.25 – 2.20 eV, data set 2 
in Figure 3c, d) results in the same diffusion coefficient but 
with a larger fraction of the immobile contribution (0.3 vs. 0.2, 
respectively).  

Free charge carriers in WBDT COF: To identify the highly 
diffusive (fast) species observed above (Figure 3c) optical 
pump terahertz probe (OPTP) measurements on the 
picosecond timescale were conducted. Figure 4 shows a 
fluence-independent transient THz signal rising within the first 
250 fs upon above band gap excitation (3.1 eV) at three 
different fluences (100, 80, 60 µJ cm-2). We note that an 
analogous response has been reported for different types of 
COFs,28,30 and can be safely attributed to the presence of free 
charge carriers in the COF film. Here, OPTP measurements 
cannot exclude the simultaneous formation of bound exciton 
states which would give rise to resonances outside of our THz 



 

probing range (0.5-2.5 THz) because of the high exciton 
binding energies in COFs.57 From the initial value of the 
photoconductivity right after excitation, the effective mobility 
𝜇 of the free ambipolar charge carriers is extracted as 
𝜑𝜇 ~ 0.12 ± 0.05 𝑐𝑚2𝑉−1𝑠−1, containing the photon-to-free-
charge branching ratio 𝜑. The measured  

 

 

Figure 4. Optical pump terahertz probe measurements. THz 
photoconductivity transients of WBDT COF thin film, 
measured following a 3.1 eV excitation pulse, for three different 
excitation fluences (100, 80, 60 µJ/cm2). For clarity, transients 
measured at different fluences are vertically shifted and the 
measurement zero is indicated by the dashed line. Solid lines 
correspond to a bi-exponential fit to the experimental data. 

photoconductivity signal decays by ~ 90% of its initial value 
with a rate of k1 ~ 0.7 ps-1, thus indicating a minimal remaining 
fraction of free charge carriers, which subsequently decay 
more slowly (k2 ~ 0.05 ps-1). We interpret the initial decay as a 
rapid formation of bound exciton states, whose resonance 
either lies outside the probing window and / or shows 
significantly lower mobility. The slower decay of the residual 
photoconductivity component indicates the presence of 
alternative decay channels for the surviving free charge-carrier 
population, such as trapping or bi-molecular recombination. 
The formation of bound electron-hole pairs as the main species 
dominating WBDT COF’s photophysics is further supported by 
the RDTR PL data, which show significantly longer-lived 
excited states with lifetimes ranging from ~0.9 to 1.2 ns 
(Figure S13). 

Consequently, the initial local broadening of the excitation spot 
within the first picosecond in the RDTR PL measurements is 
very likely caused by the diffusion of free charge carriers. Both 
OPTP and RDTR PL data show that on a fast picosecond 
timescale, a highly mobile species occurs that rapidly relaxes 
into bound excitons with lower mobility.  

Exciton diffusion in WBDT COF: Exciton (slow species) 
diffusion within the COF thin film is detected by RDTR PL 
measurements over the nanosecond timescale (Figure 3d). To 
understand and describe the diffusive transport of the excitons, 
theoretical DFT-based calculations were carried out. Since 
complete excited state calculations of periodic COF structures 
are computationally extremely demanding, we opted for a 
hybrid approach that considers the essential ingredients while 
being computationally feasible. As illustrated in Figure 5, the 

COF unit cell was disassembled into molecular fragments, six 
BDT and three W fragments, respectively. The W fragments 
were H-terminated, while the BDT fragments included the 
imine bonds at the peripheral positions. Time dependent DFT 
(TDDFT) calculations of the BDT and W fragments were 
carried out, including the lowest excitons (at least five per 
molecule), and provided both localized and delocalized 
transition densities with variable dipole characteristics of the 
excited states. The calculated transition dipole moments of 
BDT and W fragments have a dominating in-plane dipole 
orientation with moderately large oscillator strengths and 
asymmetric transition densities (see section S8 in SI for details 
on the theoretical calculations). Subsequent re-substitution of 
the calculated excited states back into the COF structure at the 
respective fragment position allows for the simulation of 
exciton interactions between all fragments. These interactions 
based on the transition charges are dominated by mutually 
neighbouring pairs, leading to an energy dispersion in the COF 
lattice. The in-plane distance between excitons is much larger 
than the out-of-plane distance (51 Å vs. 4 Å), therefore the 
exciton coupling, although present in the x-y plane, is larger in 
the z-direction. For the diffusion coefficient, this anisotropy is 
partially compensated by the geometry prefactor, i.e. the lattice 
constant, which is larger in-plane, enabling the diffusive 
transport in different directions. The different contributions 
from both BDT and W molecules in some of the excited states 
may well result in a superposition of molecularly localized and 
partially delocalized states. RDTR PL data confirm the mixing 
of localized (immobile species) and delocalized states as for 
every time step, the diffusion signal consists of a static 
component with a constant width and a diffusive component 
with an increasing spatial width 𝜎(𝑡) (Figure 3b, S11 and S13).  

The overall largest calculated exciton coupling adds up to a 
moderate value of ε ≅ 50 meV. This energy is significantly 
smaller than most molecular relaxation energies, which 
suggests that excitons couple more strongly to vibrational 
modes of the crystal lattice, making them polaronic excitons. 
We hypothesize that the COF lattice can be deformed in the 
area surrounding the exciton. The diffusion of the excitons 
along the 2D COF layers (in-plane) is observed in the RDTR PL 
measurements while the diffusion in z-direction across the COF 
layers will likely be present but cannot be accessed through 
RDTR PL and is limited by the thickness of the film (~ 120 nm, 
Figure S7).  

 

DISCUSSION OF THE TEMPERATURE-DEPENDENT DIFFUSIVE 
TRANSPORT 

The temperature dependence of the exciton diffusion 
coefficient contains information on the underlying transport 
processes in semiconducting materials.45 Exciton transport in 
highly ordered, crystalline inorganic semiconductors is 
typically described as coherent band-like transport, where 
excitons are scattered by phonons and defects.58,59 For organic 
polymers, incoherent hopping transport is commonly 
observed, where excited states hop from one electronically 
favorable state to another, which is described by a hopping 
rate.2,58,59 Band-like transport is accelerated with decreasing 
temperature due to reduced phonon scattering while for 
thermally activated hopping transport, the opposite trend is 
observed. Due to their highly ordered crystalline structure 
made from molecular building blocks and a delocalized 
electronic system, COFs can often be described as organic 
semiconductors, where a combination of both transport 
phenomena is possible.11,50,51 As discussed above, the free 



 

charge carriers, dominating the dynamics in the first few 
picoseconds, diffuse almost temperature-independently with D 
~ 10 cm2 s-1. Due to above-band-gap excitation and a laser 

pulse duration of ≤ 1 ps, the free charge carriers contain excess 
energy and are thus not in thermal   



 

 

Figure 5. Schematic representation of the hybrid exciton approach: the COF unit cell is divided into molecular fragments of the 
building blocks W and BDT (3 and 6 fragments per unit cell, respectively). The transition charges and exciton couplings of these 
molecular fragments are calculated and the exciton states are placed at the respective positions within the unit cell (red dots indicate 
centers of mass of W, blue diamonds indicate the centers of mass of BDT) to carry out exciton interaction and dispersion simulations 
in-plane and out-of-plane. 

equilibrium with the surrounding environment. With the 
extracted lifetime 𝜏 = 1.4 ps from the OPTP measurements, free 
carriers appear to be converted into bound states before 
temperature dependent phonon scattering can effectively limit 
transport. The diffusion length LD of the free carriers can be 
estimated using values from the two independent 
measurements: the lifetime extracted from OPTP and the 
diffusion coefficient from RDTR PL (see section S7 in SI for 

details).60 A value of LD = √2𝐷𝜏 ≈ 50 nm corresponds roughly 
to the grain size of the WBDT film (Figure 1c), which suggests 
that the carriers can propagate within grains without 
scattering at grain boundaries. 

The combination of the observed and analysed data supports 
the hypothesis that the mobile free charge carriers relax into a 
diffusive exciton state within the first picoseconds (Figure 3b 
and 4) While the initial transient relaxation phase (free charge 
carriers) is not in the focus of the simulations, diffusion is 
considered here for the subsequent phase (diffusive excitons). 
For calculated values of the exciton coupling of ε ≅ 50 meV and 
an estimated reduced reorganization energy of Ʌ ≅ 0.1 eV,61 a 
combination of band-like and hopping transport in the WBDT 
COF thin film can be expected.50 This suggests a rather flat or a 
non-monotonous temperature-dependence of the diffusivity. 
Also, in this crossover regime band-like and hopping 
diffusivities are likely to be comparable in magnitude. 
Therefore, we apply the simpler hopping ansatz for 
calculations at room temperature (290 K),62 A diffusion 
coefficient of D = 0.2 cm2 s-1 is estimated for the exciton 
diffusion, which is in good agreement with the experimentally 
derived range of 0.2 to 0.4 cm2 s-1 at room temperature (Figure 
3d). 

Considering the theoretical model, we tentatively assert that 
the experimentally observed exciton diffusion coefficient 
results from a combination of both incoherent (phonon-
assisted) hopping and coherent band-like contributions. 
Disorder can lead to a complex interplay of these mechanisms, 
resulting in a non-intuitive temperature dependence, as 
observed in organic crystals.53 Figure 3d shows that, when the 
temperature decreases below 300 K, the diffusion coefficient D 
increases until it reaches a maximum value of 4 cm2 s−1 at 
approximately 200 K. This suggests that carrier-phonon 
scattering dominates the temperature dependence of D in this 
regime, where scattering is enhanced with temperature. This 
results in a gradual suppression of coherent transport at high 

temperatures (around room temperature) and an increasing 
dominance of phonon-assisted incoherent over coherent 
transport, justifying the use of the hopping model for room 
temperature calculations. As the temperature lowers, we 
propose that the transport-relevant phonons start freezing out 
at 200 K. Consequently, for temperatures below 200 K, an 
increase in the diffusion coefficient with cooling would be 
expected for a band regime. However, the opposite is observed, 
with a gradual decay to 2 cm2 s−1 at the lowest measured 
temperatures. We propose that the disorder in the COF crystal 
lattice (including grain boundaries and disorder in the grains) 
significantly impacts exciton transport at low temperatures, 
thereby impeding further acceleration of diffusion. Given that 
incoherent transport is strongly thermally driven, it is 
suppressed at low temperatures, and we expect the observed 
diffusion at low temperatures to be mainly coherent and 
limited by disorder. The remarkably large values observed 
here suggest the relevance of the third transport direction in 
the diffusion process, which helps to suppress possible 
weak/strong localization effects typically seen in lower-
dimensional systems. Such lower-dimensional systems are 
prone to localization, often leading to significantly reduced 
mobilities in particular at low temperatures which are not 
observed here. 

A schematic model illustrating the excited state diffusion in the 
WBDT COF thin film summarizing the discussion above is 
shown in Figure 6. Free charge carriers with a diffusion length 
of ~ 50 nm are created within the first picoseconds after 
excitation and quickly relax into excitons at a rate of k1 ~ 0.7 
ps-1 (lifetime of 1.4 ps). The excitons with longer lifetimes of up 
to 1.2 ns are diffusive over several grains (LD = 200 – 800 nm, 
Figure S14), implying that the excitons in WBDT thin films can 
traverse grain boundaries. In addition to the mobile diffusive 
species, a non-mobile contribution arising from localized states 
is visible in the RDTR PL data.  

Since RDTR PL measures diffusion over several grains, 
impurities like defect states, or grain boundaries as well as 
lattice disorder will all affect the experimentally observed 
transport behavior. We note that the strongly preferential 
orientation of the COF layers parallel to the substrate 
throughout the whole thin film is crucial for efficient lateral 
diffusion of excitons. In other words, the z-axis of each grain is 
perpendicular to the substrate’s plane.  To further elucidate 



 

this point, we grew WBDT thin films with random crystallite 
orientation (see section S6 in  

 

Figure 6.  (a) Macroscopic and (b) energetic representations of excited state diffusion in WBDT COF thin films.

 

SI for details), where the angle between z-axis and substrate 
plane varies for every grain. RDTR PL measurements in those 
films show substantially reduced exciton diffusion coefficients 
that decrease with decreasing temperature (Figure S20). This 
change in the diffusion characteristics is due to the anisotropy 
of the COF crystallites with no extension of the two-
dimensional COF structure with the same preferential 
orientation between the crystallites, hence promoting mainly 
hopping-type transport.   

Finally, we compare the derived diffusion coefficients and 
diffusion lengths for the WBDT COF thin films to those 
reported for other 2D COFs in the literature. To date, excited 
state diffusion in 2D COFs has been mostly studied using 
transient absorption spectroscopy of colloidal solutions.25,27 
We note that to the best of our knowledge, the exciton diffusion 
in the WBDT COF films measured via RDTR- PL reaches 
unprecedented values for D and LD. These values significantly 
exceed those reported for other COFs and organic 
semiconducting materials by several orders of magnitude.1,25,27 
We assume that the extended crystallinity of the framework 
and the uniform orientation of the crystallites in the thin film 
play a major role in enabling efficient diffusive excited state 
transport within this WBDT COF.   

 

CONCLUSION 

In this study we visualized the spatiotemporal evolution of 
photogenerated excited states in 2D WBDT COF thin films 
using remote detected time-resolved PL measurements. We 
directly accessed the lateral exciton diffusion within oriented 
and crystalline thin films of this COF. Remarkably high diffusion 
coefficients of 4 cm2 s-1 (at 200 K) and diffusion lengths of 
several hundreds of nanometers and across grain boundaries 
were extracted. Furthermore, we analyzed the temperature-
dependent exciton transport regime. Phonon-assisted exciton 
transport prevails above 200 K, while disorder in the system 
significantly limits the diffusion at temperature below 200 K. 
Theoretical simulations suggest that the observed diffusion 
coefficient arises from contributions of both incoherent 
hopping and coherent band-like transport. This coexistence of 
the two regimes was also observed before in organic 
semiconductors and organic crystals.50–52 We suggest a 
dominating coherent transport at low temperatures and a 

prevailing incoherent transport at room temperature. High 
crystallinity and preferential orientation of COF thin films 
allow for a precise definition of the nanoscale structure of the 
material. Hence, it is evident that energy transport processes 
are influenced not only by the choice of building units but also 
significantly by the (dis)order in the molecular framework. 
With the methodology established here, our work provides a 
mechanistic understanding of charge and energy transport in 
macroscopic molecular framework systems, as well as 
guidance towards enabling efficient transport processes in 
such materials.     
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