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ABSTRACT: Two of the key parameters that characterize the usefulness of
organic semiconductors for organic or hybrid organic/inorganic solar cells are the
mobility of charges and the di�usion length of excitons. Both parameters are
strongly related to the supramolecular organization in the material. In this work
we have investigated the relation between the solid-state molecular packing and
the exciton di�usion length, charge carrier mobility, and charge carrier separation
yield using two perylene diimide (PDI) derivatives which di�er in their
substitution. We have used the time-resolved microwave photoconductivity
technique and measured charge carrier mobilities of 0.32 and 0.02 cm2/(Vs) and
determined exciton di�usion lengths of 60 and 18 nm for octyl- and bulky
hexylheptyl-imide substituted PDIs, respectively. This di�usion length is
independent of substrate type and aggregate domain size. The di�erences in charge carrier mobility and exciton di�usion
length clearly re�ect the e�ect of solid-state packing of PDIs on their optoelectronic properties and show that signi�cant
improvements can be obtained by e�ectively controlling the solid-state packing.
KEYWORDS: exciton di�usion length, PDI, crystal packing, microwave conductivity, charge separation

1. INTRODUCTION
Perylene diimides (PDIs) are attractive organic semiconduc-
tors for optoelectronic studies and organic photovoltaic
technologies owing to their high optical absorption and
�uorescence yield, high photochemical stability,1 and strong
electron-accepting properties. Among the most appealing
characteristics of PDIs is the possibility to control the
electronic structure and molecular packing by chemically
functionalizing the molecule with a large variety of side groups.
As such, they are often used to study energetic and molecular
packing e�ects in connection to organic semiconductor device
performance.2 These electron acceptor molecules also o�er an
attractive alternative to fullerene acceptor molecules that are
predominantly used in organic photovoltaic devices.3 An
additional aspect of this is that PDIs display unconventional
processes such as singlet exciton �ssion with high e�ciency
and rate that can ultimately lead to device e�ciencies
surpassing the Shockley�Queisser limit.4�6 The reverse
process, triplet�triplet annihilation up-conversion has also
been demonstrated in PDIs.7,8 Both processes can be used to
boost organic photovoltaic device e�ciencies.

Two key parameters that determine the performance of
organic semiconductors in optoelectronic applications are the
charge carrier mobility and the exciton di�usion length.
However, only a few reports exist on experimentally
determined PDI di�usion characteristics. To our knowledge,

there are only three previously published studies on the PDI
exciton di�usion length �EXC. The �EXC values in solid-state
thin �lms of phenylethyl imide-substituted PDI vary from 50 to
500 nm (with a 50 nm resolution)9 to 2.5 ± 0.5 �m.10 In
addition, two studies on J-aggregates of PDIs in solution
reported values of �EXC = 70 nm11 and �EXC = 96 nm.12 These
values are in agreement with that of a related perylene
compound, perylene tetracarboxyl dianhydride.13 In a study on
this material it was shown how the grain diameter strongly
a�ects the nonradiative decay rate. In turn, the exciton
di�usion length that has been determined via photo-
luminescence quenching was �EXC = 6.5 ± 1.0 nm for a
grain diameter of ±5 nm to �EXC = 21.5 ± 2.5 nm for ±400
nm grain sizes. Some of these singlet exciton di�usion lengths
are unusually long, considering that for most organic
semiconductors singlet exciton di�usion lengths are in the
range of 2�15 nm.14 Therefore, the electronic and structural
origins of the large singlet exciton di�usion lengths are
interesting to study in PDIs. The second important electronic
characteristic of organic semiconductors is the charge carrier
mobility. There are several theoretical15�18 and experimen-
tal17�21 studies on PDIs reporting electron mobilities �e�
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ranging from 0.1 to 2 cm2/(V s). Some of these studies
indicate that intermolecular orientation and distance strongly
in�uence charge carrier mobility. This was explained by
di�erences in molecular orbital overlap that a�ect the e�ective
charge transfer integral between neighboring molecules.

The aim of this study is to investigate the interplay between
morphology and optoelectronic properties, which is highly
relevant considering the aforementioned renewed interest in
PDI molecules as electron acceptors and the possible
exploitation of singlet �ssion6,22 and up-conversion in organic
photovoltaic devices.23,24 However, while the optical and
charge carrier properties have been reported sepa-
rately,10,17,25�27 no integrated study has been performed
reporting on exciton di�usion and charge carrier dynamics
using the same experimental technique, that is, time-resolved
microwave conductivity. In fact, simultaneous knowledge on all
these properties is essential for designing better chromophore
systems for organics based optoelectronic devices.

To this end, we examine thin �lms of octyl (PDI-octyl) and
hexylheptyl (PDI-hexhep) imide-substituted PDIs shown in
Figure 1. PDI-octyl is a commonly used PDI for organic
electronics related studies and has been shown to form large
crystalline aggregates.28�31 PDI-hexhep is substituted with a
branched alkyl chain that is commonly used to improve
solubility by decreasing intermolecular ��� stacking between
PDI cores.28 The decreased electronic interaction between the
� systems should provide clear di�erences in optoelectronic
behavior between PDI-hexhep and PDI-octyl. Using electron
and laser pulsed time-resolved microwave conductivity
(TRMC) measurements we determined charge carrier
mobilities of 0.32 and 0.02 cm2/(Vs) and corresponding
exciton di�usion lengths of 60 and 20 nm for PDI-octyl and
PDI-hexhep, respectively. These studies were performed on
planar heterojunction systems of PDIs with zinc phthalocya-
nine (ZnPc) and polycrystalline titanium dioxide (TiO2) of
which the electronic diagram is depicted in Figure 1.

2. EXPERIMENTAL SECTION
2.1. Sample Preparation and Characterization. PDI-octyl

(N,N�-dioctyl-3,4,9,10-perylenedicarboximide) and PDI-hexhep (N�-
hexylheptyl-3,4,9,10-perylenedicarboximide) were synthesized from
perylene-3,4,9,10 tetracarboxylic acid dianhydride as purchased from
Sigma-Aldrich according to procedures published elsewhere.32 The
ZnPc powder was purchased from TCP and used without further
modi�cation. The polycrystalline TiO2-coated fused silica substrates
(�90 nm thickness) were purchased from Everest Coatings, Inc. and
treated at 450 °C for 2 h in a furnace. Pulse radiolysis time-resolved
microwave conductivity (PR-TRMC) measurements were performed
on PDI powders and �ash photolysis TRMC measurements were
carried out on thin �lms. Thin �lms of PDI and ZnPc powders were
deposited on fused silica substrates by thermal evaporation in an AJA
ATC Orion evaporator. Prior to deposition, the substrates (ESCO, 12
× 25 × 1 mm) underwent an air plasma treatment (2 min, 1000
mTorr) to clean and charge the substrate surface. During deposition,
the powders were heated to their sublimation temperature (180�230
°C) under high vacuum conditions (10�7�10�6 mbar) and heated
further until the desired evaporation rate was reached (0.3 Å/s). The
deposition rate was monitored using a quartz microcrystal balance.
The fused silica substrates were heated to 150 °C during PDI
deposition to promote crystallization and were brought back to room
temperature prior to ZnPc evaporation in order to prevent blending of
the organic layers. TiO2 thin �lms on fused silica underwent the same
processing to fabricate the TiO2/PDI planar heterojunctions except
for the substrates heating step. During deposition the substrate holder
rotated the substrates at 25 rpm to ensure �lm homogeneity.

The thin �lm surface morphology was imaged using an Extreme-
Resolution Analytical Field Emission SEM JEOL-7800F Prime
Extreme. The images were recorded under high vacuum with an
upper electron detector (UED) and a lower electron detector (LED)
to measure secondary and backscattered electrons. The resolution of
the images was enhanced by occasionally sputtering the organic �lms
with a 5 nm thick Pt layer (sputter coater Leica EM ACE600). The �lm
thickness was determined using a step-pro�lometer (Veeco Dektak 8
Stylus step-prof ilometer) and are listed in Table S1. X-ray di�racto-
grams were acquired using a Bru�ker D8 X-ray di�ractometer (Co K�1
radiation, � = 1.79 Å) and analyzed with the Bru�ker program EVA.
Steady-state absorption spectra were obtained using a PerkinElmer
Lambda 1050 spectrometer with the sample placed inside and in front

Figure 1. Chemical structure of (a) PDI-octyl and (b) PDI-hexhep and ZnPc and (c) energy diagrams for the fully organic PDI/ZnPc and TiO2/
PDI planar heterojunction used in this study to investigate charge carrier kinetics and exciton di�usion.
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(FS) and back side (BS)) and whether exciton re�ection or
quenching occurs at the nonheterojunction interface of the system.
To determine �EXC, planar heterojunction systems were measured by
front side and back side illumination and by varying the PDI �lm
thickness L. The measured values for 
0�� are �tted with eqs 11 and
S2 using a predetermined value for � to obtain the indistinguishable
product term �CS�� and �EXC. Similar �tting functions, that is, eqs 11
and S3, were applied to TiO2/PDI heterojunctions. However, instead
of varying the PDI layer thickness, an action spectrum was measured
acting to vary �. The singlet exciton di�usion coe�cient DEXC can be
calculated using the relation

DEXC EXC EXC�� = (12)

where 	EXC is the singlet exciton lifetime obtained from photo-
luminescence measurements.

3. RESULTS AND DISCUSSION
3.1. Crystallinity and Charge Carrier Transport in PDI

Powders. We �rst investigate the e�ect of the PDI imid
substitution on molecular packing using X-ray powder
di�raction and the resulting charge carrier mobility using
pulse radiolysis conductivity experiments. The X-ray di�racto-
grams of PDI-octyl and PDI-hexhep powders in Figure 2a
display strong di�erences in re�ection intensity. PDI-octyl has
a pronounced [001] re�ections that is consistent with the
known crystal structure,30,31 contrary to the less-well resolved
PDI-hexhep di�ractogram that indicates rather poor crystal-
linity. This is consistent with the expected e�ect of the
branched side chains that disrupt the solid-state packing. The
radiation induced conductivity transients obtained from PR-
TRMC measurement for PDI-octyl and PDI-hexhep powders
are shown in Figure 2b. During the 10 ns electron pulse, the
conductivity increases linearly with time due to the formation
of mobile charge carriers. Subsequently, recombination of

electrons and holes or trapping of charges at impurities cause
the conductivity to decay. The conductivity of PDI-octyl is an
order of magnitude higher than that of PDI-hexhep. The sum
of the electron and hole mobility �� derived from these
transients are ��1D = 0.32 for PDI-octyl and 0.02 cm2/(V s)
for PDI-hexhep. According to estimates based on Marcus
theory made by Delgado et al. for PDI-pentyl, which has a
similar crystal packing as PDI-octyl, the values of the electron
and hole mobility of PDI-octyl are �e� = 0.1 cm2/(V s) and �h+
= 2.1 cm2/(V s), respectively. These values are larger than
what we experimentally �nd for PDI-octyl, but this can easily
be understood by realizing that the calculated values do not
account for any static or dynamic structural disorder.15,16 For
PDI-hexhep such calculations are not possible since no crystal
structure is known. The mobility of PDI-octyl is among the
highest values obtained for perylene diimides45 and is
attributed to columnar packed PDI units. Such columnar
structures are also observed in XRD and SEM measurements
of the thin �lms shown later. The more ordered structure of
PDI-octyl, as shown in Figure S1, compared to PDI-hexhep
leads to a larger e�ective orbital overlap and thus higher
mobility values.15

3.2. Solid-State Packing and Thin Film Morphology.
The X-ray di�ractograms of PDI �lms in Figure 3 reveal one
re�ection for PDI-octyl at 5.1° and PDI-hexhep at 5.86°. This
corresponds to intercolumnar spacings of 20.1 and 17.5 Å,
respectively. The preferential crystal orientation of PDI-octyl
and -hexhep are in accordance with literature.19,30,45

Comparison of the powder with the thin �lm di�ractograms
shows the preferred crystal orientation in the thin �lm since it
only has one re�ection, in contrast to the powder spectrum.
The extent of crystallization of PDI-octyl does not seem to be
larger than in PDI-hexhep. This observation is supported by an

Figure 2. (a) Powder X-ray di�ractograms of PDI-octyl and PDI-hexhep with the pronounced [001] re�ection of PDI-octyl and a 4500x zoomed-in
view in the inset. (b) Dose normalized radiation induced conductivity transients for PDI-octyl and PDI-hexhep at room temperature using a 10 ns
electron pulse.

Figure 3. X-ray di�ractograms for annealed (150 °C) single layer thin �lms on fused silica of (a) PDI-octyl and (b) PDI-hexhep with thicknesses
ranging from 15 to 500 nm.

ACS Applied Energy Materials Article

DOI: 10.1021/acsaem.9b01490
ACS Appl. Energy Mater. XXXX, XXX, XXX�XXX

D

http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b01490/suppl_file/ae9b01490_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b01490/suppl_file/ae9b01490_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b01490/suppl_file/ae9b01490_si_001.pdf
http://dx.doi.org/10.1021/acsaem.9b01490


estimation of the crystalline domain size (provided in Table
S2) using the Scherrer equation. The estimate shows that PDI-
hexhep has similar crystalline domains ranging from 29 to 131
nm, while in PDI-octyl it ranges from 28 to 97 nm.

Previous studies have shown that the formation of organic
thin �lms depends on the substrate properties.20,31,46 We use

fused silica and TiO2 as a substrate to investigate a possible
relation between substrate type and the solid-state packing of
the PDIs. In Figure 4, SEM images are displayed of the PDI
�lm surface morphology on both fused silica and TiO2. The
�lms are not annealed and are carefully coated with a Pt layer
(3 nm) to allow better imaging. The PDI-octyl layer on fused

Figure 4. Scanning electron microscope images for 100 nm thick �lms of PDI-octyl (left) and PDI-hexhep (right) on fused silica and TiO2
substrates. Scale bars indicate the size of the features at 10 000× magni�cation.

Figure 5. (a) Absorption spectra (� on left axis) and �uorescence excitation spectra (right axis) of PDI-octyl and PDI-hexhep �lms and (b)
emission spectra thin �lms. The absorption (� on left axis) and emission spectra of PDI-octyl in 1 × 10�5 M CHCl3 solution has also been added in
blue. (c) Fluorescence decays of annealed thin �lms of PDI-octyl (emission at 687 nm) and PDI-hexhep (emission at 630 nm) (dots) upon 460 nm
photoexcitation (300 �W) and their monoexponential �t (solid lines).
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