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ABSTRACT: Donor−acceptor nanofibril composites have
been fabricated, and the dependence of their photocurrent
response on the structure and morphology of the donor part
has been systematically investigated. The nanofibril composites
were composed of template nanofibers, assembled from an
electron acceptor molecule, perylene tetracarboxylic diimide
(PTCDI), onto which (through drop-casting) various electron
donor molecules (D1−D4) were coated. The donor molecules
have the same π-conjugated core, but different side groups.
Due to the different side groups, the four donor molecules
showed distinctly different propensity for intermolecular aggregation, with D1−D3 forming segregated phases, while D4 prefers
homogeneous molecular distribution within the film. It was found that the nanofibril composites with D4 exhibit the highest
photocurrent, whereas those with aggregation-prone D1−D3 exhibited much lower photocurrent under the same illumination
condition. Solvent annealing is found to further enhance the aggregation of D1−D3 but facilitate more uniform molecular
distribution of D4 molecules. As a result, the photocurrent response of PTCDI fibers coated with D1−D3 decreased after vapor
annealing, whereas those coated with D4 further increased. The detrimental effect of the aggregation of donor molecules on the
PTCDI fiber is likely due to the enhanced local electrical field built up by the high charge density around the aggregate−
nanofiber interface, which hinders the charge separation of the photogenerated electron−hole pair. The results reported in this
study give further insight into the molecular structural effect on photoconductivity of hybrid materials, particularly those based on
donor−acceptor composites or interfaces, and provide new molecular design rules and material processing guidelines to achieve
high photoconductivity.

■ INTRODUCTION

Fabrication of effective donor−acceptor heterojunction struc-
tures remains critical for developing high-performance organic
photovoltaics and the relevant photoelectric switches and
sensors.1−5 However, most of the research efforts to date have
been focused on bulk heterojunctions, which are formed
through the not-easily controlled phase separation process.6−12

More ordered heterojunction structures, particularly those
controllable at the nanometer scale through molecular design
and engineering, are desirable in order to achieve high
photoconversion efficiency.13 Self-assembly has proven to be
an efficient bottom-up method to construct well-defined
nanostructures that may afford high photoconductivity.14−16

A few examples have been reported on the design and
fabrication of nanostructured heterojunction systems through
molecular self-assembly.3,17−24 Most of these systems, however,
either form well-ordered structure only on a small area or
require complicated molecular synthesis and thus are not suited
for practical applications.

Recently, we have developed a novel approach based on
nanofibril heterojunction to achieve high photoconductivity for
organic materials.3 The approach relies on interfacial structural
modification of nanofibers fabricated from electron acceptor
(A) molecules, onto which a layer of electron donor (D)
molecules is coated. The A molecules are based on derivatives
of perylene tetracarboxylic diimide (PTCDI), which represent a
robust class of semiconductor materials with high thermal and
photo stability.25 The strong hydrophobic interdigitation
between the long alkyl side chains of D and A molecules
enables efficient charge transfer between the two under
photoexcitation. Such nanofibril heterojunctions possess two
prominent features that are critical for efficient photocurrent
generation: one is that the nanofibers both create a wide D/A
interface for increased charge separation and act as long-range
transport pathway for photogenerated charge carriers toward
the electrodes; the other is that the alkyl side chains employed
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not only enable effective surface adsorption of D molecules on
the nanofibers for effective electron-transfer communication
but also facilitate spatial separation the photogenerated charge
carriers to prevent their recombination. The surface coating
method thus developed represents a simple, adaptable method
that will allow for further improvement of organic photo-
conductivity through molecular design and supramolecular
engineering. In the present work, we aim to explore the effects
of aggregation of D molecules on the photoconductivity of
nanofibril heterojunctions. A series of D molecules with varying
side-chain modifications were synthesized26 and investigated for
the different intermolecular arrangements caused by π−π
stacking in balance with steric hindrance of side chains.
Interestingly, it was observed that the different molecular
assemblies of D resulted in distinctive phase segregation
between D and A (the nanofiber), which significantly affects the
interfacial charge transfer and separation as indicated from the
measurements of fluorescence quenching and photocurrent
generation.

■ RESULTS AND DISCUSSION
Nanofibril Heterojunction Fabrication. Scheme 1 shows

the structures of the four D molecules employed in this study,

which are based on the same tribenzopentaphene (TBP) core.
The rigid, planar π-conjugated TBP core is conducive for
cofacial π−π stacking that often leads to the formation of a one-
dimensional molecular assembly. The highest occupied
molecular orbital (HOMO) of TBP molecules is significantly
higher than that of PTCDI, providing sufficient driving force
for the photoinduced TBP to PTCDI electron transfer. All four
TBP molecules (D1−D4) have two dodecyl chains attached at
the same positions. These linear alkyl chains help anchoring the
D molecules onto the nanofiber of A through hydrophobic alkyl
chain interdigitation as observed before.3,25,27 At the periphery
of the TBP core, different side chains were attached for D1−D4
so that the intermolecular arrangement between TBP cores can
be modulated, whereas the interfacial interaction between
PTCDI and the four D molecules is expected to be comparable
due to their identical dodecyl anchoring chains. Systematic
investigation on how the intermolecular aggregation of the
coated D molecules affect the photocurrent response of the
PTCDI nanofibers would provide deeper understanding of the
photoinduced charge separation process at the nanofibril
heterojunction and open more options to further increase the
photocurrent through structural optimization of the D
component.

Side group modification has proven to be an effective way for
tuning the intermolecular interactions, leading to different
aggregated morphologies and electronic properties.28 Such
molecular structural effect can be more clearly manifested
under solvent vapor annealing, which facilitates the self-
assembly of molecules to reach the thermodynamically stable
(energy minimal) state by removing the grain boundaries
formed during the fast solvent vaporization process. Indeed,
solvent vapor annealing has been extensively studied for organic
semiconductor materials and devices in order to improve the
crystallinity and charge carrier mobility.29−32 In this study, we
adopted this annealing process to facilitate the assembly of D
molecules so that the effect of peripheral side group
modification can be revealed more illustriously. Among the
four D molecules, D4 is expected to have the most severe steric
hindrance for π−π stacking due to its bulkier side groups. The
other three molecules on the other hand possess relatively small
peripheral groups and are thus prone to π−π staking
aggregation. As shown below, the different extent of
intermolecular aggregation in the four D molecules has a
dramatic effect on the photocurrent response of the core
PTCDI nanofibers. With the coating of D4, which shows no
π−π stacking even after solvent annealing, the PTCDI
nanofibers exhibit the highest photocurrent. When coated
with D1, D2, and D3 molecules, which are prone to
aggregation, the photocurrent response is significantly lower.
The difference is more dramatic for the D−A nanofibril
heterojunctions after solvent vapor annealing.
The nanofiber of A was fabricated from a PTCDI molecule

(Scheme 1) following the previously published self-assembly
protocol.27 The PTCDI molecule has a dodecyl chain at both
imide positions to ensure strong hydrophobic alkyl chain
interdigitation with the D molecules. The nanofibers were
subsequently surface-coated with D molecules using the drop
casting method previously employed for creating similar
nanofibril heterojunctions.3 The as-prepared nanofibers possess
well-defined morphologies and large aspect ratios, providing a
large interface for surface adsorption of D molecules. Figure 1

shows the in situ AFM images of PTCDI nanofibers before and
after surface coating of D4 molecules. Almost all of the D
molecules are coated onto the surface of nanofibers after drop
casting, leaving little residue on the silicon oxide substrate.
Similar phenomena were observed for other three D molecules,
D1−D3 (Supplementary Figure S1). The clean and selective
deposit of D molecules onto the PTCDI fibers is attributed to
the strong hydrophobic interdigitation between the dodecyl
chains of D and that of PTCDI molecules on the nanofiber
surface. Meanwhile, the morphology of individual nanofibers

Scheme 1. Schematic Illustration of Core-Shell Structured
Nanofibril Heterojunction Composed of D1−D4 Coating
and PTCDI Nanofiber

Figure 1. AFM images of PTCDI nanofibers (molecular amount of 7
nmol) deposited on a 5 mm × 5 mm silicon wafer covered with 300-
nm thick SiO2 before (a) and after (b) surface coating of D4 (4 nmol).
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and the intertwining configuration remain unchanged after
drop casting, indicating the robustness of nanofibril structures
on the substrate. Such a feature enables comparative studies of
PTCDI nanofibers modified with different D molecules,
allowing the pinpointing of different photocurrent responses
on the surface-coated D molecules.
Effect of Intermolecular Aggregation Photoconduc-

tivity. Figure 2a shows the fluorescence spectra of the PTCDI

nanofibers before and after the coating of D4 molecules, which
indicates that 80% of the PTCDI fluorescence was quenched
after D4 coating. The significant fluorescence quenching is due
to the forward electron transfer from D4 molecules to the
photoexcited PTCDIs. This photoinduced electron transfer is
thermodynamically favored with a driving force of 1.13 eV,
calculated between the highest occupied molecular orbital
(HOMO) levels of D4 and PTCDI molecules (Figure 3).
Consistent with the efficient fluorescence quenching, high
photoconductivity was observed for the D4/PTCDI nanofibril
heterojunction (Figure 2b), for which an on/off ratio of ca. 104

was obtained under a 10 V bias. The high photoconductivity
was due to an optimal balance between the forward and back
electron transfer between D4 coating and the PTCDI
nanofibers as discussed below. It is possible that the increased
photocurrent may be due to the conductivity of the D4 coating
itself. However, this possibility was excluded since the dark and
photo current of D4 film under the same light illumination
(Supplementary Figure S7) was only around 1 pA under 10 V
bias, which is 3 orders of magnitude lower than that of D4/
PTCDI nanofibers (Figure 2b). Moreover, the D4 film does
not demonstrate photoconductivity response, i.e., the I−V
curves obtained under dark and light illumination remained
almost the same (Supplementary Figure S7).
The same experiments shown in Figure 2 were also

performed on the PTCDI nanofibers coated with other three
D molecules, D1−D3, in order to investigate the effect of
molecular structure of D on the photoconductivity of D/A
nanofibril heterojunctions. Figure 3 shows the results of
fluorescence quenching and photocurrent measurements
performed on the four different nanofibril heterojunctions.
While all four nanofibers showed comparable fluorescence
quenching after D-coating, the photocurrents generated were
dramatically different, with the D4/PTCDI nanofiber giving the
highest photocurrent. The efficient fluorescence quenching is

consistent with the energetically favorable forward electron
transfer from the D molecule to the photoexcited A, for which
the driving force was calculated to be in the range of 0.7−1.1
eV (Figure 3). However, efficient forward electron transfer does
not necessarily produce high electrical current, which also
depends on other factors such as the subsequent charge
separation of the photogenerated D+−A− pair to free charge
carriers and the charge carrier mobility. Charge recombination
(or back electron transfer) within D+−A− pair is often one of
the major reasons for low photocurrent.
It is particularly intriguing to compare D3 and D4. Both have

alkoxy side groups and very close HOMO levels. When coated
on PTCDI fibers, they exhibit an identical extent of
fluorescence quenching. The photocurrent response of the
two heterojunctions, however, differs by almost five times. The
difference in photocurrent was even more dramatic for the
nanofibers coated with D1 and D2, which showed photo-
current values more than 10 and 50 times, respectively lower
than that of D4-coated fibers (Figure 3). Considering the
similar fluorescence quenching efficiency among the four
nanofibers, we suspected that the lower photocurrent observed
with the nanofibers coated with D1−D3 (compared to that of
D4) was primarily due to the less efficient charge separation (or
faster charge recombination) of the photogenerated D+−A−

pair, which has something to do with the phase segregation of
surface-coated D molecules. The bulky side group of D4
prevents intermolecular π−π stacking, resulting in uniform
molecular distribution of D4 onto the PTCDI nanofibers. In

Figure 2. (a) Fluorescence spectra of PTCDI nanofibers shown in
Figure 1 before (black) and after (red) drop-casting of D4. (b) I−V
curves measured over the D4-coated PTCDI nanofibers in the dark
(black) and under white light irradiation of 0.17 mW/mm2 (red).
Efficient fluorescence quenching of PTCDI nanofibers by coating of
D4 was also confirmed with fluorescence microscopy imaging
(Supplementary Figure S12). Similar fluorescence quenching was
also observed for the coating of D1−D3 molecules (Supplementary
Figures S5 and S13).

Figure 3. (Top) Comparison of fluorescence quenching (red) and
photocurrent generation (blue) between the PTCDI nanofibers coated
with the four donor molecules, D1−D4. Fluorescence quenching and
photocurrent measurements were conducted under the same
conditions as employed in Figure 2. Photocurrent values used in
this plot were obtained at a bias voltage of 10 V. Example fluorescence
quenching and I−V curves measured over D1−D4 are shown in
Figure 2 and Supplementary Figures S5 and S6. (Bottom) Electronic
energy levels of PTCDI and D1−D4. The HOMO levels of D1−D4
were determined by cyclic voltammetry using Fc/Fc+ as an internal
standard.26 The energy levels of PTCDI (A) and D1−D4 (in
parentheses) were calculated with density-functional theory (B3LYP/
6-311g**//B3LYP/6-31g*) using the Gaussian 09 package.
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contrast, D1−D3, with relatively small side groups, are prone to
π−π stacking, which leads to the formation of segregated
phases of aggregated D molecules. AFM images of the drop-
cast films of D1−D3 confirmed their self-assembly. Particularly
for D1 and D3, the preferred columnar stacking enabled
formation of nanofibril structures (Supplementary Figures S2
and S10).
Results in Figure 3 suggest that aggregates of D1−D3 can

quench the fluorescence of PTCDI nanofiber in similar (or
comparable) efficiency as the homogeneous coating of D4. This
can be explained by the long distance exciton migration within
the single crystalline nanofiber of PTCDI, where the exciton
migration distance was in the range of hundreds of nanome-
ters.25,33 Once the quenchers (molecules or aggregates) are
distributed on the surface with sufficient density (i.e., spatially
separated within the distance of exciton migration), the
fluorescence of nanofibers can be effectively quenched, as an
exciton can always encounter a quencher when migrating along
the nanofiber within its lifetime.34 Considering the high molar
ratio (4/7) of D/A used in this study, it is reasonable to assume
that the aggregates of D1−D3 can cover the PTCDI nanofiber
with high enough density and the separation between the
aggregates is significantly smaller than the exciton migration
distance of PTCDI.
Although the aggregation of D1−D3 does not affect

fluorescence quenching efficiency, it caused significant decrease
in photocurrent compared to the case of D4. This is likely due
to the locally enhanced recombination (rather than separation)
of the D+−A− charge pair photogenerated around the aggregate
of D. The interfacial charge separation of D+−A− at the PTCDI
nanofiber is primarily caused by the intermolecular electron
delocalization among the π−π stacked PTCDI molecules,3,5,35

and this charge delocalization can be further extended under
electrical bias applied to the nanofiber. At the fibril section with
an aggregated D domain, there may be multiple pairs of D+−A−

photogenerated by quenching multiple excitons (as discussed
above), making the electron delocalization along the PTCDI
stacks more difficult due to the increased charge density.36,37

Moreover, multiple charge pairs form a strong local electrical
field, which can prevent the charge separation. These two
effects result in enhanced charge recombination of D+−A−. In
contrast, the homogeneous coating of D4 produces more
uniform distribution of D+−A− pairs on the nanofiber, which
can be effectively separated through the intermolecular electron

delocalization along the nanofiber, leading to the generation of
high photocurrent as shown in Figure 3.
It is interesting to note that among the three D molecules

(D1−D3) that produced relatively low photocurrent (Figure
3), D2 demonstrated the lowest current value, significantly
lower than the other two, although the fluorescence quenching
efficiency of D2 is even the highest. This additional lowering of
photoconductivity is likely due to the hydroxyl side groups of
D2 (−OH), which affords redox interaction with electrons,
functioning as a charge carrier trap as previously observed in n-
type organic field effect transistors.38−40

Surface Potential of Nanofibril Heterojunction under
Illumination. To gain further insight into the photoinduced
charge separation process within the nanofibril heterojunction
of PTCDI, Kelvin probe force microscopy (KPFM) was used to
image the surface potential change upon illumination in a
similar way as previously performed on other organic
heterojunctions.41,42 D3 was chosen as a representative of the
three donors (D1−D3) to form D/A heterojunction with
PTCDI; these three donors prefer to form aggregates, which
are easy to be imaged by AFM and distinguished from PTCDI
fiber. The D3/PTCDI nanofibers were deposited onto an
indium-doped tin oxide (ITO) coated glass slide, and measured
simultaneously for topography and surface potential images
both in the dark and under white light illumination.
As shown in Figure 4a, well-defined morphology was

observed for the PTCDI nanofiber with surface coating of
D3. Figure 4b shows the line scan profile of surface potential
corresponding to the red line marked in Figure 4a. In the dark,
the surface potential PTCDI fiber (domain I as marked)
appears higher than that of D3 aggregate (domain II),
consistent with their HOMO level difference as shown in
Figure 3. Upon white light illumination, PTCDI gets excited,
initiating electron transfer from D3 to the fiber. This charge
separation was imaged as an increase in surface potential of the
D3 phase, but a decrease for the PTCDI fiber (red plot in
Figure 4b). For comparison, the same KPFM measurements
were also performed on a bare D3 aggregate (domain III), for
which no surface potential change was observed before and
after white illumination (Figure 4c). This is simply because that
D3 can barely be excited by visible light (Figure S3) and thus
no charge separation can be initiated.

Solvent-Annealing Influence on Photoconductivity. It
is well-known that fast evaporation of solvents during the drop-

Figure 4. KPFM measurement of D3/PTCDI nanofibril heterojunction. (a) Topograhy image of the nanofibril heterojunction (Z height range 400
nm). PTCDI nanofiber, D3 coating, and isolated D3 aggregate are marked as domains I, II, and III, respectively. (b, c) Line scan surface potential
profiles obtained by tracing the corresponding lines marked (red, blue) in the dark (black plot) and under white light illumination of 10 mW/cm2

(red plot).
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casting process rarely produces the thermodynamically stable
(energy minimized) state with regard to the intermolecular
arrangement and phase growth within organic materials. Large
number of defects and grain boundaries can be formed during
the rapid assembly of molecules, and the growth of small nuclei
may be quenched when the solvent is dried. Postassembly
treatment, like solvent vapor annealing (i.e., aging of organic
materials in saturated solvent vapor), has proven to be an
effective method to reorganize and optimize the intermolecular
arrangement, and facilitate the phase growth to reach the
thermodynamic stable state.29,43−46 Indeed, solvent vapor
annealing has been commonly used in solar cell materials
processing to improve the crystalline organization of D and A
phases, with the aim to facilitate the charge transporta-
tion.9,47−53 We expected that the above-mentioned difference
of photocurrent between the nanofibers coated with D4 and
D1−D3 would be more profound if the nanofibers were subject
to solvent vapor annealing, considering that the difference of
phase morphology and its dependence on the molecular
structure between D4 and D1−D3 can be maximized at the
thermodynamic stable state.
D3 was chosen as a representative of D1−D3 to study the

effects of solvent vapor annealing on the surface aggregation
and the subsequent photoconductivity; the results were
compared to those observed with D4. The annealing was
performed in ethanol vapor, as ethanol is a good solvent for
D1−D4, but a poor one for the PTCDI. During the annealing
process the crystalline structure of PTCDI nanofibers was
expected to remain intact. Under the same annealing
conditions, D3 and D4 coatings underwent dramatically
different transition of the aggregation state. For D3, optical
microscopy imaging showed the growth of small aggregates
into large needle like structures (Figure S10). AFM imaging
revealed that the small aggregates of D3 are actually composed
of fine nanofibril structures, which were formed during the
drop-cast process. Formation of nanofibril structure is
indicative of the favorable columnar π−π stacking of D3,
which is consistent with planar geometry of TBP π-conjugation.
Upon solvent vapor annealing these small nanofibers grew into
needle like chunks, though still remaining in an elongated shape
(Figure S10). This observation indicates that D3 is prone to
crystallize into large elongated structures driven by the strong
π−π stacking interaction. The D4 coating on the other hand
showed no obvious aggregation even after solvent vapor
annealing (Figure S11).
The different behavior of D3 and D4 under solvent vapor

annealing led to distinct effect on the photocurrent response as
measured over the PTCDI nanofibers coated with these two
molecules (Figure 5a). For D3, the photocurrent decreased to
14% of its preannealing value, whereas for D4, the photocurrent
increased by 60%. The significant decrease in photoconductiv-
ity of D3/PTCDI nanofiber is likely due to the increased
aggregation of D3 induced by the solvent vapor annealing. As
discussed above, the enlarged aggregated domains of D
molecules are detrimental to the charge separation of D+−A−

pairs due to the enhanced local electrical field. In contrast, for
the D4/PTCDI nanofiber the bulky isopropoxyl substitution at
D4 prevents molecular aggregation and instead favors the
homogeneous distribution of molecules on the surface. Such
molecular distribution can be further facilitated under solvent
vapor annealing, producing a coating layer with minimized
aggregation, as indicated by the 60% increase in photocurrent
shown in Figure 5. This annealing-enhanced molecular

distribution of D4 was supported by the solid-state fluorescence
spectral measurement on a thin D4 film drop-cast on a glass
slide. The glass slide was pretreated with trichloro(octadecyl)-
silane (OTS) to generate a hydrophobic surface similar to that
of the PTCDI nanofiber. Before solvent vapor annealing, the
fluorescence spectrum of D4 film possesses a major peak at 465
nm, along with a shoulder peak at a shorter wavelength, 440
nm. Compared to the fluorescence spectrum of D4 molecularly
dispersed in ethanol (Supplementary Figure S3), the
fluorescence emission in the solid state becomes more
dominant at longer wavelength (Figure 5b), consistent with
the enhanced intermolecular interaction as commonly observed
for molecular assemblies. The 440 nm emission (characteristic
of the fluorescence of individual molecules) remains in the solid
film of D4, indicating the relatively weak intermolecular π−π
interaction in comparison with the film of D3, where the strong
π−π stacking results in almost no emission observed for the
individual molecules (Supplementary Figures S3 and S4). After
solvent vapor annealing, the 440 nm peak of D4 film was
significantly enhanced (Figure 5b), implying more molecules
originally “frozen” as aggregates during the fast evaporation of
drop-casting now transformed into homogeneous molecular
distribution. In contrast, for the D3 film there was no obvious
change observed in the fluorescence spectrum upon solvent
vapor annealing under the same condition (Supplementary
Figure S9). This is consistent with the strong intermolecular
stacking, which leads to the formation of stable aggregates in
the specific nanofibril morphology (Supplementary Figure
S10). Although solvent vapor annealing facilitates the growth of
the nanofibers of D3 into larger elongated crystals, the
electronic property of the solid phase still remains dominant
with the π−π stacking as indicated by the unchanged
fluorescence spectra.

■ CONCLUSIONS
In summary, we have investigated a series of electron donor
molecules (D1−D4) that share the same π-conjugation core,
but which are modified with different side groups. PTCDI
fibers coated with such donor molecules showed dramatically
different photocurrent response. It was found that the
nanofibers coated with homogeneously and molecularly
distributed donor molecules (such as D4) exhibit the highest
photocurrent, whereas those coated with segregated donor

Figure 5. (a) I−V curves measured over D4-coated PTCDI nanofibers
under the same light irradiation as employed in Figure 2 before (black)
and after (red) solvent vapor annealing. Inset: relative photocurrent
change (in percentage) for D3- and D4-coated nanofibers after solvent
vapor annealing. Photocurrent values used in this plot were obtained at
a bias voltage of 10 V. Example I−V curves for D3- and D4-coated
nanofibers are shown in Supplementary Figure S8. (b) Fluorescence
spectra of D4 drop-cast on a glass surface modified with trichloro-
(octadecyl)silane (OTS) before (black) and after (red) solvent vapor
annealing. The two spectra are normalized at 465 nm.
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aggregates (such as D1−D3) show much lower photocurrent
under the same illumination conditions. The aggregation of
donor molecules on the surface of the PTCDI fibers may lead
to the buildup of a local electrical field that hinders the charge
separation of the photogenerated electron−hole pairs. The
different morphologies of molecular aggregates were mostly the
result of side group modification of the donor molecules. Such
structural effect was more clearly manifested by investigating
the structure and morphology change of the drop-cast films
upon solvent vapor annealing. The findings presented provide
new insight into the molecular structural effect on photo-
conductivity of organic semiconductor materials, particularly
those based on donor−acceptor composites or interfaces, and
open alternative ways to improve the photoconductivity by
structural design and modification.
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