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ABSTRACT: Control over the out-of-plane molecular
orientation of solution-processed organic semiconductors is
a long-standing challenge in the organic electronics
community. Here, a generalizable strategy using nanoconfine-
ment to direct the nucleation of small-molecule organic
semiconductors during solution-phase deposition is presented.
Using a facile dip-coating process, triisopropylsilylethynyl-
derivatized acene molecules were deposited onto nanoporous
anodized aluminum oxide (AAO) scaffolds with average pore
diameters ranging from 60 to 200 nm. Preferentially oriented nuclei were found to form within the cylindrical AAO nanopores
such that the fast growth direction (i.e., the π-stack direction) aligned with the long axes of the pores. Crystal growth then
propagated above the scaffold, resulting in the formation of vertical crystal arrays with the high surface energy π-planes exposed
at the crystal tips. The diameters and heights of these crystals were tunable over ranges of 100−600 nm and 0.8−6.7 μm,
respectively, by varying the dip-coating speed and scaffold pore diameters. Photoluminescence (PL) experiments further
revealed an 8-fold enhancement of the PL signal from vertical crystal arrays compared to horizontal crystals deposited on flat
SiO2 substrates due to waveguiding along the crystal length. Critically, this strategy is compatible with continuous deposition
techniques that will enable the high-throughput, large-area manufacturing of flexible and inexpensive optoelectronic devices.

■ INTRODUCTION

Soluble small-molecule semiconductors, in which bulky
insulating substituents are attached to insoluble electrically-
active cores, take advantage of the ease of solution processing
afforded by semiconducting polymers while retaining the high
degree of crystallinity exhibited by small-molecule systems
compared to polymers. Such molecules have revolutionized the
field of organic electronics, leading to solution-processed
organic field-effect transistors (OFETs) with mobilities
exceeding 1 cm2/V·s. Pioneered by the Anthony group in
2001,1,2 one of the most successful design strategies to-date has
been the incorporation of solubilizing rigid silyl groups to
electrically and optically active acene cores. This strategy is
exemplified in triisopropylsilylethynyl pentacene (TIPS-PEN),
which has garnered thousands of articles over the past two
decades as one of the most promising active materials for easily
processed OFETs.3,4

In addition to altering molecular properties (e.g., solubility
in organic solvents) and crystal properties (e.g., packing motifs
and molecular spacings), the incorporation of bulky insulating
groups to semiconducting molecules necessarily affects

molecule−substrate interactions during film deposition, and
thus molecular orientation. Controlling the out-of-plane
orientation of these molecules during solution deposition
remains an outstanding, critical challenge in this field. For
example, while thermally evaporated pentacene molecules can
exhibit a “standing-up” or “lying-down” orientation depending
on the nature of the underlying surface,5−7 TIPS-PEN
molecules invariably adopt a molecular orientation in which
the silyl groups contact the substrate surface.8−18 Conse-
quently, the high-mobility π-stack direction lies parallel to the
substrate surface, an orientation that has been widely observed
across this class of compounds, including those derivatized
with alkyl side chains.19,20

While aligning the high-mobility π-stack direction with the
underlying substrate surface is ideal for charge transport
between coplanar source and drain electrodes in OFETs, other
optoelectronic devices, such as organic solar cells, organic
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light-emitting diodes, and vertical field-effect transistors,
require charge transport to occur perpendicular to the
substrate surface. For these devices, the orientation adopted
by TIPS-PEN and other soluble small-molecule organic
semiconductors results in poor out-of-plane charge transport,
as charges must hop across the insulating side groups that
render the molecules soluble. Using a novel derivative with a
large aromatic core of nine fused benzene rings, TIPS-
pyranthrene (TIPS-PY), we recently demonstrated the ability
to control the out-of-plane orientation of these molecules by
tuning the surface energy of the underlying substrate.21

Specifically, low surface energy substrates promoted aromatic
core−substrate interactions, such that the molecules rotated
∼90°. Conductive atomic force microscopy experiments
revealed this change in orientation to correspond to a 2-
order of magnitude improvement in the out-of-plane hole
mobility of TIPS-PY crystals, from 10−7 to 10−5 cm2/V·s.
Still, both of the molecular orientations of TIPS-PY crystals

in the above work resulted in the π-stack direction lying
parallel to the substrate surface. The ideal molecular
orientation for devices using sandwich electrode structures is
one in which the π-stack direction lies perpendicular to the
substrate surface. Solar cells comprising thermally evaporated
pentacene with a “lying-down” orientation (i.e., the π-stack
direction perpendicular to the substrate surface) exhibited
power conversion efficiencies of almost 4%, compared to less
than 1% for solar cells comprising pentacene molecules in a
“standing-up” orientation (i.e., the π-stack direction parallel to
the substrate surface).5−7,22 Similar observations have been
reported for thermally evaporated zinc- and copper-phthalo-
cyanine-based devices.23−27 In solution-processed small-
molecule systems, however, the lying-down orientation has
rarely been reported. In 2015, Kaner and co-workers
demonstrated the solution-phase growth of phenyl/phenyl-
capped tetraaniline vertical crystals with the π-stack direction
perpendicular to the substrate surface using graphene to direct
molecular orientation.28 Successful use of graphene to control
out-of-plane molecular orientation in functionalized small-
molecule organic semiconductors, however, has not yet been
reported, with π−π interactions between the molecules and
underlying substrate hindered by prohibitively large solubiliz-
ing side groups.
To address this critical issue of out-of-plane orientation

control in solution-processable small-molecule organic semi-
conductors, we herein present a novel, generalizable strategy to
fabricate arrays of vertical single crystals in which the π-stack
direction is perpendicular to the substrate surface. Specifically,
we use nanostructured anodized aluminum oxide (AAO)

scaffolds to guide the earliest stages of crystallization at the
solvent-substrate-air interface as solvent evaporates during film
deposition. This strategy centers on the general principle that
crystals formed within two-dimensionally nanoconfined spaces
tend to grow with their fast growth direction along the third,
unconfined axis (e.g., the long axis of cylindrical pores). In
organic semiconductors, the fast growth direction typically
corresponds to the π-stack direction. Using nanoporous AAO
scaffolds exhibiting uniaxially aligned pores perpendicular to
the substrate surface, we select for nuclei oriented with the π-
stack direction also perpendicular to the substrate surface.
Significantly, our method does not require the removal of the
directing scaffold to expose the crystal surfaces, as crystal
growth proceeds above the scaffold surface. These scaffolds can
be incorporated onto both rigid and flexible supports,
including paper,29 polyethylene naphthalate (PEN),30 and
polyimide (PI),30 for potential use in rollable displays and solar
panels. Furthermore, our tunable dip-coating process to
deposit the vertical crystal arrays is compatible with large-
area, high-throughput manufacturing methods. Photolumines-
cence (PL) measurements have revealed a dramatically
enhanced PL signal at the crystal tips exposing the high
surface energy π-planes.

■ EXPERIMENTAL SECTION

Synthesis of Chemical Compounds. Bis(triisopropylsilylethy-
nyl)pentacene (TIPS-PEN) and 5,11-bis(triethylsilylethynyl)-
anthradithiophene (TES-ADT) were purchased from Sigma-Aldrich
company (≥99% purity). Bis(TIPS)dibenzopyrene (TIPS-DBP),
bis(TIPS)anthanthrene (TIPS-AT), bis(TIPS)bistetracene (TIPS-
BT), and bis(TIPS)pyranthrene (TIPS-PY) were synthesized
according to previously published procedures.31

Preparation of Anodic Aluminum Oxide (AAO) Scaffolds.
First, 200 nm of Al was thermally evaporated onto clean SiO2/Si
substrates. The film was then anodized for 150 s in an aqueous
solution of 0.3 M oxalic acid (H2C2O4) at a potential ranging from 30
to 80 V and a reaction temperature of 13 °C. During this process,
cylindrical pores with average diameters of 60−200 nm were formed,
depending on the applied voltage. The anodized Al films were then
further etched in an aqueous 0.3 M phosphoric acid (H3PO4) solution
maintained at 30 °C to widen the pores until they partially coalesced.

Vertical Crystal Array Formation via Continuous Dip-
Coating. AAO scaffolds were immersed in organic semiconductor
solutions at concentrations of 0.25 wt % in toluene and a temperature
of 80 °C. A syringe pump was used to withdraw the samples at rates
ranging from 0.4 to 1.0 mm/min. The solutions were covered with
aluminum foil to prevent solvent evaporation during the process.

Indexing of Crystallographic Faces. A TIPS-PY solution at a
concentration of 0.25 wt % in toluene was prepared in a vial, and
the solvent was allowed to slowly evaporate overnight. The needle-like
TIPS-PY crystals were collected by ultrasonication for 15 min in

Figure 1. (A, B) Side-view SEM images of a TIPS-PY film dip-coated onto a SiO2 substrate and an AAO scaffold, respectively. The dashed red lines
in (B) indicate the AAO scaffold. Insets display side-view SEM images at a tilt angle of 35° of a flat SiO2/Si substrate and a nanoporous AAO
scaffold formed on SiO2 in which the pores partially connect, respectively.
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ethanol and dried at 100 °C. A crystal was mounted on a 0.15 mm
MiTeGen MicroMount loop for X-ray diffraction measurements.
Indexing of the crystal faces was performed on a Bruker SMART
APEX II diffractometer equipped with a CCD detector with an
incident X-ray wavelength of 0.71073 Å (Mo-Kα). The crystal
temperature was maintained at 100 K during measurements using an
Oxford Cryosystems 700+ Cooler. Three sets of matrix runs including
12 two-dimensional diffraction images per run were collected for unit
cell determination.
Photoluminescence (PL) Measurements. Photoluminescence

spectra were recorded with a 532 nm laser diode that was focused
with a microscope objective (numerical aperture: NA = 0.55) to a
near resolution-limited spot size of 1.5 μm. The optical emission was
dispersed through a spectrometer and recorded by a silicon CCD
camera. For time-resolved PL measurements, we used a pulsed laser
operating at 405 nm with a 20 MHz repetition rate and 100 ps pulse
length. Time-correlated single-photon counting (TCSPC) experi-
ments were carried out with a coincidence counter (SensL) and an
avalanche photodiode (APD).

■ RESULTS AND DISCUSSION

To determine the effect of the substrate structure on organic
semiconductor crystallization during solution processing, we
deposited TIPS-PY films onto flat SiO2 substrates and AAO
scaffolds via dip-coating. Briefly, the substrates were immersed
in a solution of 0.25 wt % TIPS-PY dissolved in toluene and
withdrawn vertically from the solution using a syringe pump at
a rate of 0.4 mm/min. On flat SiO2 substrates (Figure 1A,
inset), TIPS-PY formed needle-like crystals that lie flat on the
surface, as displayed in the side- and top-view scanning
electron microscopy (SEM) images in Figure 1A and Figure
S1A, respectively. This morphology is typical of many solution-
processed small-molecule semiconductors deposited by spin-
coating,32−35 drop-casting,16,36−38 and blade-coating.9,39−43

We next deposited nanoporous AAO scaffolds onto SiO2/Si
via thermal evaporation of a 200 nm Al film, followed by
anodization in an acid solution at a voltage of 40 V to form
cylindrical nanopores perpendicular to the substrate surface
(Figure S2). The AAO scaffolds were then immersed in a
phosphoric acid solution with a 0.1 wt % concentration to
widen the pores. For the purpose of our experiments, we
prolonged the etching time to partially coalesce the pores, as
displayed in the inset image in Figure 1B. This more open
morphology of AAO compared to one exhibiting isolated
nanopores facilitated wetting of the solution in the nano-
structured scaffold while still providing 2D confinement of the
solution during deposition.
Figure 1B and Figure S1B display side- and top-view SEM

images of a TIPS-PY film dip-coated onto a nanoporous AAO
scaffold. While TIPS-PY again formed needle-like crystals,
these crystals surprisingly oriented with their long axes
perpendicular to the substrate surface. To the best of our
knowledge, this formation of “vertical” crystal arrays via
solution processing is the first reported for small-molecule
organic semiconductors incorporating solubilizing side groups
and is in stark contrast to the “horizontal” orientation of
crystals deposited on flat SiO2/Si substrates. Uniform arrays of
vertical crystals spanned areas of at least 150 × 150 μm (Figure
S3) and can likely be improved by controlling solution pinning
during the dip-coating process. Our results indicate that the
surface plays a critical role in directing nucleation and crystal
growth during solution-phase deposition.
Interestingly, the average diameters and heights of these

vertical crystals formed on AAO were measured to be 640 nm
(±90 nm) and 6.7 μm (±0.6 μm), respectively, significantly

larger than the pore diameters and height of the underlying
AAO scaffold (indicated by a dashed rectangular box in Figure
1B). This observation indicates that, upon initial nucleation at
the scaffold/solution interface, crystal growth then proceeds
above the scaffold. Such a morphology exposes large areas of
the crystal surfaces, ideal for processes such as exciton
dissociation during light energy harvesting in organic solar
cells.
To definitively determine the molecular orientation of TIPS-

PY with respect to the long axes of the crystals, we next
performed single crystal X-ray crystallography on a TIPS-PY
crystal grown slowly in a supersaturated solution. Figure 2A

displays the crystallographic indexing of a needle-like TIPS-PY
crystal performed at 100 K, in which the b axis, or π-stack
direction, was found to lie parallel to the long axis of the
crystal. Collectively, our results indicate that TIPS-PY crystals
nucleate within the nanopores of the AAO scaffold and
proceed to grow beyond the scaffold surface, as displayed in
Figure 2B. These nuclei preferentially orient with their fastest
crystallographic growth direction (i.e., the π-stack direction)
parallel to the long axis of the pores, and thus perpendicular to
the substrate surface. Preferential orientation of crystals
nanoconfined within AAO nanopores has been previously
observed for a variety of molecular and polymeric systems,
including glycine,44 metal-halide perovskite:solvent com-
plexes,45 and ferroelectric poly(vinylidene fluoride-co-trifluoro-
ethylene).46 In general, crystals exhibit anisotropic crystal
growth rates along different crystallographic directions due to
varying surface energies of crystallographic faces. To minimize
their overall surface energy, crystals tend to grow fastest along
the direction perpendicular to high surface energy faces. Under
nanoconfinement, it is expected that only nuclei oriented with
their fast growth axis parallel to the long axis of the pore can
propagate beyond the critical nucleus size to form crystals.47

Unique to our system is the ability for the crystals to propagate
beyond the confining scaffold to form arrays of unconfined
vertical crystals with large exposed surface areas.
Aligning the π-stack direction of organic semiconductor

crystals perpendicular to the substrate surface is critical for
improving the performance of devices with sandwich electrode
configurations because charge hopping occurs fastest along this
direction.48 For TIPS-PEN crystals, for example, the hole
mobility along the π-stack direction has been measured to be
0.14 cm2/V·s, compared to 0.045 and 0.004 cm2/V·s measured
along the a and c directions, respectively.8,43,49 Our approach
for nanoconfining solution-phase nucleation to select for

Figure 2. (A) A single TIPS-PY crystal grown from the solution-phase
placed on a mounting loop for single crystal diffraction experiments,
with the b and c axes relative to the crystal morphology identified.
Inset displays the molecular orientation of TIPS-PY molecules with
respect to the crystal morphology. (B) Scheme of TIPS-PY vertical
crystal growth on nanoporous AAO scaffolds during dip-coating at the
air/solution/scaffold interface.
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specific crystal orientation presents an exciting generalizable
strategy to optimize the out-of-plane molecular orientation of
organic semiconductors. To examine the generalizability of this
method to other compounds, we tested a series of six soluble
acene derivatives for their growth behavior on nanoporous
AAO scaffolds. Figure 3 displays top-view SEM images of the

compounds dip-coated from solution onto AAO scaffolds, with
their chemical structures displayed as insets. TIPS-PEN and
bis(triethylsilylethynyl)anthradithiophene (TES-ADT), dis-
played in Figure 3A,B, respectively, both formed horizontal
crystals on top of the AAO scaffolds. On the other hand, TIPS-
anthanthrene (TIPS-AT), TIPS-dibenzopyrene (TIPS-DBP),
TIPS-bistetracene (TIPS-BT), and TIPS-PY all formed arrays
of vertical crystals propagating from the AAO scaffold surface
(Figure 3C−F).
We speculate that the molecular packing motif adopted by

the crystals is a determining factor in the direction of crystal
growth, either horizontal or vertical, on nanostructured
scaffolds. For such silyl-derivatized acene compounds, Anthony
and co-workers have proposed a general design rule for

predicting the crystal packing motif based on the size of the
silyl substituent, a, and the length of the acene core, b.50 For
molecules in which the a/b ratio is either less than or greater
than 0.5, molecules favor a 1D slip-stack packing motif. On the
other hand, for an a/b ratio of 0.5, molecules instead adopt a
2D brickwork packing motif. Figure S4 displays a schematic of
a silyl-derivatived acene molecule with the a and b dimensions
labeled. Of the six compounds tested, two possess an a/b ratio
of approximately 0.5, namely, TES-ADT and TIPS-PEN.51 In
line with the proposed molecular design rule, these compounds
adopt a 2D brickwork packing motif, as displayed in Figure 3G.
In this packing motif, molecules are staggered so that a π-
orbital of one molecule overlaps that of four other molecules.
In contrast, the molecules displayed in panels C−F in Figure 3,
which exhibit a/b ratios either less than or greater than 0.5, all
display a 1D slip-stack packing motif in which the π-orbital of
one molecule overlaps that of two other molecules (Figure S5).
This packing motif strongly favors the formation of needle-like
crystals and can be intentionally introduced to a system by
tuning the ratio of the size of the solubilizing substituent to the
acene core.50 It is also possible that other factors, such as
solubility and specific molecule−substrate interactions, play a
role in the mode of crystal growth, but we believe these to be
secondary. We have found that dichloro-diphenyltrichloro-
ethane, for example, forms horizontal needle-like crystals on
flat surfaces but also exhibits vertical crystal growth when dip-
coated onto nanoporous scaffolds (Figure S6).
While the mobilities of crystals exhibiting the 1D slip-stack

motif have generally been measured to be 2−3 orders of
magnitude lower than those of crystals exhibiting the 2D
brickwork packing motif, we recently measured the mobility of
TIPS-DBP single crystals to be 0.1 cm2/V·s along the π-stack
direction.31 Our generalizable strategy thus is promising for the
fabrication of high-performance devices with fast charge
transport perpendicular to the substrate surface.
Our top-down approach of using scaffolds to direct the

solution-phase nucleation of organic semiconductor crystals
during film deposition provides an opportunity to further tune
film parameters by adjusting the deposition conditions and
scaffold structure. Using AAO nanoporous scaffolds with
average pore diameters of 100 nm, we first examined the effect
of the dip-coating speed on vertical TIPS-PY crystal heights
and diameters. Figure 4A displays top- and side-view SEM
images of a TIPS-PY film dip-coated on a nanoporous AAO
scaffold at a rate of 0.4 mm/min, respectively. These crystals
exhibited average diameters and heights of 640 ± 90 nm and
6.7 ± 0.6 μm, respectively. For comparison, Figure 4B displays
top- and side-view SEM images of a TIPS-PY film dip-coated
on a nanoporous AAO scaffold at a rate of 1.0 mm/min,
respectively. As observed in the images, a faster dip-coating
speed resulted in smaller crystal diameters and heights of 115
± 13 nm and 0.8 ± 0.1 μm, respectively. Figure 4C displays the
average diameters and heights of TIPS-PY vertical crystals as a
function of the dip-coating speed when varied from 0.4 to 1.0
mm/min. The trend of decreasing crystal dimensions with
increasing dip-coating speed indicates that the dip-coating
process was carried out in the evaporation regime in which
molecules are deposited near the meniscus.52

We also examined the effect of the characteristic pore
diameter of the AAO scaffolds on vertical crystal dimensions.
By varying the anodization voltage, pore sizes were varied from
60 to 200 nm (Figure S7). Figure 4D displays a graph of the
average heights and diameters of TIPS-PY vertical crystals

Figure 3. (A−F) Top-view SEM images of TIPS-PEN, TES-ADT,
TIPS-AT, TIPS-DBP, TIPS-BT, and TIPS-PY films dip-coated onto
AAO scaffolds. Molecular structures of the compounds are provided
as insets. (G) 2D brickwork packing motif of TIPS-PEN and 1D slip-
stack packing motif of TIPS-PY, respectively.
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versus the characteristic AAO scaffold pore diameter at a fixed
dip-coating rate of 1.2 mm/min (refer to Figure S8 for top-
and side-view SEM images). As observed from the graph, the
diameters of the crystals were found to be linearly correlated to
the AAO scaffold pore diameter, with smaller pore diameters
resulting in smaller crystal diameters. Interestingly, the heights
of TIPS-PY vertical crystals were found to be approximately
the same for crystals deposited on AAO scaffolds with
characteristic pore diameters of 100 and 200 nm. This
observation indicates that the crystal height is primarily a
function of the dip-coating speed, which in turn determines the
amount of time crystals are allowed to grow at the solution-air-
scaffold interface before solvent evaporation-induced vitrifica-
tion. It is also important to note that, for crystals grown on
AAO scaffolds with a characteristic pore diameter of 200 nm,
the TIPS-PY crystals tended to tilt toward the substrate
surface, indicating that smaller pore diameters may be
necessary to ensure the formation of vertical crystal arrays.
Interestingly, for a dip-coating speed of 1.2 mm/min, the

diameters of TIPS-PY crystals were approximately 4 times
larger than the confining pores in the AAO scaffold. These
results indicate that not every pore acts as a nucleation site
during dip-coating and that TIPS-PY crystals grow outwards
above the scaffold both vertically and laterally. We hypothesize
that the scaffold pore size dictates the relative nucleation
density, which in turn determines the average TIPS-PY crystal
diameter. The density of pores in the AAO scaffolds decreases
from ∼150 to ∼25 pores/μm2 as the average pore diameter
increases from 60 to 200 nm, as displayed in Figure S7. Higher
pore densities, which correspond to higher nucleation
densities, result in decreased crystal diameters. Decreasing
crystal size with increasing nucleation density is a common
observation in organic semiconductor thin films, for example,
in spin-coated TES-ADT films,53,54 and across materials
systems due to impingement of adjacent crystals that prevent
further crystal growth.
Exposing the high surface energy π-planes at the crystal tips

has important implications in the field of organic electronics.
In the presence of a second semiconductor with offset energy
levels, for example, exciton dissociation is expected to be most
efficient at this interface.55−61 As a demonstration of enhanced
optoelectronic properties via crystal orientation control in

solution-processed organic semiconductor thin films, we
measured the photoluminescence (PL) of TIPS-PY horizon-
tally- and vertically-oriented crystals. Figure 5A displays the

bright-field image and corresponding fluorescence image in
which TIPS-PY horizontal crystals were excited with a laser
operating at 532 nm. As observed in the image, the
fluorescence signal from horizontal crystals is very weak.
In comparison, Figure 5B displays the bright-field and

corresponding fluorescence images of TIPS-PY vertical crystals
deposited on a nanoporous AAO scaffold. As observed in the
fluorescence image, the PL signal is dramatically enhanced at
the crystal tips that stick out of plane. To directly quantify the
light enhancement at the crystal tips, we measured the PL

Figure 4. (A, B) Top- and side-view SEM images of TIPS-PY vertical crystals dip-coated from a 0.25 wt % solution in toluene on nanoporous AAO
scaffolds with characteristic pore diameters of 100 nm at speeds of 0.4 and 1.0 mm/min, respectively. (C, D) Average diameters and lengths of
TIPS-PY vertical crystals as a function of dip-coating speed and AAO pore diameters, respectively.

Figure 5. (A, B) Bright-field optical micrographs and corresponding
fluorescence images of TIPS-PY horizontal and vertical crystals,
respectively. (C) PL intensity as a function of emission wavelength
collected on solid-state TIPS-PY films deposited on flat SiO2 to
achieve horizontal crystals and nanoporous AAO to achieve vertical
crystals at an excitation wavelength of 532 nm.
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emission spectrum using a 532 nm laser focused down to a
spot size of about 1 μm for both horizontal and vertical
crystals, as displayed in Figure 5C. By comparing peak
intensities, one can estimate that the PL signal from TIPS-
PY crystals in a vertical orientation is 8-fold enhanced
compared to that from TIPS-PY crystals adopting a horizontal
orientation on flat SiO2. One could argue that the reason for
the low intensity in the horizontal configuration is that the
underlying SiO2 substrate causes nonradiative PL quenching,
as found, for example, for 1D carbon nanotubes that are
oriented horizontally.62 In such a case, when nonradiative
recombination is dominant, the spontaneous emission lifetime
(T1) should be drastically reduced. In contrast, we find that the
T1 times of the PL emission for both crystal configurations are
unchanged, with T1 = 6.2 ns, excluding detrimental substrate
effects (Figure S9). We therefore attribute the 8-fold PL
enhancement for TIPS-PY vertical crystals to be primarily
caused by efficient waveguiding along the crystal length. Such
PL intensity dependence on crystal orientation has important
implications in the fields of organic light-emitting diodes,
organic solar cells, and sensors.

■ CONCLUSIONS

Solution processing of organic semiconductors for optoelec-
tronic devices promises to enable the high-throughput, low-
cost manufacturing of flexible devices, including solar panels,
displays, and sensors. However, such rapid processing is
accompanied by a loss of control over the active layer
morphology, which in turn largely determines overall device
performance. Also inherent to solution-processable small-
molecule organic semiconductors is the inability to dictate
the out-of-plane molecular orientation due to strong
interactions between the solubilizing side groups and the
underlying substrate. Exploiting the preference of nano-
confined crystals to orient with their fast growth direction
parallel to the unconfined dimension, we have demonstrated
the use of nanoporous AAO scaffolds to direct the nucleation
of small-molecule organic semiconductor crystals during
solution deposition. This strategy to direct nucleation within
scaffolds while allowing crystal growth to propagate above the
scaffolds resulted in the formation of arrays of unconfined
vertical crystals with high surface area and molecular
orientations optimized for light harvesting, exciton dissocia-
tion, and charge transport in sandwich-electrode device
configurations. Critically, our deposition strategy is compatible
with continuous processing methods that will drive down
manufacturing costs and be applied to other soluble molecular
compounds used in a myriad of industries, from pharmaceutics
to food manufacturing.
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