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1. INTRODUCTION

Futuristic technologies, such as foldable newspapers with
embedded videos and light-harvesting tinted windows, will be
enabled through the use of flexible, inexpensive, and easily
processed optoelectronic materials. These compounds, which
can be solution-processed at room temperature and atmos-
pheric pressure, will afford the high-throughput deposition of
optically and electrically active layers over large areas and on
flexible supports. Such soluble semiconducting compounds can
generally be divided into three classes: polymers, small
molecules, and metal—halide perovskites. While each type of
material possesses unique advantages, tying them together is
the ability to be dissolved in solution and subsequently rapidly
deposited as thin films through different solution-based
deposition methods, including inkjet printing, roll-to-roll
coating, and spray coating.

One of the most critical challenges facing the widespread
adoption of these materials in commercial applications is
gaining control over the morphology of deposited films. A
dichotomy exists in solution-processed semiconductor films—
the ability to be rapidly processed from solution makes them
highly desirable for the production of inexpensive electronics
via large-scale manufacturing, but it is precisely this rapid
processing that largely limits their device performance. In all
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three classes of materials, the extent of crystallinity and crystal
size, orientation, and structure have a profound impact on the
efficiency of optoelectronic processes, including charge trans-
port, light absorption, and light emission. However, crystal-
lization and morphological development are typically limited
to the tens of seconds time scale as the solvent evaporates to
leave behind a vitrified film. As a result, solution-processed
films exist in kinetically trapped states with structural
heterogeneities spanning multiple length scales."

The impact of thin-film morphology on device performance
is exemplified when comparing their performance to the gold
standard of single crystals. Hole mobilities as high as 6.0 cm?/
(V's), for example, have been measured for single crystals of a
small-molecule organic semiconductor, fluorinated 5,11-bis-
(triethylsilylethynyl) anthradithiophene (diF-TES ADT),
grown by physical vapor transport. Spray-coated” and roll-
coated® diF-TES ADT transistors, on the other hand, generally
exhibit hole mobilities of around 1 cm?/(V-s) or lower.
Similarly, hole and electron diffusion lengths of greater than
175 pm have been measured in methylammonium lead iodide
(MAPDL;) single crystals,* but this number drops to 1 um or
lower in solution-processed active layers.” For organic solar
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Figure 1. SEM images of nanoporous substrates used to confine crystallization, including (A) controlled porous glass (Adapted with permission
from ref 26. Copyright 2009 Elsevier), (B) anodized aluminum oxide, (C) photolithographically patterned silicon substrates, and (D) selectively
etched block copolymer films. (E) Approximate pore size ranges possible for each type of scaffold.

cells (OSCs) comprising polymer-based photoactive layers, the
maximum theoretical efficiency is estimated to be between 20
and 24%,° while the highest reported OSC efficiency to date is
15.6%.” These top-performing devices are typically fabricated
by batch spin coating. When fabricated using scalable industrial
processes, OSCs have efficiencies of 6—7%." In these systems,
morphological control is expected to be the most significant
challenge facing the improvement of solar conversion
efficiencies toward the theoretical thermodynamic limit.”

The ideal morphology of solution-processed active layers
depends on the final device application. For organic thin-film
transistors, for example, charge is transported laterally through
the active layer between the coplanar source and drain
electrodes. In these devices, the optimum morphology
comprises crystals oriented with the fast transport direction
(ie, the z-stack direction in organic small-molecule and
polymer crystals) parallel to the substrate surface to align with
the charge transport direction of the transistor. For OSCs and
organic light-emitting diodes, on the other hand, charge
transport occurs vertically through the active layer in a
sandwich electrode configuration. In these devices, the fast
charge transport direction should be aligned perpendicular to
the substrate surface for maximum performance. In addition to
crystal orientation, crystal structure also plays a critical role in
determining device performance, with crystal polymorphism
significantly aﬁectin§ optoelectronic properties in all three
classes of materials,'”" 2> 1> 17

Myriad strategies exist to control crystallization outcomes in
solution-processed active layers, including post-annealing
methods to relax structures into more thermodynamically
favored states, solvent engineering, and the use of external
forces, including shear flow and electric fields. The vast
majority of these methods, however, have been developed for
spun-cast films and are thus incompatible with continuous
manufacturing methods. True morphological control will arise
from the ability to dictate the location, orientation, and
structure of nuclei during the earliest stages of film deposition
before crystals form, and it is critical that such techniques be
scalable for the future commercialization of such materials.

In this Perspective, we evaluate the use of nanoconfining
scaffolds as a promising approach to dictate the morphology,
including the crystal structure, orientation and size, of solution-
processed active layers for optimized device performance in a

4954

variety of applications, including active matrix displays and
light-harvesting photovoltaics. By confining crystal sizes to the
tens to hundreds of nanometers length scale, we diverge from
conventional principles governing bulk phase crystallization to
achieve optimized structures and morphologies. At these
dimensions, the surface free energy plays a critical role in
determining crystallization outcomes. In section 2, we provide
a brief overview of the rules governing nanoconfined
crystallization compared to bulk crystallization, and highlight
work done on systems across materials disciplines. Later
sections focus on the use of nanoconfinement to guide
crystallization outcomes in solution-processed optoelectronic
materials, including polymorph control in metal—halide
perovskites and orientation control in organic semiconductors.
Finally, we provide an outlook on future directions in this field
and highlight potential scalable methods to form nano-
confining scaffolds and thin films that will lead to the
formation of high-performance optoelectronic active layers
with optimized morphologies.

2. NANOCONFINED CRYSTALLIZATION

Nanoconfined crystallization of both organic and inorganic
compounds has received sustained interest across materials
disciplines, from pharmaceutics®” to performance materials,>*
and is the topic of other comprehensive reviews.”*** After
briefly reviewing available nanoconfining scaffolds and effects
of nanoconfinement on crystallization outcomes in section 2,
this Perspective will focus on the use of nanoconfinement to
guide the crystallization of optoelectronic materials.

2.1. Nanoporous Substrates To Impose Confinement.
A variety of scaffolds have been used to confine the
crystallization of molecular compounds on the nanometer to
hundreds of nanometers length scale, including controlled
porous glass (CPG), anodized aluminum oxide (AAO),
photolithographically patterned substrates, and selectively
etched block copolymer films. Examples of nanoporous
scaffolds are provided in Figure 1. In general, these scaftolds
nanoconfine solutions in two dimensions, with the third
dimension unrestricted, as in the cylindrical nanopores of CPG
(Figure 1A),”® which has been used to study the nanoconfined
crystallization of a number of compounds, including bis}ghenol
M dicyanate ester,”” pentaerythritol tetranitrate,”® and
acetaminophen.””
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Among these examples, AAO is the most widely used
scaffold for nanoconfining crystallization. AAO scaffolds
exhibiting ordered honeycomb arrays of cylindrical nanopores
are formed via the electrochemical oxidation of aluminum films
in acid solutions (Filgure 1B).” Pore sizes can be varied from
~10 to 420 nm’>*" by altering the anodization conditions,
including the tem}p_erature, anodization time, voltage, and acid
concentration,”>* as well as through a subsequent etching
step. Unlike CPG, the cylindrical nanopores of AAO are
uniaxially aligned, allowing for the use of X-ray diffraction to
determine the orientation of crystals embedded within AAO
relative to the long axes of the cylindrical nanopores. Over the
past few decades, AAO has been widely used as a nano-
confining scaffold to control crystallization outcomes in
materials including carbon nanotubes,®® carbon nitride nano-
rods (CNRs),”” liquid crystals,”® polypyrrole,” poly(N-
isopropylacrylamide),*’ calcium carbonate (CaCOj),"
DNA,* glycine derivatives,* glassy carbon,™ among others.

Photolithography is also a common method to form ordered
arrays of nanopores. These scaffolds are formed by spin coating
a photoresist onto a target material, such as silicon oxide, and
subsequently using a photomask or interference patterns to
selectively expose the photoresist to light irradiation. Exposed
areas can either be removed (i.e, negative photoresist) or
retained (i.e., positive photoresist). The pattern formed by the
photoresist can then be translated to the underlying substrate
via an etching process that only takes place in the exposed
regions. Compared to AAO, which forms ordered arrays
through a self-assembly process, photolithographically defined
scaffolds are more energy-intensive to fabricate. Photo-
lithography has also been used to introduce nanoconfining
lateral grooves to substrates.**~*

Based on compression molding methods in the polymer
industry and pioneered by Chou and co-workers in 1996,*
nanoimprint lithography is another type of lithographic
technique that transfers patterns with nanoscale features
from physical molds to polymeric substrates via imprinting.
In a variation of this method termed “nanoparticle imprint
lithography,” Diao and co-workers used particles with
spherical, square, and hexagonal geometries to create pores
in polymer subsrtrates. Model aspirin crystals were found to
preferentially orient in these pores depending on the registry
between the angle made by the crystallographic planes of the
faces of aspirin crystals and the angle presented at the pore
corners.”

Compared to AAO and lithographically patterned porous
substrates, microphase-separated block copolymer films are
among the most promising scaffold materials for device
incorporation due to their compatibility with large-scale
manufacturing methods. These materials can be deposited
from solution continuously via, for example, doctor blading
and induced to self-assemble into periodic nanostructures with
tunable dimensions depending on the relative lengths of the
polymer blocks and the interaction parameter between them.'
Different periodic nanostructures, such as lamellae, cylinders,
gyroids, and spheres, with dimensions on the tens to hundreds
of nanometer length scale can be obtained via microphase
separation between the two chemically distinct blocks.””™>’
Upon microphase separation, nanocofinement effects of
polymer chain alignment within individual phases have been
observed in block copolymer systems comprising a crystallizing
block.**™ To create nanoporous scaffolds, one block can be
selectively etched, as displayed in Figure 1D.°" The use of
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selectively etched block copolymer templates to direct
crystallization has been studied for a variety of systems,
includin()g sol—gel derived silicon dioxide®® and titanium
dioxide,”* ferroelectric goly(vinylidene fluoride-co-trifluoro-
ethylene) (PVDF-TrFE),** niobium nitride superconductors,”
and glycine.®

2.2. Polymorph Selectivity under Nanoconfinement.
Distinct crystal structures, or polymorphs, can exist in the same
solid material and exhibit different solid-state properties, such
as thermodynamic, kinetic, mechanical, surface, electronic, and
optical properties.”” Controlling polymorph outcomes repre-
sents a long-standing challenge to researchers across many
fields, including pharmaceu‘cicals,68 organic electronics,®””°
dyes,”' explosives,”” and food manufacturing.”’ Previous
research has found that the kinetics and thermodynamics of
crystallization at the nanoscale diverge from those in the bulk
phase, leading to the formation and stabilization of metastable
polymorphs in nanoconfined crystals.”>***>%%7*75 ‘While
polymorph selectivity via nanoconfinement has been attributed
to differences in the critical nucleus size of different
polymorphs,”* pore sizes as large as 250 nm, 2 orders of
magnitude larger than the estimated critical nucleus size of
molecular crystals, have also been found to influence the
preferred polymorph compared to the bulk phase.”

The thermodynamically preferred polymorph corresponds
to the phase with the lowest Gibbs free energy, G, at a given
temperature and pressure. G in turn is a sum of the volume free
energy, Gy, and the surface free energy, G,. The change in Gy
during solidification from the liquid phase upon undercooling,
which results from the interatomic or intermolecular bonding
energy, is always negative and stabilizing, whereas the change
in G4, which corresponds to the creation of an interface
between the crystals and the surrounding medium, is always
positive and destabilizing. The total surface free energy per
mass unit can be written as G, = (a/p)(A/V), where a is the
average surface energy at the crystal surface, p is the
corresponding bulk crystal density, A is the mean total surface
area, and V is the mean volume per crystal. The total Gibbs
free energy of crystals can thus be expressed as G(T,A) =
GW/(T) + (a/p)(A/V).”” For bulk systems with small surface-
to-volume ratios, the contribution of G, to the total Gibbs free
energy is negligible. In nanocrystals characterized by high
surface-to-volume ratios (A/V), however, the contribution of
G, to G becomes increasingly significant with decreasing
particle size. In nanocrystals, G of a specific polymorph is thus
not only a function of temperature, but also of crystal size. As
the crystal decreases to a critical size, the contribution from the
thermodynamically unfavorable surface free energy begins to
outweigh the thermodynamically favorable volume free energy
compared to other polymorphs, and consequently, the growth
of nuclei into metastable polymorphs with a lower total Gibbs
free energy is preferred.

Shifting of polymorph transition temperatures is thus a
direct consequence of the increasing contribution of the
surface free energy to the total Gibbs free energy with crystal
size reduction. Figure 2 displays a general diagram of the Gibbs
free energy of two polymorphs, a and S, in the bulk and
nanoconfined phase. The a-phase is preferred at high
temperatures, while the f-phase is preferred at lower
temperatures. The point at which the Gibbs free energies are
equal represents the solid-state transition temperature, T,
Compared to the bulk phases, the nanoconfined phases both
display higher Gibbs free energies due to an increased
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Figure 2. Gibbs free energy versus temperature diagram comparing
different phases in the bulk and under nanoconfinement. Increasing
the overall Gibbs free energies of both phases via nanoconfinement
results in a lowering of the solid-state transition temperature.

contribution from the surface free energy. When the shift in
the Gibbs free energy of the a-phase is smaller than that of the
P-phase, as displayed in Figure 2, the phase transition
temperature, Ty, shifts lower compared to the bulk transition
temperature. This scenario is expected for systems in which the
surface free energy of the high-temperature a-phase is lower
than that of the low-temperature f-phase and has been
observed in a variety of nanocrystalline systems, including
metal oxides and perovskites, such as ALO;"® ZrO,,’
MAPbL,* and PbTiO;."' For materials belonging to the
perovskite and corundum families, as well as as ferroelectrics,
ferromagnets, superconductors, and structural ceramics, it has
been empirically observed that crystal lattices tend to
transform into more symmetric structures as the crystal size
decreases to the nanoscale.*” This relationship, as mentioned
above, is attributed to higher symmetry structures possessing
smaller surface free energies compared to other polymorphs.
Nanoconfinement can thus be an effective strategy to stabilize
high-temperature polymorphs at near-ambient conditions.

2.3. Orientation Control via Nanoconfinement. In the
bulk, crystal shapes are determined by the relative surface
energies of different crystallographic planes, with crystals
adopting morphologies that minimize their surface energy.*”**
The exposed facets of a crystal thus represent the lowest
surface energy crystallographic planes. From a kinetic stand-
point, fast crystal growth occurs perpendicular to high-surface-
energy planes to minimize the exposed surface areas of these
faces. These growth rates are sensitive to the nature of the
solvent®> and the presence of molecular additives that
preferentially attach to specific crystallographic faces.*®
Anisotropy in the structure of molecular compounds, such as
those typical of organic semiconductors, can lead to significant
differences in growth rates along different crystallographic
directions. If the surface energy of one crystallographic plane is
significantly higher than others, for example, needle-like
crystals form.

Nanoconfinement presents a viable strategy to control the
orientation of crystals through alignment of the fast growth
direction with the long axis of the confining pores. Ward and
co-workers proposed that crystal nuclei with their fast growth
axis parallel to the pore direction can achieve the critical
nucleus size needed to induce crystallization more rapidly than
nuclei with their fast growth axis perpendicular to the pore
direction.”*®” As illustrated in Figure 3, nuclei must achieve a
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Figure 3. Illustration of orientation selectivity in nanoconfined pores
in which nuclei can only achieve a critical nucleus length, L, if the
direction of the long axis is rotated at an angle y < ;. Adapted with
permission from ref 24. Copyright 2012 American Chemical Society.

critical length, L, to grow into crystals.”* This critical length
can only be achieved if the tilt angle, y, is smaller than the
critical angle, Y. Nuclei oriented such that y > y_,, on the
other hand, will re-dissolve into the solution phase. Preferential
orientation of molecular crystals in the uniaxially aligned
cylindrical pores of AAO has been previously reported for
poly(ethylene oxide) (PEO),*® porous polystyrene-poly-
(dimethyl acrylamide) monoliths (p-PS-PDMA),*” poly-
(vinylidene fluoride) (PVDF),**”* and tridecafluoro-1,1,2,2-
tetrahydrooctyltrichlorosilane (FOTS),”" among others, via 2D
X-ray diffraction.

3. SHIFTING THE THERMODYNAMICS OF
POLYMORPH TRANSITIONS IN METAL-HALIDE
PEROVSKITES

Metal—halide perovskites (MHPs) have experienced a
meteoric rise as being among the most promising active
materials for solution-processed solar panels to date. Since
their first application in solid-state solar cells in 2012,”* the
efficiencies of MHP solar cells comprising spun-cast active
layers have recently surpassed over 22%.”*”" Efficiencies of up
to 19.6% have also been achieved using scalable solution-based
deposition methods, such as roll-to-roll printing.”® These
materials typically adopt a 3D crystal structure with a
stoichiometry of ABX;. For organic—inorganic hybrid com-
pounds, A represents an organic cation, such as methylammo-
nium (MA) or formamidinium (FA), B represents a metal
cation, such as Pb** or Sn**, and X represents a halide anion,
such as I” or CI™. All-inorganic compounds replace the organic
cation with an inorganic one, such as Cs". The rich variety of
compositional combinations affords precise tuning of the band
gap of MHPs for efficient charge separation and transport to
other layers. Beyond photovoltaics, other applications such as
light-emitting diodes,”® laser devices,”” and photodetectors,98
have also been investigated.

MHPs undergo temperature-dependent structural poly-
morph transitions that can significantly alter their optical and
electronic properties.”” These perovskites typically exist in at
least three different polymorphs—a low-temperature ortho-
rhombic phase, a tetragonal phase, and a high-temperature
cubic phase, with the electrical conductivity positively
correlated with the degree of symmetry of the crystal
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structure.'”” Generally, at temperatures between 300 and 400
K, methylammonium lead iodide (MAPbL;) undergoes a
reversible polymorph transition between the tetragonal
polymorph (TP) and the higher symmetry cubic polymorph
(CP) via the rotation of Pblg octahedra.'® This phase
transition temperature is within the operating temperature
range of solar cells and may result in unwanted changes in the
optoelectronic properties of the active layers during solar
energy harvesting. A second low-temperature polymorph
transition between orthorhombic polymorgh (OP) and TP
occurs in the range of 140 and 170 K."”' ™' Figure 4 displays

Tetragonal (TP)
143 eV

Cubic (CP)

Orthorhombic (OP) .5
3e

1.57 eV

Figure 4. Solid-state transitions observed in bulk MAPbI; crystals.

the temperature-dependent polymorph transitions observed in
bulk MAPbI;. Such structural transitions in the perovskite film
can affect the photovoltaic properties as the band gap increases
with decreasing lattice symmetry.'”* The band gaps of the
cubic, tetragonal and orthorhombic polymorphs of MAPbI;,
for example, have been calculated to be 1.3, 1.43, and 1.57 eV,
respectively."’ In one study, a sudden decrease of mobility was
observed around the tetragonal—orthorhombic polymorph
transition temperature due to this change in the band gap.”
Accelerated recombination was also reported in the OP due to
the small inclusions of TP, which act as charge recombination
centers and are detrimental for photovoltaic performance.'”’
As a result of these factors, a significant loss of PCE was
observed near the tetragonal—orthorhombic transition.'” In
this section we will discuss the effect of nanoconfinement on
both organic—inorganic MHPs (i.e., MAPbI;) and all-
inorganic MHPs (i.e., CsPbl;).

3.1. Effect of Nanoconfinement on MAPDbI; Poly-
morphism. Preventing polymorph transitions and stabilizing
the high-temperature active phases of MHPs are critical to
improving the performance of MHP-based solar cells. As
mentioned in the previous section, crystals tend to adopt more
symmetric structures as their sizes decrease to minimize the
contribution from the surface free energy. Using chemical
vapor deposition (CVD) to deposit MAPbI, into AAO
templates with average pore sizes of 250 nm, Fan and co-
workers discovered that the cubic phase of MAPbI; nanowires
(N'Ws) is stabilized at room temperature (RT)."°® These NWs
have desirable crystallinity and optical properties, and the
embedded scaffolds can be incorporated into image sensors
with extremely high resolution approaching the optical
diffraction limit. Similar stabilization was reported for
MAPbDI; deposited into the interstices of close-packed
polystyrene microspheres (PS-MSs) that decreased the perov-
skite crystal size to a range of 23—43 nm depending on the size
of the PS-MSs."”” Nanoconfinement was found to modify the
intrinsic electronic states of perovskites, as manifested by
absorption onset and PL peak shifts.

Using a solution-based method to deposit MAPbI; precursor
solutions into AAO templates, we recently discovered that the
cubic phase of MAPDI; was stabilized in the cylindrical pores
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of AAO templates to temperatures as low as 200 K, 133 K
lower than the bulk transition temperature of 333 K.** As
displayed in Figure S5A, MAPbI; crystals deposited on
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Figure S. (A) SEM image of MAPbI, crystals embedded in a
commercial AAO template with average pore sizes of 100 nm (top
left). 1D line traces along q,, = 0 A~ extracted from in situ 2D XRD
patterns collected on nanoconfined MAPDbI; crystals at temperatures
ranging from 293 to 373 K in increments of 10 K (bottom left). Peaks
are indexed to the cubic phase of MAPbI;. Normalized temperature-
dependent PL spectra of nanoconfined MAPDbI; measured at
temperatures ranging from 4 to 300 K (right). Arrows denote shifts
in the emission peaks, as well as the phase present. Horizontal black
arrows near the y axis indicate solid-state phase transitions. Adapted
with permission from ref 80. Copyright 2018 Royal Society of
Chemistry. (B) Comparison of the proposed relative Gibbs free
energies versus temperature of the different polymorphs in bulk and
nanoconfined MAPDI; crystals, with phase transition temperatures

labeled.

nanoporous AAQO templates with an average pore size of 100
nm exhibited crystal sizes commensurate with that of the pore
diameters. XRD patterns collected on these samples revealed
that the confined crystals adopted the cubic phase at room
temperature, identified by the presence of a single (111) peak
at ¢ = 1.75 A" In situ temperature-dependent XRD
measurements further revealed that the reversible tetragonal-
cubic phase transition of MAPbI;, which occurs between 323
and 333 K in bulk crystals and is characterized by the splitting
of the (111) peak of the cubic phase into separate peaks
associated with the tetragonal phase, was absent in the range of
293—-373 K in nanoconfined crystals.
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Figure 6. (A) Top-view SEM images of a representative AAO template infiltrated with a Pbl,/CsI mixture in DMF after wet annealing. (B)
Infiltration of CsPbl; crystals in the nanopores of AAO templates via a dry annealing method, in which the solvent was allowed to completely
evaporate prior to thermal annealing, and a wet annealing method, in which thermal annealing was performed on wet films immediately after
solution deposition via spin coating. Adapted with permission from ref 76. Copyright 2019 American Chemical Society.

Taking advantage of the unique band gaps of each of the
polymorphs, we further performed temperature-dependent
confocal micro-PL spectroscopy (#PL) measurements across a
temperature range of 4—300 K. Figure SA displays the PL
spectra as a function of temperature upon heating an AAO
scaffold inifiltrated with MAPDI; crystals. As displayed in the
figure, a single peak is observed for all temperatures measured.
Abrupt shifts in the peak locations at 100 and 200 K were
attributed to transitions from OP to TP and from TP to CP,
respectively. The high-temperature CP remained stable even at
200 K, and the second polymorph transition of MAPbI; from
TP to OP was suppressed to 100 K for MAPDI; crystals
nanoconfined in AAO, 50 K lower than that of MAPbI; bulk
crystals.

These observations on the shifted polymorph transition
temperatures are consistent with an increase in the relative
Gibbs free energies of the nanoconfined crystals compared to
bulk crystals, as displayed in Figure SB. In the bulk, OP has the
lowest Gibbs free energy at low temperatures, TP at
intermediate temperatures, and CP at higher temperatures.
Upon nanoconfinement, the Gibbs free energy of each of the
phases increases due to an increased contribution of the
surface free energy. For nanoconfined crystals, the relative
stabilities of the phases at different temperatures remain the
same, but the solid-state transition temperatures are shifted to
lower temperatures, in line with our experimental findings.

3.2. Effect of Nanoconfinement on CsPbl; Poly-
morphism. Compared with their organic—inorganic counter-
parts, all-inorganic perovskites, such as cesium lead iodide
(CsPbl;) and cesium tin iodide (CsSnl;), have recently been
explored as the active layer of electronic devices because of
their excellent stability against moisture- and temperature-
induced decomposition as well as competitive optoelectronic
properties.mg’109 However, because the cesium cation is too
small to form a stable perovskite crystal structure under
ambient conditions, the high-performance active phases of
CsPbl;, namely, the a-, -, and y-phases, are typically only
stable at elevated temperatures.'' At room temperature, these
perovskites adopt an inactive, non-perovskite J-phase with
wide band gaps of 2.8 and 2.6 eV, respectively.''"'"?
Uncontrolled phase transitions to the inactive §-phase not
only preclude the use of these metastable perovskite phases in
practical applications but also prevent the study of the intrinsic
photophysical properties of the active CsPbl; polymorph at
RT. It is thus of critical importance to stabilize active
polymorphs with higher symmetry of perovskites at room
temperature to improve the performance of electronic devices.

4958

Scaling down the dimensions of CsPbl; crystals is being
actively explored to stabilize the active phase at room
temperature, as in the case of CsPbl; quantum dots with
diameters on the nanometer length scale.""*™"'® While many
reports identify the room-temperature active phase as cubic a-
CsPbl;, recent studies su§§est that in fact the structure is
orthorhombic y-CsPbL,."'”"'”'"® In the bulk, a-CsPbl, is
stable at temperatures above 583 K,'*’ while y-CsPbl, is stable
at temperatures between 448 and 533 K.''* In agreement with
these findings, recent density functional theory (DFT)
calculations coupled with experiments found that y-CsPbl;,
becomes thermodynamically preferred over §-CsPbl; at room
temperature at surface areas greater than 8600 m*/mol.""” This
surface area corresponds to a spherical particle diameter of 69
nm.

Beyond the formation of nanometer-sized quantum dots,
nanoconfining AAO scaffolds have been employed to reduce
CsPbl; crystal dimensions to stabilize the active phase at room
temperature. Using vapor-phase deposition to infiltrate AAO
templates with CsPbl; crystals, Fan and co-workers stabilized
an active phase of CsPbl; up to crystal diameters on the order
of 200—250 nm, which they reported to be the a-phase.'”
These embedded single crystalline CsPbl; nanowires were
stable in the presence of organic polar solvents, such as
isopropyl alcohol, for at least 30 days, and the nanowire-
embedded scaffolds were successfully incorporated into
photodetectors. More recently, successful stabilization of the
active phase of solution-deposited CsPbl; crystals has been
reported using nanoporous AAO templates to restrict crystal
dimensions. By systematically changing the pore size from 30
to 112 nm, Ma and co-workers identified a transition from the
active phase of CsPbl;, reported as the a-phase, to the inactive
5-phase above a pore size of 41 nm."*" It was hypothesized that
the active phase of CsPbl; is favored at the initial stages of
crystallization due to an initial large surface area-to-volume
ratio of the growing crystals. As the crystals grow, they either
transform to the inactive d-phase when the surface area-to-
volume ratio falls below a critical value or are trapped in the
active phase by the confining walls of the AAO scaffold. AAO
scaffolds infiltrated with active CsPbl; were successfully
incorporated into stable light-emitting diodes exhibiting
electroluminescence at a wavelength of 702 nm with a narrow
full width at half-maximum of 33 nm.

Using solution spin coating to infiltrate CsPbl; into AAO
templates, we recently reported the stabilization of solution-
deposited y-CsPbl; in a temperature range of 4—610 K for
characteristic crystal sizes of 250 nm,”® six times larger than the
transition size of 41 nm reported in the aforementioned study
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(Figure 6A). We attribute this expanded stability range to
larger crystal sizes to the use of a wet annealing method that
kinetically traps crystals in either the J- or y-phase, depending
on the annealing temperature. As displayed in Figure 6B,
precursor solutions were spun-cast onto AAO templates. If the
solvent was allowed to dry completely before thermal
annealing, ie., the dry annealing method, CsPbl; became
trapped in the inactive 5-phase, even when annealed at 610 K,
30 K above the bulk transition temperature of cubic a-CsPbl;.
On the other hand, if the infiltrated templates were annealed at
370 K or higher before the solvent completely evaporated, i.e.,
the wet annealing method, the y-phase was adopted. Not only
was the phase transition temperature found to shift from 448
to 370 K upon nanoconfinement but also temperature-
dependent PL measurements revealed that the initial phase
formed inside the nanopores became kinetically trapped, even
to temperatures as low as 4 K. We expect that the nanopores
prevent large volume expansion necessary to transition from
the y- to d-phase. Nanoconfined y-CsPbl; remained stable for
at least 1 year of storage in air, the longest reported shelf life of
this material to date.

3.3. Effect of Nanoconfinement on Perovskite Air
Stability. In addition to shifting polymorph transition
temperatures of metal—halide perovskites, it has been observed
that nanoconfinement suppresses degradation mechanisms in
these materials. Semitransparent solar cells incorporating AAO
scaffolds to confine MAPbI;_xCly, for example, demonstrated
suppressed ion migration.'”” In these devices, a cross-sectional
view of which is displayed in Figure 7, the photocurrent

Spiro-OMeTAD

Figure 7. Cross-sectional SEM image of a perovskite solar cell
incorporating an AAO scaffold to stabilize the perovskite layer against
degradation. Adapted with permission from ref 122. Copyright 2016
Wiley.

decreased by only 30% after 2 h under continuous illumination
of 1 sun and a constant temperature of 45 °C, while the planar
perovskite solar cells fully degraded during this time under the
same working conditions. This suppressed ion migration also
reduced hysteresis in AAO-template nanopillar solar cells
compared to their planar counterparts. Furthurmore, the AAO-
based solar cells showed higher PCE and V¢ values of 9.7%
and 1.00 V, respectively, compared with planar solar cells with
PCE and V¢ values of 8.1% and 0.77 V, respectively. It was
also discovered that the decay process of photodetectors based
on MASnI; embedded in AAO was slowed 840 times
compared with that of a planar structure when exposed to
air with 70% humidity.123 In our system, 2D XRD patterns
revealed that MAPDI; films deposited on flat SiO,/Si
substrates degraded into Pbl, completely over a period of 21
days of exposure to air, while MAPbI; crystals nanoconfined in
AAO templates exhibited no diffraction ring associated with
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PbI, after 594 days of storage in air with an average humidity
of 60% without any chemical modification and passivation, the
longest yet reported shelf life of MAPbI,.* These significant
improvements of perovskite stability can be attributed to the
effective blockage of diffusion of water and oxygen molecules
into the scaffolds. It is also reported that the nanoconfinement
can increase the energy barrier of solid-state transitions
requiring significant volume expansion or structural rearrange-
ment, thus improving the stability of MHPs.”

Collectively, these reports suggest that nanoconfinement is a
promising generalizable strategy to stabilize the active phase of
MHPs by shifting the relative Gibbs free energies of the
polymorphs, kinetically trapping desired polymorphs and
preventing humidity-induced and other degradation mecha-
nisms. Successful incorporation of nanoporous scaffolds into
device architectures have already been demonstrated for field-
effect transistors (FETs),'** image sensors,'” photodetec-
tors,"**'*> and solar cell devices."* Looking forward, the use
of selectively etched block copolymer scaffolds may present a
promising strategy to nanoconfine crystals via scalable
processing methods.

4. OPTIMIZING THE ORIENTATION OF ORGANIC
SEMICONDUCTOR CRYSTALS

Unlike highly symmetric perovskite structures, organic semi-
conducting molecules and polymers are anisotropic in nature.
In these systems, charge transport occurs via hopping through
the 7-orbital overlap network. Organic semiconductor crystals
display large charge transport anisotropy along different
crystallographic directions. In rubrene single crystals, for
example, hole mobilities along the a and b axes were measured
to be 44 and 154 cm?/(Vs), respectively.'”® The 3-fold
difference in mobility was attributed to stronger z-orbital
overlap along the b axis compared to the a axis. Similar
observations of charge transport anisotropy along different
crystallographic directions have been reported for solution-
processable compounds, including triisopropylsilylethynyl
(TIPS) derivatives,'>”"'*® poly(3-hexylthiophene)
(P3HT),"*~"** and poly(2,5-bis(3-alkylthiophen-2-yl)thieno-
[3,2-b]thiophene) (PBTTT),"*>'** among others. Controlling
both the in-plane and out-of-plane orientations of organic
semiconductor crystals is thus critical to optimize device
performance.

In organic semiconductors, the fast growth direction
typically corresponds to the s-stack direction, with the z-
plane representing a high-energy surface. Many small-molecule
organic semiconductors, includin% trialkylsilylethynyl penta-
cenes,*>'*® N-trimethyltriindole,"”” and copper phthalocya-
nine,"** form needle-like crystals in solution. In these crystals,
the long axis of the needle corresponds to the 7-stack direction,
with the z-planes only exposed at the crystal tips. Because
charge transport is fastest along the z-stack direction,
orientation control is of particular importance to devices
based on molecular and polymeric semiconductors and will
depend on the device architecture. Figure 8 displays diagrams
of an organic thin-film transistor (OTFT) with coplanar
electrodes and an organic solar cell (OSC) with sandwich
electrodes. In the former device, charge transport occurs
laterally through the active layer (indicated by a red arrow).
For maximum performance, the z-stack direction should be
aligned parallel to the substrate surface. In OSCs, charge is
transported vertically through the active layer, requiring the 7-
stack direction to be perpendicular to the substrate surface for
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Figure 8. Diagrams of (A) a typical OTFT with coplanar electrodes
and (B) an OSC with sandwich electrodes. Red arrow indicates the
electron transport direction through the OTFT. The ideal
interdigitated morphology between the electron donor and accept
in the active layer of OSCs is displayed.

optimum performance. Ideally, the electron and hole transport
layers would form an interdigitated structure with large surface
area for exciton dissociation while maintaining continuous
pathways through the donor and acceptor to the anode and
cathode, respectively. The ability to control crystal orientation
and size via nanoconfinement thus presents a unique
opportunity to select optimized solution-processed active
layers for specific applications.

4.1. Controlling In-Plane Crystal Orientation via
Nanoconfinement. One of the most explored applications
for solution-processed organic semiconductors is as active
layers of OTFTs, basic components in displays and circuits. In
these devices, charge transport occurs laterally through
semiconductor films between coplanar source and drain
electrodes (Figure 8A). To maximize performance, a large
body of research has thus focused on controlling the in-plane
orientation of semiconducting molecules in order to align the
m-stack direction to the charge trans}port direction. Strategies
have included solution shearing,139_ 4 patterning the under-
lying substrate with different surface energies to guide
crystallization,' "' temperature gradients,'””” and electric
fields."**~'*® However, these methods typically result in
polycrystalline films with grain boundaries that can impede
charge transport.

Nanoconfinement of organic semiconductor solutions
during crystallization is a promising scalable approach to
form single crystalline organic semiconductor nanowires with
orientations optimized for maximum charge transport. This
method is based on the introduction of uniaxially aligned
grooves to OTFT device platforms. These grooves, with widths
ranging from the tens of nanometers to tens of micrometers,
confine crystallization along a single direction chosen to be
parallel to the charge transport direction. Preferential in-plane
orientation of triisopropylsilylethynyl pentacene (TIPS-PEN)
crystals, for example, was observed when crystallization was
laterally confined within photolithographically patterned
grooves with line widths ranging from 500 nm to 20 um."*’
Panels A and B of Figure 9 display optical micrographs of
TIPS-PEN crystals deposited on flat substrates and in 500 nm
wide grooves, respectively, under cross-polarizers at two
different angles. In the absence of confinement, TIPS-PEN
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Figure 9. Optical micrographs of TIPS-PEN solutions deposited via
solution shearing onto (A) flat substrates and (B) substrates with
photolithographically patterned grooves. The micrographs were
collected using cross-polarizers, with white arrows indicating the
shear direction. (C) Illustration of the role of nanoconfinement in
selecting for specific orientations of TIPS-PEN crystals. Adapted with
permission from ref 147. Copyright 2014 Wiley.

crystals grew as elongated spherulites along the shear direction.
Under cross-polarizers, bright and dark regions were visible at
both angles of rotation (Figure 9A), indicating that multiple in-
plane orientations were present. On the other hand, crystals
deposited in the grooves displayed uniform birefringent
behavior upon rotation of the sample between cross-polarizers,
indicative of the formation of oriented, single TIPS-PEN
crystals. The extent of orientation improved with decreasing
width of the grooves due to increased selectivity for nuclei
oriented with their fast growth axes aligned with the groove
direction, as illustrated in Figure 9C. Hole mobilities of up to
2.7 cm?/ (V-s) were measured for OTFTs comprising TIPS-
PEN crystals confined in 500 nm wide grooves, compared to
0.31 cm?/(V's) of those comprising unconfined TIPS-PEN
crystals.

Based on a method originally developed to pattern polymer
films,"** variations of capillary force lithography have been
developed to fabricate freestanding organic semiconductor
wires on device platforms. This method relies on the use of a
removable mold with microgrooves that confine organic
semiconductor solutions during crystallization on a substrate
surface. These molds can be subsequently removed to leave
behind single crystal wires. In one of the earliest reports using
this method, Jo and co-workers demonstrated the formation of
highly oriented dioctylbenzothienobenzothiophene (Cs-
BTBT) crystals within the microgrooves of a poly-
(dimethylsiloxane) (PDMS) stamp after contacting the
stamp to a droplet of Cg-BTBT solution on a substrate.'*’
Upon stamp removal, the crystals were found to be
preferentially oriented with the z-stack direction parallel to
the long axis of the grooves. OTFTs comprising oriented Cg-
BTBT wires exhibited high average mobilities of 0.9 cm?/(V-

).
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Using a similar method termed liquid-bridge-mediated
nanotransfer molding (Lb-nTM), Park and co-workers
demonstrated the generalizability of using polymeric molds
to form freestanding, oriented organic semiconductor nano-
wire arrays.'*’ Figure 10 displays the Lb-nTM fabrication
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Figure 10. (A) Illustration of the LB-nTM method to crystallize
organic semiconductors from solution in the nanogrooves of polymer
molds. (B, C) SEM images of the mold before and after infiltration
with TIPS-PEN, respectively. (D) Illustration of a TIPS-PEN
nanowire inside a groove of the mold. (E) SEM image of a TIPS-
PEN nanowire array upon removal of the polymer mold. Adapted
with permission from ref 150. Copyright 2013 Wiley.

process, along with corresponding SEM images at each step. In
this method, organic semiconductor solutions were infiltrated
into PDMS molds via capillary forces and then transferred to
substrate. Successful formation of TIPS-PEN, C;, and P3HT
nanowires with 90 nm diameters were demonstrated using this
technique. Furthermore, selective-area electron diffraction
patterns confirmed that all crystals adopted a preferential
orientation. In the case of TIPS-PEN and P3HT, this
orientation corresponded to the m-stack direction aligning
with the long axis of the wires.

The use of submicrometer-wide grooves and channels to
confine and direct the solution-phase crystallization of organic
semiconductors has proven to be a widely generalizable
strategy to control the orientation of solution-deposited
organic semiconductor crystals. In addition to the examples
highlighted above, nanoconfined crystallization in lateral
grooves has also been applied to other small-molecule
compounds, including a quinoidal oli§othiophene derivative
(QQT(CN),),"*" TIPS-PEN,""'*>'>7 8 16-didodecyl-8,16-
dihydrobenzo[a]benzo[6,7]indolo[2,3-h]-carbazole (C12-
BBICZ),">* (triethylsilylethynyl)anthradithiophene (TES-
ADT),"*>"3¢ dioctylbenzothienobenzothiophene (C8-
BTBT),"" and 2,7-didecylbenzothienobenzothiophene (C10-
BTBT),"”” and polymer semiconductors, including
P3HT, 215871 poly(9,9-diocty1ﬂuorene-alt—bithio@phene)
(F8T2),'** and diketopyrrolopyrrole-based polymers.'®*

4.2. Controlling Out-of-Plane Crystal Orientation via
Nanoconfinement. For devices with sandwich electrode
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structures, such as solar cells, light-emitting diodes, and vertical
transistors, the optimal orientation of organic semiconductor
crystals is with the z-stack direction perpendicular to the
substrate surface (Figure 8B). Such orientation has been
achieved by thermally evaporating small-molecule organic
semiconductors, including pentacene and zinc or copper
phthalocyanine,"**™'*® onto graphene surfaces. In these
systems, strong interactions between the m-orbitals of the
organic semiconductor molecules and underlying graphene
surface cause the molecules to adopt a “lying-down”
orientation. Solar cells comprising crystals with the z-stack
direction perpendicular to the substrate surface were found to
have 4-fold higher light conversion efficiences compared to
solar cells with active layers comprising crystals in which the 7-
stack direction was parallel to the substrate surface.'®>™'®

Controlling the out-of-plane orientation of solution-proc-
essable organic semiconductors, especially those comprising
small molecules, has proven significantly more difficult. These
molecules generally incorporate bulky solubilizing side groups
that dominate molecule—substrate interactions. TIPS-PEN, for
example, invariably adopts a “standing-up” molecular orienta-
tion with the z-stack direction parallel to the substrate surface.
Few reports in the literature have demonstrated out-of-plane
orientation control of solution-processed organic semiconduc-
tor thin films."**'®” We recently discovered that TIPS-
derivatized aromatic molecules with large acene cores can
adopt two molecular orientations depending on the surface
energy of the underlying substrate.'”® However, both
orientations still resulted in the 7-stack direction lying parallel
to the substrate surface.

Nanoconfinement presents a promising strategy to control
the out-of-plane orientation of organic semiconductors by
aligning the long axes of the confining pores perpendicular to
the substrate surface. Furthermore, restricting the diameter of
crystals to lengths commensurate with exciton diffusion lengths
in these materials, typically on the order of tens of nanometers,
promotes efficient exciton dissociation. The use of AAO as
templates to fabricate organic semiconductor nanostructures
for OSC applications was the topic of recent reviews'’”'”" and
has been extensively examined for the templated growth of
electrically active polymers via electrochemical deposi-
tion.'”””""" In this Perspective, we will highlight several
examples in which nanoconfinement was used to control the
out-of-plane orientation of organic semiconducting polymers
and small molecules deposited via capillary forces into
nanoconfining templates.

One of the most widely studied semiconducting polymers
for OSC applications is regioregular P3HT. In thin films,
P3HT chains typically orient with the long-chain axis parallel
to the substrate surface. Fast interchain transport along the 7-
stack direction thus occurs in the plane of the film. In one of
the first studies of P3HT infiltrated into AAO scaffolds with
characteristic pore diameters ranging from 20 to 120 nm via
capillary forces, Coakley and co-workers reported a 20-fold
increase in hole mobility of P3HT nanowires compared to
films."”> This enhancement was attributed to preferential
orientation of the P3HT chains within the nanowires. UV—
visible spectroscopy measurements indicated that the extent of
alignment increased with decreasing pore size. Following this
work, Kim and co-workers used X-ray diffraction to confirm
that nanoconfined P3HT chains adopt a “face-on” orientation
with the z-stack direction parallel to the long axis of the
confining pore."”> An OSC incorporating P3HT nanopillars
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displayed a solar conversion efliciency of 1.12% compared to
an efficiency of 0.17% for an OSC comprising a planar P3HT
film.

Using pressure to infiltrate AAO scaffolds with solvent-
swollen P3HT films at room temperature, Ding and co-
workers examined the threshold for nanoconfinement-induced
preferential orientation of P3HT chains to occur by varying the
diameters of AAO scaffold pores from 60 to 130 nm."”" As
displayed in Figure 11, P3HT chains within the nanopillar
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Figure 11. (A) Ilustration of a nanoimprinting method to infiltrate
AAO scaffolds with P3HT prior to scaffold removal to form
freestanding P3HT nanopillars. (B) Top- and cross-sectional-view
SEM images of P3HT nanopillars after scaffold removal. (C)
Ilustration of the preferred chain orientation within the nanopillars
for pore sizes below (left) and above (right) 85 nm based on X-ray
diffraction experiments. Adapted with permission from ref 194.
Copyright 2013 American Chemical Society.

structures were found to adopt a face-on orientation when
confined to space < 85 nm in diameter. Preferential orientation
of P3HT chains under confinement was attributed to the
alignment of the fast growth direction parallel to the long axis
of the nanopores in the AAO scaffold. Similar preferred
orientation of P3HT chains in the nanopores of AAO scaffolds
has also been reported elsewhere,'”>~""” while other reports
found other orientations to be preferred, likely due to surface
energy effects.’**'?*'”” Beyond P3HT, preferential orientation
of organic semiconductor crystals in AAO scaffolds with the 7-
stacking direction parallel to the long axes of the Jpores has also
been reported for poly(3-dodecylthiophene)®” and liquid
crystalline 2-adamantonoyl-3,6,7,10,11-penta(1-butoxyl)-
triphenylene”’ and hexabenzocoronene derivatives.”*>*%*
Recently, Martin and co-workers demonstrated the prefer-
ential orientation of small-molecule organic semiconductor p-
DTS(FBTTh,), deposited from the melt phase into the
cylindrical nanopores of AAO.”** As displayed in Figure 12,
grazing incidence X-ray diffraction patterns revealed significant
texturing of the diffraction pattern for p-DTS(FBTTh,),
crystals confined in AAO scaffolds compared to that for bulk
crystals. For pore sizes ranging from 40—400 nm, the crystals
were found to orient with the (201) plane perpendicular to the
long axes of the pores. This preferred orientation was
attributed to the alignment of the fast growth axis with the
pore direction. Interestingly, crystals confined within 25 nm
pores were found to preferentially orient with the (141) plane
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Figure 12. (A) Hlustration of method to infiltrate p-DTS(FBTTh,),
into AAO scaffolds. (B) 2D GIXD patterns of AAO scaffolds
infiltrated with p-DTS(FBTTh,), crystals as a function of pore size.
Adapted with permission from ref 204. Copyright 2018 Wiley.

perpendicular to the long axes of the pores. This plane
corresponds to the 7-plane of the molecule. It is unclear why
this transition in preferred orientation occurred with
decreasing pore size, but the authors note that both
orientations have been observed alon(g the long axes of p-
DTS(FBTTh,), ribbons in thin films.””

5. DIRECTING UNCONFINED CRYSTAL GROWTH
FROM SCAFFOLDS FOR HIGH-SURFACE AREA
ARRAYS

One of the main drawbacks of using nanoporous scaffolds to
guide crystallization outcomes is that the presence of the
scaffold, which is typically insulating, interferes with optoelec-
tronic processes. Scaffolds can be removed via harsh etching
processes to leave behind nanowire arrays, or be lifted off after
imprinting. In other cases, scaffolds have been incorporated
directly into devices but limit the available surface area of the
crystals that can participate in interfacial optoelectronic
processes, such as exciton dissociation.

In an attempt to address this issue, we recently developed a
novel method to use nanoconfinement to orient small-
molecule organic semiconductor nuclei while allowing
crystallization to proceed beyond the scaffold surface.””® In
this technique, 50 nm thick AAO scaffolds were fabricated
directly onto device platforms, for example, TiO,-coated ITO/
glass. These substrates were then dip-coated in organic
semiconductor solutions comprising triisopropylsilylethynyl-
derivatized small molecules, such as TIPS-pyranthrene (TIPS-
PY)."****” In the absence of an AAQ scaffold layer, TIPS-PY
crystals grew as needle-like crystals vertically from the substrate
surface (Figure 13A). The average tilt of the crystals with
respect to the substrate surface reflects the angle of 63°
between the 7-stack direction and the (010) plane of the TIPS
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Figure 13. Side-view SEM images of a TIPS-PY film dip-coated onto
a (A) SiO, substrate and (B) an AAO scaffold, respectively. The
dashed red line in panel B indicates the AAO scaffold. Insets display
side-view SEM images at a tilt angle of 35° of a flat SiO,/Si substrate
and a nanoporous AAO scaffold formed on SiO,.

PY crystal structure, which lies parallel to the substrate surface.
On the other hand, when dip-coated onto AAO scaffolds with
average pore sizes ranging from 60 to 200 nm, TIPS-PY
crystals grew with their long axes vertically from the substrate
surface (Figure 13B). Single crystal X-ray diffraction experi-
ments confirmed that the long axes of these needle-like crystals
correspond to the z-stack direction. Photoluminescence
intensity per unit surface coverage of the crystals was measured
to be eight times higher for films comprising vertical crystals
compared to those comprising horizontal crystals due to
waveguiding along the crystal length.

To the best of our knowledge, these findings represent the
first report of aligning the sn-stack direction of crystals
comprising organic semiconductor small molecules derivatized
with solubilizing side groups perpendicular to the substrate
surface. In this class of materials, crystal orientation has
generally been observed to be dominated by side group—

substrate interactions, invariably resulting in the n-stack
direction lying parallel to the substrate surface. We speculate
that the AAO scaffolds confine crystal nuclei formed at the air/
solution/substrate interface during dip coating. Nuclei oriented
with their fast growth direction parallel to the pore direction
are selectively allowed to propagate vertically from the
substrate surface. Because these crystals have a strong tendency
to grow as needles, crystallization proceeds above the scaffold
as solvent evaporates at the interface. In this manner, high-
surface-area vertical crystal arrays can be formed without the
need to remove the nanoporous scaffold.

Critically, this method is compatible with continuous
coating methods, as displayed in Figure 14A, with crystal
dimensions easily tuned by altering the processing parameters.
By changing the dip coating rate and the characteristic pore
size of the scaffolds, for example, we varied the crystal heights
from 0.8 to 6.7 ym and crystal diameters from 0.1 to 0.6 ym of
TIPS-PY vertical crystals. Panels B—D of Figure 14 display
AAO scaffolds and corresponding TIPS-PY vertical crystal
arrays formed on them via dip coating for characteristic
scaffold pore sizes of 60, 100, and 200 nm. The average crystal
diameters were found to correspondingly increase from 150 to
350 and to 650 nm, respectively. Overall, with morphologies
and crystal orientations approaching the theoretical ideal for
organic solar cells, such as vertical crystal arrays formed via
continuous solution processing, address key challenges facing
the solution-processed organic electronics community.

6. FUTURE OUTLOOK

Nanoconfining crystallization of organic and hybrid semi-
conductors presents a promising strategy to overcome the
inherent limitations of rapid solution processing that afford
little control over morphological development during film
formation. Using nanoporous scaffolds, crystal dimensions,
orientations, and polymorphs can be determined a priori and
designed for optimal device performance. Already, tremendous
progress has been made in the use of nanoconfining scaffolds
to control crystallization outcomes of solution-processable
small molecules, polymers, and metal—halide perovskites for
optoelectronic applications, including photovoltaics, thin-film
transistors, sensors, and photodetectors.

Looking forward, designing processes with scalability in
mind will be necessary for future commercial success. In the
light-harvesting field, for example, record efficiencies of OSCs

Substrate

Figure 14. (A) Schematic of a continuous dip coating process to deposit vertical crystal arrays on nanostructured substrates, with a magnified
illustration of directed nucleation at the air/solution/substrate interface. (B—D) SEM images of AAO scaffolds before and after vertical TIPS-PY

crystal growth for characteristic pores sizes of 60, 100, and 200 nm.
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fabricated via continuous processing methods have consistently
lagged behind those fabricated in the laboratory, with an
average 40% decrease in solar conversion efficiency compared
to the best performing devices with spun-cast active layers.®
While nanoconfinement can improve the reproducibility and
performance of these materials, strategies are needed to form
nanoconfining scaffolds via continuous processing methods.
Polymers that can either self-assemble into nanostructured
arrays, such as those comprising block copolymers, or those
that can be deposited as nanoporous scaffolds, for example
through electrospinning, are strong candidates to address this
challenge. We recently demonstrated successful use of an
etched block colymer template to orient TIP-PY nuclei during
dip coating. Figure 15 displays an SEM image of a polystyrene-

Figure 15. SEM micrographs of (A) a selectively etched block
copolymer scaffold and (B) vertical TIPS-PY crystals deposited via
dip coating onto the scaffold.

polylactide (PS-PLA) thin film in which the PLA was
selectively etched using sodium hydroxide to leave behind
cylindrical nanopores with average diameters of 40 nm.
Promisingly, TIPS-PY also formed vertical crystals when
deposited onto these scaffolds via dip coating.

Ultimately, fabricating nanoporous scaffolds out of materials
that can actively participate in the optoelectronic processes will
not only provide morphological control over the active layer
but also contribute to the overall device performance and
eliminate the need to remove the scaffold after active layer
deposition. For solution-processed organic solar cells, an
electron transport layer, such as titanium dioxide, is typically
deposited on top of the cathode prior to active layer
deposition. Compared to flat TiO, layers, TiO, layers with
ordered nanoporous scaffolds via continuous processing
methods would both exhibit a large interfacial area with the
active layer for eflicient charge transport and direct crystal
growth in the solar cell active layer. These layers could also be
fabricated from conductive polymers with tunable work
functions. Such innovations will require contributions across
materials disciplines, from chemical synthesis and interfacial
chemistry to process engineering. Expanding the materials for
nanoporus scaffolds that can be used for directing solution-
phase crystallization not only will impact the solution-
processed electronics community but will also have widespread
implications for industries, including pharmaceutics, high-
performance materials, and food manufacturing.
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