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MATERIALS SCIENCE

Programmable and coherent crystallization
of semiconductors

Liyang Yu," Muhammad R. Niazi," Guy O. Ngongang Ndjawa," Ruipeng Li,> Ahmad R. Kirmani,’
Rahim Munir," Ahmed H. Balawi," Frédéric Laquai,” Aram Amassian'*

The functional properties and technological utility of polycrystalline materials are largely determined by the structure,
geometry, and spatial distribution of their multitude of crystals. However, crystallization is seeded through
stochastic and incoherent nucleation events, limiting the ability to control or pattern the microstructure, texture,
and functional properties of polycrystalline materials. We present a universal approach that can program the micro-
structure of materials through the coherent seeding of otherwise stochastic homogeneous nucleation events. The
method relies on creating topographic variations to seed nucleation and growth at designated locations while
delaying nucleation elsewhere. Each seed can thus produce a coherent growth front of crystallization with a geometry
designated by the shape and arrangement of seeds. Periodic and aperiodic crystalline arrays of functional materials,
such as semiconductors, can thus be created on demand and with unprecedented sophistication and ease by
patterning the location and shape of the seeds. This approach is used to demonstrate printed arrays of organic
thin-film transistors with remarkable performance and reproducibility owing to their demonstrated spatial control
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over the microstructure of organic and inorganic polycrystalline semiconductors.

INTRODUCTION

The long-range crystalline order of atoms or molecules in a single
crystal material dictates its physical, chemical, electronic, and/or bio-
logical properties. In polycrystalline materials, the phase, size, shape,
and relative spatial arrangement of an ensemble of crystals and their
boundaries dictate many of the functional properties and the techno-
logical utility of these materials. Processing materials with well-controlled
microstructure has been the aim of research and development efforts
spanning areas as broad and varied as metallurgy, food, pharmaceuticals,
energy, and electronics.

The crystallization of materials begins with the stochastic nucleation
and growth of the crystalline phase, irrespective of how it is formed, such
as from vapor or liquid sources, from drying ink, or by the annealing of a
glassy solid (1, 2). The random nature of nucleation implies that extrinsic
properties of any polycrystalline material are subject to the ensemble be-
havior of all grains, as well as their boundaries, phases, polymorphs, and
associated defects. In semiconducting materials, grain boundary defects
produce detrimental trap states within the band gap. The coexistence of
different phases, textures, and polymorphs can compound this problem,
creating barriers to charge transport and causing charge recombination,
with important detrimental effects on the optoelectronic properties of
the semiconductor (3-6). Conventional semiconductor manufacturing
has mitigated the formation of such defects (for example, in cases of Si
and III-V semiconductors) by relying on epitaxial growth on mono-
crystalline substrates under ultrahigh vacuum conditions. However,
these remedies are not applicable to conventional polycrystalline films
deposited on glass or plastic substrates or in the context of solution-
processable semiconductors, such as printed conjugated organic mo-
lecules, organohalide perovskites, and transition metal oxides, which
can be fabricated in ambient air with the promise of delivering high-
performance electronic, optoelectronic, and photovoltaic devices at low
cost (7-10). Among these emerging semiconductors, polycrystalline
organic small molecules have had the distinction of achieving field-
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effect hole mobilities over 1 cm?/V-s (11, 12), with several recent reports
of mobilities higher than 10 cm*/V-s, easily surpassing the field-effect
hole mobilities of hydrogenated amorphous silicon (a-Si:H) in p-channel
field-effect transistors (13). However, the crystallization of organic semi-
conductors suffers from important intrinsic limitations—similar to other
soft matter, such as pharmaceutical molecules and food plastics. These
limitations include pervasive polymorphism, coexistence of ordered and
disordered regions, and paracrystallinity, which are largely due to weak
van der Waals interactions (14). The stochastic nature of nucleation and
the incoherent growth of a large population of crystals leading up to the
formation of polycrystalline materials compounds this problem, with
the high anisotropy of properties in organic semiconductors making
them particularly sensitive to texture and to the relative orientation of
domain boundaries (12). A more coherent form of crystallization should
mitigate many of the microstructural heterogeneities associated with
stochastic nucleation and may enable a new degree of control and tailoring
of the properties of polycrystalline materials.

Here, we show that homogeneous nucleation and subsequent growth
of highly textured crystals can be entirely programmed in terms of location
and time, enabling the production of bespoke and patterned microstruc-
tures. The demonstrated capability is derived from a classical nucleation
theory (CNT) prediction, which stipulates that the effective rate of homo-
geneous nucleation is proportional to the volume of material. The crystal-
lization behavior of amorphous films is thus shown to be entirely controllable
by introducing thickness variations, which locally change the volume of
material. Crystalline domains formed early in thick regions can seed the
lateral epitaxial growth of directional and textured domains, even on
disordered surfaces. Polycrystalline films are thus produced with an en-
tirely programmed microstructure, including the location, size, shape,
texture, and in-plane crystallographic orientation of domains, as well as
the location and orientation of domain boundaries. We use this approach
to demonstrate bespoke printed organic semiconductor arrays, which are
devoid of common microstructural deficiencies, including mixed texture,
polymorphism, and disorder, and we demonstrate remarkable device-
to-device performance reproducibility compared to conventional crys-
tallization methods. The ability to create bespoke structures with ease is
extended to many other material systems, including metal oxide and
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hybrid perovskite semiconductors, and is expected to affect material
processing in areas of electronics, optoelectronics, photonics, energy,
pharmaceuticals, biosciences, and beyond (8, 15-19).

RESULTS

Thickness-dependent nucleation behavior

We made the intriguing observation that crystallization occurs sooner
in thick parts of an amorphous film, as shown in Fig. 1A. A solidified
droplet of an amorphous organic semiconductor, known as 5,11-
bis(triethylsilylethynyl) anthradithiophene (TES ADT) (20), was cast and
left to dry on a stationary substrate forming the well-known “coffee ring”
feature (21, 22), a common observation in nature as well as in solution
casting and inkjet printing of materials (23, 24). When the amorphous
sample was annealed by exposing it to a small dose of solvent vapor
(25, 26), it crystallized first in the ~4-um-thick outer rim (Fig. 1A and fig.
S1), whereas the thinner center (~100 nm thick) remained amorphous
for an extended period. The center eventually crystallized through the
radial and coherent crystallization from the outer rim, resulting in a highly
textured core not subject to random nucleation. We generalize the obser-
vation of thickness-dependent crystallization by preparing more classical
thin films by vacuum deposition. In one instance, a thin film of 5,6,11,12-
tetraphenylnaphthacene (rubrene) was deposited while retracting a mask
stepwise to create an intentional height step in the film from 10 to 50 nm
(Fig. 1B). Upon thermal annealing for a short duration, we observed
nucleation and growth of crystalline spherulites in the thicker part of
the sample, whereas the thinner section remained amorphous (Fig. 1B)
and did not exhibit any evidence of nucleation in the thin section even
after the thick region has fully crystallized (Fig. 1C). Similar experiments
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were performed on vacuum-deposited inorganic metal oxide films of
molybdenum oxide (MoO,) prepared with different thicknesses (27).
The thinner films required more time to crystallize and exhibited a sub-
stantially smaller nucleation density than the thicker films (fig. S2).
These experiments confirm qualitatively that the onset of nucleation
of the crystalline phase in amorphous thin films is thickness-dependent.

Nucleation events occurring during vacuum deposition of thin films
and solution deposition of thin films under slow drying conditions are
typically heterogeneous in nature because they are initiated at the sur-
face of the substrate and therefore do not tend to be related to film
thickness (28, 29). To explain the thickness-dependent nucleation be-
havior observed in amorphous films, we turn instead to homogeneous
nucleation as the most plausible explanation. Homogenous nucleation
can produce highly textured crystals in thin films because of thick-
ness confinement effects (see fig. S2 for further discussion) (30). CNT
typically treats the rate of homogeneous nucleation (R) as a volumet-
ric term defined as the number of nuclei (N) formed per unit volume
(AV) in a given time (Af) [R = N/(AV-At)] (see fig. S3 for further dis-
cussion) (31). If we apply bulk CNT theory in the context of a film of
finite thickness (d) and ignore heterogeneous nucleation at the inter-
faces, we will see that the number of atoms or molecules available to
form critical nuclei per unit area (AA) of film scales with d. The effective
nucleation rate in thicker parts of the sample should therefore increase,
even as the volumetric homogeneous nucleation rate remains thickness-
invariant. This leads us to define an effective homogeneous nucleation
rate per unit area and time, which we call the areal nucleation rate (R,)
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Fig. 1. Crystallization in amorphous films tends to be initiated in thicker regions through homogeneous nucleation. (A) Optical micrographs of TES ADT films during
solvent vapor annealing. The leftmost figure shows the height profile (see fig. S1). (B and C) Polarized optical micrographs of a vacuum-deposited rubrene film with a deliberate
thickness step (yellow dashed line) after thermal annealing for only ~10's (B) and thicker ribbons fully crystallized (while thin sections remain amorphous) after ~60 s (C). (D) Plots of
the estimated nucleation starting time at different temperatures (top) for MoO, films (o) of different thicknesses. The line fits at the bottom have a fixed slope of —1. Evaporated
rubrene thin films (o) were annealed at T= 150°C. Evaporated MoO, thin films were annealed at T=280°C (o) and T= 300°C (m). Spin-coated TES ADT thin films (A) were crystallized
by solvent vapor annealing. The onset of nucleation was identified visually for all samples by inspection using polarized optical microscopy (see fig. S4).
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Accordingly, the onset of nucleation, corresponding approximately
to the time (¢;) when the first nucleation event occurs (N = 1), is
inversely proportional to the thickness of the film, such that
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We have experimentally evaluated t; versus d for different material
systems, as summarized in Fig. 1D. The onset of nucleation, for in-
stance, in vacuum-deposited MoO, thin films with respect to thickness
is remarkably consistent with Eq. 2 (the line in the double logarithm has
a fixed slope of —1), even when considering different annealing tem-
peratures (fig. $4). Similarly, #, o< d ™" is experimentally observed for
thermal annealing of amorphous rubrene films prepared by vacuum
deposition and for solvent vapor annealing of amorphous TES ADT
films prepared by spin coating (Fig. 1D and fig. S5). The experimental
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validation of Eq. 2 for both organic and inorganic semiconductor materials
and thermal and solvent vapor annealing processes provides material
support to the notion that crystallization in these amorphous films is
initiated through homogeneous nucleation, irrespective of preparation
method. Thickness-dependent nucleation can have significant implica-
tions for thin-film processing because it provides a new handle on the
crystallization behavior and microstructure of initially amorphous films
and, by extension, a way to control the properties and functionality of
polycrystalline materials both globally and locally.

Topographic seeding of crystallization and production of
bespoke microstructures

As the first practical implementation of thickness-dependent onset
of nucleation, we have sought to create and use thick regions as seeds
from which the remainder of the thin film might be crystallized coher-
ently while preventing stochastic nucleation outside the seeds. We have
created height variations at specific locations of an amorphous film of

C

Fig. 2. Programming crystallization and producing bespoke microstructures by manipulating thin-film topography. (A and B) Schematics representing a two-step
vacuum deposition method in which a shadow mask creates a thicker region of arbitrary pattern (for example, rectangular strips) on a uniform film to subsequently pattern
and seed the crystallization coherently. (C) Polarized optical micrograph of thermally annealed rubrene films using the two-step deposition method for ~60 s (200 nm for the top
left brighter part and 40 nm for the dimmer part). (D and E) Schematics representing the mechanical patterning method, which uses a solid object to stamp or to scratch the film
with the aim of creating thickness variations at designated locations. (F and G) Polarized optical micrograph of crystallized TES ADT samples with periodically imprinted lines (F)
and dots (G). The imprint lines/dots seed the linear/spherulitic crystallization. (H) Polarized optical micrographs of a rubrene film with the same thickness contrast as (C) but with
more sophisticated patterns. (I) Polarized optical micrograph of solvent vapor annealed of a TES ADT thin film with various grid-like patterns. (J to M) Polarized optical micrographs
of amorphous thin films crystallized using imprinted lines, including vacuum-deposited rubrene (J), vacuum-deposited MoO, (K), solution-processed PEO (L), and solution-
processed Pbl, hybrid perovskite DMF solvate film (M).
3 March 2017
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rubrene by vacuum depositing rubrene through a shadow mask with
rectangular ribbon patterns on top of a uniform layer of rubrene (Fig. 2,
A and B). Upon annealing the sample for a short duration, spherulites
nucleate randomly in the thick regions and propagate radially to the edges
of the rectangular ribbons, where they appear to stop, effectively con-
verting only the thick ribbon and leaving the remainder of the film in
the amorphous phase (Fig. 1C). With continued annealing, crystallization
propagates linearly and coherently from the edges of the ribbon and into
the thin sections, where nucleation is less likely to occur by design (Fig.
2C). The edge of the ribbon thus becomes a linear seed for coherent
and directional crystallization through a linear growth front into the
surrounding amorphous sample. This example demonstrates how the lo-
cation of crystalline seeds, their shape, and the orientation and direction of
propagation of crystallization can be programmed locally to transform
parts or—potentially— the entire amorphous film into a polycrystalline
film with bespoke microstructure.

In a second approach, we have explored scratching and stamping
methods to create bands of thick material through displacement. This
can be carried out in ambient air without resorting to vacuum deposi-
tion, making it compatible with solution-based coating and printing
methods. The topographic image of a solution-processed amorphous
TES ADT film after scratching (fig. S6) confirms that this method can
create rough ridges that are two to three times taller than the surrounding
film. Annealing the sample crystallizes the ridges (produced by scratching
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or stamping) first, creating seeds for the coherent and directional crystal-
lization of the surrounding amorphous material, as shown in Fig. 2F for
linear crystallization and in Fig. 2G for radial crystallization of laterally
pinned spherulite arrays.

We leveraged these approaches to program more sophisticated struc-
tures. In Fig. 2H, rubrene crystallization was tailored by the two-step
vacuum deposition method to orient the growth front at two different
angles, forming a predictably straight domain boundary with a fixed
misalignment angle (Fig. 2H, left). A similar approach was also used to
create a curved growth front (Fig. 2H, right). Using the stamping method
in combination with a printed layer of TES ADT, we demonstrate a
combination of square and rectangular arrays (Fig. 2I) wherein straight
grid lines act as the seeding lines for two-dimensional coherent and di-
rectional crystallization, resulting in inverted “squarulites” and “rectan-
gulites” of TES ADT at designated locations (see the supplementary
movies). The working principle of programmable crystallization in ru-
brene (Fig. 2J), TES ADT (fig. S7A), and MoO, (Fig. 2K) has been
extended to other material systems, as summarized in Fig. 2 (L and
M) and fig. S7B, including poly(ethylene oxide) (PEO; an insulating
polymer that was melted at 100°C and then scratched while cooling
down; Fig. 2L), methylammonium lead iodine perovskite (CH;NH;Pbl;;
a metal-organic hybrid semiconductor that was solution-processed and
then scratched while drying at room temperature to crystallize the pre-
cursor solvate phase before annealing at 100°C; Fig. 2M) (32), and
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Fig. 3. Improved microstructural homogeneity by linear patterning of thin-film crystallization. (A) Schematic illustration of a bottom-gate top-contact OTFT
device. (B and C) Polarized optical micrographs of an OTFT using a conventionally crystallized TES ADT film (o) (B) and an OTFT using a periodic linear crystallization of TES
ADT (a,) (). (D) pGIWAXS maps focusing on the Q value of the (011) reflection at the x-axis of the detector (Q,) of TES ADT in the area associated with the polarized micrograph.
(E) Absorption spectra of TES ADT films in y, 0, and a,, phases and microstructures, as measured by PDS. Inset to (E) plots the Urbach energy extracted from the exponential tail

of the absorption spectra.
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Fig. 4. Improved OTFT device performance reproducibility by linear patterning of thin-film microstructure with respect to OTFT channel. (A) Close-up view of the
channel of OTFTs with respect to the distance (d) of the linear crystallization seed line (indicated by the top yellow line). Hole mobility (saturation) of OTFT devices with respect to d.
The insets in the bottom panel of (A) shows a representative (011) reflection for d < 120 um (o) and d > 120 um (). (B) Hole mobility and its distribution over >10 devices prepared
using different scenarios. The filled circles represent the maximum and minimum values, whereas the boxes represent 20, 50, and 75% of the values. Insets to (B) show polarized
optical micrographs of TES ADT thin films in various microstructural states in the channel area of the OTFT devices. (C) Four representative transfer characteristics in the saturation

regime of OTFT devices prepared following each scenario.

phenyl-Cq;-butyric acid methyl ester (PCBM; an organic small mole-
cule that was solution-processed and thermally annealed at 260°C;
fig. S7B).

Semiconductor heterogeneities and OTFT

device reproducibility

Encouraged by the ability to produce bespoke microstructures on de-
mand, we turn our attention to investigating the potential benefits of
this approach in the context of polycrystalline semiconductor materials
and, more specifically, in printed organic electronics. The microstructural
heterogeneities of polycrystalline organic semiconductors are notorious
for causing a great deal of device-to-device performance variability in
circuits (4, 33). As an illustrative example of this problem, we show in
Fig. 3 close-up images of an array of bottom-gate top-contact organic
thin-film transistors (OTFTs) (Fig. 3A) fabricated using TES ADT films
prepared by conventional (stochastic) crystallization (Fig. 3B) and pe-
riodic linear (coherent) crystallization (Fig. 3C). Microstructural hetero-
geneities in these two types of TES ADT films have been evaluated by
spatially mapping the (011) reflection of the a phase of TES ADT using
microbeam-grazing incidence wide-angle x-ray scattering (WGIWAXS;
Fig. 3D and fig. S8) (34). The structural map of the conventional sample

Yu et al.,, Sci. Adv. 2017;3:e1602462 3 March 2017

reveals the shifting position of the (011) reflection as a result of changing
polymorphism in two adjacent spherulites (35, 36). By contrast, linearly
crystallized TES ADT reveals no polymorphic variations when mapped
across the entire area between two linear seeds. We summarize in Fig. 4B
the associated carrier mobilities and their distributions for devices fab-
ricated using conventionally and periodic linearly crystallized TES
ADT films (36). The conventional film has an average mobility of
0.5 cm®/(V-s) but exhibits a very large device-to-device spread ranging
from 0.06 to 1 cm*/(V's), resulting in a whopping +100% relative error.
The linear crystallization strategy (o.p) with random placement of OTFT
channels reduces the spread in performance, demonstrating an improve-
ment in the uniformity of semiconductor properties and a global increase
in transport properties across the entire substrate. The impact of reduced
microstructural heterogeneities on the trap states in the organic semi-
conductor was studied by photothermal deflection spectroscopy (PDS;
Fig. 3D), which helps evaluate the Urbach energy (E,) of the semi-
conductor film (Fig. 3D, inset) (37). The oy, phase displayed E,, that
was ~1 meV lower than that of the conventionally crystallized o phase.
Despite the small difference, this is expected to significantly affect
transport properties because E, ~ kT at room temperature, where k is
the Boltzmann constant and T is temperature (38).
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The periodic seeding of TES ADT offers the opportunity to pre-
program and design the microstructure of the film with respect to the
location of transistor channels. In this vein, the structural map of the
periodic linearly crystallized film (Fig. 4A) reveals periodic variations
in the intensity of the (011) reflection, indicating that some regions ex-
hibit a long-range crystalline order that is more pronounced than that of
others. Normally, such structural variations are presumed to be ran-
domly distributed in a conventionally crystallized sample. However, it
appears that the periodic patterning approach produces such deficiencies
periodically too, which means that the impact of these regions on
transport can be studied and their effects on devices can be potentially
avoided. To do so, we have carefully aligned the periodic linear patterns
with the OTFT channel and systematically changed the distance between
the channel of the OTFT and the linear seeding line. We find in Fig. 4A
that devices placed >120 um from the nucleation line coincide with the
highly ordered region and exhibit consistently higher mobility by a factor
of 2 to 3. This may be an additional source of a significant lack of repro-
ducibility in conventional devices. We take advantage of this insight to
devise a linear patterning strategy that consistently registers all OTFT
device channels (o) within the high-mobility bands in the TES ADT
film, thus excluding low-mobility regions from playing a role in the
circuit components. In doing so, we achieved an increase in the overall
mobility toward 1 cm?/(V-s) and further reduced the spread of carrier
mobility substantially (Fig. 4B). The improved reproducibility is high-
lighted by the reduced scatter of representative transfer characteristics
of OTFT devices (Fig. 4C). Other important figures of merit, such as
threshold voltage and subthreshold swing, also exhibited much im-
proved device-to-device reproducibility (see fig. S9, B and C). The
above example demonstrates how programmable crystallization can allow
OTFT devices to be fabricated with a consistent and reproducible micro-
structure such that they always achieve the high-end performance potential
of the material without any compromises.

DISCUSSION

We have demonstrated that crystallization of polycrystalline thin films
can be entirely programmed with unprecedented ease and versatility.
This capability stems from the fact that crystallization of amorphous films
appears to be dominated by homogeneous nucleation of the crystalline
phase, rather than by heterogeneous nucleation. This means that the
effective nucleation behavior in a film of finite thickness is closely linked
to the thickness of the film. We demonstrate that thickness variation—
produced patterned thin films can serve as seeds to program crystalli-
zation behavior, including location, onset, orientation, and growth front
geometry. We see tremendous opportunities and benefits emerging from
this insight and from related methods for a wide range of fields reliant
on thin-film manufacturing.

We have investigated the impact of these new opportunities in the
context of printed electronics, where microstructural variations often
translate into very significant spreads in device performance on the
same substrate, owing to microstructural deficiencies, including dis-
order, texture, polymorphism, and misorientation. The practical de-
monstrations involving OTFT's can be extrapolated to other material
systems and reveal primarily two material-agnostic benefits of the pro-
grammable crystallization approach: (i) the ability to reduce unwanted
microstructural heterogeneities in large-area polycrystalline films through
a more controlled crystallization method can produce higher-quality
polycrystalline thin films; and (ii) the ability to spatially program and
pattern the microstructure and to modulate the functional properties of
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a material can help design and manufacture much better printed
integrated circuits. Both of these are universally desirable in polycrystal-
line semiconductors and should find favor with polycrystalline ma-
terials in general.

The demonstrated ability to overcome the inherent and stubborn
limitations associated with polycrystalline organic semiconductors,
which can crystallize during deposition or are crystallized subsequent
to amorphous film deposition, should help this important class of
materials meet the strict device uniformity and reproducibility
standards for their implementation in large-area printed electronics
and optoelectronics applications (39).

MATERIALS AND METHODS

Materials and chemicals

Rubrene, molybdenum trioxide (MoOj3), PEO, PCBM, toluene, 1,2-
dichloroethane (DCE), chlorobenzene, dimethylformamide (DMF), and
Pbl, were purchased from Sigma-Aldrich and used as received. TES ADT
was provided by J. Anthony from the University of Kentucky. Methylam-
monium iodide (MAI) was purchased from Dyenamo and baked
overnight at 70°C in a vacuum oven.

Film fabrication

Scratching/stamping of thin films.

Mechanical contact of stainless steel needles was conducted by hand for
stamping/scratching on the thin films. Because the hardness of the sub-
strate (glass or Si/SiO, substrate used in this work) was significantly
higher than that of the needles, we did not control the scratching/
stamping force and speed in this work.
5,11-bis(Triethylsilylethynyl) anthradithiophene.

Amorphous TES ADT thin films were deposited from a 2 weight % (wt %)
toluene solution on top of thermally grown SiO, by spin coating or drop
casting at 40°C in air. The films were annealed at 50° and 100°C for 5 s
each to prevent dewetting in the subsequent solvent vapor annealing step.
After annealing, the films were patterned by scratching with needles or
stamping with a die at room temperature and subsequently transferred
to a small chamber with controlled gas flow and an open container filled
with DCE to create a solvent vapor environment for solvent vapor anneal-
ing at room temperature, according to Dickey et al. (25). The chamber was
purged with air to interrupt the growth propagation of the crystals, at the
required time or after crystallization is complete.

Rubrene.

Amorphous rubrene thin films were vacuum-deposited by thermal sub-
limation in a high-vacuum chamber with a base pressure of 10~ mbar
and connected to a nitrogen glove box. To fabricate patterned struc-
tures, we performed two depositions, with the first deposition forming
a uniform film and with the second deposition forming thicker stripes
of the material through a shadow mask. The films were thermally an-
nealed inside the nitrogen glove box at 150°C for different times. The
rubrene samples were not exposed to air because this was found to in-
hibit crystallization, possibly due to photooxidation.

Poly(ethylene oxide).

PEO thin films were fabricated by spin coating an aqueous PEO so-
lution (50 mg/ml) in air. Spherulitic crystal structures were observed
in the as-cast thin films. The thin films were subsequently melted by
heating to 100°C, and patterns were made by scratching while the
sample was being melted. The samples were subsequently removed
from the hot plate, and crystallization appeared from the scratch line
during cooling.
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Molybdenum oxide.

MoO, thin films were deposited by vacuum deposition. The thin films
were thermally annealed in air to generate crystal structures. The nuclea-
tion starting time was recorded for annealing at 300°C by cross-polarized
optical microscopy. Scratched films (50 nm thick) crystallized from the
edge of the patterns by annealing at 230°C. This reduced competitive
nucleation away from the edge of the patterns.

Phenyl-Cgs;-butyric acid methyl ester.

PCBM thin films were deposited from a 1 wt % chlorobenzene solution
by spin coating in air. The thin films were heated at 130°C to remove
any residual solvent and patterned by scratching at the same tempera-
ture when the material was soft enough to create differences in thickness
at the location of the scratch. The thin films were subsequently annealed
at 260°C to generate crystal structures.

Hybrid perovskite.

MAI and Pbl, were mixed in a 1:1 M ratio and dissolved in anhydrous
DMEF to form a 1 M solution that was stirred overnight at 60°C. The
solution was filtered with a 0.2-um polytetrafluoroethylene filter and
spin-coated for 10 s in air on top of a Si wafer with thermal oxide. Scratch
patterns were created in the precursor state before the film was fully dried.
The film was subsequently heated to 100°C to initiate precursor solvate
formation and achieve full conversion into perovskite crystals (32).

Optical microscopy

Optical microscopy was performed with a Nikon FN-1 polarized optical
microscope fitted with a Nikon D4S camera to record still images and
videos that are available in the Supplementary Materials.

Profilometry
Height profiles were obtained with a KLA-TENCOR P6 Surface Profiler.

Quartz crystal microbalance with dissipation

monitoring measurements

Quartz crystal microbalance with dissipation monitoring (QCM-D)
sensors are made of AT-cut piezoelectric quartz crystals (active area,
12 mm?; resonance frequency, 5 MHz) with a 10-nm Au layer and a
100-nm SiO, layer on top. Thin films of TES ADT were fabricated by
spin coating (for thinner films) and drop casting (for thicker films) di-
rectly on the sensors. TES ADT-coated quartz sensors were loaded into
the QCM-D open module (E4 model, Q-Sense, Biolin Scientific) mounted
in a custom-built environmental chamber equipped with a solvent liquid
reservoir and nitrogen flow. The QCM-D technique was used to detect
the onset of crystallization of TES ADT during solvent vapor annealing.
Because TES ADT films were exposed to solvent vapor, they took up sol-
vent and subsequently crystallized. However, as soon as the sample
crystallized, a substantial fraction of the solvent was expelled from the
growing crystalline phase, providing an indirect and approximate indi-
cation of the onset of TES ADT crystallization.

Atomic force microscopy
Surface analysis of the samples was carried out using an Agilent 5400
scanning probe microscope in tapping mode.

Organic field-effect transistors

Transistors fabricated in this work were of bottom-gate top-contact
architecture on a Si/SiO, substrate, with the 300-nm SiO, as insulator.
The substrate was cleaned in an ultrasonic bath of acetone, isopropanol,
ethanol, and deionized water for 15 min each. Then, it was washed in a
solution containing deionized water (five parts), aqueous NH,OH (one
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part), and aqueous H,O, (one part) at 80°C for 30 min. Before thin-film
deposition, the substrate was cleaned in ultraviolet (UV)-ozone for
10 min. Top contacts were thermally evaporated using shadow masks
with a typical channel length of 80 im and a width of 1 mm. All statistics
were derived with at least 10 devices.

Electrical measurements were performed in a nitrogen atmosphere
using a semiconductor parameter analyzer (Kiethley 4200-SCS). Field-
effect mobilities were calculated using the standard thin-film model in

2
the saturation regime of the device using i, = ok (%) ,where L, W,
8

and C are the channel length, channel width, and geometric capacitance
of the dielectric, respectively.

pGIWAXS mapping

LGIWAXS measurements were performed at the D-line of Cornell
High Energy Synchrotron Source (CHESS) at Cornell University. The
x-ray beam with a wavelength of 1.155 A and a wide band-pass (1.47%)
was focused into a 15 um x 15 um spot using a single-bounce capillary.
The samples were placed on the focal point of the capillary (55 mm
away from the capillary tip) with an incidence angle of 0.15°. An optical
microscope was located vertically on top of the sample and was used to
monitor the beam and sample locations. A Pilatus 300K detector located
213.5 mm from the sample was used for an exposure time of 1 sand ata
lateral sample scan step of 5 um according to a mapping procedure pre-
viously developed elsewhere (35).

Photothermal deflection spectroscopy

PDS measurements were performed using a home-built PDS setup. The
light from a 250 W quartz tungsten-halogen lamp (Newport 66996-
250Q-R1) was sent through a monochromator (LOT MSH-300) and
used as pump, allowing excitation across the UV-to-near-infrared
spectral region. The pump light was modulated by a chopper operating
at a constant frequency of a few hertz and focused on the sample, which
itself was immersed in a chemically inert liquid [perfluorohexane (CgF14);
Sigma-Aldrich] during the measurement. A small fraction of the mono-
chromatic pump light was split off as intensity reference and measured by
lock-in detection (Stanford Research Systems SR830 lock-in amplifier)
using a pyroelectric detector (Newport DET-L-PYC5-R-P). Thin-film
samples for PDS were prepared on cleaned quartz substrates by spin
coating from the solution. A stabilized continuous-wave laser (Thorlabs
HR S015 HeNe, 633 nm) was used as a probe beam source focused closely
on the sample surface. The deviation of the probe beam was detected by
a Si quadrant detector (Thorlabs PDP90A) using lock-in detection
(Stanford Research Systems SR830). The entire setup was controlled by
a home-built LabVIEW-based data acquisition and device control code.
The PDS spectra were set to absolute scale by matching the spectra with
integrating sphere measurements on a Varian Cary 6000 spectro-
photometer. The Urbach energy was extracted from o = agexp(E/E,)
(40), where o is the absorption coefficient, o, is a pre-exponential factor,
and E is the photon energy.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/3/3/e1602462/DC1

fig. S1. Height profile of the solidified droplet of TES ADT.

fig. S2. Polarized optical micrographs of MoO thin films with different thicknesses.

fig. S3. lllustrative plots of the volumetric and areal nucleation rates with respect to
temperature.

fig. S4. Polarized optical micrographs of MoO, thin films (100 nm) at different annealing times.
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fig. S5. QCM-D measurements during solvent vapor annealing.

fig. S6. Atomic force microscopy topography image of a TES ADT film scratched with a
needle.

fig. S7. Optical micrographs of TES ADT and PCBM films crystallized using linear seeding.
fig. S8. uGIWAXS images of the a, and a phases.

fig. S9. Typical OTFT output characteristics of TES ADT thin films using conventional and
programmable crystallization.

movie S1. Conventional crystallization of a TES ADT film proceeding stochastically and
incoherently.

movie S2. Linear programmed crystallization of TES ADT proceeding simultaneously and
coherently from horizontal seeding lines.

movie S3. Periodic dot array crystallization of TES ADT proceeding simultaneously and
coherently from an array of imprinted seed dots.

movie S4. Square programmed crystallization of TES ADT proceeding simultaneously and
coherently from horizontal and vertical seeding lines.

movie S5. Square and rectangular programmed crystallization of TES ADT proceeding
simultaneously and coherently from horizontal and vertical seeding lines.
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