
Articles
https://doi.org/10.1038/s41563-019-0379-3

1Department of Chemical Engineering and Materials Science, University of Minnesota, Minneapolis, MN, USA. 2Present address: The Dow Chemical 
Company, Midland, MI, USA. *e-mail: rholmes@umn.edu

Methods for spontaneously forming periodic surface struc-
tures at the nanometre or micrometre scale have received 
considerable attention for lithography-free patterning 

applications1–6. Spontaneous pattern formation is attractive as 
it can be easily scaled to large areas, potentially enabling higher 
throughput and lower cost than serial processes1,7. These self-
assembly techniques have primarily exploited phase separation of 
block copolymers or strain-induced wrinkling of polymeric thin 
films. Block copolymers are effective for patterning sub-100-nm 
features7–9, but are not amenable to creating features on the length 
scale of visible light. Thin-film wrinkling can form structures with 
periodicities ranging from ~400 nm–10 μm (ref. 10), and is hence 
suitable for optoelectronic and photonic applications in the visible 
and near-infrared region11–15. Although wrinkling approaches have 
afforded remarkable control and tunability over pattern formation, 
aligned patterns are more challenging to realize, and often require 
the application of anisotropic stress during film deposition or  
additional patterning2,10,16. Furthermore, these approaches rely on 
the use of multiple layers and often lack thermal stability17,18.

Here, we report a crystallization-mediated mechanism in 
which aligned, periodic surface structures are formed along the 
amorphous-to-crystal transformation front during annealing of 
single-layer thin films of small-molecule organic semiconduc-
tors. The observed topography originates in the form of mate-
rial depletion and accumulation in the amorphous region within 
~0.5 μm of the crystal front, probably due to mass-transport-lim-
ited crystal growth. These patterns seem to be related to structures 
that form during banded-spherulitic growth of various polymers 
and small molecules19–21, growth of hexagonal lamellar crystals of  
isotactic polystyrene22, polymorph transformations in the small 
molecule 5-methyl-2-[(2-nitrophenyl)amino]-3-thiophenecarboni-
trile (ROY)23 and explosive crystallization of amorphous Si24.

The current work is distinguished from these previous demon-
strations by several promising features, including: large-area pattern 
coverage with millimetre-scale single-crystal domains, direct inte-
gration into single layers of organic semiconductors, feature depths 

that span nearly the entire film thickness and pattern wavelengths 
that are tunable over a range useful for optoelectronic applications. 
The periodicity of the observed wrinkling can be tuned from 800 nm 
to 2,400 nm by varying the film thickness and annealing tempera-
ture. The resulting structures exhibit excellent thermal stability as 
they occur with a transition to a crystalline phase.

As many organic semiconducting molecules form glasses when 
deposited and crystallize readily when annealed25, the crystalli-
zation-mediated periodic patterning method reported here may  
be generalizable to a wide range of materials. Indeed, we report  
pattern formation in four archetypical organic semiconductors. 
This phenomenon could find applications in a variety of optoelec-
tronic settings, including the improvement of light trapping in solar  
cells14, enhancing light extraction from emissive devices15,26,27 and 
the fabrication of self-assembled organic lasers12,28.

Formation and tunability of aligned periodic patterns
Pattern formation was examined by annealing organic semiconduc-
tor thin films on Si substrates at temperatures of 20–80 °C above 
their bulk glass transition temperature (Tg). Although several mate-
rials are observed to form periodic surface structure, we first provide 
a comprehensive analysis using 2,2′,2”-(1,3,5-benzinetriyl)-tris(1-
phenyl-1-H-benzimidazole) (TPBi, Fig. 1a), a common electron-
transporting material in organic light-emitting devices (OLEDs). 
As-deposited films of TPBi appear smooth and featureless, typical 
of glassy vapour-deposited films. When annealed above Tg ≈ 124 °C 
(ref. 25) in the range of 150–185 °C, TPBi films crystallize readily 
and spontaneously form periodic undulations perpendicular to the 
direction of growth (Fig. 1).

The pattern periodicity, d, increases monotonically with 
annealing temperature, ranging from 1.20 ± 0.05 µm at 155 °C 
to 1.48 ± 0.05 µm at 175 °C for a 30-nm-thick film (Fig. 1e–h and  
Fig. 2c). In the range of 160–175 °C, the crystal growth front is 
smooth and continuous, resulting in a highly aligned grating 
topography with millimetre-sized grains (Fig. 1c,d). At higher tem-
peratures (180 °C, Fig. 1h), the film transformation occurs more 
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rapidly along an uneven growth front, producing more disordered 
structures. Below 160 °C, corrugation along certain growth direc-
tions is occasionally interrupted by plateaus (155 °C, Fig. 1e). Films 
annealed below 150 °C instead show faceted growth rings with 
irregular spacings (Supplementary Fig. 1), similar to structures  
previously observed in rubrene29. This transition from periodic 
topography to growth rings at lower temperatures suggests that 
both surface features arise from the same physical mechanism.

Two crystalline phases of TPBi can form over the temperature 
range of interest. The phase that shows periodic corrugation forms 
relatively smooth, platelet-like grains (Fig. 1d) and covers >90% of 
the film surface at annealing temperatures below 170 °C and above 
~180 °C. A second phase that has a dendritic morphology and 
increased roughness becomes more dominant between 170 °C and 
180 °C, with surface coverage ranging from 20–80% (Supplementary 
Fig. 2). Diffraction of visible light can also be observed in these 
images, illustrating that the periodic surface structures have nearly 
complete surface coverage in the platelet-like grains. It is worth 
noting that these crystals are not spherulites, in contrast to banded 
spherulites30. As shown in Fig. 1d and below in Fig. 3a, extinction 

in cross-polarized optical micrographs is uniform within a crys-
talline grain, indicating that these platelet-like grains consist of a  
single crystal orientation19,29,31.

The pattern periodicity observed in TPBi shows a roughly linear 
dependence on film thickness, ranging from d = 0.83 ± 0.09 µm for 
an 18-nm-thick film to d = 2.38 ± 0.14 µm for a 47-nm-thick film at 
a constant temperature of 165 °C (Fig. 2c). The periodicity is deter-
mined from fast Fourier transforms (FFTs) of optical micrographs 
and checked for consistency with measurements from atomic force 
microscopy (AFM) images (Fig. 2d–g) and diffraction (Fig. 2a,b 
and Supplementary Fig. 3). Histograms showing batch-to-batch 
variability and the distributions used to calculate the confidence 
intervals in Fig. 2c are included in Supplementary Fig. 4. A statisti-
cal analysis of the pattern quality (that is, the degree of alignment 
and order) is also discussed in the Supplementary Information, and 
the variability in pattern quality is shown and quantified across 
multiple samples in Supplementary Figs. 5–8.

Under ex situ AFM (Fig. 2d–g), the films show well-defined peri-
odicity that is nearly sinusoidal, with wavelengths of 0.77 ± 0.10 μm, 
1.2 ± 0.1 μm and 1.8 ± 0.1 μm for 18-, 28- and 42-nm-thick films 

f h

e

g

155 °C

163 °C 175 °C 180 °C

a

Annealing time

Glass Crystal

d

b

c

N

N

N

N

NN

Fig. 1 | Periodic pattern formation in TPBi films and dependence on temperature. a, Molecular structure of TPBi. b, Schematic depicting amorphous 
(blue) to crystalline (red) transformation that propagates across the TPBi film when it is annealed for several minutes at a temperature above 150 °C, 
leading to large-area pattern formation. c, Macroscopic photo of optical diffraction from a 30-nm-thick TPBi film on Si annealed at 170 °C. The sample is 
illuminated by unpolarized white light at an oblique angle. Note that dark regions are due to the orientation of the corrugation relative to the illumination 
source and are diffractive at different viewing angles. Scale bars for a–c, 0.5 cm. d, Cross-polarized optical micrograph of 30-nm-thick TPBi annealed at 
170 °C showing a millimetre-scale crystalline grain. Scale bar, 0.5 mm. e–h, Unpolarized optical micrographs of 30-nm-thick TPBi films on Si substrates 
annealed at various temperatures. e, 155 °C with periodicity d = 1.20 ± 0.05 µm. Arrows indicate the growth direction of three crystal facets from a single 
nucleation point. The slower-growing facets (top and bottom regions) show plateau regions without periodic topography. f, 163 °C with d = 1.25 ± 0.06 µm, 
showing exquisite alignment of the periodic ridges. g, 175 °C with d = 1.48 ± 0.05 µm. h, 180 °C with d = 1.51 ± 0.12 µm. These images show a more 
disordered topography due to the higher growth rate at high temperatures. Scale bars for e–h, 20 μm.
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of TPBi annealed at 165 °C, in good agreement with the values 
extracted from optical micrographs. The peak-to-valley amplitude 
increases with film thickness from 13 ± 1 nm for an 18-nm-thick 
film to 22 ± 2 nm for a 28-nm-thick film and 42 ± 7 nm for a 42-nm-
thick film. The peak-to-valley amplitude is almost as large as the  
full thickness for a 42-nm-thick film, and over 70% of the film 
thickness for 18- and 28-nm-thick films.

Pattern formation mechanism
Films were imaged in situ during annealing to study the formation of 
the structures. The time evolution of the growth front for a 30-nm-
thick film annealed at 165 °C is shown in Fig. 3. The periodic pat-
tern is formed as the crystal growth front progresses (at ~0.6 µm s−1), 

with the ridges appearing at the left side of the image window of 
Fig. 3b and then extending along the length of the growth front. 
Cross-polarized micrographs on the same film show birefringence 
contrast progressing simultaneously with the onset of the periodic 
features, indicating that height variations form concurrently with 
crystallization (Fig. 3a). Finer time steps showing individual ridges 
progressing laterally across the growth front at a rate of ~3 μm s−1are 
presented in Fig. 3c. These time series are taken along the slower-
growing crystal facet, suggesting that growth of the crystal along 
this direction occurs partly via molecular attachment on the faster-
growing crystal plane29. The crystallinity of the transformed mate-
rial was confirmed with X-ray diffraction (Supplementary Fig. 9). 
Once formed, these patterns show a fixed spacing and are thermally 
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Fig. 2 | Characterization of pattern tunability and surface topography. a, A 25-nm-thick film of TPBi on Si annealed at 165 °C with d = 1.03 ± 0.03 µm. 
Scale bar, 10 µm. Inset, a diffraction pattern produced by illuminating the sample with a laser of wavelength λ = 473 nm (scale bar, 1 µm−1). b, 47-nm-thick 
TPBi film on Si annealed at 165 °C showing d = (2.38 ± 0.14) µm. Scale bar, 10 µm. Inset, a diffraction pattern (scale bar, 0.47 µm−1). The inset images 
in a and b are both 11.9 cm wide (see Methods). c, Dependence of pattern d spacing on film thickness and temperature, as extracted from fast Fourier 
transforms of optical microscopy images. Error bars are the 95% confidence intervals determined using the Student’s t-distribution for small sample sizes 
and averaged over at least ten images. d–f, AFM height images of TPBi films on Si annealed at 165 °C with thicknesses of 18 nm (d), 28 nm (e) and 42 nm 
(f). Scale bars, 2 μm in d–f. g, Height profiles for 18-, 28- and 42-nm-thick TPBi films. The profiles are vertically offset for clarity. The pattern periodicities 
extracted from these profiles (0.77 µm, 1.2 µm and 1.8 µm, respectively) are consistent with measurements from optical microscopy. The average  
peak-to-valley amplitudes extracted from these profiles are 13 nm, 22 nm and 42 nm, respectively.
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Fig. 3 | In situ optical microscopy of periodic pattern formation during annealing. a, Cross-polarized optical micrograph of a single crystalline grain in a 
30-nm-thick TPBi film during annealing at 165 °C. The grating pattern is aligned parallel to the growth front and is only observed within the crystallized 
region. The surrounding material with lower extinction is amorphous, showing no birefringence, unlike the crystalline grain. Scale bar, 20 μm. b, Time 
series of unpolarized optical micrographs during annealing of a 30-nm-thick TPBi film at 165 °C, showing pattern formation along the boundary of the 
amorphous-to-crystalline transformation front that propagates at a rate of ~0.6 μm s−1. The time between frames is 4 s; scale bar, 10 μm. Dashed lines 
indicate the edge of the crystalline growth front. c, Finer time steps (1 s between frames) of the same region in b, showing individual ridges extending along 
the length of the growth front at a rate of ~3 μm s−1. The coloured circles mark the endpoints of each individual ridge. Scale bar, 10 μm. The source video  
for b and c is provided in the Supplementary Information.
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stable, with no significant change in periodicity or morphology 
after post-annealing for several hours at 150 °C (Supplementary  
Fig. 10). Thermal stability seems to be limited by sublimation loss29.

The crystal growth rate increases exponentially with temperature 
and modestly with film thickness, with 40-nm-thick films showing 
~30% faster growth rates than 20-nm-thick films. The film thick-
ness trend probably arises due to the film–substrate interaction32,33. 
In correlation with growth rate, the topography becomes more dis-
ordered with increases in either temperature (Fig. 1) or film thick-
ness (Supplementary Fig. 11). Higher disorder is also observed 
along the faster-growing facets of TPBi crystals (Supplementary  
Fig. 12), suggesting that the pattern quality depends on the trans-
formation front velocity. The growth rate evidently also plays a  
role in the formation of the smooth regions seen at temperatures 
below 160 °C (Fig. 1e), as only the slower-growing facets form  
these plateaus. Absolute growth rates are probably less important 
than the velocity relative to other kinetic factors, such as the mobil-
ity of the supercooled liquid, as fast-growing facets show higher  
disorder across a range of annealing temperatures with growth  
rates of ~0.5–3 µm s−1.

To probe how the surface topography forms at the growth  
front, partially crystallized films were examined ex situ with peak 
force quantitative nanomechanical (PF-QNM) AFM, which allows 
amorphous and crystalline regions to be distinguished by their 
mechanical properties. A stark contrast in adhesion is seen between 
these regions (Fig. 4b,d), where the amorphous material exhibits 
greater adhesion, reflecting the increased degrees of freedom for 
molecular rearrangement and interaction with the tip. Strikingly, 
the onset of surface height variations does not coincide with the 
grain boundary, but extends ~0.5 μm into the surrounding amor-
phous material (Fig. 4e,f) with both significant accumulation and 
depletion in this region. This indicates that the periodic topography 
originates here, rather than solely in the crystal.

This behaviour seems distinct from conventional diffusion- 
limited crystal growth, which is characterized by a depletion zone 
surrounding the growth front32,34,35, where only the crystal rises 
above the height of the as-deposited film due to upward growth 
by surface diffusion36. However, these height profiles resemble 

the damped-oscillation solutions yielded by the Mullins model 
for surface diffusion and a similar model for viscous surface flow 
at steady state34,37,38, and share features with the depletion and halo 
regions recently reported during the crystallization of isotactic 
polystyrene22. These similarities suggest that this periodic surface 
topography arises due to a competition between long-range mass 
transport and crystal growth39. The observed height variations could 
then be explained by a cyclical process. Initially, crystal growth 
outpaces long-range mass transport leading to depletion of mate-
rial in the region near the growth front. Growth then slows at high 
depletion, due to the reduced availability of material and increased 
substrate interactions22,33, allowing mass transport to replenish the 
depleted region and increase the height of the accumulation region. 
As the region leading the crystal front thickens, growth will again 
accelerate and restart the cycle. Mass transport here is probably 
dominated by viscous flow and not surface diffusion, as annealing 
is performed 20–60 °C above Tg, well above the reported transition 
between these regimes for common molecular glasses40. The role of 
surface transport in pattern formation is confirmed by experiments 
that employed capping layers to suppress surface molecular motion. 
Only smooth crystals without periodic topography formed in TPBi 
capped with 10-nm-thick films of Au or a high-Tg organic material 
(Supplementary Fig. 13).

Substrate interactions become important for these confined 
films41, and hence bulk crystallization and surface crystallization 
may both be active34,42. Surface crystallization is probably respon-
sible for the formation of depletion and accumulation features, 
whereas bulk crystallization may continue to drive growth when 
the depletion depth becomes large and limits the supply of mate-
rial for surface growth. In capped TPBi films, the crystal growth 
rate is reduced by 50–90% compared with uncapped films but is not 
entirely deactivated. This confirms that transport at the free sur-
face is the primary mechanism that feeds crystal growth, but that 
crystallization in the bulk of the film constitutes a non-negligible 
contribution. Several other effects may contribute to the observed 
patterns. The volume change on crystallization may induce stresses 
in the surrounding amorphous material, providing a driving force 
for the formation of surface features. Mobility near the growth front 
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Fig. 4 | Topography and mechanics near the crystal growth front. a,b, Height (a) and adhesion (b) images for 20-nm-thick TPBi on Si annealed at 163 °C. 
Scale bars are 1 µm. c,d, Height (c) and adhesion (d) images for 30-nm-thick TPBi on Si annealed at 165 °C. Scale bars, 1 µm. All images are acquired with 
PF-QNM AFM. e,f, Height and adhesion profiles across the crystal growth front are shown for 20-nm-thick (e) and 30-nm-thick (f) TPBi, respectively. The 
white lines in a and c correspond to the centre lines for the height and adhesion profiles plotted in e and f, with profiles averaged laterally over 10 pixels in 
the perpendicular direction. The adhesion images provide contrast between crystalline and untransformed amorphous regions, due the differences in the 
mechanical properties of the two phases. The shaded regions in e and f highlight the portion of the amorphous region near the crystal growth front that 
shows both accumulation and depletion of material.
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may also be periodically enhanced by the release of heat from fusion 
or from tension arising from crystallization24,43.

Assuming this mechanism of pattern formation, the increase 
in pattern wavelength at higher annealing temperatures may stem 
from the mobility of the supercooled liquid having a steeper func-
tion of temperature than the crystal growth rate, allowing flow to 
occur over a larger distance. This interpretation should lead to some 
flattening of the pattern features, in qualitative agreement with 
AFM measurements that show a decreased amplitude at annealing 
temperatures >175 °C (Supplementary Fig. 14). The dependence 
of the pattern wavelength on thickness could partially be a conse-
quence of the variation in Tg and growth rate with film thickness41,44, 
and also the total supply of material (that is, thicker films take lon-
ger to deplete, allowing more time for the width of the depletion 
zone to increase)22. The flat regions at low temperatures (Fig. 1e and 
Supplementary Fig. 1) probably form due to mass transport rates 
matching or exceeding crystal growth, preventing the formation of 
depletion regions.

Alternative molecules and surfaces for pattern formation
To enable device integration, it is important to realize patterns in 
other organic semiconductors and on common electrode surfaces. 
As many vapour-deposited organic semiconductors form glassy 
films and crystallize above Tg, a variety of materials may be ame-
nable to crystallization-mediated patterning. We have observed 

periodic pattern formation in the hole-transport material N,N′-
bis(naphthalen-1-yl)-N,N′-bis(phenyl)-benzidine (α-NPD), the 
ambipolar host material 2,2’-bis(4-(carbazol-9-yl)phenyl)-biphe-
nyl (BCBP) and the archetypical organic semiconductor rubrene. 
α-NPD (bulk Tg = 95 °C)45 forms a pattern with d = 0.98 ± 0.05 µm 
for a 30-nm-thick film annealed at 170 °C (Fig. 5a). BCBP (bulk 
Tg = 120 °C)46 forms a pattern with d = 1.6 ± 0.1 µm for a 35-nm-
thick film annealed at 170 °C (Fig. 5b). Rubrene crystallizes above 
~115 °C (refs. 29,31), and forms a pattern with d = 1.75 ± 0.1 µm for a 
30-nm-thick film annealed at 185 °C (Fig. 5c). Although the quality 
and surface coverage of periodic patterns in these materials have 
not been fully optimized, differences in the molecular structures 
and Tg suggest that the method is generalizable, and that the pat-
tern periodicity could be further tuned by varying the properties 
of the materials. The formation of these patterns in both electron- 
and hole-transporting materials demonstrates the flexibility of this 
method for device integration.

As a base criterion for pattern formation, a candidate material 
must form a glassy film that transforms to large-area, platelet-like 
crystals when annealed. However, due to the observed impact of 
crystal growth rate on pattern quality, it is likely that a balance of 
kinetic and thermodynamic factors such as Tg, steric bulk and the 
supercooled liquid viscosity will determine whether surface struc-
tures will form on crystallization. Crystal structure does not seem to 
impact whether periodic topography forms during crystallization. 
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Fig. 5 | Pattern formation in other organic semiconductors and on common electrode surfaces. a–c, Molecular structures (top) and unpolarized optical 
microscope images of pattern formation (bottom) in a 30-nm-thick film of α-NPD annealed at 170 °C with d = 0.98 ± 0.05 µm (a), a 35-nm-thick film of 
BCBP annealed at 170 °C with d = 1.6 ± 0.1 µm (b) and a 30-nm-thick film of rubrene annealed at 185 °C with d = 1.75 ± 0.1 µm (c). The insets in b and c are 
diffraction images of the same films with scale bars of 0.64 µm−1 and 0.57 µm−1, respectively, and the same physical width (6.8 cm). Diffraction was not 
observable for α-NPD due to the incomplete surface coverage of the pattern, with the majority of the film forming flat crystalline regions as shown in the 
upper right corner of the image in a. Samples in a–c were prepared on Si substrates. d–f, Unpolarized optical microscope images of pattern formation in 
30-nm-thick TPBi film deposited on common electrode surfaces: Glass/ITO (d), Si/Au (e) and Si/Ag (f). All films were annealed at 163 °C. Scale bars, 
20 µm for all optical microscope images.
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The phase of rubrene here has an orthorhombic crystal structure29, 
whereas α-NPD is most probably triclinic47. The thin-film crystal 
structures of BCBP and TPBi are yet to be determined.

To inform device integration and assess the potential for direct 
pattern formation on electrode surfaces, TPBi films were depo
sited and annealed on a variety of surfaces. We observe pattern  
formation on common electrode materials such as ITO, Au and Ag  
(Fig. 5d–f), as well as other substrates, such as Al2O3, quartz, glass 
and WO3-coated Si (Supplementary Figs. 15 and 16). The sub-
strate was observed to impact crystal growth rate, in agreement 
with previous work on rubrene in which more hydrophobic sub-
strates decreased the crystal growth rate32. The pattern wavelength 
decreases modestly in substrates with slower crystal growth rates, 
possibly reflecting substrate interactions that inhibit molecular 
motion in the supercooled liquid and thus lower the width of the 
depletion zone. For example, the crystal growth rate in 34-nm-
thick TPBi films is reduced from 0.4 μm s−1 on Si/SiO2 substrates 
to 0.15 μm s−1 on Si/Au substrates, and the pattern wavelength 
decreases from 1.46 ± 0.05 μm to 1.32 ± 0.05 μm.

Strategies to improve the control of pattern formation
To tailor patterns for arbitrary applications, greater control over 
long-range pattern alignment, pattern quality and feature depth 
is needed. As these patterns form along crystal growth fronts, 
alignment across a sample is limited by grain size. Millimetre-
scale domains are achieved here (Fig. 1c,d), and could be further 
expanded by selecting optimal underlayers31. However, long-range 
alignment is not needed for many applications where randomly- 
oriented periodic structures can be tolerated or are even desired. For 
example, outcoupling enhancement layers for OLEDs often consist 
of random structures to minimize viewing angle dependencies48.

The pattern quality could be engineered by tuning substrate sur-
face properties to control growth rate32. As a demonstration of this 
strategy, we compared pattern quality and crystal morphology in 
TPBi films on Si/SiO2 and Si/Au substrates (Supplementary Figs. 17 
and 18). The reduced crystal growth rate on Si/Au substrates leads 
to smoother growth fronts and improved pattern quality across 
all tested annealing temperatures. Another route is to use low-Tg 
underlayer materials31, which have been shown to increase grain 
size, reduce branching and reduce nucleation of other phases in 
rubrene. Additives or mixtures could also be employed to alter the 
crystal growth rate and shape by suppressing molecular attachment 
to certain crystal facets49.

Feature depths of at least 70 nm are typically desired for opto-
electronic applications27,28, and future work should therefore focus 
on increasing the pattern depth. One strategy to achieve larger 
amplitudes is to improve the quality of pattern formation in thicker 
films using the above methods. As the peak-to-valley amplitude 
can exceed 90% of the film thickness, sufficient depths should be 
obtained in ~70-nm-thick films.

Outlook
In summary, we report a crystallization-mediated mechanism for 
the spontaneous formation of highly aligned periodic structures in 
organic semiconductor thin films. These features develop during 
annealing along the periphery of the crystal growth front—prob-
ably due to competition between crystal growth and surface mass 
transport—and are quickly incorporated into the crystal grain, pro-
ducing a sinusoidal surface topography. The wavelength of these 
structures can be tuned over a broad range from 800 nm to 2,400 nm 
by changing the film thickness. We show that these patterns are 
thermally stable and can form on a variety of electrode materials, 
enabling direct integration into optoelectronic devices. Multiple 
glassy organic semiconductors are found to form these periodic 
patterns, suggesting that this method could be generally applied to 
any readily crystallized materials. We find that crystal growth rate is 

an important factor in determining whether periodic patterns will 
form and the overall pattern quality. Owing to its simplicity, this 
phenomenon could be exploited for low-cost lithography-free pat-
terning and provides a novel assembly method for nanostructured 
organic optoelectronics.

Online content
Any methods, additional references, Nature Research reporting 
summaries, source data, statements of code and data availability and 
associated accession codes are available at https://doi.org/10.1038/
s41563-019-0379-3.
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Methods
TPBi, α-NPD, BCBP and rubrene were purchased from Luminescence Technology 
Corp. and used as received (sublimed grade). All films were deposited using high-
vacuum (<10−6 torr) thermal evaporation at a deposition rate of 1 Å s−1. Silicon 
substrates had a 2-nm-thick native oxide layer and were exposed to a UV–ozone 
ambient for 10 min before deposition and remained at ambient (25 °C) temperature 
during deposition. For the surface variation experiments, 10-nm-thick films of Ag 
(Aldrich Chemistry, 99.999% trace metals basis), Au (Alfa Aesar, 99.9995% trace 
metals basis) and tungsten (VI) oxide (WO3, Puratronic, 99.998% trace metals basis) 
were thermally evaporated on cleaned Si substrates before deposition of TPBi films. 
Film thicknesses were measured with variable-angle spectroscopic ellipsometry.

Annealing was initiated by placing a substrate onto a homebuilt temperature-
controlled microscope stage purged with nitrogen and pre-heated at the annealing 
temperature. Episcopic optical micrographs were taken with polarized light using 
a Lumenera Infinity 1.0 camera. The images in Figs. 1d and 3a, Supplementary 
Figs. 11, 13 and 17c,d were captured with a cross-polarizer to identify grains 
by birefringence contrast. All other optical micrographs were captured without 
a cross-polarizer. To improve the visibility of the periodic pattern, histogram 
equalization was applied to the images in Figs. 1g, 2a,b and 5a and linear contrast 
stretching was applied to all other images using the scikit-image package in Python 
(version 3.6).

Atomic force microscopy was conducted using a Bruker Nanoscope V with a 
Multimode 8. Images in Fig. 2 and Supplementary Fig. 14 were acquired in tapping 
mode, attractive regime, and AFM cantilevers were aluminium-coated highly 
doped monolithic silicon with a nominal spring constant of 42 N m−1. Images in 
Fig. 4 were acquired in PF-QNM mode, and AFM cantilevers were aluminium-
coated n-type silicon with a nominal force constant of 0.6 N m−1. Full AFM scan 
parameters are tabulated in Supplementary Tables 1, 2.

Periodicity in optical microscopy and AFM images was measured using 
an FFT using the Python package SciPy50 and Gwyddion51. Optical diffraction 
measurements were performed at normal incidence using a laser with a wavelength 
of λ = 473 nm having a spot diameter of 0.8 mm, and images were captured on a 
16 cm × 16 cm screen with a camera length of 9 cm (schematic of measurement 
geometry is shown in Supplementary Fig. 3d). X-ray diffraction patterns were 
taken in the theta–theta geometry with a Co Kα source (λ = 0.179 nm).

Crystal growth rates were extracted from in situ optical microscopy time series. 
Images were histogram equalized, thresholded and despeckled to automate grain 
boundary detection.

Data availability
The data that support the findings of this study are available from the 
corresponding author on reasonable request.

Code availability
The code used to analyse pattern periodicity and pattern quality is available at 
https://github.com/jsbangsund/pattern-image-analysis. The code and interactive 
graphical user interface used to extract crystal growth rates is provided at  
https://github.com/jsbangsund/crystal-growth-rate-analysis.
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