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Abstract

A two-step stratified crystallization process has been directly observed during cooling of
poly(3-hexylthiophene) (P3HT) thin films of thickness h = 20-250 nm: a thin (<20 nm) layer at the
free surface crystallizes ~25 °C higher than the bulk crystallization temperature (Tcbuik), whereas
the rest of the film (i.e. the underlayer) crystallizes near T¢ buik. In-situ measurements of films with
and without a free surface unequivocally ascribe the high-temperature crystallization to a
surface-induced process, which correlates with formation of large birefringent structures and
highly oriented edge-on crystallites at the air-polymer interface. In contrast, crystallization of the
bulk-like underlayer leads to mostly edge-on oriented crystallites in thinner films and becomes
increasingly isotropic in thicker films. For h < 20 nm, free-surface effects dominate and only the
high temperature crystallization is observed. These results highlight the potential of melt-
crystallization to tailor morphology and orientation across thin film thickness for specific

electronic applications.

1 Introduction

Conjugated polymers are materials capable of charge transport with potential for application
in light emitting diodes, photovoltaic devices, sensors, and other electronic devices.'?® In
semicrystalline conjugated polymers—for which poly(3-hexylthiophene) (P3HT) is considered a
model—a strong relationship between processing, final semicrystalline structure, and conductive
properties has been established but is still not fully understood.**2 For electronic applications,

thin films of conjugated polymers are typically solvent-processed due to ease of use and fast



processing times, but crystallization from solvents often yields semicrystalline structures very far
from equilibrium which are susceptible to change above the glass transition temperature.’3 In
addition, polymer crystallization during solvent-processes such as spin coating or drop casting
typically occurs under ill-defined conditions, hindering the ability to control the final
semicrystalline morphology. In contrast, melt-processing of films—in the absence of solvents—

can enable greater control over the conditions under which crystallization occurs.

The potential of melt-crystallization to attain optimized morphologies in conjugated polymer
thin films remains largely untapped, partly because it has been much less studied than solution
crystallization during solvent-based processing.'*?? Furthermore, the melt-crystallization
behavior of thin films cannot be inferred from bulk measurements due to the possibility of
confinement effects as well as interfacial effects near the substrate and the air-polymer
boundary.?® As a result, there is a critical need to understand the melt-crystallization process
throughout the conjugated film thickness, especially given that device performance can be
dictated by the semicrystalline structure at different depths of the film.*> 2428 For example,
performance of field effect transistors is dominated by the few nm closest to an active film
interface, whereas applications such as photovoltaics depend on structure and charge transport

across the entire film thickness.2°-34

The role that the polymer-air interface plays in melt-crystallization of conjugated thin films is
currently poorly understood. While free surfaces are generally known to influence properties
such as glass transition and melting temperatures, the specific effects are not universal across
materials. For example, most small molecules exhibit surface melting, i.e. reduced melting

temperature at the free surface attributed to higher surface entropy.3> Similarly, polymers such
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as PS, PET, and PMMA exhibit reduced surface glass transition (Tg) and cold crystallization
temperatures due to increased chain mobility at the surface.3*38 In contrast, linear alkanes and
the alkyl side chains of polyacrylates exhibit surface freezing, i.e. increased surface solidification
temperatures. Surface freezing is attributed to a lower interfacial energy, v, in the surface frozen
state (Yery,air + Yeryliq) compared to the fully molten state (yigair) Which drives the transition.
Preferential orienting of molecules at the free surface frequently accompanies surface freezing
and is thought to arise when a given orientation is energetically more favorable, minimizing ycry,air
+ Yerylig->> 3944 Some alkyl-chain polymers—namely APFO3; and PFO—have exhibited increased
surface glass transition, cold-crystallization, and melting temperature during heating.*> Surface
freezing has been proposed to explain ex-situ preferential orientation near the surface of P3HT
films, but has not been directly observed in-situ.**-** Overall, the role of the air-polymer interface

on the melt-crystallization process at various film depths remains elusive.

To address this gap in knowledge, it is critical to apply experimental in-situ approaches that
can isolate the effect of an interface, which entails significant technical challenges. On one hand,
experimental techniques must be extremely sensitive to crystallization, given that the film
interface contains a minute amount of crystallizing material. Even greater sensitivity is required
for in-situ measurements, where structure development occurs rapidly and acquisition times
must be small. On the other hand, experimental techniques that can isolate free surface effects
often have drawbacks that complicate their application to thin film melt-crystallization. For
example, incorporating fluorescent markers only at a specific film depth has enabled the
measurement of depth-dependent Tg,3® but is unsuitable for melt-crystallization as the markers

would quickly diffuse to other depths of the film at the high temperatures involved. Techniques
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such as variable temperature spectroscopic ellipsometry require models and significant a priori
knowledge about the material phases involved to extract depth-dependent information,* while
surface sensitive techniques such as grazing incidence wide angle X-ray scattering (GIWAXS) and
atomic force microscopy require a free surface, preventing direct comparison between films with

and without an air-polymer interface.

In this work, we use a combination of in-situ UV-vis optical absorbance and reflectance,
microscopy, and variable-angle GIWAXS to study free surface-induced morphological and
orientation effects during melt-crystallization of P3HT thin films. By applying in-situ optical
techniques that are extremely sensitive to crystallization and do not require a free surface, we
are able to directly compare films with and without an air-polymer interface to isolate the free-
surface effects on the melt-crystallization process. Furthermore, in-situ optical absorption
measurements allow estimating the small layer thickness at the air-polymer interface that is
dominated by free surface-induced crystallization. In-situ angle-dependent GIWAXS allows
establishing the connection between crystallization events that occur at different
depths/temperatures and corresponding morphological characteristics—such as crystalline

orientation—relevant to applications.

2 Experimental

2.1 Materials
Poly(3-hexylthiophene) (P3HT, 95% regioregular, weight-averaged molecular weight Mw = 40

kg/mol, polydispersity index PDI = 2.1) from Rieke Metals was used as received.
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2.2 Film preparation

P3HT solutions in o-dichlorobenzene (Sigma Aldrich) were prepared by stirring at 80 °C for
~24 h under argon atmosphere with polymer concentration between 2 and 30 mg/mL. Prior to
spin coating or drop casting, the solutions were heated to 100 °C for 10 min. Thin films were spin
coated (SC) on cleaned glass coverslips or silicon wafers with 285 nm thermal oxide layer
(University Wafer). SC films for optical microscopy (OPM) were cut into smaller pieces, floated
on deionized water, transferred to new plasma cleaned glass coverslips, and dried at 100 °C for
20 min. To remove the free surface, a SC film was heated to 280 °C in argon atmosphere and a
small piece of glass was pressed onto the molten film. SC films for Grazing incidence wide-angle
X-ray scattering (GIWAXS) measurements were prepared on silicon wafers 18 mm x 18 mm. Film
thicknesses were measured with profilometry using a Keyence VK-X200K laser scanning
microscope. A thick film (~3 um) for OPM was drop casted by depositing 20 pL of 30 mg/mL
solution onto a cleaned coverslip and heating at 150 °C until dry. A second, cleaned coverslip was
then placed over half the film, and the sample was melted to the coverslip under argon
atmosphere.
2.3 Characterization

Optical micrographs were taken with an Olympus BX53M polarizing optical microscope
equipped with a SC50 camera. UV-vis spectra were simultaneously collected using a beam splitter
and fiber optic cable coupled to an Ocean Insight Flame-S spectrophotometer. Polarized
reflection micrographs and reflectance spectra were acquired using a polarizer and analyzer
crossed at 90°, whereas transmission micrographs and absorbance spectra were acquired with

no polarizer or analyzer. Thermal cycles were performed with a Linkam THMS600 stage using 10



°C/min heating and cooling rates. Samples were held at 270 °C for 5 min prior to cooling. There
is no significant vertical thermal gradient in the film due to the experimental setup (<1 °C for ~250
nm films, Figure S1 in Supplemental Data). Light exposure was minimized using a homemade
shutter. Absorbance spectra were calculated as the natural log of the ratio between the incident
(reference) and transmitted intensity. Reflectance spectra were calculated as the ratio between
the reflected and reference intensity (acquired using a mirror).*® The absorbance and reflectance
spectra were averaged between 570 and 640 nm (Figure 1), then the numerical derivative with
respect to temperature was calculated to assess the relative change with temperature. The 570-
640 nm absorbance range encompasses the Ao vibronic peak attributed to weakly interacting
H-aggregates along the -1t stacking direction,*”*® but random coiled chains in the molten state
(Figure 1, 234 °C) do not significantly contribute to 570-640 nm absorbance. Therefore, the
average signal from 570-640 nm allows tracking of n-it aggregation during crystallization without

contribution from molten amorphous polymer.
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Figure 1: Absorbance spectra during crystallization of a 250 nm thick film. Arrow indicates

decreasing temperature. Blue shaded area indicates the 570-640 nm range.

Bulk crystallization behavior was characterized using differential scanning calorimetry (DSC)
on a TA Instruments DSC250 Discovery Series under nitrogen atmosphere and heating/cooling
rates of 10 °C/min. To mimic conditions of solution processed thin films, a ~3 mg DSC bulk sample
was also prepared from a 30 mg/mL solution by drop casting into a pan and drying under vacuum

at 120 °C for 48 hrs.

GIWAXS patterns were collected at the 8-ID-E beamline (Advanced Photon Source, Argonne
National Laboratory)*® using incident X-rays with energy 10.92 keV, defined by slits to size 200
pum x 10 um (H x V), at angles of incidence ai = 0.08° and 0.14° for surface and bulk measurements,
respectively. 2D diffraction patterns were collected with a Pilatus 1M detector (0.172 mm x 0.172
mm pixel size) positioned 217 mm from the sample. Alignment of samples was performed at 210

°C (near the temperatures at which crystallization events occur). The 2D patterns were corrected



for geometry and remapped using the GIXSGUI MATLAB package.”® GIWAXS patterns were
azimuthally integrated across wedges of width Ax = 1° (Figure S2a in Supplemental Data) to
calculate the intensity vs. g at each azimuthal angle x (Figure S2b). The contributions from the
background, amorphous, and (100) scattering were simultaneously fitted using an exponential
for the background, a Gaussian for the amorphous contribution, and a Gaussian for the (100)
peak (Figure S2b). Coherence lengths were estimated using the Scherrer equation and the radial
(along q) full width at half max (FWHM) after correcting for instrument broadening.>! The (010)
paracrystallinity was calculated according to the single-peak method which has been validated
for high Mw thiophene-based polymers in the r-it stacking direction.® >2 The integrated (100)
intensity at each x were plotted into a pole figure (Figure S2c). Note that under grazing incidence
geometry, no data can be acquired for y less than the Bragg angle (8(100) ~ 1.93°).53 The minimum
(100) intensity in the pole figure corresponds to isotropic scattering (shaded area in Figure S2c).
A geometrical sine correction was applied to generate corrected pole figures where the intensity
is proportional to the amount of crystallites oriented at each x.>3>* Crystallization derivatives of
the sine corrected (100) intensity at azimuthal angles x = 2.5°, 10.5°, and the isotropic baseline
were calculated using x = 2-3°, 10-11°, and 70-75° wedges respectively. Scattering due to edge-
on crystallites was estimated by subtracting the isotropic contribution, and the azimuthal FWHM
of the edge-on scattering fraction was estimated to characterize the degree of orientation of

edge-on crystallites (Figure S3).



3 Results

3.1 Distinct crystallization morphology on the free surface

Upon melt-crystallization of a ~3 um thick P3HT film which is partially covered with a glass
coverslip, distinct spherulitic structures exhibiting a Maltese cross are observed only when a free
surface is available, whereas no large-scale birefringent morphologies can be discerned in areas
covered with the coverslip (Figure 2a). The spherulitic structures can be clearly observed when
imaged in polarized reflection mode from the free surface side but cannot be detected from the
bottom substrate side (Figure 2b). Given that the diameter of the spherulitic structures is much
larger than the film thickness (~¥30-50 pum vs. ~3 um), it is inferred that they only form near the
top free surface and do not span the entire thickness of the film: light entering the film from the
substrate side is absorbed before reaching and reflecting back from the spherulitic structures
(note that light transmission through a ~3 um film is minimal, Figure 2c). In other words, the
spherulitic structures appear to not grow into spherical objects but are instead discs confined

within a thin layer near the free surface of the polymer film.
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Figure 2: Micrographs of melt-crystallized ~3 um thick P3HT film partially covered by glass in
(a) polarized reflection from top, (b) polarized reflection from substrate, and (c) transmission.

Scalebar represents 50 um.

In much thinner spin coated films that allow significant light transmission (Figure 3c and f),
the spherulitic structures are visible in polarized reflection both from the free surface and the
substrate side, but their appearance is color shifted and more subdued when imaging the 250
nm film from the substrate side compared to imaging from the free surface (Figure 3a vs. b), and
compared to imaging the 40 nm film from the substrate side (Figure 3b vs. e). This suggests that,
even for a 250 nm film, the free surface spherulitic layer does not span the entire thickness of
the film: light entering from the substrate side undergoes absorption by a non-spherulitic P3HT

layer and results in an apparent color shift of the free surface structures.
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Figure 3: Micrographs of melt-crystallized P3HT films with thickness of (a-c) 250 nm and (d-f)
40 nm. (a,d) Polarized reflection from the free surface, (b,e) polarized reflection from the

substrate side, and (c,f) transmission. Scalebar represents 50 um.

3.2 2-step stratified crystallization

The P3HT crystallization process was probed using in-situ absorbance measurements in the
570-640 nm wavelength range, where absorbance strongly depends on m-mt aggregation and is
negligible for molten, random P3HT coils (Figure 1). Because absorbance and optical microscopy
do not require a free surface, films with a free surface and films covered with a top glass coverslip
were both probed in-situ, and their direct comparison allowed isolating the effect of the free

surface on the process of melt-crystallization.
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For a 250 nm thick film where a free surface is present, the absorbance derivative exhibits
two main crystallization events significantly separated in temperature by ~25 °C, whereas a 250
nm covered film only exhibits a single crystallization process (Figure 4a). Clearly, the absorbance
crystallization curve for the free surface film exhibits a high temperature crystallization peak (Tc1)
at ~230°Cand a low temperature crystallization peak (Tcz2) at ~203 °C, while the high temperature
crystallization peak is absent for the covered film lacking a free surface. Therefore, the high

temperature Tc1 peak corresponds to a free surface-induced crystallization process.

In-situ polarized reflection micrographs (Figure 4d) clearly show that the Tc1 peak corresponds
to lateral growth and impingement of spherulitic structures at the free surface. Indeed, when the
film is covered with glass and the Tc1 peak is no longer present, spherulitic structures are not
apparent indicating that the free surface is required for their development. Likewise, in-situ
polarized reflectance derivatives provide a qualitative measure of the emergence of birefringent
structures and exhibit a large positive Tc1 peak only for the free surface film (Figure 4c) that
correlates with growth of spherulitic morphologies. It should be noted that spherulitic structures
are obvious in polarized reflection imaging but cannot be distinguished by eye in transmission
micrographs (Figure 4b)—even though absorbance measurements clearly detect the small

change in intensity during Tci crystallization.

The Tcz peak temperature of ~200 °C observed in both the free surface and the covered film
approaches the P3HT bulk crystallization temperature (Tcbuik ~201.9 °C) measured by differential
scanning calorimetry (Figure S6 in Supplemental Data), suggesting that a bulk-like crystallization
process occurs at Tcy. Because the covered polymer film exhibits only Tcy crystallization, it is

inferred that bulk-like crystallization occurs throughout the covered film thickness. The free

13



surface film, however, has already developed spherulitic structures at the top layer at Tcy, so the
Tc2 peak is inferred to arise from bulk-like crystallization of the rest of the film (i.e. the
“underlayer” beneath the top, surface-induced spherulitic layer). Both the covered and the free
surface film exhibit clear darkening in transmission micrographs and strong increase in
absorbance at Tc;, indicating the growth of strongly absorbing crystallites (Figure 4a, b). At the
same time, polarized reflection micrographs do not show any large birefringent structures at Tcy,
and the negative peak in polarized reflectance derivative indicates that Tc, bulk-like crystallites

do not significantly contribute to birefringence and that absorption effects dominate.
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Figure 4: (a) Absorbance derivative, (b) transmission micrographs, (c) polarized reflectance
derivative, and (d) polarized reflection micrographs during crystallization of 250 nm P3HT films

with either a free surface or a top cover glass. Scalebar is 30 um.

Itis interesting to note that the free surface film exhibits a small, non-zero derivative between

Tc1 and Tez absorbance derivative peaks—indicating that a slight amount of crystallization occurs
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in that temperature range—while the covered film does not exhibit any change in absorbance
until Tcz crystallization starts (Figure 4a). Therefore, the small absorbance increase between
peaks is related to the free surface layer crystallites that form at Tc1 and may arise from secondary
crystallization within the surface layer or from a small amount of downward growth into the

underlayer.

3.3 Free-surface layer thickness

The crystallization behavior of films with thicknesses h = 10-250 nm was examined with in-
situ absorbance measurements. Interestingly, absorbance derivative curves show that the area
of the Tc1 peak becomes larger with increasing thickness for h < 20 nm but is nearly fixed for h
40 nm (Figure 5a, b). The invariance of the Tci area for 40-250 nm thin films implies that the
amount of surface-induced crystals formed at high temperature is nearly constant regardless of

h, suggesting that the surface layer that crystallizes at Tc1 has a fixed thickness.

In contrast to the Tc1 peak behavior, the area of the Tc; peak—which tracks bulk-like
crystallization of the underlayer—clearly increases with thickness for h = 20-250 nm but is absent
for h =10 and 15 nm. Such behavior implies that the thickness of the underlayer increases with
film thickness in the h = 20-250 nm range, and that there is essentially no underlayer in the two
thinnest samples. In other words, for the h =10 and 15 nm films, the free surface spherulitic layer
formed at Tci pervades the entire crystallizable thickness and thus precludes later bulk-like
crystallization at Tca. Given that the 20 nm film still has a Tz peak, but the 15 nm film does not,

the surface layer is inferred to have a thickness less than 20 nm.
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Figure 5: (a) Absorbance derivative during melt-crystallization of films with thickness h = 10-
250 nm. Arrow indicates increasing h. (b) Tci (circles) and Tc2 (squares) peak areas vs. h. Inset
shows close-up of Tc1 peak area. Dashed lines are guide lines. (c) Ex-situ polarized reflection

micrographs of films with various h. Scalebar is 50 um.

Large scale birefringent structures are evident at film thicknesses h = 15-250 nm (Figure 5c).
Films with h > 100 nm exhibit similar spherulitic structures with clear Maltese cross patterns, but
films with h = 15-40 nm show structures of progressively lower quality with decreasing thickness,
which correlates with the decrease in Tc1 area (Figure 5b). The temperature at which Tc1 occurs

is nearly constant for all films except for the thinnest (Figure 5a): the 10 nm film exhibits a ~4 °C
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decrease in the Tc1 peak temperature that correlates with the absence of large scale birefringent

structures and may be indicative of substrate interactions or confinement effects.

3.4 In-situ GIWAXS

In-situ GIWAXS provides unique information about crystalline orientation, but the specific
choice of incidence angle a; determines whether scattering arises from the entire film or just
from the top surface. Here, two different incidence angles were used—a; = 0.08° and 0.14°
(Figure 6)—which are below and above the critical angle a. ~ 0.12° of P3HT, respectively. For a;
=0.08°, an evanescent wave occurs in the surface and probes only the top ~10 nm of the film.>®
Because the spherulitic top layer of the films was estimated from absorbance to have a thickness
of at most 20 nm, it is inferred that a; = 0.08° primarily probes the top spherulitic layer. In
contrast, at aj = 0.14° the beam fully penetrates the sample so scattering arises from the entire
thickness of the film. Two film thicknesses—40 and 250 nm—which exhibit very different

amounts of Tc; crystallization (Figure 5b) were investigated.

In-situ GIWAXS of the 250 nm film shows clear differences between crystallization of the
surface-only and of the entire thickness of the film (Figure 6a, compare a; = 0.08° vs. 0.14°): the
top ~10 nm develop only highly edge-on oriented crystallites which emerge at Tci, while
scattering from the entire film exhibits substantial isotropic crystallization at Tcz. During Tc1
crystallization, the surface-only GIWAXS patterns (a; = 0.08°) show the appearance of an
extremely oriented (100) peak in the out-of-plane direction (white arrows in Figure 6a), which
reveals that the free surface-induced spherulitic structures consist of highly oriented crystallites
with alkyl chains stacked perpendicular to the free surface. At the end of Tc1 crystallization, the

lattice spacing in the alkyl chain direction is d(i00) ~ 1.81 nm (qo0) ~ 0.348 Al) but decreases
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sharply to d(i00) ~ 1.74 nm upon cooling to Tcz,onset. These lattice spacings are consistent with form
| of P3HT—albeit slightly larger than the typically reported d(i00) = 1.65 nm, possibly due to
thermal expansion.?% 27,5658 Upon cooling through Tcy, the out-of-plane scattering at ai = 0.08°
increases indicating that additional highly edge-on crystallization occurs within the top ~10 nm
of the film. In contrast, scattering from the entire film (ai = 0.14°) during Tc; shows that strong
isotropic rings emerge in addition to increased out-of-plane scattering (most clearly observed in
higher order diffraction peaks), i.e. Tc2 crystallization of the bulk-like underlayer in the 250 nm
film yields both edge-on and isotropic crystallites. Throughout the Tc, crystallization process,

d(100) decreases very slightly to ~ 1.72 nm.
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Figure 6: In-situ GIWAXS patterns at a;= 0.08° and 0.14° during melt-crystallization of P3HT

films with thickness of (a) 250 nm, (b) 40 nm. Insets show (010) in-plane scattering.

In stark contrast to the 250 nm film, the 40 nm film (Figure 6b) exhibits little to no isotropic
scattering during crystallization at Tc; for a; = 0.14°, indicating that the bulk-like underlayer of the
40 nm film crystallizes almost exclusively with edge-on orientation. The evolution of scattering

at the top ~10 nm (ai = 0.08°), however, closely resembles that of the top ~10 nm of the 250 nm
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film, which indicates that crystallization and morphology of the surface layer is not affected by
overall film thickness and is consistent with in-situ absorbance. Likewise, the evolution of d(i00) in

the 40 nm film is similar to that in the 250 nm film, and is also consistent with form | P3HT.

The emergence of out-of-plane (100) diffraction during Tc1 is accompanied by the appearance
of a highly oriented (010) in-plane Bragg rod at dio10) ~ 0.38 nm (qo10) ~ 1.66 A) for both film
thicknesses and incident angles, indicating that m-it stacking occurs during crystallization of the
surface layer (blue arrow in Figure 6 insets, | vs. g plots shown in Figure S4 in Supplemental Data).
The emergence of n-1t stacking at Tc1 is consistent with in-situ absorption and confirms that the
free surface-induced crystallization involves the main chain of P3HT. Throughout Tc
crystallization, the highly oriented Bragg rod increases in intensity; in the case of the 250 nm film
at a; = 0.14°, additional (010) scattering emerges as an isotropic ring that overlaps with the Bragg
rod. Interestingly, the paracrystallinity in the m-it stacking direction was calculated to be ~5.9,
6.8, and 7.9% at Tciendset, Tc2,onset, @and Tcaendset respectively, which are similar values to those
reported for fully solidified semicrystalline P3HT in literature (~7% for molecular weights beyond
the chain folding limit)® suggesting that the high temperature surface crystallites are as ordered

(or slightly more so) in the m-it stacking direction than bulk P3HT crystallites.

The evolution of crystalline orientation can be quantified with pole figures where the sine-
corrected intensity is proportional to crystallite volume at each azimuthal angle x. In contrast to
the 40 nm film, the overall orientation of the 250 nm film becomes dominated by isotropic
crystallites as it is cooled through Tc, (Figure 7a, b). The edge-on/total crystallite fraction after
melt-crystallization (ex-situ) was estimated for films with h = 15 — 250 nm, revealing that the

edge-on fraction strongly decreases with increasing film thickness (Figure 7c). Given that the
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surface layer is predominantly edge-on oriented (Figure 6), it is inferred that increased isotropic
contribution with increased film thickness arises exclusively from the bulk-like underlayer.
However, the underlayer is not exclusively isotropic: it contains mostly edge-on crystallites in
thinner films and both edge-on and isotropic crystallites in thicker films. For example, if the
underlayer were exclusively isotropic, the 40 nm film would be expected to have a maximum of
~50% edge-on crystallites (since the thickness of the edge-on surface layer is at most 20 nm);
instead, it shows an edge-on fraction of 90% indicating the presence of substantial edge-on
crystallites in the underlayer. Likewise, the 150 nm film would be expected to have a maximum
of ~13% edge-on orientation, instead of the 58% observed. Note that the edge-on fraction in

Figure 7c is slightly underestimated due to the missing wedge out of plane (x < 2°).
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Figure 7. GIWAXS (100) partial pole figures at a; = 0.14° during melt-crystallization of (a) 250
nm and (b) 40 nm thick films. Shaded areas represent the integrated edge-on and isotropic
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intensity derivative (a;i = 0.14°) at x = 2.5°, 10.5°, and the isotropic baseline during melt-

crystallization of 250 nm film. Inset indicates y = 2.5°, 10.5°, and 72.5°.

The results above are consistent with nucleation of edge-on crystallites on the underside of
the surface crystallized layer at Tcz, which then grow downwards. During their growth into the
bulk underlayer, those edge-on crystallites may pervade the underlayer in thinner films (resulting
in edge-on only underlayers) or they become increasingly misoriented and eventually isotropic if
the film is thick enough (resulting in both edge-on and isotropic contributions); it is also possible
that independent nucleation events in the underlayer contribute partially or fully to Tc, isotropic
growth. The evolution of the (100) peak intensity derivative at various x for the 250 nm film
(Figure 7d, I vs. g plots shown in Figure S5 in Supplemental Data) is consistent with an underlayer
solidification process that begins with highly oriented growth but progressively diverges in
orientation: the Tc; peak emerges earlier for highly oriented edge-on crystallites (x = 2.5°) than
for those slightly misoriented (x = 10.5°). Conversely, growth of isotropic crystallites (x = 72.5°) is
concomitant with x = 10.5° crystallites rather than being further delayed, which suggests
substantial independent nucleation of isotropic crystallites in the underlayer for h =250 nm. The
comparison of covered vs. uncovered in-situ UV-vis supports that crystallization of the underlayer
is likely induced by surface crystallites. If the surface crystallized layer nucleates the edge-on
crystallites (which appear before misoriented crystallites), then Tc, would be expected to
decrease upon removing the free surface. Indeed, Tcz of the covered film is ~5 °C lower than that

of the free surface film (Figure 4a).
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The evolution of edge-on crystallite orientation during Tc, crystallization is also consistent
with the growth of misoriented edge-on crystals in the bulk-like underlayer. To isolate the degree
of orientation of edge-on crystallites, the isotropic contribution in the pole figures (Figure 7a, b)
was subtracted before calculating the azimuthal (along x) full width half max (FWHM). It was
found that the overall orientation of edge-on crystallites does decrease during solidification of
the bulk-like underlayer: the azimuthal FWHM of edge-on crystallites is ~10° at Tc1,endset and ~11°
at Tcz,onset for both film thicknesses, but significantly increases throughout Tc; crystallization to
14° and 17° for h = 40 and 250 nm respectively (Figure S3 in Supplemental Data). The greater
decrease in edge-on orientation in the 250 nm film may arise from its thicker underlayer, where
edge-on crystals nucleated on the top layer can grow further and misorient to a greater extent;
it is also possible that solidification of a thicker underlayer generates a rougher surface and

contributes to an apparent decrease of orientation.

4 Discussion

For the first time, a distinct free surface-induced melt-crystallization process which is
confined within the top 20 nm layer of the film, crystallizes ~25 °C higher than the rest of the film,
and exhibits extremely high edge-on orientation and large-scale birefringent spherulitic
morphology has been directly observed in P3HT thin films. A direct comparison is made between
P3HT thin films with and without a free surface that unequivocally ascribes the high temperature
crystallization event and large-scale spherulitic morphology as free surface effects. Because

surface-induced melt-crystallization is confined to a very thin layer at the surface, the overall final
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morphology of films is highly dependent on thickness. Indeed, films with thickness h <40 nm are
dominated by the free surface-induced morphology and overall display a high degree of edge-on
orientation, while thicker films (h > 40 nm) consist of a highly edge-on oriented surface layer that
is at most 20 nm thick, and a bulk-like underlayer with edge-on and isotropic contribution.
Consequently, melt-crystallization provides an opportunity to tailor morphology and orientation
across vertical strata of thin films for specific applications. The implications for design and
processing of active layers in electronic devices—where electronically-relevant processes may

occur near specific film interfaces or involve the entire thickness of the film—are evident.

A 2-step stratified melt-crystallization sequence during cooling of P3HT films is proposed in
Figure 8. The schematic depicts two films with different thicknesses (both > 20 nm, i.e. an
underlayer is present in both films). During Tc1 crystallization, highly edge-on oriented spherulitic
disc-like structures grow and impinge in the plane of the film confined at the free surface while
the bulk-like underlayer remains molten. The thickness of the surface layer crystallized at Tc1 is
the same for both films regardless of overall film thickness. Upon cooling through Tc,, highly
oriented edge-on crystallites nucleate on the underside of the surface layer, grow downwards
into the bulk underlayer, and progressively diverge in orientation. If the film is thick enough, the
growing edge-on crystallites may eventually diverge enough that isotropic orientation is attained,
or isotropic crystallites may independently nucleate in the underlayer (Figure 8 bottom). In a
thinner film, however, edge-on oriented crystallites can grow throughout the entire thickness
before significant divergence or independent nucleation occurs, resulting in the absence of

isotropic crystallites (Figure 8 top).
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Figure 8: Proposed melt-crystallization sequence during cooling of P3HT films of different

thicknesses.

The emergence of a crystallized free surface layer in P3HT at much higher temperature than
bulk crystallization is attributed to a surface freezing phenomenon, where the alkyl side chains
minimize the surface energy at the free surface by adopting a strong edge-on orientation and
which results in substantially increased crystallization temperature. It is unclear, however,
whether P3HT chains adopt the preferential edge-on orientation at the free surface prior to or
during the crystallization process. Surface freezing effects have been proposed to explain a higher
degree of edge-on orientation near the free surface of fully crystallized P3HT films (i.e. ex-situ),**
44 but the actual process of surface freezing during melt-crystallization of conjugated polymers
has not been directly observed until now. Although surface freezing has been reported in poly(n-

alkyl acrylates), it was only evident in crystallization of the alkyl side chains.*® 42 In contrast, the
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surface freezing phenomenon detected here in P3HT involves main chain crystallization—i.e. 7t-
7 stacking and concurrent stacking of alkyl layers occur as shown by UV-vis absorbance and
GIWAXS measurements (Figure 4a and Figure 7d). The 25 °C difference between surface and bulk-
like crystallization observed here for P3HT is on the same order as that reported for poly(n-alkyl
acrylate) (9-20 °C); in contrast, surface freezing in most non-polymeric materials results in at most

a 3 °Cincrease of the surface transition temperature.>?

Although no evidence of pre-ordering of molecules (such as a liquid crystalline phase) prior
to Tca crystallization was detected in this study, it cannot be ruled out. Liquid crystalline phases
have been reported in a few P3HT studies,®®®3 and modelling has predicted nematic-like
alignment induced by an impenetrable interface.®* However, modelling has also predicted
nematic-to-isotropic transitions that are very close to crystalline melting points in P3HT of high
Mw (such as the material in this study), so whether a liquid-crystalline phase would be
experimentally observable remains an open question.®>®® In literature addressing surface
freezing phenomena, both a smectic-like phase and side-chain crystallization have been reported
on the film surface above bulk temperatures for poly(n-alkyl acrylate)s,*® while other surface

freezing studies only report crystalline phases.3>

Because the surface-induced layer morphology consists of large-scale birefringent spherulitic
structures, P3HT provides the unique opportunity to directly observe the nucleation and growth
behavior during crystallization of the surface layer. Typically, P3HT is thought to yield very high

nucleating densities which preclude visualization of individual structures under optical
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microscopy;' ®” however, the top layer of the P3HT used in this work exhibits a nucleation area-
density on the order of 1000/mm?, resulting in large 10-50 um spherulitic structures confined
within the first 20 nm at the free surface. Because the spherulitic growth at Tc1 consists of highly
edge-on crystallites, the coherence length of the out-of-plane (100) reflection can provide a
lower bound for the thickness of the surface frozen layer. Notably, the calculated out-of-plane
(100) coherence length increases from ~3 nm for the first Tc1 crystals to ~11 nm before bulk-like
Tea crystallization, which is commensurate with the <20 nm surface layer thickness inferred from
optical experiments. Considering that P3HT has d(100) = 1.73 nm, the surface layer may consist of
2-11 stacked alkyl layers. In contrast, the reported thickness of the surface frozen layer in poly(n-
alkyl acrylates) is much thinner, with values of 0.79-1.5 nm that correspond to less than the length

of one alkyl side chain.*?

5 Conclusion

In this work, a 2-step stratified melt-crystallization process is directly observed for the first
time in P3HT films with thickness h > 20 nm: a thin layer (<20 nm) at the film free surface
crystallizes at a temperature Tc1 ~25 °C higher than the bulk crystallization temperature Tcbul,
while the rest of the film (i.e. the underlayer) remains molten until crystallization near Tcpuk. The
high-temperature crystallization event is unequivocally attributed to the polymer/air interface:
upon covering the film with glass, a free surface is not available and the Tc1 crystallization process
is absent. The high temperature crystallization process is nearly unchanged regardless of
thickness for films 20 £ h £ 250 nm, revealing a constant thickness for the free-surface crystallized

layer. For films with h < 20 nm, the high temperature crystallization process is still present but
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bulk-like underlayer crystallization is not observed, indicating that free surface effects dominate
and providing an upper bound of 20 nm for the thickness of the surface-crystallized layer. For the
thinnest film (h = 10 nm), surface-induced crystallization occurs at a slightly decreased

temperature which may be indicative of substrate interactions or confinement effects.

The stratified melt-crystallization results in distinct morphologies at the surface layer and the
underlayer. Free surface-induced crystallization at Tci correlates with development of large,
spherulitic structures at the air-polymer interface, which are absent in covered films.
Furthermore, the surface layer only forms very highly oriented edge-on crystallites regardless of
film thickness. In contrast, the underlayer morphology is highly dependent on the thickness of
the underlayer: only edge-on oriented crystallites develop in thinner films (h < 40 nm), while both
edge-on and isotropic crystallites emerge in the underlayer of thicker films. Overall, our results
underscore that melt-crystallization and free-surface effects can be used as a tool to manipulate
morphology and orientation both at the free surface and across the thickness of thin films. Given
that electronic device performance can be dictated by a few nm near an interface or by the entire
thickness of the polymer film, melt-crystallization processing has the potential to optimize the

properties of polymer active layers.
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