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Abstract 

By removing the air-polymer interface in poly(3-hexylthiopene) (P3HT) thin films, bulk crystallization 

morphology is attained, where highly absorbing “bulk objects” grow throughout the film thickness at T ~ 

TC,BULK and exhibit no preferential crystalline orientation. In contrast, films with a free surface develop 

highly edge-on oriented 2D spherulites (“circulites”) at the air-polymer interface at T >> TC,BULK, which then 

promote edge-on oriented, featureless crystallization in the underlayer near TC,BULK. Interestingly, 

circulites exhibit ~10x faster linear growth rates than bulk objects—despite both morphologies consisting 
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of the same crystal form—at temperatures where chain mobility is not expected to dominate growth 

rates, suggesting that another mechanism may be at play. Overall, these results provide insight into the 

role of the free surface in the crystallization process and indicate that the presence/absence of an air-

polymer interface can be used to control semicrystalline morphology and orientation of P3HT thin films.   

1. Introduction  

In the search for improved organic electronic devices, conjugated polymers are an attractive option 

due to their low weight, intrinsic flexibility, and potential to manipulate final properties through molecular 

characteristics and processing pathways. In P3HT—a model semicrystalline conjugated polymer—

molecular weight, regioregularity, and processing conditions such as thermal history and solvent 

evaporation rates can significantly impact crystallization kinetics and final semicrystalline morphology.1-9 

Solution processing is typically used in conjugated thin films relevant to electronic applications because it 

is fast and inexpensive, but it often involves ill-defined conditions that make it difficult to control the 

crystallization process. Melt processing, however, enables facile control over crystallization conditions 

and may result in morphologies not achievable in the presence of solvents, but is not yet fully understood. 

In particular, the potential to optimize morphology and properties in melt-crystallized conjugated polymer 

thin films remains largely untapped, partly due to the difficulty of probing the crystallization process in 

thin films. In general, the crystallization behavior in polymer thin films can deviate from that in the bulk 

due to the possibility of confinement effects and of substrate or air-polymer interfacial effects,10-16 and 

the exact effect that the substrate and air interfaces have on polymer crystallization depend on the 

specific polymer and substrate interactions.17-19 Furthermore, whether the presence or absence of an air-

polymer interface in a thin film can be used to manipulate the type and orientation of semicrystalline 

morphologies in conjugated polymers remains undetermined.  



The critical role that the air-polymer interface can play on P3HT crystallization has recently been 

observed. Our group provided direct evidence of free surface-induced crystallization: distinct, highly edge-

on oriented, 2-dimensional spherulite-like structures (“circulites”) nucleated and grew laterally within 20 

nm of the air-polymer interface at ~ 25 °C higher than the bulk crystallization temperature (TC,BULK).20 This 

free surface-induced crystallization was attributed to surface freezing, a relatively uncommon 

phenomenon thought to result from a reduced surface energy γ in the surface-frozen state (γcry,air + γcry,liq) 

as compared to the molten state (γliq,air).21-25 While most materials exhibit decreased melting or glass 

transition temperatures at the free surface compared to the bulk—ascribed to increased molecular 

mobility at the surface26-30—surface freezing results in higher crystallization or melting temperatures at 

the free surface and has been reported for a few materials such as linear alkanes, poly (n-alkyl acrylates), 

and alcohols.21-22, 31-32  

Surface freezing is still not fully understood and, in particular, little is known about how surface 

freezing impacts the nucleation and growth processes compared to crystallization in the bulk. Typically, 

studies on surface freezing report the transition temperature, thickness, and crystal structure of the 

surface frozen layer, but not the corresponding nucleation or crystalline growth rates. In the case of P3HT, 

there are extremely few reports of nucleation and growth rates during melt-crystallization. P3HT is 

thought to typically exhibit high nucleation densities,33-34 which may partly explain the small number of 

examples in literature of individual, optically resolvable melt-crystallized morphologies suitable for 

crystalline growth rate measurements.20, 33, 35 Many studies of bulk P3HT crystallization use techniques 

such as calorimetry and X-ray diffraction, which do not yield nucleation or growth rates.1, 36-37 Using optical 

microscopy, Koch et al. reported ~60 µm/min growth rate for form I spherulites in a low molecular weight 

P3HT (below the chain-folding limit of Mn ~ 5.5 kDa) using films with a free surface.33, 38-39 Our group 

previously observed nucleation and growth of circulites at the air-polymer interface; however, the 

crystallization at bulk-like temperatures of the remainder of the film resulted in featureless morphology 



under the optical microscope, so underlayer growth rates could not be extracted and a comparison to 

surface-induced growth rates could not be established.20 Furthermore, the bulk-like underlayer was 

thought to be nucleated by the free surface-induced circulite layer, so it is uncertain whether it 

corresponded to the same type of morphology that arises during crystallization of bulk P3HT. 

In this work, we attain the bulk P3HT morphology in 40 to 200 nm covered thin films—analogous to 

the morphology in ~ 10 μm thick films—where individual nucleation and growth of “bulk objects” (“BOs”) 

can be directly observed. The comparison of morphology and linear growth rates of surface-induced 

“circulites” (in uncovered films) vs. BOs (in covered films) provides insight on the impact of the air-polymer 

interface on the melt-crystallization process. Unexpectedly, the linear growth rate of circulites is at least 

one order of magnitude larger than that of BOs—even though circulites exhibit the same crystalline 

structure as BOs and crystallize at temperatures ≥ 25 °C higher, where chain mobility is not expected to 

dominate growth rates. We also show that a melt-crystallized covered thin film exhibits isotropic 

orientation—in contrast to the strong edge-on orientation in melt-crystallized uncovered thin films—and 

that the free exciton bandwidth of films during growth of BOs is significantly larger than that of circulites. 

The results here provide fundamental knowledge on the role of the air-polymer interface on melt 

crystallization and indicate that the presence or absence of a free surface during melt-crystallization can 

be used to manipulate overall semicrystalline morphology and orientation of P3HT thin films.  

2. Experimental 

2.1. Materials 

Poly(3-hexylthiophene) (P3HT) with 95% regioregularity, weight-averaged molecular weight of 40 

kg/mol, and polydispersity index of 2.1 was purchased from Rieke Metals and used as received. 



2.2. Sample preparation 

P3HT solutions in o-dichlorobenzene (Sigma Aldrich) with concentrations between 8 and 30 mg/mL 

were prepared by stirring at 80 °C for ~24 h in argon atmosphere. Prior to spin coating or drop casting, 

the solutions were heated to 80 °C for 10 min. Thin films (≤ 200 nm) were spin coated (SC) on cleaned 

glass coverslips or 18 mm x 18 mm silicon wafers with 285 nm thermal oxide layer (University Wafer). 

Covered films for optical measurements were prepared under argon atmosphere by heating a SC film to 

280 °C and pressing a small piece of glass into the molten film. Covered films for Grazing Incidence Wide-

Angle X-ray Scattering (GIWAXS) were prepared by thermally evaporating aluminum onto a SC film. Thick 

films (~10 μm) for optical experiments were prepared by melting P3HT powder between two glass 

coverslips at 280 °C under argon atmosphere. Uncovered thick films were obtained by peeling apart the 

two glass coverslips of a prepared thick film while the polymer was fully molten. A bulk sample (~100 µm) 

for transmission X-ray experiments was prepared by drop casting 0.1 mL of 30 mg/mL solution onto 

aluminum foil. A second piece of foil was placed on top, and the resulting packet was sealed using Kapton 

tape. A Keyence VK-X200K laser scanning microscope was used to measure the thickness of thin films. 

2.3. Characterization 

Optical micrographs and UV-vis spectra were collected and analyzed as detailed elsewhere.20 In short, 

the micrographs and spectra were collected simultaneously while heating and cooling at 10 °C/min. 

Flowing nitrogen gas and a homemade shutter were used to minimize sample degradation. Absorbance 

spectra were averaged between 570 and 640 nm, and the numerical derivative with respect to 

temperature was calculated to track the crystallization process. To extract the free exciton bandwidth, 

the spectra were fitted using equation 1 
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where A(E) is the absorbance spectrum, S is the Huang-Rhys parameter of disordered chains (S = 1.1), and 

EP is the vibrational energy of the effective carbon-stretching mode (EP = 175 meV). The fitting parameters 

are the free exciton bandwidth (W), the transition energy of the A0-0 peak (E0), and the Gaussian linewidth 

(σ).40-41 

Isothermal growth rates were calculated from real-time optical micrographs by measuring the 

diameter along two perpendicular directions of an object before impingement using ImageJ software.42 

The growth rate was taken as one half of the slope of the best fit line of diameter vs. time. The growth 

rate of at least 3 objects was measured for each temperature. Although nucleation and growth of circulites 

is observed up to Tiso = 243.5 °C, isothermal growth rates could not be accurately measured for Tiso > 240 

°C (Figure S1 in Supporting Data). The melting endset temperature (TM,END) was determined by heating an 

isothermally crystallized film at 2 °C/min to minimize superheating. Nucleation density was determined 

by counting the number of objects in a given area and normalizing by the layer thickness. Self-nucleation 

experiments were performed by fully melting the film, cooling to 100 °C at 10 °C/min, heating to the 

seeding temperature (TS) at 10 °C/min, holding isothermally for 5 minutes, and then cooling at 10 °C/min 

while acquiring micrographs and UV-vis spectra.  

GIWAXS patterns were collected at the 8-ID-E beamline (Advanced Photon Source, Argonne National 

Laboratory)43 with 10.92 keV incident X-rays defined by 200 μm x 10 μm (H x V) slits. A Pilatus 1 M detector 

positioned 217 mm from the sample was used to collect two-dimensional (2D) diffraction patterns (0.172 

mm × 0.172 mm pixel size), which were corrected for geometry and remapped using the GIXSGUI MATLAB 

package.44 Transmission wide angle X-ray scattering (WAXS) patterns of bulk samples were acquired at 

the 12-ID-B beamline (Advanced Photon Source, Argonne National Laboratory), using 13.30 keV incident 

X-rays and a Pilatus 300k 2D detector mounted 0.4 m from the sample. The 1D intensity (I) vs. scattering 

vector (q) plots were calculated by radially averaging the 2D patterns. 



3. Results 

3.1. Bulk crystallization and morphology in thin films 

Upon cooling bulk covered samples (~10 µm thick) from the molten state, nucleation and growth of 

round, highly absorbing objects—referred to as “bulk objects” or “BOs”—are observed in optical 

micrographs (Figure 1a). At the same time, an increase in UV-vis absorbance—corresponding to a peak in 

the absorbance derivative—is observed during crystallization at TC,BULK ~201 °C (Figure 1b). Interestingly, 

similar morphologies are clearly observed during the crystallization event at ~199 °C of a ~200 nm covered 

thin film, suggesting that the bulk objects can also develop in thin films without an air-polymer interface. 

In contrast, uncovered 200 nm films with an air-polymer interface exhibit an additional peak at ~232 °C—

corresponding to spherulitic crystallization confined within 20 nm of the free surface20 (Figure 2a), 

referred to as “circulites”—while the remainder of the film (“underlayer”) crystallizes at ~205 °C but no 

individual morphologies can be optically resolved (Figure 1).  
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Figure 1. (a) Transmission micrographs during non-isothermal crystallization of covered and uncovered 

200 nm thin films and covered 10 µm bulk films. Scalebar is 30 µm. (b) Normalized absorbance derivatives 

during crystallization. 

Unlike circulites at the air-polymer interface of the uncovered film, bulk objects in covered films do 

not exhibit the characteristic Maltese cross under crossed polars (Figure 2a). Note that the size at 

impingement of BOs is similar to that of circulites (~10 – 30 µm), but large-scale birefringence is not 

apparent in the bulk objects. Correspondingly, the polarized reflectance does not increase during 

crystallization of bulk objects at ~201 °C, unlike during crystallization of the circulites at ~232 °C:  under 

crossed polars, the BO derivative peak is negative, and the surrounding melt is brighter than the BOs, 

suggesting that the growing crystals’ absorption is stronger than their reflected, phase retarded 

intensity (Figure 2b).  

 

Figure 2. (a) Polarized reflection micrographs during non-isothermal crystallization of 200 nm thin films 

and covered 10 µm bulk films. Scalebar is 30 µm. (b) Normalized polarized reflection derivatives during 

crystallization. 
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Although the bulk objects do not have a Maltese cross, they do exhibit very faint, small birefringent 

grains without any apparent correlation to the overall shape of the bulk object (i.e. the grains appear to 

be randomly distributed within the objects) (Figure 3b and c) despite the radial growth of BOs. The 

birefringent grains are only visible when absorbance is minimized by covering a very thin film (40 nm), the 

bulk object size is maximized (~20 µm diameter) using isothermal crystallization, and the camera 

integration time is increased by 2.5 times (compared to Figure 3a). In contrast, circulites of a similar size 

exhibit strong, long-range, radially symmetric birefringence resulting in a Maltese cross (Figure 3a). Such 

difference indicates that the bulk objects and circulites are organized somewhat differently at the 

mesoscale. 

 

 

Figure 3. Polarized reflection micrographs of (a) circulites and (b, c) BOs formed in 40 nm thick films. 

Dashed circles serve to guide the eye to similarly sized objects. Camera exposure time is 100 ms for BOs, 

but 40 ms for circulites. Scalebar is 30 µm. 

To determine whether the bulk objects grow throughout the thickness t of the film or are confined 

within a specific layer (like the circulites are confined at the free surface), the area under each 

crystallization peak in the UV-vis absorbance derivative (Figure 4) was quantified for films of various 

thicknesses ranging from 40 nm to 10 μm. In covered films, the BO crystallization peak area increases 

(a) (b) (c)



monotonously with t indicating that bulk objects pervade the entire film thickness (Figure 5a). In 

uncovered films, the circulite peak area is nearly constant with t and indicates fixed thickness of the 

circulite layer even for t ~ 10 µm, whereas the increase of the underlayer peak area implies that 

crystallization of the featureless underlayer pervades the remaining film thickness. Overall, the results 

indicate that, unlike the 2-dimensional circulites, bulk objects grow in 3-dimensions until they impinge 

(with other BOs, the substrate interface, or the top cover). 

 

Figure 4. Absorbance derivatives during non-isothermal crystallization of (a) ~200 nm, 100 nm, 40 nm, 

and (b) 10 µm films with free (dashed) and covered (solid) surfaces. Inset in (b) shows zoomed-in 

circulite crystallization peak.  
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Figure 5. (a) Integrated area under absorbance derivative crystallization peaks for films of different 

thicknesses. (b) Crystallization temperature vs. film thickness t; the arrow represents the DSC bulk 

crystallization temperature.20 Dashed lines are guidelines.  

Interestingly, the crystallization temperatures do not vary with thickness t except for BO crystallization 

in the thinnest film (i.e. 40 nm), which is depressed by nearly 20 °C compared to thicker films between 

100 nm – 10 μm and to the bulk DSC crystallization temperature (Figure 5b). Such decrease may be 

attributed to kinetic hindering of crystallization—possibly due to substrate interactions or confinement 

effects that impede nucleation and/or growth. It should be noted that the reduced crystallization 

temperature does not correlate with a decrease in the extent of BO crystallization in the 40 nm covered 

film; that is, the area of the BO crystallization peak does not deviate from the trend with t (Figure 5a). For 

uncovered films, however, it is interesting to note that no decrease in TC of the featureless underlayer is 

observed for 40 nm films indicating that, unlike for BOs, overall crystallization kinetics of the featureless 

underlayer are not significantly hindered by confinement or substrate effects. In the case of circulites, the 
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invariability of crystallization temperature with t is expected, since it has been previously shown that 

circulites always grow confined within 20 nm of the free surface so they experience the same confinement 

for all t > 20 nm.20 

3.2. Free surface vs. bulk linear growth rates 

  

Figure 6. (a) Isothermal linear growth rates G of bulk objects (open shapes) and circulites (filled shapes) in 

P3HT films with thickness of 10 µm (red circles), 200 nm (green squares), 100 nm (blue diamonds), 40 nm 

(purple triangles), and 20 nm (grey crosses). (b) Representative polarized reflection (top) and transmission 

(bottom) optical micrographs taken during isothermal crystallization of a 200 nm film. Scalebar is 50 µm. 

Linear growth rates G were measured under isothermal conditions for both free surface circulites in 

uncovered films and bulk objects in covered films, and clearly show that circulites grow approximately 

one order of magnitude faster than bulk objects despite their ~25 °C higher crystallization temperature 

(Figure 6a). In fact, extrapolation of GBULK OBJECTS suggests that, at the crystallization temperature of 

circulites, BOs would exhibit growth rates at least three orders of magnitude slower than GCIRCULITES. For 

both morphologies, G increases with decreasing TC, as expected for crystallization temperatures close to 
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the melting point where crystallization kinetics are dominated by thermodynamic effects, not chain 

mobility effects. Therefore, the faster growth rate of circulites compared to BOs is surprising: clearly, the 

presence of an air-polymer interface affects G, but the underlying mechanism is unknown. It is important 

to note that the crystalline structure of the BOs and circulites is the same and corresponds to form I of 

P3HT (section 3.3), so the vast difference in growth rate of circulites and bulk objects cannot be attributed 

to a polymorphic difference.   

The effect of film thickness on G is consistent with the TC vs. t trends in Figure 5b: G is nearly 

unaffected by film thickness except for bulk objects in the thinnest films (Figure 6a). Indeed, GBULK OBJECTS 

in 200 nm and 10 µm films is very similar—despite the large difference in film thickness—indicating that 

substrate effects are negligible at 200 nm thickness and that the large discrepancy between GCIRCULITES and 

GBULK OBJECTS reflects a difference in crystallization kinetics between the free surface and the bulk phase. In 

contrast, GBULK OBJECTS is about one order of magnitude smaller in the 40 nm film than in films 200 nm or 

thicker: bulk object crystallization is likely slowed down by substrate interactions in the thinnest films. 

Interestingly, GCIRCULITES is nearly unaffected by overall film thickness for 20 nm ≤ t ≤ 10 μm, indicating that 

the substrate effects that slow down the growth rate of BOs do not affect circulites in the same way.  

The nucleation density during isothermal crystallization was also estimated for both circulites and bulk 

objects by counting their number and normalizing by the appropriate thickness (i.e. 20 nm for circulites 

and the entire film thickness for BOs). Representative images in Figure 6b and Figure S2 in Supporting 

Data indicate that the nucleation density of circulites is ~one order of magnitude lower than for BOs in 

films with t ≤ 200 nm (~0.001 – 0.04 nuclei/µm3 for circulites vs. ~0.02 – 0.5 nuclei/µm3 for BOs); this 

indicates that the much larger linear growth rates of circulites are the main contributor to the enhanced 

crystallization rate at the free surface.  Interestingly, 10 µm films have a circulite nucleation density similar 

to that of thin films, whereas the BO nucleation density is ~ 5 x 10-4 nuclei/µm3, which is significantly 



smaller than in thin films and suggests that BOs may preferentially nucleate near the substrate and the 

top cover. 

3.3. Crystalline structure and orientation 

Grazing incidence wide angle X-ray scattering (GIWAXS) was performed to compare the crystalline 

structure and orientation of circulites (in uncovered thin films) and of bulk objects (in covered thin films). 

Because bulk objects are only observed in covered thin films, and GIWAXS is typically performed in thin 

films with a free surface, a special sample preparation procedure was carried out to attain GIWAXS 

patterns corresponding to bulk objects. First, a ~100 nm film was melt-crystallized to form a circulite layer 

at the free surface; then, a ~15 nm aluminum layer was deposited before a second melt-crystallizing (MC) 

cycle was carried out to form the BO morphology (Figure 7a). Note that the circulite structures remain 

after Al deposition: the aluminum layer is thin enough to be optically semitransparent, which allows 

observation of the circulites Maltese cross (Figure 7c). Furthermore, upon melt crystallization of the 

coated film, the optical micrographs only exhibit growth of bulk objects (Figure 7d), demonstrating that 

the Al layer is effective as a thin film cover.    

The GIWAXS patterns revealed that both bulk objects and circulites have the same crystalline 

structure, and that bulk objects exhibit isotropic orientation—unlike the circulite layer which is highly 

edge-on oriented (Figure 7e vs. g). In the case of the Al coated films, an incident angle greater than the 

critical angle for aluminum (αi > αC-Al ~ 0.18°) was employed, so that the X-rays penetrated the thin Al 

coating and scattering arose from the entire polymer film. The resulting GIWAXS pattern shows that BOs 

have (100) diffraction at q ~ 0.38 (d ~ 1.6 nm, corresponding to P3HT form I) with no preferential 

orientation (Figure 7g and Figure S3a). Note that transmission X-ray diffraction of a bulk film ~100 µm 

thick also exhibits form I crystal structure (Figure S3c), and that covered 40 nm films show results similar 



to the 100 nm film—indicating that bulk isotropic crystallites can form even in very thin films (Figure 

S3d,e).   

In free surface films, GIWAXS patterns for αi below and above the critical angle of P3HT (αC-P3HT ~ 0.12°) 

correspond to scattering from only the top ~10 nm45 (i.e. only circulites) and from the entire film (circulites 

+ underlayer) respectively (Figure 7e), and show that both the circulites and underlayer crystallize with 

form I and strong edge-on orientation. Neither circulites nor bulk objects exhibit evidence for the other 

known P3HT crystal structure (form II, with (100) diffraction at q ~ 0.52 Å-1 and d ~ 1.2 nm);33, 46-49 

therefore, both free surface-induced and bulk crystallization in thin films occur with the same 

crystallographic form. 

It is worth pointing out that, upon coating a film with circulites already formed, GIWAXS patterns show 

that the film still maintains strong edge-on crystalline orientation (Figure 7f). This indicates that, in 

applications requiring a covered interface of the active layer, both surface-induced edge-on orientation 

and bulk isotropic orientation can be achieved by melt-crystallizing before or after deposition of a coating.   



 

Figure 7. (a) Schematic outlining sample preparation of a melt-crystallized ~100 nm thick uncovered film, 

Al coated film, and Al coated + melt-crystallized (MC) film. Ex-situ polarized reflection optical micrographs 

of (b) uncovered and (c) Al coated films. (d) Transmission optical micrograph during crystallization of an 

Al coated film (green channel only, optimized brightness and contrast). Scalebar is 30 µm. GIWAXS 

patterns of (e) uncovered, (f) Al coated, and (g) Al coated + MC 100 nm films. 

3.4. Optical properties of free surface and bulk 

The free exciton bandwidth (W) extracted from UV-vis spectra reveals that the presence or absence 

of an air-polymer interface during melt-crystallization significantly impacts conjugation length, given that 

W and conjugation length are inversely related.41, 50 For fully solidified uncovered films, W increases 

strongly with film thickness t (~50 meV for t ~ 40 nm to ~100 meV for t ~ 200 nm) whereas covered films 

exhibit a larger W of ~130 meV that does not significantly depend on t (Figure 8a). The observed increase 
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in W with t in uncovered films indicates that W is smaller for circulites than for the underlayer. Indeed, 

the thinner the film, the larger the proportion of circulites (since the circulite layer is known to have fixed 

thickness of at most 20 nm) which implies that W is smaller for the circulites than for the underlayer 

morphology. Furthermore, because the W of covered films is larger than that of uncovered films, the W 

must also be smaller for circulites than for BOs.  



 

Figure 8. (a) Free exciton bandwidth W of fully solidified films. (b) Representative Δ(Absorbance) 

(difference in in-situ spectra 2 °C apart) normalized to the A0-0 peak during crystallization of uncovered 

(233 – 231 °C, and 207 – 205 °C) and covered (198 – 196 °C) films. (c) W from fitting Δ(Absorbance) spectra 

during crystallization of covered (open symbols) and uncovered (closed symbols) films. Black dashed lines 

are guide lines. 
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To isolate the optical properties of individual morphologies and how they evolve throughout the 

crystallization process, spectra were acquired in-situ during the crystallization process and the difference 

between spectra acquired 2 °C apart (Δ(Absorbance)) was computed. For example, the Δ(Absorbance) at 

232 °C was calculated by subtracting the 233 °C absorbance spectrum from the 231 °C spectrum (Figure 

8b), and therefore represents the optical absorption characteristics of only the crystallites that formed 

when cooling between 233 °C and 231 °C. Representative normalized Δ(Absorbance) spectra of circulites 

(233 - 231 °C, uncovered film), underlayer (207 - 205 °C, uncovered film), and BOs (198 - 196 °C, covered 

film) allow qualitative comparison of the A0-0/A0-1 ratio of each morphology: Figure 8b shows that circulite 

growth exhibits a large A0-0/A0-1 ratio (~0.91) whereas growth of bulk objects and the underlayer both have 

much smaller ratios (0.60 and 0.65 respectively). Note that subtraction of spectra at different 

temperatures not only allows the separation of the optical signatures of circulites and underlayer, but also 

facilitates fitting of high temperature spectra: for thicker films, the spectra acquired during circulite 

formation contain a large amorphous contribution from molten material which obscures the A0-0/A0-1 ratio 

(see UV-vis spectra for 229 °C in Figure S4a).  

The fits of in-situ Δ(Absorbance) spectra reveal that the first circulites to form have an extremely small 

exciton bandwidth on the order of 1-10 meV (Figure 8c), which should correlate with extremely large 

conjugation lengths. Interestingly, the W of free surface-induced crystallites remains extremely small until 

the circulites impinge at ~231 °C (Figure S5), at which point W begins a sharp increase to ~130 meV at 227 

°C suggesting that surface crystallites that form after circulite impingement have progressively smaller 

conjugation length with decreasing temperatures. In contrast, BO and underlayer growth corresponds to 

W ~ 110 meV throughout the crystallization process. Thus, the conjugation length of the first free-surface 

induced crystallites in the circulite layer is much longer than that of BOs and the underlayer.  



3.5. Bulk vs. underlayer nucleation density 

Considering that bulk objects and the underlayer differ slightly in TC (~199 °C vs. ~205 °C) and 

considerably in morphological characteristics (isotropic individual resolvable objects vs. edge-on 

featureless morphology), the question arises about whether the observed differences result mainly from 

their nucleation behavior. It was previously inferred that the edge-on circulite layer nucleated edge-on 

oriented underlayer crystallites,20 and it is feasible that such surface nucleation occurs with very high 

density resulting in an increase of TC and optically unresolvable structures. To assess whether increasing 

the nucleation density of BOs results in crystallization temperatures that approach that of the underlayer, 

a self-nucleation (SN) thermal protocol51 was employed in covered and uncovered 200 nm films.  

Upon SN of 200 nm covered films, the crystallization temperature TC of BOs increases with decreasing 

self-nucleation temperature (TS) and attains a maximum TC,MAX ~208 °C, similar to the underlayer TC ~205 

°C (Figure 9a and b). At the same time, the nucleation density increases dramatically until individual 

nucleation events are no longer distinguishable at TS = 245 °C (Figure 9c)—qualitatively analogous to the 

underlayer (Figure 1). These results support the idea that nucleation density is one key difference between 

crystallization of the underlayer and of bulk objects. It is worth noting that the slightly higher value of 

TC,MAX for BOs vs. Tc of the underlayer (~208 °C vs 205 °C) may be explained by location of nucleation 

events: SN is expected to promote nucleation throughout the available volume whereas the underlayer 

nucleates only at one surface. Indeed, upon applying the SN protocol to a 200 nm uncovered film, the 

crystallization temperature of the underlayer of uncovered films slightly increases to the same TC,MAX ~ 

208 °C as for BOs (Figure 9b squares) suggesting that the underlayer and BO crystallization behaviors are 

not fundamentally different; rather, they simply differ in that underlayer crystallites nucleate with high 

density and edge-on orientation whereas BOs nucleate with relatively low density and random 

orientation. It is worth noting that the TC,MAX ~208 °C and maximum increase in crystallization temperature 



ΔTC ~9.5 °C observed in thin films are comparable to those measured with DSC for a bulk sample of the 

same P3HT grade (TC,MAX ~ 205 °C and ΔTC ~10 °C).1 

  

 

Figure 9. (a) Absorbance derivatives during crystallization after applying the SN thermal protocol to a ~200 

nm covered film. (b) TC vs. self-nucleation temperature (TS) in 200 nm covered (circles) and uncovered 

(squares) films. (c) Representative transmission optical micrographs of a covered 200 nm film during 

crystallization after SN at TS. Scalebar is 30 µm. 

4. Discussion 

Here, three distinct types of morphologies—all of which correspond to form I crystal structure—were 

directly observed during melt-crystallization of P3HT thin films. Covered thin films (i.e. where no free 
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surface is available) develop the same type of morphology as bulk samples that are 10 μm thick: “bulk 

objects” or “BOs” which are highly absorbing, three-dimensional structures that crystallize with relatively 

low nucleation density. In contrast, uncovered thin films (i.e. with an air-polymer interface) develop 

“circulites”—i.e. two-dimensional spherulites confined within ~20 nm of the free surface—25 °C above 

bulk crystallization temperature, while the underlayer beneath the circulites develops featureless growth 

slightly above bulk crystallization temperatures. Interestingly, the surface circulites exhibit significantly 

increased linear growth rate compared to the bulk objects despite their higher TC, providing new insight 

about the way surface freezing impacts the crystallization process. In addition, it is demonstrated that 

bulk objects can be formed even in very thin films (e.g. 40 nm) and do not exhibit any preferential 

crystalline orientation in the film. Given that the detailed semicrystalline morphology greatly impacts 

electronic properties, it follows that the presence or absence of a free surface has potential to be used to 

select optimal morphological characteristics of thin film active layers for specific applications.   

The observation that free surface-induced circulites grow at least 1 order of magnitude faster than 

bulk objects (10-100 µm/min vs. 1 µm/min) is surprising, given that circulites develop at much higher 

temperatures (~238 °C vs. ~208 °C). Enhanced growth rates G at the air interface have been reported in 

small molecules when crystallized from the glassy state and have been attributed to high surface 

mobility.52-55 However, such an explanation is unlikely for P3HT films. Both circulites and BOs have growth 

rates that increase with decreasing TC, implying that their G is dominated by the thermodynamic driving 

force—not chain mobility. In other words, crystallization of both circulites and BOs corresponds to the 

right hand side of the typical bell-shaped G vs. TC curve, as expected for crystallization temperatures that 

are closer to the melting point than to the glass transition,56-57 and it is unlikely that the increased circulite 

G arises from greater chain mobility at the surface. Furthermore, the enhanced surface dynamics at the 

free surface observed in polymers such as polystyrene have been shown to only persist at temperatures 

near the Tg
26-28, 58 and therefore, should not impact crystallization that occurs closer to the melting point. 



Moreover, higher chain mobility at the free surface cannot be assumed: for example, thin films of some 

star polymers exhibit reduced surface relaxation dynamics compared to the bulk.59 It is unclear whether 

P3HT would exhibit increased or decreased surface mobility, as the Tg of P3HT surface vs. bulk has not 

been reported. Tg of P3HT is notoriously difficult to measure60-62 and differentiating the surface and bulk 

Tg would pose significant experimental challenges. However, surface and bulk Tg have been extracted for 

APFO3 and APFO-green9, both of which have chemical structures similar to P3HT—i.e. conjugated ring 

backbones and long alkyl side chains. Unlike polystyrene, these conjugated polymers exhibited higher Tg 

at the air-polymer interface than in the bulk, which implies lower chain mobility at the free surface than 

in the bulk.63 

Because the enhanced surface growth rate in P3HT cannot be explained by molecular mobility, 

another mechanism must be at play. A possible explanation could be that a molecular ordering event 

occurs at the free surface before or concomitantly with crystallization of circulites which results in an 

increase in crystalline growth rate. Although no evidence for a surface preordering event before circulite 

crystallization—such as a liquid crystalline phase—was experimentally detected, it cannot be 

discounted.20 Enhanced growth rates in classical semicrystalline polymers have been measured for 

crystallization that occurs while flow is imposed and have been attributed to a flow-induced molecular 

pre-orientation.64-65 Thus, a free surface-induced preordering of P3HT molecules could feasibly enhance 

the circulite growth rate. If a nucleation constant analysis is performed using an equilibrium melting 

temperature of 257 °C (estimated for infinite MW and 95% regioregularity),66 then the nucleation constant 

Kg for BOs is at least 3.6 times larger than that of circulites (Table S1), suggesting that the surface free 

energy product for circulites is smaller than for BOs.67 A possible cause for a reduced surface free energy 

product is increased chain extension,68 which could occur due to pre-ordering at the air-polymer interface. 

It has also been suggested that preordering can enhance nucleation in other materials, possibly through 



a reduction in the required energy barrier,69-70 but the primary nucleation density of circulites was not 

observed to be higher than that in the bulk.  

Interestingly, the maximum observed melting temperature TM,END of circulites (264.5 °C, Figure S7) is 

well above the predicted equilibrium melting temperature of 251.5 °C for MW = 40 kg/mol and RR = 95%, 

and even above the predicted melting temperature of 257 °C for infinite MW 95% regioregular chains.66 

This could be due to a transition into a non-equilibrium disentangled melt state at the surface71 or to a 

reduction in entropy due to a transition into a phase with intermediate degree of ordering—such as a 

liquid-crystalline phase. Interestingly, a nematic phase has been predicted for P3HT near the melting 

point;72 however, the predicted melting and nematic-to-isotropic temperatures are close together,66 

which might make detecting a nematic phase difficult. 

Analysis of ex-situ UV-vis spectra suggests that the free exciton bandwidth (W)—thought to be a key 

parameter for organic electronic device performance—can be manipulated through film thickness and 

the presence or absence of a free surface during melt-crystallization because circulites make up a much 

larger fraction of thinner films and form with much smaller W than bulk objects and the underlayer. It is 

generally assumed that crystallization at higher temperatures results in thicker lamellae73 which, in turn, 

have been correlated with increased conjugation length.34, 74-75 Because the conjugation length and W are 

inversely related, 38, 41, 50 the smaller W of circulites is consistent with being formed at significantly higher 

temperatures compared to the BOs. Although electronic performance does not depend exclusively on 

conjugation length—e.g. orientation and crystalline connectivity are also critical factors—the extremely 

low W of the first circulite crystals suggests that they have the potential to exhibit excellent charge 

mobility.  

Remarkably, isotropic crystallization was achieved in P3HT thin films even as thin as 40 nm by coating 

the film with aluminum and thus removing the free surface of the film. P3HT films typically exhibit edge-



on orientation76-78 which in some studies was attributed to a SiO2 substrate-induced effect; however, no 

such effect was observed here. Indeed, the covered films exhibit isotropic crystallization. Edge-on 

orientation is only obtained in uncovered films and attributed to the presence of a free surface during 

melt-crystallization. Note that the observed edge-on scattering from uncovered films arises not only from 

the highly oriented surface frozen layer but also from the underlayer;20 in other words, the presence of a 

free surface affects crystalline orientation beyond the 20 top nm of the film. Preferential orientation has 

also been reported in thin films of classical semicrystalline polymers for film thicknesses below ~200 nm 

and attributed to the inability of lamellae to freely rotate due to confinement effects;16, 79-81 however, such 

confinement effects are not observed here even for covered 40 nm P3HT films. There are other examples 

of ultrathin films where a lack of orientation in ultrathin films has been reported: in linear low density 

polyethylene, confined flat-on oriented lamellae do not appear until the film thickness decreased below 

30 nm—on the order of a single lamellar thickness.82 Finally, it is possible that the reduced G measured 

for bulk objects in covered 40 nm P3HT films arises from substrate and top cover interactions: in literature, 

reduced growth rates in classical polymer thin films have been attributed to substrate interactions that 

decrease molecular mobility.12-13, 83 

Conclusions  

Here, we show that the presence or absence of an air-polymer interface can be used to manipulate 

the crystallization process, final semicrystalline morphology, and molecular orientation in P3HT thin films. 

By covering a thin film so that no free surface is available, bulk crystallization morphology is attained: 

highly absorbing “bulk objects” grow throughout the film thickness near the bulk crystallization 

temperature (TC,BULK) with isotropic orientation. In contrast, in uncovered thin films, highly edge-on 

oriented 2D spherulites (“circulites”) crystallize within the top 20 nm of the film at temperatures ~25 °C 

higher than TC,BULK and, upon reaching ~5 °C > TC,BULK, the circulite layer induces edge-on oriented, 



featureless crystallization in the underlayer. In addition to affecting the molecular orientation, the 

presence of an air interface is shown to increase the conjugation length for thin films compared to when 

no free surface is available. Furthermore, the surface circulites and the bulk objects crystalline growth 

rates G were measured for the first time and their comparison provides insight on the impact of an air-

polymer interface on the melt-crystallization process. Although TC,CIRCULITES >> TC,BOs, circulites exhibit 

growth rates ~10x faster than the bulk objects. Chain mobility is unlikely to cause the circulite enhanced 

G since both circulites and bulk objects crystallize close to the melting point, where chain mobility is not 

expected to dominate the temperature dependence of growth rates. The observed difference in linear 

growth rates can also not be ascribed to crystal structure—given that both circulites and bulk objects 

exhibit form I crystal structure—so another mechanism must be at play such as a free surface-induced 

preorientation event that increases G at the air-polymer interface. Because there is a complex interplay 

between orientation, mesoscale morphology, and conjugation length which dictate performance of 

electronic devices, the presence or absence of an air-polymer interface during melt crystallization of 

polymer films has potential as a processing parameter to manipulate final morphology and properties of 

active layers.  
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