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ABSTRACT 

Recently, the synthesis of P3HT with high head-to-tail regioregularity and the control of the 

molecular weight have been achieved. Herein, we evaluated the structure in thin films of various 

molecular weight P3HT (from Mw = 13k to 828k) prepared under diverse conditions through X-

ray diffraction measurements. Higher molecular weight P3HT had the increase of “Face-on” 

structure in the thin films. From the structure of thin films prepared under other conditions, the 

main attribution was the speeds of sedimentation and inhabitation of the crystallization. Moreover, 

at the surface, the P3HT thin films with high molecular weight (Mw = 828k) emerged “Edge-on”-

rich structure. With the larger distance from thin film surface, the structure gradually changed from 

“Edge-on” to “Face-on”. These fundamental results would lead the suggestion in fabrication and 

performance of organic electronic devices. 
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Introduction 

For several decade years, organic electronic devices have attracted much attentions in the view 

point of advantages on their flexibility, lightness and low-cost fabrication compared to inorganic 

material-based devices [1–4]. Especially, poly(3-hexylthiophene) (P3HT) shows a high hole 

carrier mobility and is applied as hole transport layers of various organic devices such as 

photovoltaic cells, fields-effect transistors, light-emitting diodes, thermoelectric transducers, 

memories and so on [5–8]. The low steric hindrance of the five-membered thiophene rings of 

P3HT leads the higher planarity of the main chain originated from π-π stacking and higher 

expansion of the conjugation system possesses relative to phenyl-based conjugated polymers. 

Therefore, the self-assembly of P3HT produces high crystallinity and high carrier mobility [9,10].  

 

Figure 1. P3HT structure in crystallite and direction of hole mobilities 

 

The carrier mobility of P3HT receives drastic effects on morphology and crystallite orientation 

in solid states. In particular, P3HT crystallites show anisotropic carrier mobility [9,11–14]. In the 

direction along the P3HT main chains, the crystallite shows the highest mobility. On the other 

hand, the mobility in the direction to π-π stacking of P3HT shows higher relative to that parallel 

to the side chains (Figure 1). Therefore, the control of crystallite orientation is a key factor for the 

electronic performance of various organic devices [9,11–14]. The crystallinity and crystallite 
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orientation have been considered to be variable according to regioregularity, molecular weight and 

end groups of P3HT, temperature and methods in the device fabrication, and affinity with surface 

of substrates. Recently, many researchers have discussed the effects of their factors [11–22]. 

However, in their discussion, they adopted P3HT with less molecular weight than 100,000 as high 

molecular weight P3HT, then they assumed that the structure at the surface is the same as that at 

bulk. The control of P3HT structure is highly controversial for their prominent performance in the 

organic devices.  

 

Herein, we evaluated and compared the structure of P3HT thin films with various molecular 

weight (from 13k to 828k) in the bulk and at the surface. The P3HT in this research had high 

molecular weight as well as high head-to-tail regioregularity (>95%). We prepared thin films under 

various conditions such as molecular weights, solvents, temperature, rotational speeds in spin-

casting and surface properties of substrates, and their effects on the structure of P3HT were 

investigated using small angle incidence / grazing incidence X-ray diffraction.. 
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Experimental Section 

Materials. All P3HT were synthesized with nickel catalysts according to our previous report 

[23]. All the reagents were obtained from commercial sources and used without further purification. 

1H (400 MHz) NMR spectra were recorded on JEOL ECZ400. 1H NMR spectra were obtained 

with tetramethylsilane (TMS) as an internal standard in CDCl3 at room temperature (Figure S1 in 

the Supplementary Data). Gel permeation chromatography (GPC) was carried out on JASCO LC-

2000 Plus with UV-vis detector (at 254 nm) using Shodex GPC KF-404HQ and KF-402HQ using 

chloroform as an eluent after calibration with 6 polystyrene standards. 

 

Preparation of hydrophilic and hydrophobic silicon wafer substrates. Hydrophilic silicon 

wafers were prepared in a piranha solution (sulfuric acid (H2SO4) / hydrogen peroxide (H2O2) = 

3 : 1). After immersing in piranha solution for 15-20 min. at room temperature, the substrates were 

rinsed with deionized water and dried.  

The hydrophobic substrates were prepared with silane coupling treatment to piranha-treated 

silicon wafers. The piranha-treated silicon wafers were immersed in 1-propanol and water (9 : 1) 

solution containing 3 wt% dodecyltriethoxysilane for 3 hours. After immersion, the substrates 

were washed with 1-propanol and dried at 100 °C for 1 h.  

The surfaces of the modified silicon wafers were characterized with XPS (8 kV, 30 mA and 

pressure 510−6 Torr) and contact angles of water. The characterization data of both substrates 

were shown in Figure S2 in the Supplementary Data 

 

Preparation of P3HT thin films. On the silicon wafer substrates, 650 μL chloroform or 

chlorobenzene solution containing 0.3 wt% P3HT at 50 °C was dropped on SPIN COATER IMC-
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7094. The standard condition of spin-casting was 800 rpm for 5 sec and 3000 rpm for 1 min. Only 

when the rotational speed in spin-casting was compared, the condition was 500 rpm for 5 sec and 

various rotating speeds (500, 1000, 2000, 3000, 4000 and 5000 rpm) for 1 min. The cast thin films 

were prepared by casting 0.3 wt% P3HT solution, then dried at room temperature for 24 h. 

 

Measurement of thickness of P3HT thin films. The thickness of P3HT thin films were measured 

by the X-ray reflection methods or the AFM. In the X-ray reflectivity carried on RIGAKU X-ray 

Diffractometer SmartLab, the power were 40 kV and 30 mA. The GXRR3 package was used for 

the curve fitting of the X-ray reflectance profiles (Figure S3 in the Supplementary Data) and then 

their thickness and roughness were evaluated. The thin films were scratched by sewing needles 

and P3HT layers were removed, then P3HT thickness was also estimated from the AFM height 

images by SII NanoTechnology, Navi E-sweep. The measurements were carried out in the 

dynamic force mode using silicon cantilevers. The surface roughness of the thin films was 

estimated from the AFM images. The roughness was presented by the root-mean-square (RMS) 

values using the equation (1): 

RMSሺnmሻ ൌ ට
ଵ

௑೘ೌೣ௒೘ೌೣ
׬ ׬ ሼܨሺܺ, ܻሻ െ ܼ଴ሽଶܻ݀ܺ݀

௑೘ೌೣ

଴
௒೘ೌೣ

଴                (1) 

where Xmax, Ymax are 20 µm, F(X,Y) is height at the pixel (X,Y) and Z0 is the average of the height. 

 

Measurement of X-ray diffraction. For the investigation of structure beneath the surface of thin 

films, X-ray diffraction was measured in the grazing incidence angels of X-ray beams (CuKα, λ = 

1.5418 Å). The diffraction from the bulk structure in the thin films is observed in the measurement 

of small incidence angle X-ray diffraction with a little larger incidence angle than the critical angle 

(αc). The total reflection of X-ray beams occurs below the critical angle (αc). With the lower 
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incidence angles than αc, the evanescent wave is observed and the structure within several 

nanometers from the surface is investigated. In contrast, with a little larger incident angles, the 

diffraction from the bulk structure is observed. In this work, we measured X-ray diffraction at the 

incidence angles 0.20° or below αc. This 0.20° was an angle between the critical angles of P3HT 

(0.16°) and silicon wafer (0.23°). Therefore, the diffraction originated from silicon wafer 

substrates was inhibited. 

For the investigation of the crystallite orientation in P3HT thin films on the silicon wafer 

substrates, the X-ray diffractions were detected by the scintillation counter with two different 

geometry; one was scanned in the direction perpendicular to the sample surface and the other was 

in the parallel direction. The former is called “Out-of-plane” measurement and the later is “In-

plane” measurement. In the “Out-of-plane” geometry, the lattice planes nearly parallel to the 

surface of thin films are detected. In contrast, in the “In-plane” geometry, the lattice planes nearly 

perpendicular to the surface are observed. 

The penetration depth of X-ray beam from the surface was around 1.7 µm at α = 0.20°. (see 

the section “Penetration depth of X-ray beam” and Figure S4 in the Supplementary Data)  
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Results and Discussion 

Characterization. All the P3HT were synthesized through the deprotonative polymerization with 

the Knochel-Hauser base (TMPMgCl·LiCl) catalyzed by CpNiCl(SIPr) in the reported method 

[23–25]. The molecular weight and molecular weight distribution are shown in Table 1. The 

distribution of several P3HT samples were larger relatively. However, there was no effect of the 

PDI on the following investigation in this work. The obtained P3HT had high head-tail 

regioregularity (>95%) from their 1H NMR spectra (Figure S1 in Supplementary Data). From the 

height images of AFM, the thickness and roughness of P3HT thin films are shown in Table 1. All 

the spin-coated films had similar thickness and high smoothness. The film prepared by casting 

method had larger thickness than 100 μm. In only the X-ray reflectivity profile of the thin film of 

lowest molecular weight P3HT (Mw =13k), the fringe was observed (Figure S2 in Supplementary 

Data): the thickness of 34 nm was almost equal to that estimated by the height image of AFM. 

 

Table 1. Molecular weight of P3HT samples.  

P3HT film 
Weight-average 

Molecular weight 
Mw 

Number-average 
Molecular weight 

Mn 

PDI 

(Mw / Mn) 

Thicknessa RMSa 

nm nm 

13k 13,400 10,700 1.26 30, 34b 1.09 

128k 128,000 23,900 5.37 40 1.44 

212k 212,000 103,000 2.06 50 2.50 

346k 346,000 175,000 1.98 40 5.38 

828k 828,000 264,000 3.14 70 2.35 

a Measured by AFM height images. b Calculated by X-ray reflectivity measurements. 
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Effect of molecular weight. We prepared thin films of P3HT with various molecular weight (Mw 

= 13k, 128k, 214k, 346k, 828k) on the hydrophilic silicon wafer substrates. Their structures were 

investigated by the small angle incidence / grazing incidence X-ray diffraction. In all the profiles 

of P3HT thin films, the peaks originated from P3HT crystallite were observed. Their peaks could 

be indexed with the reported crystal structure of P3HT [10]. For comparison, the powder 

diffraction of P3HT annealed at 100 °C for 1 hour was measured. The 100 and 020 reflections 

were observed at 2θ = 5°, 23° respectively (Figure S7 in the Supplementary Data). The intensity 

ratio from 100 to 020 diffraction peak (I100/I020) of 3.0 was represented for the non-oriented ones. 

The X-ray diffraction profiles of P3HT films with various molecular weights through “Out-of-

plane” and “In-plane” geometries are shown in Figure 2a and 2b, respectively. Then, the intensity 

ratio of 100 to 020 diffraction peak (I100/I020) in the each profile is shown in Figure 2c. With 

increasing the molecular weight, the ratios of I100/I020 in the “Out-of-plane” geometry decreased 

obviously. In contrast, the ratios of I100/I020 in the “In-plane” increased. In the low molecular weight 

P3HT (Mw ≦ 346k), the I100/I020 were larger in the “Out-of-plane” geometry and smaller in the 

“In-plane” than that of the powder sample. This means that the P3HT with lower molecular weight 

had “Edge-on”-rich structures, as previously reported [9]. As the increase of the molecular weights, 

the structures in thin films transformed from “Edge-on” to “Face-on” gradually. In the thin film of 

P3HT (Mw = 828k), the ratio of “Edge-on” and “Face-on” structures was inverted.  

Sirringhaus et. al. have reported the effect of molecular weight of P3HT on the thin film 

structures [9]. In their report, the main structures of P3HT with low molecular weight (Mw = 11k, 

28k) and high head-to-tail regioregularity (91%, 95%) were “Edge-on”, whereas those with high 

molecular weight (Mw = 126k, 175k) and low head-to-tail regioregularity (70%, 81%) were “Face-

on”. This report was in contrast with our measurements for P3HT (128k and 214k), where both 
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showed “Edge-on”-rich structure. In order to investigate the dissimilarity between Sirringhaus’ 

work and ours, besides the difference of the head-to-tail ratios, several factors were investigated. 

Especially, in the following discussion, we focused on the “Face-on”-rich structure of the thin film 

of P3HT (Mw = 828k). 
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Figure 2. (a) “Out-of-plane” and (b) “In-plane” small angle incidence X-ray diffraction profiles 

of P3HT thin films with various molecular weights spin-coated on piranha treated silicon wafers. 

(c) Relationship between intensity ratio of 100/020 and molecular weight Mw of P3HT thin films. 

 

 

Figure 3. Schematic Models of (a) “Face-on” and (b) “Edge-on” configuration for P3HT thin films 

on silicon wafers. 

 

Effect of solvents and temperature. P3HT (Mw = 828k) thin films were prepared by spin-coating 

chloroform and o-dichlorobenzene solution on the piranha treated silicon wafers at 25 °C and 55 °C, 

respectively. In Figure 4a and 4b, the X-ray diffraction profiles are shown in the “Out-of-plane” 

and “In-plane” geometries. In the “Out-of-plane” profiles, the I100/I020 ratio in the thin film 

prepared from o-dichlorobenzene solution was larger than that from chloroform, while, in the “In-
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plane” measurements, the I100/I020 ratio of thin film prepared from o-dichlorobenzene decreased 

relative to that from chloroform. These indicates that the P3HT thin film with high molecular 

weight possessed “Edge-on”-rich structure even prepared from o-dichlorobenzene solution instead 

of chloroform solution.  

Figure 4c and 4d show X-ray diffraction profiles of P3HT (Mw = 828k) thin films prepared 

from chloroform solution at 25 °C and 55 °C. The thin films prepared at 55 °C possessed the larger 

I100/I020 ratio in the “Out-of-plane” measurements and smaller ratio in the “In-plane” than those 

prepared at 25 °C. In the structure of thin films prepared at 55 °C, the ratio of “Face-on” structure 

was increased relatively. 

 

Figure 4. (a,c) “Out-of-plane” and (b,d) “In-plane” small angle incidence X-ray diffraction 

profiles of P3HT (Mw = 828k) thin films (a,b) with various solvents and (c,d) at various 

temperature spin-coated on piranha treated silicon wafers.  
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Effect of rotational speed in spin-casting. P3HT (Mw = 828k) thin films were prepared in spin-

coating with various rotational speeds from 500 rpm to 5000 rpm. The thickness of thin films 

prepared with various rotational speeds is shown in Table S3 in the Supplementary Data and the 

X-ray profiles are shown in Figure 5a and 5b. As the rotation speed increased, the I100/I020 ratios 

in the “Out-of-plane” measurement were decreased and the ratios in the “In-plane” were decreased 

(Figure 5c). These results mean that the structure of thin films changed from “Edge-on”-rich to 

“Face-on”-rich with the increase of rotational speed. In addition, the thin film prepared in the cast 

method showed the 020 diffraction peak only in the “In-plane” measurement (Figure 6). This 

reveals that the P3HT as-cast films possessed only the “Edge-on” structure.  

 

 

Figure 5. (a) “Out-of-plane” and (b) “In-plane” small angle incidence X-ray diffraction profiles 

of P3HT (Mw = 828k) spin-coated on piranha treated silicon wafers with different rotation speed. 

(c) Relationship between the 100/020 intensity ratio and the rotation speed of spin-coating. 
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Figure 6. (a) “Out-of-plane” and (b) “In-plane” small angle incidence X-ray diffraction of P3HT 

(Mw = 828k) thin film with different fabrication method. 

 

Factors of structure control of P3HT thin films. As described above, we investigated the 

structure of P3HT thin films prepared under various conditions such as molecular weight, solvents, 

temperature and rotational speed. It is clarified that spin-coating of P3HT with high molecular 

weight, from high volatile solvents, at high temperature or with high speed rotational speed led 

“Face-on”-rich structure. Under these conditions, the thin films were formed rapidly. The viscosity 

of chloroform solution of P3HT with high molecular weight was much higher than that with low 

molecular weight. This high viscosity would result in the delay of sedimentation and crystallization 

on the silicon wafer substrates. Moreover, the slow evaporation in the cast method led to the “Edge-

on” structure. Thus, it is suggested that the “Face-on” structure would be a kinetically preferable 

state and “Edge-on” would be a thermodynamically one. 

 

Surface structure of P3HT thin films. In the above discussion, we have investigated the bulk 

structure of thin films from the result of the small angle incidence X-ray diffraction, where the 

incidence angles were 0.20°, being larger than the critical angles αc (0.16°). The penetration depth 
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of the X-ray beams with various incidence angles is shown in Figure S4 in the Supplementary 

Data. In the X-ray diffraction measurement with the grazing incidence angles below αc, we can 

investigate the structure within about 10 nm from the top surface of thin films. 

Figure 7a and 7b show the X-ray diffraction profiles of P3HT thin films (Mw = 13k and 828k) 

in the “Out-of-plane” measurement with various incidence angles. P3HT thin film (Mw = 13k) at 

the surface showed the “Edge-on”-rich structure similar to the bulk. The I100/I020 ratios were larger 

than 20 at all the incident angles. In contrast, the I100/I020 ratio of P3HT thin film (Mw = 828k) 

decreased with the lower incidence angles of X-ray beams as shown in Figure7c. These results 

mean that the thin film possessed the more “Edge-on”-rich structure at the nearer surface. 

Accordingly, P3HT thin film (Mw = 828k) possesses heterogeneous structure in the thickness 

direction of the same film, that is, “Face-on”-rich was observed in the bulk and “Edge-on”-rich 

was at the surface. 

 

 

Figure 7. “Out-of-plane” X-ray diffraction profiles of P3HT (Mw = (a) 13k, (b) 828k) thin films 

with different incident angles, spin-coated on piranha treated silicon wafers. (c) Relationship 

between intensity ratio of 100/020 in P3HT thin films (Mw = 828k) and incident angles of X-ray 
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beams. The intensities of 100/020 in P3HT thin films (Mw = 13k) were unavailable because of the 

exceptionally low intensities of 100 peaks.  

 

Effect of surface treatment of silicon wafer substrates. In Figure S2 in the Supplementary Data, 

we show the XPS profiles and water droplets on the piranha treated and silane coupling treated 

silicon wafers, respectively. The silane coupling treatment, performed by immersing piranha 

treated silicon wafers into dodecyltriethoxysilane solution, showed high water repellency.  

We first investigated the bulk structure of P3HT thin films with the small angle incidence X-

ray diffraction (>αc). The X-ray diffraction profiles of P3HT thin films with various molecular 

weight on the silane coupling treated silicon wafers is shown in Figure 8. As observed in the thin 

films on the piranha treated silicon wafers, the I100/I020 ratio of P3HT thin films in the “Out-of-

plane” measurement decreased and those in the “In-plane” increased with higher molecular weight 

of P3HT. These results suggested that the ratio of “Edge-on” structure to “Face-on” decreased for 

higher molecular weight P3HT. However, all the P3HT thin films including high molecular weight 

P3HT (Mw = 828k) had “Edge-on”-rich structure, which was in contrast to the results in Figure 2. 

It is suspected that “Edge-on” structure at the interface of the silicon wafer might be formed though 

the interaction between alkyl chains of P3HT and those on the silicon wafers, then epitaxial crystal 

grown to the thickness direction [26]. 

For the investigation of the surface structures of P3HT thin films (Mw = 13k and 828k), we 

adapted grazing incidence X-ray diffraction measurements. In the profiles of both thin films, 100 

diffraction peaks or shoulders, but not 020 diffraction, were observed at the grazing incidence 

angles 0.08° below the critical angle (Figure 9). Relative to P3HT thin films on the silane coupling 

treated substrates, the 100 diffraction peaks of thin films on the piraniha treated substrates were 
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sharpened distinctly in the grazing incidence X-ray diffraction measurements (Figure S8 and S9 

in the Supplementary Data). This means that the crystallinity at the surface of thin films on the 

hydrophobic substrates could be decreased compared to that on hydrophilic ones. 

 

 

Figure 8. (a) “Out-of-plane” and (b) “In-plane” X-ray diffraction profiles of P3HT thin films with 

various molecular weight, spin-coated on silane coupling treated silicon wafers. (c) Relationship 

between intensity ratio of 100/020 and molecular weight Mw of P3HT thin film. 

 

Figure 9. “Out-of-plane” X-ray diffraction profiles of P3HT (Mw = (a) 13k, (b) 828k) thin films 

with different incident angle, spin-coated on silane coupling treated silicon wafer.  
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CONCLUSIONS 

We investigated the thin film structure of P3HT with various molecular weight from Mw = 13k 

to 828k and high head-to-tail regioregularity (>95%) using small angle and grazing incidence X-

ray diffraction. From the results of small angle incidence X-ray diffraction, the structures in thin 

films were transformed from the “Edge-on” to “Face-on” with the increase of molecular weight. 

In the thin film of high molecular weight P3HT, the bulk structure was “Face-on”-rich, whereas 

the surface was “Edge-on”-rich. Even in the same thin films, the structure was gradually changed 

from the bulk to the surface. Moreover, the surface properties of substrates affected on the thin 

film structure at the surface. These results give the valuable insight on the epitaxial crystal growing 

in the fabrication of electronic devices and the charge transport across layers of their devices. 
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