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Enhanced Vertical Carrier Mobility in Poly(3-

alkylthiophene) Thin Films Sandwiched with Self-

assembled Monolayer and Surface-segregated Layer 

Jusha Maa,b, Kazuhito Hashimotob, Tomoyuki Koganezawac, Keisuke 
Tajimad,e,*

End-functionalized poly(3-butylthiophene) with a thiol group 

(P3BT-S) was synthesized and used to form a self-assembled 

monolayer (SAM). It can induce the end-on orientation in the 

thin film which has the potential further enhance hole 

mobility up to 1.1 × 10-2 cm2 V-1 s-1 in the vertical direction. 

The low charge mobility of conjugated polymers compared 

with inorganic semiconductors has limited their use in polymer-

based electronic devices1. Recently, charge mobilities in the 

range of 10-1 to 101 cm2 V-1 s-1 have been reported for p-type 

semiconducting polymers in organic field-effect transistors 

(OFETs)2. In OFETs, the charge transport is parallel to the 

substrate and occurs at the semiconductor/insulator interface3. 

However, in some organic thin-film electronic devices, such as 

organic light-emitting diodes, organic solar cells, and vertical 

organic field effect transistors4, charge carrier conduction 

perpendicular to the substrate through the bulk film is more 

important. There are several methods for measuring the hole 

mobility perpendicular to the substrate 5, but typically the upper 

limit is 10-5 to 10-3 cm2 V-1 s-1 for conjugated polymers6. This 

difference between the parallel and perpendicular mobilities 

may arise from the differences in charge density, transport 

region (bulk vs. interface) and molecular orientations. 

Semiconducting polymers have strongly anisotropic structures; 

therefore, the molecular orientation could substantially affect 

the transport properties, given that highly ordered crystalline 

structures can be achieved in films. Planar π-conjugated 

polymers have three possible orientations: edge-on, where the 

main chain is parallel and the π-plane is perpendicular to the 

surface and the substrate; face-on, where the main chain and the 

π-plane are parallel; and end-on, where the main chain and the 

π-plane are perpendicular. For perpendicular conduction, the 

edge-on orientation has a clear disadvantage, because the 

charge must hop over the insulating side-chains between two 

adjacent polymers, which would has a large energy barrier. The 

face-on orientation should allow strong interchain interactions 

through the π-orbitals and result in better perpendicular 

transport7. The end-on orientation should be the most suitable, 

because the mobility along the conjugated main chain can 

theoretically reach more than 600 cm2 V-1 s-1.8 Although 

disordered polymer domains between the oriented crystalline 

domains may act as hopping barriers9, the average direction of 

the orientation and the relative orientation of the crystalline 

domains could substantially affect the perpendicular charge 

transport in terms of mobility and activation energy10. In our 

previous work11, we reported the spontaneous surface 

segregation behaviour of poly(3-butylthiophene) with a 

semifluoroalkyl chain at one end (P3BT-F) during spin-coating. 

The polymer adopted an end-on orientation on the top of the 

thin film and induced the same orientation in the bulk film 

consisting of non-functionalized poly(3-butylthiophene) 

(P3BT). However, because of interactions with the substrate 

and alkyl side chains, domains with an edge-on orientation 

formed at the bottom of the films. The insulating layer of the 

side chain and the domain boundaries between the end-on and 

edge-on regions will hinder further improvement of hole 

mobility12. The perpendicular charge mobility could be 

increased if the end-on orientation could also be induced at the 

substrate interface. 

In this paper, we report the preparation of a self-assembled 

monolayer (SAM) based on thiol-terminated poly(3-

butylthiophene) (P3BT-S) on a gold surface. Modifying the 

substrate surface with alkyl-SAMs was expected to induce the 

edge-on orientation of poly(3-alkylthiophene) (P3AT) films 

around the interface13. The orientation of the P3BT-S SAM 
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altered the orientation of P3AT at the substrate interface. In 

addition, P3BT thin films with a surface segregated layer of 

P3BT-F at the top surface and a P3BT-S SAM on the substrate 

were prepared. The vertical hole mobility of this sandwich 

structure was measured by the space-charge limited current 

(SCLC) and correlated to the proportion of end-on and edge-on 

orientations in the films evaluated by glazing angle X-ray 

diffraction (GIXRD). 

P3BT-S (Fig. 1a) was synthesized according to the previously 

reported method for fluoroalkyl-terminated poly(3-

butylthiophene) (P3BT-F)14 and thiol-terminated poly(3-

hexylthiophene)15. Allyl-terminated P3BT was synthesized by 

Ni-catalysed polymerization and quenched with an allyl 

Grignard reagent16. The chain end was reacted with thioacetic 

acid and subsequently hydrolysed. The chemical structure was 

confirmed by 1H NMR and MALDI-TOF-MS (see ESI). Gel 

permeation chromatography (GPC) showed the number-

average molecular weight (Mn) of P3BT-S was 2100 g mol-1 

with a polydispersity index of 1.06. The molecular weight with 

the highest intensity in the MALDI-TOF-MS spectrum was 

1734 g mol-1, which corresponds to a degree of polymerization 

(n) of 12. 

The P3BT-S SAM was prepared on a gold surface by 

immersing the substrate in a toluene solution of P3BT-S using a 

previously reported method17. A schematic of the P3BT-S SAM 

structure is shown in Fig 1b. The adsorption of P3BT-S on a 

gold surface was examined by X-ray photoelectron 

spectroscopy (XPS). The C 1s and S 2s peaks from P3BT-S on 

the gold surface were observed after the substrate was treated. 

Furthermore, the XPS depth profile showed the thickness of the 

P3BT-S layer was less than 5 nm. Atomic force microscopy 

showed that the surface was relatively flat and no large 

aggregates were observed. The root mean square of the surface 

roughness changed from 0.6 to 1.2 nm after the adsorption of 

P3BT-S on the gold surface. 

The P3BT-S layer was also analysed quantitatively by spectral 

ellipsometry (SE) and X-ray reflectivity (XRR). The SE results 

show that the fittings with tan Ψ and cos ∆ were good for a 

4.86-nm-thick P3BT-S layer. The refractive index n and 

extinction coefficient k used in this fitting was presented in ESI. 

The XRR measurement showed clear interference fringes and 

the fitting of the data indicated that the thickness of P3BT-S on 

gold was 4.45 nm with a density of 0.98 g cm-3 (see ESI). The 

density of close packed P3BT calculated from the diffraction 

experiments has been reported as 1.22-1.29 g cm-3.18 Based on 

this, the surface coverage of P3BT-S was estimated as 76-80% 

of the closed packed structure. Both SE and XRR showed 

similar thicknesses for the P3BT-S layer. The full extended 

conformation of P3BT-S with a degree of polymerization of n = 

12 was calculated from the molecular model as 4.8 nm, which 

is comparable to the SE and XRR results. This suggests that the 

adsorbed molecules were oriented almost perpendicularly to the 

substrate. 

The amount of P3BT-S adsorbed on the gold substrate was 

measured by a quartz crystal microbalance (QCM) during 

adsorption as 460 ng cm-2 at equilibrium. Compared to the 

calculated value based on the assumption that P3BT-S fully 

covers the gold substrate with a close packed structure and end-

on orientation (582 ng cm-2), the surface coverage was 79%. 

This is consistent with the surface density observed by XRR. 

When P3BT was used in solution, the amount adsorbed was 

much smaller (78 ng cm-2), suggesting that thiol group at the 

chain end, not the thiophene sulfur, functions as the anchor to 

the gold surface as in ordinary alkanethiol SAMs. Based on 

these results, we conclude that P3BT-S forms SAMs on a gold 

substrate with a relatively high density and an orientation 

nearly perpendicular to the substrate. 

To determine the effect of P3BT-S SAMs on the orientation of 

the polymer chains in the films at the SAM/polymer interface, 

P3BT was spin-coated on the gold substrate coated with a 

P3BT-S SAM. The chain orientation of the film was 

investigated by in-plane and out-of-plane GIXRD 

measurements. The P3BT-S SAMs did not show any diffraction 

signals, which suggests the lateral packing order of the P3BT-S 

SAMs was weak. This may be because of the low coverage of 

P3BT-S on gold, the roughness of the gold surface, the 

backbone of P3BT-S being too short, or a broad orientation 

distribution. Here we focus on the effect of P3BT-S SAMs on 

inducing an end-on orientation in the films. The in-plane and 

out-of-plane GIXRD patterns of the P3BT films spin-coated on 

a P3BT-S SAM and on the bare gold substrate are shown in 

Fig. 2a and b, respectively. The P3BT film on the gold substrate 

only shows a π-π stacking peak at 23.2° (3.8 Å) in the in-plane 

pattern and strong lamellar peaks in the out-of-plane pattern at 

6.6° (13.4 Å), indicating that the orientation is mostly edge-on. 

The P3BT film on the P3BT-S SAM shows both a π-π stacking 

peak and a lamellar peak in the in-plane pattern, suggesting the 

end-on orientation. The absence of the π-π stacking peak in the 
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out-of-plane pattern also suggests that the orientation is the 

end-on, not the face-on. The lamellar peak was still observed in 

the out-of-plane pattern, although the intensity was about half 

that of the P3BT film on gold, suggesting that the P3BT-S 

SAM reduced the fraction of the edge-on orientation in the 

P3BT film. 

Next, the location of the two perpendicular orientations was 

investigated by changing the incident angle, ω, of the GIXRD 

measurements, because the depth of the X-ray penetration into 

the films depends on ω19. The P3HT film spin-coated on P3BT-

S SAMs was used instead of P3BT, because for the lamellar 

peaks P3HT gives d-spacings different from those of P3BT and 

avoids the possible contribution from the diffraction of the 

bottom P3BT-S layer. Fig. 2c shows the in-plane GIXRD 

measured by gradually varying ω from 0.12 to 0.18° (critical 

angle of P3HT: αc = 0.158° for λ = 1.54 Å). When ω was 

greater than 0.16°, the P3HT lamellar peak at 5.2° (17.0 Å) 

began to appear, indicating that the P3HT end-on orientation 

was present close to only the substrate and not the surface. This 

behaviour is the opposite of the P3BT-F surface segregated 

layer we have observed previously11. This suggests that the 

end-on orientation of P3HT was induced from the P3BT-S 

SAMs at the bottom of the film. Inset of Fig. 2c shows a 

schematic of the P3BT-S/P3HT film. The lower surface energy 

of the alkyl side chains could induce the edge-on orientation at 

the surface during the spin-coating. However, P3BT-S SAMs at 

the bottom probably affected the orientation of P3AT by 

cocrystallization to produce the perpendicular orientation from 

the interface and reduce the fraction of the edge-on orientation. 

We combined the surface segregated layer and the P3BT-S 

SAM to induce the end-on orientation in the bulk film more 

efficiently. The chain orientation and orientation distribution 

were measured by GIXRD using a synchrotron radiation source 

and a 2-D image detector. The 2-D GIXRD images of P3BT, 

P3BT-S/P3BT, and P3BT-S/P3BT/P3BT-F films are compared 

in Fig. 3a. The appearance of the end-on orientation in P3BT-

S/P3BT and P3BT-S/P3BT/P3BT-F films is clearly visible (qxy 

= 4.8 nm-1 and d-spacing = 13.1 Å for the lamellar (100) peak). 

The weakening of the edge-on orientation in these two films is 

also visible (qz = 10.0 nm-1 and d-spacing = 6.3 Å for the 

lamellar (200) peak). Quantitative analysis of this orientation 

change was performed by integrating the lamellar peak 

intensity along the qxy and qz axes. 

We observed a clear trend in the change in the lamellar peak 

intensity that reflected the amount of an orientation in the thin 

films. Fig. 3b shows the fraction of the end-on orientation in 

thin films increased from P3BT to P3BT-S/P3BT and to P3BT-

S/P3BT/P3BT-F. At the same time, the fraction of the edge-on 

orientation decreased. A similar change was observed for 

P3BT-S/P3HT/P3BT-F films (see ESI). Secondly, the 

inclination orientation distribution of the edge-on lamellar 

(100) peak in the P3BT-S/P3BT/P3BT-F film was significantly 

larger compared with the P3BT-S/P3BT and P3BT films (qz = 

5.0 nm-1 and d-spacing = 12.6 Å). Fig. 3c shows the 

dependence of the peak intensity on the azimuth angle ϕ. The 

P3BT-S/P3BT/P3BT-F film shows a broader diffraction peak 

from the lamellar structure compared to P3BT or P3BT-S/P3BT 

films, suggesting that the P3BT-S/P3BT/P3BT-F film has a 

large directional disorder in the edge-on orientation. 

These results indicate that using both the surface segregated 

P3BT-F layer at the top and the P3BT-S SAM at the bottom of 

the film increases the fraction of the end-on orientation and 

decreases that of the edge-on orientation in the P3BT film bulk. 

It also increases the orientation distribution of the edge-on 

orientation. 

The electrical conductivity of the films perpendicular to the 

substrate was investigated by SCLC measurements. Hole-only 

devices were fabricated with a structure of Au/polymer 

film/MoO3/Au. The hole mobility was calculated from SCL 

region in the J-V curve by the Mott–Gurney square law20. 

Activation energy for the conduction was estimated by 

measuring the temperature dependence of the J-V 

characteristics using the thermally activated transport model 

(see ESI for the details of the measurements). The results are 

summarized in Table 1. The P3BT film had an average mobility 

of 9.6 × 10-4 cm2 V-1 s-1, which is typically observed in P3AT 

spin-coated films by the SCLC method21. Using the P3BT-S 

SAM on the bottom electrode increased the mobility to 1.8 × 

10-3 cm2 V-1 s-1. Using only the surface segregated P3BT-F 

layer a mobility of 4.0 × 10-3 cm2 V-1 s-1 can be achieved. It has 

been reported that lower molecular weight P3BT achieved a 

mobility of 1.6 × 10-3 cm2 V-1 s-1. Interestingly, using both the 

P3BT-S SAM and the P3BT-F surface layer led to a much 

higher hole mobility of 1.1 × 10-2 cm2 V-1 s-1. To our 

knowledge, this is the highest mobility reported for P3AT-
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based semiconducting polymers perpendicular to the substrate 

22. 

The activation energy of hole conduction in the P3BT-

S/P3BT/P3BT-F film was 80 meV, which is significantly lower 

than that in the P3BT, P3BT-S/P3BT, and P3BT/P3BT-F films 

(130-160 meV). This result indicates that the same factors limit 

the transport for films that contain large continuous edge-on 

orientation domains either at the top or at the bottom of the 

film. This could be explained by an increase in the favourable 

percolation path along the polymer backbone in the P3BT-

S/P3BT/P3BT-F film forming a more continuous and efficient 

path for charge transport, resulting in a different activation 

energy10. A further factor might be a difference in the energy 

barrier caused by the different relative orientation of adjacent 

grains, because the grain boundaries along the polymer 

backbone could provide easier charge transport compared with 

other boundaries12. For example, the boundaries between two 

end-on grains may have a lower energy barrier for hopping 

compared to that between edge-on and end-on grains or two 

edge-on grains. 

When P3HT was used instead of P3BT, the mobility was 

increased from 2.9 × 10-4 to 7.6 × 10-3 cm2 V-1 s-1 by using both 

the top and bottom layers, which is about a 25-fold increase 

(Table 1). The difference of hole mobility between P3HT and 

P3BT was smaller when both the top and the bottom layers 

were used, which could imply more charge transport through 

the main chains in the sandwiched films instead of the charge 

hopping through the side chains due to end-on orientation. 

We demonstrated that P3BT-S formed an SAM on a gold 

surface, and that it can change the backbone orientation of spin-

coated polymers from an edge-on to an end-on orientation. Our 

method could be applied to many semicrystalline 

semiconducting polymers for various organic electronics 

devices that require vertical charge transportation. 
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Table 1. hole mobility (µh) at room temperature (298 K) and activation 
energy of the transport (∆) calculated from variable temperature 
measurements. 

Sample µh (cm2 V-1 s-1) ∆ (meV) 

P3BTa (9.6 ± 0.9) × 10-4 151 ± 4 
P3BT-S/P3BTa (1.8 ± 0.3) × 10-3 149 ± 2 
P3BTa/P3BT-F (3.6 ± 0.5) × 10-3  133 ± 2 

P3BT-S/P3BTa/P3BT-F (1.1 ± 0.2) × 10-2 80 ± 3 
P3HTb (2.9 ± 0.4) × 10-4 - 

P3BT-S/P3HTb/P3BT-F  (7.6 ± 1.1) × 10-3 - 
aMn = 17.8 kg mol-1 and PDI = 1.15 by GPC. bMn = 16.3 kg mol-1 and PDI = 
1.08 by GPC.  
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