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Optimized nanomorphology in organic thin active layers is crucial for good performances in 

organic solar cells. However, relation between morphology and electronic properties at nanoscale 

remains not completely understood. Here, we study the effect of films thickness and temperature 

annealing on the ordering of P3HT chains when the polymer is blended with a columnar liquid 

crystalline molecule. Electronic absorption, Atomic Force Microscopy measurements and Raman 

spectroscopy show that morphology and chains ordering of the blend depend on the films 

thickness. We highlight the benefit of using liquid crystal in organic blends, opening the way to 

use simple processing methods for the fabrication of organic electronic devices. 
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I. INTRODUCTION 

Recently, it has been demonstrated that devices based on thin films of organic 

semiconductors (OSCs) can be printed or processed at low cost on large areas, making a start 

towards mass production.1,2 This ability to manufacture organic photovoltaic (OPV) cells organic 

light-emitting diodes (OLEDs), or organic thin-film transistors (TFTs), with printing methods has 

renewed research attention in structure-processing-property relationships of organic films. As far 

as OPV devices are concerned, the active layer is constituted of a bulk heterojunction (BHJ) with 

electron donor (D) and electron acceptor (A) mixture, sandwiched between interlayers and 

metallic and transparent electrodes. The key steps in achieving high photo-conversion efficiency 

consist in controlling the blend nanomorphology and electronic phenomena at D/A interfaces, 

which are crucial for exciton dissociation and charge collection.3,4 

Numerous morphology studies are dedicated to poly(3-hexyl-thiophene) (P3HT) and soluble 

fullerene derivatives (PCBM) BHJ systems.4,5,6,7,8 They are related to UV-vis absorption and 

photoluminescence (PL) spectroscopies, Atomic Force Microscopy (AFM), grazing incidence X-

ray diffraction (GIXRD) measurements, thermogravimetric analysis (TGA), differential scanning 

calorimetry (DSC) and Raman spectroscopy. According to the results of G. Li et al.,9 the BHJ 

morphology depends on the process used for thin film preparation. Indeed, solvent or thermal 

annealing post-treatments influence the molecular organization and tend to promote the formation 

of separated nano-phases of D and A.9 Such annealing processes are nowadays commonly used 

methods for increasing device efficiency. 

In a previous study, it was established that chain ordering in P3HT can be enhanced by blending 

the polymer with a nickel bis(dithiolene) complex ([Ni(4dodpedt)2]) without any post- 

treatment10. Numerous studies have demonstrated the powerful use of liquid crystals (LCs) in 
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OPV either as additives11 or as donor/acceptor materials12 or in diblock polythiophene.13,14 This 

approach is based on properties of self-assembling and high charge carriers mobility along a 

particular direction in LCs. However, even if the positive influence of liquid crystals on cells 

performances is demonstrated, the physical mechanisms underlying remain unknown. In this 

study, our attention is focused on [Ni(4dodpedt)2] which is a disk-shaped molecule, with electron 

acceptor character, able to self-organize in a hexagonal liquid crystalline phase above 84 °C15 and 

exhibits high electron mobility in that mesophase.16  

Moreover, this molecule absorbs strongly up to the NIR region (λmax = 930 nm; ε = 39000 

L.mol-1cm-1).11 A fairly homogenous structure can be obtained for blends of 

P3HT:[Ni(4dodpedt)2] containing up to 1:1 weight in metal complex. AFM experiments10,17 have 

shown that the phase-separated morphology can be discerned in the P3HT:[Ni(4dodpedt)2] blend. 

The [Ni(4dodpedt)2] molecules tend to stack in nano-fibrils whereas the matrix consists of an 

intimate mixture of P3HT and [Ni(4dodpedt)2] which impacts the crystallization of P3HT. 

However, this P3HT:[Ni(4dodpedt)2] phase separation in the bulk remains unclear. In this work, 

we address this subject by performing optical and electrical characterizations on 

P3HT:[Ni(4dodpedt)2] blends. Our study demonstrates an induced ordering of the polymer chains 

depending on the thickness of the film constituted by this blend. 

II. METHODOLOGY 

A. Materials and films preparation 

Fig. 1 shows the chemical structures of P3HT (Plexcore average Mn 54000 – 75000; >98% 

head-to-tail regioregular purchased from Sigma-Aldrich) and nickel bis[1,2-di(30,40-di-n-

decyloxyphenyl)ethene-1,2-dithiolene] (synthetized in our laboratory) used in this study. The 

energies of their highest occupied molecular orbitals (HOMO) are -5.4 eV18 and -5.8 eV, 
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respectively, and those of their lowest unoccupied molecular orbitals (LUMO) are -3.5 eV and -

4.7 eV, respectively.9,18 These energy levels were evaluated from electrochemical measurements. 

 
FIG. 1. Chemical structure of the materials used in this study. a) P3HT and b) ([Ni(4dodpedt)2] 

 

Active layer solutions were prepared in a N2 glove box by dissolving a 1:1 weight ratio of 

P3HT and [Ni(4dodpedt)2] in chlorobenzene. This ratio was fixed according to our previous 

study10. The solutions were stirred for at least one hour at 50 °C before deposition by spin coating. 

Varying the solution concentration helps in the control of the layer thickness, measured by AFM. 

Blend concentrations of 5, 10, and 20 mg/ml are used for 15, 45, and 145 nm thick films, 

respectively, within approx. 10% variation in thickness. Two pure P3HT films with layer 

thicknesses of 50 and 180 nm, respectively, were also prepared for the morphological and 

electrical study. The solutions were filtered using PTFE filter membranes pore size 0.2 μm to 

remove any aggregates. The films were deposited by spin coating at 1500 rpm for 30 s and then at 

2000 rpm for 60 s, on 120 nm thick indium tin oxide (ITO) covered glass substrates. Two 

annealing procedures were performed in glove box on a hot plate after complete drying of the 

active layer. The first one consisted in sample heating from room temperature for 100 °C at a rate 

of 5 °C/min, and maintained at 100 °C during 20 minutes. The second treatment consisted in 

sample heating from room temperature to 150 °C at a rate of 5 °C/min, and maintained at 150 °C 

for 20 minutes. In any case, the films were examined after cooling down to room temperature. 
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B. Materials and films characterization 

DSC was performed using a DSC 204 F1 Phoenixs system (NETZSCH). Samples scratched 

from the film (2–5 mg) were filled in 30 ml perforated aluminum pans and measurements were 

conducted under a nitrogen atmosphere. Three different samples of each compound or blend were 

examined for reproducibility checking. The first heating ramp was registered for each sample at 10 

°C min-1 between 5 °C and 300 °C.  

Atomic Force Microscope (AFM, Bruker Multimode 8) was used to study the surface 

morphology and electrical properties of the films. Topography measurements were done in 

tapping mode. Nanoscale electrical measurements were carried out in ambient and dark 

conditions, using Tunneling AFM mode (TUNA) and silicon tips with platinum (Pt) coating which 

exhibits 25 nm curvature radius and 0.32 N/m spring constant (SCM-PIC provided by Bruker). A 

very sensitive amplifier was selected to measure low current (down to 100 fA). Moreover, a 1 nN 

contact force was selected to avoid surface modification and minimize contact resistance. Current 

versus voltage curves were extracted from current cartographies acquired for different applied 

bias. 

The structural properties of P3HT:[Ni(4dodpedt)2] blends were investigated by Raman 

spectroscopy with an HORIBA Jobin Yvon HR800 system, with a spectral resolution of ∼4 cm-1 

using an excitation wavelength of 785 nm. The electronic absorption spectra were recorded with a 

UV/Vis/NIR Varian Cary 5000 spectrometer.  
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III. RESULTS AND DISCUSSION 

A. Trends in BHJ nanomorphology with film thickness 

 Fig. 2 demonstrates the evolution of the AFM topography with the thickness of 

P3HT:[Ni(4dodpedt)2] films. For the 15 nm thick film (Fig. 2.a.), the surface morphology consists 

of a homogeneous matrix mixed with stacks of long fibrils (typically 1-2 µm). As previously 

shown,17 these fibrils are constituted of pure [Ni(4dodpedt)2]. In the 45 nm thick film (Fig. 2.b), 

the fibrils stacks are replaced by heap-shape structures regularly distributed on the matrix surface. 

The thickest films (Fig. 2.c) exhibit a fairly homogeneous surface. The RMS surface roughness 

over a 10x10 µm² surface is equivalent (approx. 20 to 30 nm) whatever the film thicknesses. The 

blend films are constituted of matrixes demonstrating regularly distributed domains of average 

sizes decreasing from 100 to 15 nm with the film thickness increase, as measured via phase 

mapping. Regarding the thinnest one, the surface roughness appears to be greater than the film 

thickness, this being explained by the presence of fibrils whose size is four times greater. 

 
FIG. 2. AFM topography in tapping mode of as-cast blend films of different thicknesses: (a) 15 
nm, (b) 45 nm, and (c) 145 nm, exhibiting RMS roughness of 22.2, 18.8, and 28.0 nm, 
respectively and size of the subdomains of 80-100, 50-70, and 15-20 nm, respectively. Examined 
area = 10x10 µm². 
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To complete these preliminary results, Raman spectroscopy was performed on the blend films at 

room temperature using a 785 nm excitation (non-resonant conditions). We focused our interest 

on P3HT ring breathing modes (RBMs) located at 1381 cm-1 and 1445 cm-1, corresponding to the 

C-C intraring stretch and the symmetrical C=C stretch modes, respectively,19 sensitive to π-

electron delocalization along the P3HT chains. The spectra, obtained on the films of different 

thicknesses and reported in Fig. 3(a), lead to the following remarks. The signal intensities of C-C 

and the C=C modes bands increase with film thickness and no shift of the peak position of the C-

C and C=C modes is observed. All spectra present an asymmetry at low energy part of the C=C 

mode. In order to go beyond these qualitative observations, the C-C and C=C peaks area have 

been reproduced using three Lorentzian line shapes centered at 1381, 1418 and 1445 cm-1, 

respectively. Fig. 3(b) shows this fitting highlighting the appearance of a new broad band at 1418 

cm-1. This band is not present in resonant condition but was already observed in oxidized P3HT.20 

Consequently, we assume that this band is related to disorder contribution. Another way to prove 

this would be to perform XRD analysis. 21 
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FIG. 3. (a) Raman spectra obtained on P3HT:[Ni(4dodpedt)2] films of different thicknesses using 
a 785 nm excitation.(b) Raman spectrum obtained on 145 nm-thick blend fitted using three bands. 
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 According to these adjustments, three parameters were extracted. The first one is the Full-

Width at Half Maximum (FWHM) that reflects the degree of molecular ordering of the P3HT 

chains.15 The second one is the I=Ic-c/Ic=c ratio, where Ic-c and Ic=c are the relative intensities 

calculated by integrating the peak areas of C-C and C=C modes. This ratio reflects P3HT 

planarity. Indeed, a high ratio implies high planarity.19 The last parameter, called order factor, is 

defined as the ratio of the sum of the C-C and C=C intensities to the sum of the intensities of the 

three peaks. These parameters are reported in Table 1. The contribution of the band attributed to 

highly disordered domains is more important for the 15 nm thick film and tends to vanish for the 

145 nm thick one. The narrowing of the FWHM of C=C stretch mode confirms a better ordering 

for thicknesses greater than 45 nm. The Ic-c/Ic=c ratio remains relatively unchanged with film 

thickness underlining a constant overall planarity of P3HT chains while the size of the domains 

decreases. 

Table I. FWHM of the C=C stretch mode, I=Ic-c/Ic=c ratio and order factor extracted from Raman 
spectra for as-cast blend films of different thicknesses. 

Thickness (nm) 
FWHM  

±1 (cm-1) I ±0.01 order factor 
15 36 0.12 21% 
45 32 0.09 30% 
145 26 0.12 61% 

 

These results are to be compared to that obtained on pristine P3HT films. For the 50 nm-thick 

sample, a value of 26 cm-1 is obtained for the FWHM (C=C), the I ratio is of 0.14 and the order 

factor is of 41% (spectrum not shown here). When the thickness of the pristine P3HT film is 

increased up to 180 nm, the values for FWHM and Ic-c/Ic=c are unaffected whereas the order 

factor grows up to 60%. Consequently, blending P3HT with the nickel complex results in more 

disordered polymer chains for 45 nm thick films but does not disturb the chains ordering in 145 
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nm-thick ones. In other words, the chains ordering of P3HT in P3HT:[Ni(4dodpedt)2] blend is 

directly connected to the film thickness. For thick film, blending with nickel complex does not 

modify P3HT ordering. This effect was not observed for the P3HT:PCBM couple. Indeed, adding 

PCBM to P3HT leads to C=C peak broadening and the initial FWHM is recovered only after 

thermal annealing at 150 °C.19,22 Consequently, P3HT ordering seems to be related to 

Ni(4dodpedt)2 self-assembling properties. 

This thickness dependence of the P3HT chain ordering is probably linked to the joint effect of 

solvent annealing (a longer time is needed to evaporate the solvent in a thick film) and of liquid 

crystal properties. In the same vein, it has been demonstrated that the film thickness influences 

columnar liquid crystals organization. 23 

B. Trends in BHJ nanomorphology with film annealing 

To study the effect of thermal annealing, we have taken into account the respective behavior 

of the materials with temperature in terms of nanomorphology. As shown in Fig. 4, 

[Ni(4dodpedt)2] exhibits two phase transitions on the heating curve above 50 °C. The first one is 

related to its melting from the solid state to the hexagonal columnar liquid crystalline state at 75 

°C (Tonset). The other exothermic peak at Tonset = 104 °C is related to the transition to isotropic 

liquid state.9 For the pristine P3HT, only one melting peak at 235 °C is observed, consistent with 

previously published results.24 The 1:1 wt. blend thermogram exhibits thermal events relative to 

both crystalline P3HT-rich and [Ni(4dodpedt)2]-rich phases. In addition, the P3HT phase appears 

to be affected upon incorporation of 50wt% [Ni(4dodpedt)2], since its melting peak shifts to a 

lower temperature of 212 °C. It is now well known that the melting temperature of a crystalline 

polymer is mainly related to its lamellar character and that the presence of impurities in the 

lamellar structure may decrease the melting temperature, 25 as this may be the case here with the 

incorporation of [Ni(4dodpedt)2] molecules partly trapped in the P3HT crystallites. The phase 
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transition of [Ni(4dodpedt)2] in the blend is very similar to that in pristine [Ni(4dodpedt)2], 

indicating that its melting is not disturbed by the presence of a large amounts of P3HT. The 

[Ni(4dodpedt)2] molecules are believed to be moderately miscible with P3HT and to segregate in 

fibrils or domains (as shown by tapping measurement in phase mode on matrix). 

 

  
FIG 4: DSC heating curves of [Ni(4dopedt)2], pristine P3HT and 1:1 wt. blend. 

 

 P3HT:[Ni(4dodpedt)2] blend samples were studied by means of electronic absorption in order 

to have first a qualitative sight on the influence of both thickness and thermal annealing on 

morphology. The chosen annealing temperature were 100 and 150 °C, respectively. The former 

corresponds to the transition temperature from crystal to liquid crystal of [Ni(4dodpedt)2], while 

the latter is classically used to improve P3HT ordering.26 Therefore, each thermal treatment 

affects the modification of the organization of at least one of the components of the mixture. The 

spectra are reported on Fig. 5. 
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FIG. 5. Evolution of UV-vis spectra of P3HT:[Ni(4dopedt)2] films of different thicknesses: a) 15 
nm; b) 45 nm; c) 145 nm with thermal annealing: black full square, without thermal annealing; 
blue full circle and red full triangle for annealed at 100 °C and 150 °C, respectively. The intensity 
of the spectra of the 15 and 45 nm thick thin films are magnified by 5 and 3 times, respectively, 
for better visualization. (Thicknesses are accurate within approx. 10% error). 
. 
 

 Focusing on the visible region related to P3HT absorption domain range, we observe the typical 

π-π* absorption bands centered at around 2.30 eV. For non-annealed films, the vibronic absorption 

peaks of the thicker film were much more pronounced, indicating a higher degree of ordering. 

These vibronic features were clearer after annealing at 100 °C for the 45 nm thick film and at 150 

°C for the 15 nm one, respectively, indicating a partial improvement in ordering. Annealing only 

slightly changes the absorption spectrum shape of the 145 nm thick films for which a high degree 

of ordering was already reached at room temperature. The energy spacing between consecutive 

vibronic features is 0.18 eV for the three samples. This is in good agreement with our previous 

results,10 which demonstrates well-defined features, especially at 1.95 eV, and traduces a better 

polymer local ordering. Herein, we confirm that, for the thickest P3HT:[Ni(4dopedt)2] films, a 

simple spin-coating from chlorobenzene solutions leads to high polymer crystallinity which is 

even improved by annealing. In the contrary, we observe that the non-annealed thinnest films (15 

and 45 nm thick) exhibit a non-structured absorption band centered at 2.30 eV, related to 

disordered structure. For these samples, improved polymer local ordering is recovered only after 

thermal annealing. 
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Fig. 6 highlights the influence of thermal annealing on the surface morphology for different 

film thicknesses. Phase imaging was used with AFM measurements to follow the evolution of 

domains growth due to thermal annealing, as presented in Appendix A. Results are summarized in 

Table 2. This indicates a domain size decrease thanks to annealing process, whereas the surface 

roughness, already slight at first, is rather unchanged. For the thin films (15 nm-thick, see Fig. 6.a-

c), the surface morphology is strongly modified after annealing. After 20 min annealing at 100 °C 

the short fibrils packets have disappeared giving rise to long-length fibrils (of around 10 µm 

length) and heap-shape structure. A subsequent annealing up to 150 °C induces only the 

development of heap-shape structures, the matrix remaining homogeneous. In median thickness 

films (45 nm thick, see Fig. 6.d-f) the heap-shape structures have collapsed after annealing at 100 

°C and tend to disappear after annealing at 150 °C. As a consequence, the surface roughness is 

mainly unchanged after annealing at 150 °C (Table 2). The surface morphology of the thick films 

(see Fig. 6.g-i.) seems not to be influenced by thermal annealing, (see Table 2), their surface 

roughness and domains size remain quite constant. Furthermore, the size of the domains (15 to 20 

nm) in these thick films is straightforwardly optimized since it is close to exciton diffusion length 

in highly crystalline P3HT films,27,28 which is a significant advantage for OPV application. 
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FIG. 6. Influence of thermal annealing on surface morphology for (a-c) 15 nm thick, (d-f) 45 nm 
thick, and (g-i) 145 nm thick films of P3HT:[Ni(4dodpedt)2] blends. Examined area = 20x20 
µm². 
 
Table II. Surface roughness (Ra) and size of domains (SD) in P3HT:[Ni(4dodpedt)2] blends for 
different film thicknesses before and after thermal post-treatments.  
 

Film 
thickness 

 Annealing 
without 100 °C  150 °C 

 
15 nm 

Ra (nm) 22.2 18 23.2 

SD (nm) 80 - 100 20 - 30 Not 
visible 

 
45 nm 

Ra (nm) 18.8 11 24.4 
SD (nm) 50 - 70 30 - 50 15 - 20 

 
145 nm 

Ra (nm) 28 30 30 
SD (nm) 15 - 20 15 - 20 10- 15 

 

As discussed previously, Raman spectroscopy was used in non-resonant configuration to follow 

the evolution of P3HT ordering with annealing. The results are summarized in Table 3. It is worth 

to note that the peak position of the C-C and the C=C modes are insensitive to thermal annealing. 
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For the thinnest film, the FWHM of the C=C stretch mode strongly decreases whereas both Ic-

c/Ic=c ratio and order factor slightly increase after thermal annealing which is found to help in 

P3HT ordering and planarity. On the contrary, these three ordering parameters remain constant 

with annealing for the thickest films, indicating no effect of the temperature on P3HT 

crystallinity. The 45 nm thick films exhibit an intermediate behavior. Thus, it appears that a 

thermal annealing of 150 °C for 20 min is necessary to obtain the same ordering in thin films as 

in pristine thick films. As a conclusion, the use of [Ni(4dopedt)2] allows to obtain well-ordered as 

cast blends in case of thick films. Moreover, for thinnest films thermal annealing may improve 

the morphology (significant morphology modifications and important domains size reduction) 

and P3HT organization). This demonstrates that the “with liquid crystal blending strategy” is a 

convenient way for avoiding thermal annealing that could be a source of polymer degradation . 

Moreover, this would help in reducing cost due to annealing and in increasing the speed of 

manufacturing.29  

Table III: FWHM of the C=C stretch mode, I=Ic-c/Ic=c ratio and order factor extracted from 
Raman spectra for different blend thicknesses and different annealing temperatures. 

Thickness Parameters Annealing 
without 100 °C 150 °C 

 
15 nm 

FWHM ± 1  
(cm-1) 36 30 26 

I ± 0.01 0.12 0.12 0.14 
order factor 

± 1% 21% 29% 27% 

 
45 nm 

FWHM ± 1   
(cm-1) 32 26  28 

I ± 0.01 0.09 0.13 0.10 
order factor 

± 1% 30% 45% 45% 

 
145 nm 

FWHM ± 1    
(cm-1) 26 26 25 

I ± 0.01 0.12 0.12 0.13 
order factor 

± 1% 61 % 60 % 60 % 
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AFM measurement emphasized that surface morphology depends on annealing treatment. This 

should have a non-negligible impact on the electronic properties. In the following, we focus our 

interest on localized electrical properties of the blend films. 

 

C. Transport properties at nanoscale  

For current mapping, a positive bias was applied on ITO (anode) to inject holes into the 

P3HT HOMO level while grounded Pt coated tip (cathode) collects those holes. Fig. 7 shows the 

morphology and current mapping for the three non-annealed films. The thinnest film exhibits a 

heterogeneous current over the explored surface, with nonconductive packets of fibrils dispersed 

in a matrix having domains with very different behaviors, ranging from strong conduction (few 

hundreds of pico-amperes under 4 V-bias) to electrically isolated areas. The median and thick 

films show similar trends, with conductive and nonconductive area regularly distributed. It is 

noteworthy that the size of conductive/nonconductive areas corresponds to the size of the 

subdomains previously described (Table 2). Consequently, non-conductive domains probably 

consist of [Ni(4dodpedt)2] aggregates and conductive domains of P3HT. Indeed, C-AFM 

measurements on pure [Ni(4dodpedt)2] films exhibit no current whatever bias polarity. 
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FIG. 7. Morphology (left) and current map (right) of (a-b) 15 nm , (c-d) 45 nm  and (e-f) 145 nm 
thick P3HT:[Ni(4dodpedt)2] non-annealed films for a 4 V bias applied on ITO. 
 

Fig. 8.a presents current versus electric field characteristics for the same samples, obtained by 

averaging values of current measured one time at ten different locations. We note that the current 

value increases with film thickness for the same applied electric field. The same tendency is 

observed for pure P3HT (Fig. 8.b). This can be related to P3HT chains ordering and domains size. 

Indeed, according to the literature, the charge carriers mobility in P3HT increase decrease with the 

improvement of P3HT chain ordering.30 , 31 For 50 nm-thick film (Fig. 8.c), the P3HT chain 

ordering is low (cf. Raman spectra) which induces a low amount of collected current. For 150 nm-

thick film (Fig 8.d), P3HT chains ordering is improved in comparison to the thinnest one, 

consequently its collected current increases. The same effect is observed for the blends as current 

vs electric field is acquired over the P3HT rich domains. 
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FIG. 8: Current versus voltage characteristic for three different (a) BHJs and (b) pure P3HT 
films. Collected current configuration for (c) thin and (d) thick P3HT film. 

 
Current maps (Fig. 9) highlight that for the thinnest blend films, the fibers are not conductive. 

Whereas in the matrix area conductive/non-conductive domains appear with size similar to those 

attributed to P3HT and [Ni(4dodpedt)2] determined on phase map in tapping mode. For films 

thermally annealed at 150 °C, the current appears to be quite homogeneous over the matrix, which 

is consistent with the fact that no domain was identified (Table 2). For thick films, the current map 

presents no drastic change before and after annealing. As previously mentioned, the current was 

measured ten times at different locations in conductive areas; the average values obtained for fixed 

applied voltage are displayed in Fig. 10. For the thinnest films (Fig. 10.a), the annealing treatment 

results in a decreasing of the threshold value of the electric field and in an increasing of the 

collected current values. Pristine 50 nm thick P3HT film exhibits the same behavior. For the 45 

nm thick film (Fig. 10.b), the current versus voltage characteristics do not dramatically changed 

after thermal annealing. In the same manner, for 150 nm thick films, an annealing at 100 °C or 150 

°C improves only slightly the current value (not shown here). 
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FIG 9. C-AFM (a) topography and (b) current map for 15 nm-thick P3HT:[Ni(4dodpedt)2] film 
at 4V after annealing at 100°C. 

This evolution is probably due to P3HT ordering, planarity improvement, and domains sizes 

decrease in thick blend films, as previously demonstrated. Even if the 15 nm thick films annealed 

at 150 °C presents the same P3HT ordering and planarity (as suggested by Raman analysis) than 

the thickest one, the current values measured on the formers remain 100 orders of magnitude 

lower than those measured on thick films. This may be related to domains size which is found to 

be extremely small (even not measurable) after annealing at 150 °C. Consequently, no domain 

percolation path is formed which limits charge transport for such thin films. 

 

FIG. 10. Current versus voltage characteristic for different thermal treatments for (a) 15 nm thick 
film and (b) 45 nm thick blend films. 
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Table IV summarizes the influences of both thickness and annealing on P3HT:[Ni(4dodpedt)2] 

films morphology. P3HT chains ordering and current level in matrix are strongly linked together. 

Annealing influences the morphology in terms of structures (heaps and/or fibrils) and the P3HT 

ordering in matrix. 

Table IV. Influence of annealing on the surface morphology (AFM in tapping mode), P3HT 
ordering (Raman/optical spectroscopy) and current level (C-AFM) in P3HT:[Ni(4dodpedt)2] films 
as function of thickness. 
 
Thickness Before annealing After annealing 

Surface 
morphology  

P3HT 
ordering 

Current 
level 

Surface 
morphology 

P3HT 
ordering 

Current 
level 

15nm Homogeneous 
matrix + 
small fibrils 

Low Low  Fibrils 
length 
increases 

Medium to 
high 

Increase 

45nm Homogeneous 
matrix + 
small fibrils 

Medium Medium  Fibrils 
length 
increases 

High Not 
influenced 
by 
annealing 

145nm Homogeneous 
matrix 

High High Not  Not 
influenced 
by 
annealing 

Not 
influenced 
by 
annealing 

 

 

CONCLUSION 

 We have investigated the effect of thickness and of thermal annealing on the morphology and 

electrical characteristics of thin films of P3HT:[Ni(4dodpedt)2] blends. Our results highlight that 

film thickness has a strong influence on P3HT ordering which improve electrical properties. A 

value of thickness higher than 150 nm is found to favor the reaching of an optimized morphology 

without any need of thermal post-treatment. Moreover, it is emphasized that the use of a columnar 

liquid crystal as the electron acceptor is a convenient way to generate films in which the chains of 

donor polymer may reach a suitable degree of crystallinity. This peculiarity is not achievable with 

P3HT:PCBM blends, which require thermal annealing for improving chain organization, even for 
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thick films. The excellent characteristics of the studied blends enable us to propose the use of such 

thick active layers which could lead to enhance light harvesting and thus improved current values, 

delivered by OPV devices generated via roll-to-roll process. We previously highlighted that no 

photo current is obtained on P3HT:[Ni(4dodpedt)2] blends, probably due to the non-optimized 

energy levels of their respective frontier orbitals. The next step is now to identify a suitable liquid 

crystal as efficient electron acceptor to be used with P3HT in order to demonstrate the positive 

impact of liquid crystal as well on morphology as on OPV cell performances. 
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Appendix A: Domain size measurement 

Domain sizes determination required AFM measurements in tapping mode to acquire in the same 

time topography and phase map. Phase map highlights mechanical and adhesion contrast between 

different phases which permits to identify domains in allowing to link material type to domain. 

Figures A1 compares topography and phase map of P3HT:[Ni(4dodpedt)2] blend and highlights 

that there is no correlation between the two. Phase imaging (Fig 11.a) reveals P3HT and 

[Ni(4dodpedt)2] phase separation, which is not observed in topographic images (Fig11.b). P3HT 

and [Ni(4dodpedt)2]  domains are quite uniformly distributed. The domain size corresponds to its 

lateral dimension. For 145nm-thick P3HT:[Ni(4dodpedt)2] blend, domain sizes are around 15-20 

nm. 
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FIG. 11. a) Topography and b) phase map of 145 nm-thick P3HT:[Ni(4dodpedt)2] blend. 
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