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Abstract 

Morphology of the donor/acceptor network in the photoactive layer is critical in order to 

optimize the device performance. In the present study, new trihydrazone-functionalized 

cyanopyridine (CPTH-D16) demonstrating ambient temperature hexagonal columnar liquid 

crystalline phase is introduced into the well-known photoactive layer i.e. P3HT:PCBM as 

processing additive towards the construction of an efficient solar cell. Photon absorption and 

emission properties of the blends in solution/film state are systematically investigated by UV-

visible and fluorescence spectroscopy. Further, surface morphology, degree of crystallinity, 

changes in nanostructure, and conductivity of the blend films are observed through epi-

fluorescence and atomic force microscopy. It is observed that the addition of CPTH-D16 liquid 

crystal drastically increases the TUNA current passing throughout the P3HT:PCBM film. Here, 

the structural anisotropic nature of CPTH-D16 material helps to obtain well-ordered 

morphology with nanostructured crystallite formation as well as the enhanced current in the 

P3HT:PCBM film.  

Keywords: polymer solar cell, optical property, epi-fluorescence microscopy, liquid crystal, 

atomic force microscopy. 

 

 

Page 1 of 20 New Journal of Chemistry

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



2 
 

1. Introduction 

Nowadays, solution-processed organic solar cells (OSCs) are under immense 

investigation due to their advantages of low cost, lightweight and flexibility in large area 

applications.[1, 2] Currently, the performance of OSCs has increased dramatically and power 

conversion efficiency up to 9% has been obtained by exploiting low band-gap polymers.[3] 

Record-breaking power conversion efficiency (PCE) up to 10.6% was also attained in the 

tandem polymer solar cells.[4] To improve the PCE, various studies have been carried out 

including the design and synthesis of new low band gap polymers,[5, 6] improving the 

understanding of bulk heterojunction (BHJ) device physics[7] and developing the novel device 

fabrication methods and structures.[8-10] 

Among the different organic photovoltaic devices, the study of BHJ solar cell devices 

is one of the foci of today’s research interest. In general, BHJ solar cell devices are constructed 

by sandwiching the blend (made up of electron donating p-type conjugated polymers and 

electron-accepting n-type fullerene derivatives) between the anode and cathode. In order to get 

improved PCE of BHJ solar cells, uninterrupted pathways must be formed to allow the excited 

electrons and created holes to transfer to the external circuit without recombining with each 

other. The well-known BHJ solar cell comprised of poly (3-hexylthiophene-2,5-diyl) (P3HT) 

as an electron donor and [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) as an electron 

acceptor exhibited a quite promising PCE. However, inherent space charge effects and the 

unfavorable morphology in the BHJ structure are the major drawbacks for achieving high PCE. 

In addition, obtaining an ordered bicontinuity of the microphase, which ensures optimum 

charge-carrier photogeneration, extraction and transfer to the electrodes are the most critical 

challenges in organic polymer solar cells.[11-13] To avoid these challenges, various approaches 

such as thermal annealing, post-fabrication annealing at high temperature, and additives have 

been successfully demonstrated in the literature to develop an optimum morphology with 
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minimum phase separation as well as the formation of nano-crystalline domains in the blends 

to achieve the improved PCE.[14-19] 

From the past few years, liquid crystalline materials have been studied extensively 

because of their unique electronic and optoelectronic properties.[20-29] Among the various liquid 

crystal phases, materials exhibiting columnar phase have been utilized systematically as 

promising organic semiconductor candidates in the area of optoelectronic devices because of 

their highly ordered structures and corresponding high charge-transport mobilities.[30] In 

general, highly ordered LC materials possesses the high degree of anisotropy and can be easily 

controlled by simple thermal annealing. Also, the LC materials have the tendency to form an 

anisotropic film even mixed with P3HT:PCBM. Therefore, the addition of LC facilitates for 

the fabrication of an efficient photovoltaic device.  

Recently, Chen and co-workers have exploited the potential applications of poly-3-

hexylthiophene (P3HT) based liquid crystalline rod-coil block copolymers in polymer solar 

cells.[31] They prepared two new liquid crystalline copolymers carrying a rod-like liquid crystal 

block poly(4-(dodecyloxy)-4”-(oct-7-en-1-yloxy)-1,1’,4’,1”-terphenyl), and a discotic liquid 

crystal block poly(2,3,6,7,10-pentakis(hexyloxy)-11-(oct-7-en-1-yloxy)triphenylene), 

respectively. According to authors, the thermal treatment of liquid crystalline block copolymers 

blended with PCBM exhibit the power conversion efficiency up to 4.03% with the improved 

photovoltaic performance. The improved performance is due to the efficient exciton separation 

of the active layer caused by the self-assembling nature of liquid crystalline block at the donor 

and acceptor interface which results in enhanced crystallization and ordering of P3HT chains 

as well as for the formation of interpenetrating networks. Further, they demonstrated that the 

copolymer with the discotic liquid crystal block is more favorable than the one with rod-like 

liquid crystal block, because of the greater compatibility with the fullerene acceptors and the 

more efficient charge transport caused by the self-assembled columnar phase from the discotic 
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liquid crystals. Against this background, the addition of columnar liquid crystal material into 

the P3HT:PCBM system as processing additive helps to achieve the optimized morphology 

and to promote the high charge mobility in it. 

In the present work, trihydrazone functionalized cyanopyridine (CPTH-D16) liquid 

crystal material capable of exhibiting ambient temperature hexagonal columnar phase is 

introduced into the P3HT:PCBM system with the goal of developing nanostructured crystallite 

and an improved bicontinous phase separation in the prepared film with enhanced 

photophysical and conducting properties, which are the essential criteria’s for the construction 

of high efficient solar cells. Further, UV-visible absorption, fluorescence emission, surface 

morphology and conductive properties of the newly designed P3HT:CPTH-D16:PCBM 

(1:0.5:0.5) blend film was investigated using spectrophotometer, epi-fluorescence and atomic 

force microscopic techniques. 

2. Material and Methods   

Regioregular electronic grade P3HT polymer with an average Mn of 15,000-45000 and 

a fullerene derivative (PCBM) were purchased from Sigma-Aldrich source and used without 

further purification. Trihydrazone-functionalized cyanopyridine (CPTH-D16) was prepared by 

using our already reported procedure and used as a liquid crystalline additive.[32] This additive 

is capable of exhibiting hexagonal columnar phase over a wide temperature range (from 

ambient to 81.3 ºC). The spectrophotometric grade chloroform solvent was purchased from 

Merck and was used as received. 

The desired material/ blend solutions of CPTH-D16, P3HT:PCBM (1:0.5 w/w), 

P3HT:CPTH-D16 (1:0.5 w/w), CPTH-D16:PCBM (0.5:0.5 w/w), P3HT:CPTH-D16:PCBM 

(1:0.5:0.5 w/w)  were prepared from spectrophotometric grade chloroform solvent. Their 

photon absorption and emission properties were measured using UV-1800 SHIMADZU UV-
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spectrophotometer and RF-5301 PC, SHIMADZU spectrophotometer equipped with a Xe-

lamp as an excitation source. Further, the thin films of material/ blend solution were prepared 

by drop casting over the pre-cleaned transparent conducting ITO substrate and their uniform 

films were obtained after annealing the films at 80 °C for specified interval of time (i.e. 5 

minutes). The surface morphology of the prepared films were later investigated by epi-

fluorescence (Moticam Pro 205 A) and AFM (Bruker Dimension Icon) microscopes. Also, 

their conductivity measurements were carried out using PeakForce-TUNA™ techniques. 

3. Results and discussion 

The chemical structure of P3HT, PCBM and CPTH-D16 is shown in Figure 1. CPTH-

D16 exhibiting ambient temperature hexagonal columnar phase was synthesized as per our 

earlier report.[32] UV-visible absorption properties of material/ blend in chloroform solution 

were recorded and their spectrum is shown in Figure 2. A strong absorption band was observed 

at 320 nm for CPTH-D16 solution, which is attributed to π-π* electronic transition occurring 

in the molecule. However, an equivalent addition of CPTH-D16 to PCBM solution showed a 

slightly bathochromic shift in absorption band (~ 6 nm) when compared to the absorption band 

of CPTH-D16 alone. In fact, in solution state, PCBM material is also exhibit an absorption 

band in the range of 325-335 nm. Thus, the observed single absorption band at 326 nm can be 

assigned to the cumulative effect of CPTH-D16 and PCBM materials. On the other hand, the 

addition of CPTH-D16 to P3HT solution (1:0.5 ratio) showed two absorption bands, one at 332 

nm (higher energy band) and another at 453 nm (lower energy band), respectively. Here, the 

lower energy band is mainly due the π-π* transition occurring in the P3HT polymer. Similarly, 

the ternary solution of P3HT:CPTH-D16:PCBM (1:0.5:0.5 ratio) also showed two absorption 

bands with decreased intensity in the higher energy absorption band. But, in absence of CPTH-

D16, a significantly decreased band intensity in the higher energy band was observed without 

affecting the intensity of lower energy band in P3HT:PCBM solution (1:0.5 ratio).  
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Figure 1. The chemical structure of (a) P3HT; (b) PCBM; (c) CPTH-D16 with temperature 

range of hexagonal columnar (Colh) phase.  

 

 

 

Figure 2. UV-visible absorption spectra of material/ blend solutions. 
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In order to determine the charge transfer process between the donor P3HT and the 

acceptor PCBM in the solution state, further, fluorescence emission properties of P3HT:CPTH-

D16, P3HT:CPTH-D16:PCBM and P3HT:PCBM blend solutions were examined under the 

excitation wavelength of 450 nm and their spectra is shown in Figure 3. In all the cases, an 

emission band was observed at 568 nm. The fluorescence signal from P3HT:PCBM was fairly 

quenched by adding CPTH-D16 into the blend solution, indicates that an improved photo 

induced charge transfer occurring between the P3HT and PCBM.[33-36] Thus, the liquid 

crystalline CPTH-D16 additive seems to either assist the formation of ordered P3HT phase, 

facilitating exciton/charge migration or increases the interfacial area between P3HT and PCBM 

for exciton dissociation by reducing the aggregation of P3HT. 

 

Figure 3. Fluorescence emission spectra of blend solutions 

 

More often, solar cell device performance is mainly affected by the carrier mobility of 

the photoactive film. This can be effectively overcome by obtaining the well aligned polymer 

chains in the film. In fact, macroscopically ordered organic conducting polymers (due to π-π 

overlap between successive layers) possess an anisotropic structure as well as high conductivity 

along the chain direction. In general, the maximum absorption wavelength of the polymer 

(P3HT) in the film state is bathochromically shifted when compared to the solution spectra, 
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which is due to the major conformational order, resulting in different energy levels 

distribution.[37] Consequently, the study of absorption behavior in thin film state is one of the 

essential criteria to determine the suitability of the blend material for the construction of high 

efficient solar devices. Films of P3HT:CPTH-D16:PCBM and P3HT:PCBM were prepared 

over the cover slip and annealed at 80 °C for 5 minutes. Their absorption spectra is depicted in 

Figure 4. The absorption spectrum of P3HT:PCBM blend film exhibit the characteristic 

vibronic peaks at 510, 550 and 603 nm in the visible range is an indication of crystallinity of 

the P3HT domains.[38, 39] In particularly, an absorbance at 510 nm is assigned to the inter-chain 

delocalized excitation and an absorbance at 550 nm is attributed to the local order of P3HT as 

well as a peak at 603 nm is ascribed to the better crystallinity of P3HT.[38] Further, an additional 

less intensity peak at 330 nm is due to the absorbance of PCBM material. However, in case of 

ternary P3HT:CPTH-D16:PCBM blend film, the visible absorption band intensities are slightly 

decreased compared to the binary blend film. But, a drastically increased intensity band at 330 

nm in the ultraviolet region is observed. This absorption band is originate from the electronic 

transitions of CPTH-D16:PCBM materials. Apart from the absorption in the ultraviolet and 

visible region, the ternary film exhibits an improved absorption in the NIR region (700-900 

nm). Thus, it is important to note that the added liquid crystalline CPTH-D16 material into the 

P3HT:PCBM layer causes the major conformational order resulting in different energy levels 

distribution, which further significantly contribute to achieve a wide absorption property in the 

film. 
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Figure 4. UV-visible absorption spectra of P3HT:CPTH-D16:PCBM and P3HT:PCBM in 

film state. 

 

It is well established that the dispersed heterojunction films of donor-acceptor organic 

materials have high quantum efficiencies compared to the planar hetero-junction films. This is 

mainly because; an exciton formed in the dispersed heterojunction film can more easily find 

an interface within its diffusion length. In addition to this, the desired film morphology has a 

drastic effect on achieving the high quantum efficiency. Generally, the presence of voids and 

rough surfaces in the films are the prime factors lead to the chance of short-circuit and increase 

of series resistance. In order to overcome these drawbacks, the formation of phase-separated 

interpenetrating donor-acceptor interface inside the thin film is found to be one of the essential 

requirement to obtain better device performance.[40]  

In most of the P3HT:PCBM blend compositions, phase separation and nanoscale 

interpenetrating network formations takes place only after annealing the film at high 

temperature. This network is essential in polymer solar cells, wherein the nanoscale 

interpenetrating networks provide both efficient charge separation and charge collection at the 

electrodes.[41] To determine interpenetrating network in the present work, epi-fluoroscence 
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microscopic images were recorded under UV light for P3HT:PCBM; CPTH-D16; 

P3HT:CPTH-D16; CPTH-D16:PCBM and P3HT:CPTH-D16:PCBM films respectively. Their 

epi-fluorescence images are shown in Figure 5 (a-e). The less interpenetrating network was 

noticed for the P3HT:PCBM film in Figure 5 (a), whereas, the crystalline nature was seen in 

the film of liquid crystal material i.e. CPTH-D16, as shown in Figure 5 (b). Generally, the 

conformation and degree of order of the P3HT polymer chains in the active layer plays a crucial 

role in effective charge separation and transport process.[42, 43] Further, the addition of columnar 

liquid crystalline CPTH-D16  induce the crystallinity of P3HT, and co-crystallize with P3HT 

chains, resulting in a long range crystallinity of P3HT domains and favorable interpenetrating 

networks (Figure 5 (c)). Similar kind of interpenetrating network and nanocrystallite formation 

was observed in CPTH-D16:PCBM film (Figure 5 (d)). However, it is interesting to note that, 

in case of ternary P3HT:CPTH-D16:PCBM film an enhanced interpenetrating network was 

perceived, wherein, the brighter region is made up of P3HT polymer and darker region is of 

PCBM material. Further, these two layers are sandwiched by CPTH-D16 additive. 
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Figure 5. Epi-fluorescence microscopic (scale bar: 100 µm) images under UV light (a) 

P3HT:PCBM (1:0.5) film (b) CPTH-D16 film (c) P3HT:CPTH-D16 (1:0.5) film (d) CPTH-

D16:PCBM (0.5:0.5) film (e) P3HT:CPTH-D16:CPTH-D16 (1:0.5:0.5) film, respectively.  

In fact, controlling the domain size of the donor and acceptor interpenetrating networks 

is essential for optimizing BHJ device performance. It is important to note that, the charge 

generation process is less efficient in case of large sized domains due to the small fraction of 

excitons reach the donor/acceptor interface. In ideal condition, the domain size should be 

similar to or slightly smaller than the exciton diffusion length. Typically, the exciton diffusion 

length in organic semiconductors as well as in conjugated polymers is approximately limited 

to 10 nm.[44] However, the effect of liquid crystalline CPTH-D16 material on the thickness of 
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interpenetrating network were investigated in case of P3HT:CPTH-D16; CPTH-D16:PCBM; 

and P3HT:CPTH-D16:PCBM films by measuring the thickness of channel at four different 

places (i.e. A, B, C, and D), as shown in Figure 6 and an average thickness of 66.83, 27.07 and 

25.97 µm respectively were noticed. This clearly indicates that the P3HT:CPTH-D16:PCBM 

ternary film is made-up of well-defined bicontinuous microphase region without significant 

PCBM aggregation. Thus, the observed morphology and the interpenetrating networks may 

induce effective charge transfer in the ternary composition film. 

 
Figure 6. Measured area and thickness of interpenetrating network (scale bar: 100 µm) in the 

films of (a) P3HT:CPTH-D16; (b) CPTH-D16:PCBM; (c) P3HT:CPTH-D16:PCBM, 

respectively.  

 

Figure 7 to 9 illustrates the morphologies and conductive properties of active layers 

(CPTH-D16, P3HT:CPTH-D16; CPTH-D16:PCBM and P3HT:CPTH-D16:PCBM) under the 

optimized condition recorded by  atomic force microscopy (AFM). The obtained root-mean-

squared surface roughness (Rmax) and corresponding vertical heights are summarized in Table 

1.  

 

Figure 7. Topographical images of (a) CPTH-D16 film; (b) P3HT:CPTH-D16 film; (c) 

CPTH-D16:PCBM film; (d) P3HT:CPTH-D16:PCBM film, respectively.  
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Figure 8. Vertical height profiles of (a) CPTH-D16 film; (b) P3HT:CPTH-D16 film; (c) 

CPTH-D16:PCBM film; (d) P3HT:CPTH-D16:PCBM film, respectively.  

 

Figure 9. PeakForce-TUNA™ current (brighter colors are higher values) of (a) CPTH-D16 

film; (b) P3HT:CPTH-D16 film; (c) CPTH-D16:PCBM film; (d) P3HT:CPTH-D16:PCBM 

film, respectively.  

 

 

Table 1. Rmax, vertical height, current values for CPTH-D16:PCBM, P3HT:CPTH-D16, and 

P3HT:CPTH-D16:PCBM blend films.  

 
 CPTH-

D16 

CPTH-

D16:PCBM 

P3HT:CPTH-

D16 

P3HT:CPTH-

D16:PCBM 

Rmax (nm) 154 4000 530 494 
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Vertical height 

(nm) 

27 64 211 111 

 

For CPTH-D16 film, Rmax and vertical height are 154 nm and 27 nm, respectively. 

The addition of CPTH-D16 to P3HT layer results in the increased Rmax and vertical height of 

530 nm and 211 nm. Similarly, the addition of CPTH-D16 to PCBM layer results in the 

increased Rmax and vertical height of 4 μm and 64 nm, respectively. Fascinatingly, the ternary 

P3HT:CPTH-D16:PCBM film exhibit Rmax and vertical height of 494 nm and 111 nm, 

respectively. Further, the observed roughness value for the ternary film is intermittent to that 

of the of P3HT:CPTH-D16 and CPTH-D16:PCBM films. This clearly confirms that the ternary 

film composed of the homogenized materials with nanocrystallite formation. 

The PeakForce-TUNA™ conducting AFM measurements were further performed on 

the films in order to extract information on the nanoscale charge carrier transport. From Figure 

9, it is evident that the mean current of 0.28 pA is observed for the liquid crystal CPTH-D16 

film. It is important to note that, a fairly low and uniform current distribution on the order of 4 

pA was observed for the P3HT films in the literature.[45, 46] Interestingly, P3HT:CPTH-D16 

(1:0.5 w/w) film prepared with the addition of CPTH-D16 to donor P3HT material exhibit the 

enhanced mean current of 37 pA. Similarly, CPTH-D16:PCBM (0.5:0.5 w/w) film also exhibit 

enhanced mean current of 31 pA. In both the cases, the addition of liquid crystal material 

drastically boosted the charge carrier ability of the donor and acceptor materials. Remarkably, 

the ternary film of P3HT:CPTH-D16:PCBM (1:0.5:0.5 w/w) show the significantly enhanced 

mean current of 206 pA. This high electrical conductivity is attributed to the improved nano-

crystallization and orientation of P3HT in the film caused by the addition of columnar liquid 

crystalline CPTH-D16. Here, the observed mean current for ternary film is almost twenty times 

more when compared to mean current of 12.6 pA for the P3HT:PCBM (1:1 w/w) film, as 

Page 14 of 20New Journal of Chemistry

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



15 
 

reported in the literature.[19] In fact, the mean current is mainly depends on the geometry of the 

tip and the contact force between the tip and the sample. Thus, we utilized the same tip and the 

same contact force for all the conductive measurements to compare the current levels of 

different samples, at a given applied bias. Overall, the enhanced interpenetrating network, 

roughness and nanocrystallite of the ternary film are susceptible for the observed high 

conductivity. Thus, obtained high conductivity and superior interpenetrating network in the 

P3HT:CPTH-D16:PCBM film may effectively overwhelmed some of the prerequisite criteria’s 

for the construction of high efficient photovoltaic cells. 

4. Conclusion 

In conclusion, the morphology of the donor/acceptor network in the photoactive layer is critical 

in order to optimize the device performance. In this work, we report a strategy for obtaining 

marked improvement in surface morphology and electrical conductivity of P3HT:PCBM 

photoactive layer by the addition of ambient temperature hexagonal columnar liquid crystalline 

material (CPTH-D16). In the ternary film, we observed an excellent interpenetrating network 

with desired channel thickness, which contribute significantly to occur an efficient exciton 

dissociation and migration in the photovoltaic devices. An additionally performed current 

measurements over the ternary film exhibit a profound increase in the mean current value (206 

pA), which is almost twenty times more than the mean current value of binary P3HT:PCBM 

film. Further, an improved photon absorption in the NIR region (700-900 nm) clearly 

contributes to achieve a wide absorption property in the film. Thus, the added liquid crystalline 

material is found to be the main reason for the cause of major conformational changes, desired 

interpenetrating network with nanocrystallite formation as well as for the drastic improvement 

in charge carrier properties of P3HT:PCBM film. 
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Graphical Abstract: 

Trihydrazone-functionalized cyanopyridine liquid crystal is introduced into the photoactive layer 

as processing additive to acquire improved interpenetrating network and charge carrier mobility.  
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