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Abstract
 

An acetalization reaction was used as a versatile method to immobilize terephthaldehyde molecules on the Indium tin oxide 

(ITO) surface to fabricate the Poly(3-hexylthiophene-2,5-diyl) (P3HT)−(6,6)-Phenyl-C61-butyric acid methyl ester (PCBM) 

based all-organic solution processed solar cells and their performance was compared with the devices with poly(3,4-

ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) as a buffer layer. 
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1. Introduction  

In recent years, photovoltaic (PV) devices based on polymer-

fullerene thin films have been widely investigated because of 

solution processing, possible capability and flexibility of large 

area device.[1-3] During the last ten years, research efforts have 

focused on poly(alkyl-thiophenes), and in particular on P3HT 

which has outcast poly[2-methoxy-5-(3,7-dimethyloctyloxy)-

1,4-phenylenevinylene] (MDMO-PPV), MDMO-PPV like 

polymers because of their large gap and low mobility. With 

the report of the observation of short-circuit current density of 

8.7 mA cm-2,[4] in an organic solar cell, there appears to be 

rapid development for the Poly(3-hexylthiophene-2,5-

diyl)−(6,6)-Phenyl-C61-butyric acid methyl ester 

(P3HT:PCBM) blend, followed by first explicit reports on 

efficiency enhancement in P3HT:PCBM cells as a result of 

thermal annealing.[5] The field of bulk heterojunction (BHJ) is 

mainly dominated by P3HT:PCBM system, with reproducible 

efficiencies approaching 5%[2,6,7] and improvement for the 

device performance have been made by new designs and 

materials[8] and synthesis of low band-gap polymers, 

morphology tuning of the bulk heterojunction, newer donor-

acceptor combinations etc.[9] In addition to these, the 

improvement of interface between the organic materials and 

the electrodes is critical to device performance.[10] 

Understanding and tuning the charge injection barrier between 

electroactive conjugated molecule overlayers and metal or 

semiconductor substrates is important. Indium tin oxide (ITO) 

is widely used as the anode in organic PV cells, because of its 

transparency, low resistivity, ease of patterning, and wide 

availability at low cost.[11] Despite these favorable qualities, 

the hydrophilic nature of the ITO surface makes it 

incompatible with organic materials and also the relatively 

low work function of ITO results in contact resistance in the 

device through a reduced rate of hole transfer between ITO 

and the organic film.  

To improve the properties of ITO electrode, various 

treatments such as ozone treatment,[12] oxygen-plasma 

etching, [13] UV- spin-coating a thin layer of poly(3,4-

ethylenedioxythiophene)/poly(styrene sulfonic acid) 

(PEDOT:PSS),[14] and self-assembling a monolayer of dipolar 

molecules[11,15] onto the ITO substrates have been performed. 

This leads to an increase in the ITO work function due to 

changes in surface morphology and chemical structure. In this 

work we used UV-ozone treatment followed by surface 

modification by self-assembled monolayer (SAM) of 

terephthaldehyde (TPA) which has functional aldehyde 

groups. Although poly (3,4-ethylenedioxythiophene) 

polystyrene sulfonate (PEDOT:PSS) is widely used to coat 

the ITO, it may have a chemical reaction with anode as oxygen 

treated ITO is highly reactive.[16] However, ITO surface can 

be stabilized by modification with SAM. The commonly 

accepted energy conversion process is comprised of four 

fundamental steps: absorption of light and generation of 

excitons, diffusion of excitons, dissociation of the excitons 

with generation of charge, and charge transport and charge  
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Fig. 1 (a) Schematic illustration of TMS silylation and TPA acetalization on the ITO substrate and AFM images of (b) bare ITO 

substrate (c) terephthaladehyde molecules immobilzed on ITO surface. The area of each image is 2 × 2 µm2. 

 

collection. It is apparent that the active layer donor-acceptor 

composite governs all aspects of this energy process, with the 

exception of charge collection, wich is based on the electronic 

interface between the active layer composite and the 

respective electrode.[1] In this Communication, we report the 

fabrication and stability studies of all-organic solution 

processed solar cells based on self-assembled monolayer of 

terephthaldehyde molecules immobilized on ITO by 

acetalization reaction and their comparative study with the 

device with PEDOT:PSS as buffer layer. 

 

2. Experimental details  

Terephthaladehyde (TPA) SAM was formed in two steps. First, 

a trimethylsilyl (TMS) terminated surface was formed using a 

sylilation reaction between a chloride groups of 

trimethylsilylchloride (TMSC) and hydroxyl groups of the 

pre-treated ITO surface (see Fig. 1a). And then 

terephthaladehyde was immobilized on the surfaces using an 

acetalization reaction between TMS-terminated surface and 

and aldehyde group of TPA. Our previous studies of contact 

angle, X-ray photoelectron and UV-absorption spectra on 

TPA molecules revealed that TPA molecules on these surfaces 

are well-packed with a high surface density.[17] The bare glass 

substrates (substrate size: 25 × 25 × 1 mm) coated with a 100 

nm ITO layer were cleaned using ultrasonication in acetone, 

detergent, pure water and isopropanol to remove residual 

organic materials. The UV-Ozone treatment on ITO surface 

was done for 30 min to form hydroxyl groups. A 10 mM 

solution (dehydrated toluene) and a 10 mM TPA solution 

(dehydrated dichloromethane) were prepared in Teflon 

containers. The cleaned substrates were soaked in the TMSC 

solution for 1 h to terminate the substrate surfaces with TMS 

using a silylation reaction. The TMS-terminated substrates, 

after rising, were soaked in the TPA solution for 18 h to 

immobilize the TPA on the substrate surfaces using an 

acetalization reaction. Then these substrates were cleaned by 

ultrasonication in pure dichloromethane to remove 

physisorbed molecules from the surfaces. Fig. 1-b shows the 

Atomic Force Microscopic (AFM) image of the bare ITO 

substrate having grain-like morphology with surface 

roughness of about 0.9 nm and after the immobilization of 

TPA molecules on its surface, the surface roughness was still 

0.8 nm (Fig.1-c) indicating that monolayer does not affect the 

morphology of ITO. The AFM images were obtained with 

Keyence Nanoscale Hybrid Microscope VN-8010. The 

silylation and acetalization reactions were performed in a 

nitrogen-filled glove box at room temperature. These 

substrates were dried in nitrogen filled glove box prior 

depositing active layers and device fabrication. 

 
Fig. 2 Device architecture of the TPA-SAM modified 

P3HT:PCBM based bulk heterojunction solar cells. 
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Fig. 3 Current-voltage (J-V) curves of TPA-SAM modified P3HT-PCBM based annealed solar cells (a) with and (b) without 

PEDOT:PSS buffer layer. 

 

Active blend of regioregular poly(3-hexylthiophene) 

(P3HT) (Merck, Mw = 26200) and (6,6)-phenyl C61-butyric 

acid methyl ester (PCBM) was prepared from their 

dichlorobenzene solutions with concentrations (10 mg/mL).  

The solutions were spin-coated on the TPA modified and 

patterned ITO-coated glass substrates (500 rpm, 90 s) and 

were transferred into glovebox with Al electrode thermal 

evaporation facility. Thermal annealing of devices (140 ℃ for 

30 min) was done inside the glovebox after the deposition of 

the electrode. All of the devices were encapsulated with a glass 

cap using an ultraviolet curing epoxy resin. The 15 min 

exposure to the UV radiation was performed from the Al metal 

side to avoid photodegradation of the organic layers across the 

active region. The device structure was Glass/ITO/TPA SAM/ 

P3HT:PCBM/Al as shown in Fig. 2. Control devices with and 

without PEDOT:PSS (no TPA SAM) were also made by spin-

coating. The current-voltage characteristics of the 

encapsulated devices were measured outside the glovebox 

under simulated AM1.5 solar illumination at 100 mW cm-2 (1 

sun), using a semiconductor characterization system 

(SCS4200, Keithley Instruments Inc.) at room temperature.  

 

3. Result and Discussion  

Fig. 3(a-b) shows the photocurrent (J)-voltage (V) curves of 

these devices with and without PEDOT:PSS layer as indicated. 

Curves for dark current are also shown for reference. Control 

device without PEDOT:PSS showed the Jsc, Voc, FF, power 

conversion efficiency (η) values as 6.20 mA cm-2, 0.40 V, 0.44 

and 1.10%, respectively and that with TPA showed 5.95 mA 

cm-2, 0.55 V, 0.50 and 1.61%. Although there was little but 

not significant decrease in photo-current, the later showed 

considerable increase in the Voc and fill factor and power 

conversion efficiency (η) was also increased from 1.10 to 

1.61%. The control device with PEDOT:PSS buffer layer 

showed comparatively better performance with Jsc, Voc, η at 

6.75 mA cm-2, 0.56 V, 1.88%, respectively. This device 

performance was increased when both the TPA-SAM and 

PEDOT:PSS were used as buffer layers in combination. The 

Voc was increased from 0.56 to 0.58 V and the PCE was also 

improved from 1.88 to 1.92%.  

 
Table 1. Comparative performance of various kinds of 
photovoltaic devices fabricated. 

 Jsc (mA/cm2) Voc (V) FF η(%) 

Control  

 

TPA-SAM  

 

Control- PEDOT:PSS 

 

TPA-

SAM:PEDOT:PSS 

6.20 

 

     5.95 

 

     6.75 

 

 6.61 

0.40 

 

0.55 

 

0.56 

 

0.58 

0.40 

 

0.50 

 

0.50 

 

0.50 

1. 10 

 

1.61 

 

1.88 

 

1.92 

 

All these devices with respect to their photovoltaic 

parameters are summarised in Table 1. Taking into 

consideration all these comparative parameters we can say 

that device with terephthaldehyde SAM showed comprable 

performance over the one with PEDOT:PSS alone. This is 

attributed to the better wettability of TPA-SAM layer 

(performed scotch tape test). The work function for the bare 

ITO was found to be 4.85 eV and it was increased significantly  
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Fig. 4 Graphs of the stability studies under one sun illumination for an hour of the devices prepared with different architectures 

as shown. 

 

to 5.07 eV when modified with TPA-SAM (see Fig. S1 of 

Supplimentary Information) and this resulted in increase in 

Voc from 0.40 to 0.55 V. The electrode work functions are 

determined using AC-2 (Riken Keiki). Kim et al.[18] have 

shown that the modification of the ITO sustrate has two major 

effects on P3HT:PCBM heterojunction solar cells, i.e., 

changes in the hole injection barrier because of changes in the 

work function of ITO, and changes in the morphology of the 

active layer. In our devices, there is no morphology effect on 

P3HT:PCBM, since PEDOT:PSS layer is contacting to this 

layer even though TPA SAM was inserted. The self-assembled 

monolayers of polar molecules can be used in order to provide 

work functions intermediate between that of ITO and of 

PEDOT:PSS coated ITO electrode.[16] Although, PEDOT: PSS 

is widely used as a buffer layer on top of ITO electrodes to 

improve the hole injection in polymer electronic devices, there 

are concerns about chemical reactions[16] possibly occurring at 

the PEDOT: PSS interface and their effects on device lifetime. 

PEDOT:PSS is hydrophilic and its aqueous dispersions are at 

pH~1 and are corrosive to ITO anode that would degrade long-

term stability of the polymer PV cells[19] and it is evident from 

the stability studies we carried out after six months of device 

fabrication under continuous illumination of white light for an 

hour on these devices (Fig. 4), which shows deterioration of 

the devices fabricated without TPA-SAM and PEDOT:PSS as 

buffer layer. Although all the devices were degraded under 

storage over the period, the stability of the device with just 

TPA-SAM was better compared to other devices as it showed 

lesser decrease in the efficiency viz., from 1.61 to 1.40% and 

this indicates the role of PEDOT:PSS in aiding the 

deterioration. Devices with TPA-SAM showed better 

performance and stability over the ones without TPA-SAM 

with respect to Voc and efficiency (η), as shown in Fig. 4-b 

and d above. Thus it is clear that, we can prevent the reaction 

between ITO and PEDOT:PSS by effectively inserting TPA-

SAM in between by acetalization and that increases the life-

time of the device. 

 

4. Conclusion  

In conclusion, an acetalization reaction was used as a versatile 
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method to immobilize terephthaldehyde molecules on the ITO 

surface to form the TPA-SAM which provides the possibility 

of fine tuning the barrier height for hole injection in a 

relatively straight forward way and ultimately the means to 

fabricate all-organic solution processed solar cells. The TPA-

SAM-PEDOT:PSS device fabricated under unoptimised 

conditions showed power conversion efficiency (η) of 1.92% 

and better stability. The formation of high-quality SAM using 

acetalization reaction opens up way to control electronic states 

of electrode/organic interafces aiding to better device 

performance with further optimization. 
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