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ABSTRACT 

In this study, a comparative analysis of the instabilities and degradation routes of organic solar cell 

(OSCs) employing the three benchmarked donor polymers namely poly(3-hexylthiophene) (P3HT), 

poly[N-900- hepta-decanyl-2,7-carbazole-alt-5,5-(40,70-di-2-thienyl-20,10,30-

benzothiadiazole)] (PCDTBT) and Poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2- b:4,5-

b']dithiophene-2,6-diyl][3-fluoro-2-[(2 ethylhexyl)carbonyl] thieno[3,4-b]thiophenediyl]] 

(PTB7) along with [6,6]-phenylC71 butyric acid methyl-ester (PC71BM) acceptor have been 

conducted using the extracted photovoltaic parameters in conjunction with the X-ray 

photoelectron spectroscopy (XPS), optical and morphological analysis. During the 14 days air 

stability test, the power conversion efficiency (PCE) decreased by 78.85%, 65.83% and 83.36 % 

for P3HT:PC71BM, PCDTBT:PC71BM and PTB7:PC71BM based devices, respectively. 

However, the degradation study of the bulk heterojunction (BHJ) films was prolonged to 28 days 

in order to further elucidate the degradation factors affecting the device performance. XPS, 

optical and morphological studies enabled detailed information on the device degradation 

mechanisms and confirmed the oxidation of photoactive layer after ageing, morphological 

deterioration and fall in absorbance, particularly, the PTB7:PC71BM blend that showed the rapid 

degradation among all three. The results obtained in the current studies advance the 

understanding of the stability/degradation mechanisms pertaining to the three most commonly 

used BHJ materials and hence, will help to improve the OSCs for longer lifetime.  
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1. INTRODUCTION  

Recent years have witnessed the remarkable progress in the organic semiconductors and 

received tremendous attention from the scientific community. These materials possess several 

advantages owing to their facile synthesis methods, low cost, environmental friendliness, 

excellent transparency, flexibility, and tunable optoelectronics properties [1-3]. In the organic 

photovoltaic field, the emergence of new materials has pushed the power conversion efficiencies 

(PCEs) beyond the 10% [4-9]. However, prolonged lifetime is equally essential along with the 

high PCEs for their successful commercialisation, but very less is known about the operational 

and environmental stability of these solar cell modules. Nevertheless, the lifetime is still needed 

to be improved before large scale production can become significant. Therefore, understanding 

the degradation mechanisms that hinder the operational stability of organic solar cells (OSCs) 

under various environmental factors is a prerequisite. In this context, it is the prime concern of 

research community to address the instability of the polymer/fullerene absorption layer caused 

by the intrinsic and extrinsic degradation factors.  

The most studied OSCs employ the regioregular poly(3-hexylthiophene) (P3HT) as donor 

material combined with the fullerene based acceptors such as [6,6]-phenylC71  butyric acid 

methyl-ester (PC71BM) to form a morphologically stable bulk heterojunction (BHJ) photoactive 

layer [10]. P3HT is typically a crystalline photovoltaic polymer that is deposited by facile 

solution processing followed by the evaporation of metallic cathode (back electrode), which 

constructs a so-called normal architecture device. It facilitates the flow of electrons from the 

transparent electrode to the back electrode (Figure 1b) to yield an efficiency of 3 to 5% [11]. 

However, Sarah et al.[12] demonstrated an efficiency of 6.4%  that is the highest reported for 

fullerene-free P3HT devices. Over the years, new donor polymers with high efficiencies have 
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emerged. For example, amorphous copolymer based on poly(2,7-carbazole) derivatives of 

poly[N-900- hepta-decanyl-2,7-carbazole-alt-5,5-(40,70-di-2-thienyl-20,10,30-

benzothiadiazole)] (PCDTBT) has demonstrated high efficiencies and photo-current generation 

owing to its faster charge carrier generation capability and different recombination dynamics 

as compared to P3HT [13-15]. Recently, the low band-gap polymer, Poly[[4,8-bis[(2-

ethylhexyl)oxy]benzo[1,2- b:4,5-b']dithiophene-2,6-diyl][3-fluoro-2-[(2 ethylhexyl)carbonyl] 

thieno[3,4-b]thiophenediyl]] (PTB7) demonstrated very promising results with the blend 

PTB7:PC71BM as photoactive layer compared with P3HT and PCDTBT [16, 17]. However, a 

number of studies showed that PTB7 is a relatively unstable material [18, 19]. 

This work focuses on the device lifetime of three OSC variants employing P3HT, 

PCDTBT and PTB7 donor polymers along with the PC71BM acceptor as photoactive layer. It is 

important to understand the mechanism of device degradation during its operation in order to get 

optimized device having longer lifetime. Materials degrade due to deterioration in their 

chemical, optical, morphological and electrical properties [10]. Photovoltaic devices are very 

sensitive to even small degree of degradation. It is thus critical for the successful device 

operation to remove or at least mitigate degradation in order to improve the stability. 

Particularly, polymer/fullerene BHJ films can be easily deteriorated due to various chemical 

and physical degradation pathways. In OSCs, each of the photoactive materials has 

distinguished morphological, chemical, optical and photovoltaic properties, therefore, they 

predominantly respond differently to the atmospheric degradation and the physical and 

chemical degradation may occur at different rates for each of the P3HT:PC71BM, 

PCDTBT:PC71BM and PTB7:PC71BM BHJ layers. 
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In this study, therefore, it is aimed to analyze and compare the air stability behavior of 

three different and most commonly used bench marked BHJ donor-acceptor materials, both 

for films and devices. The work has two-fold significance. Firstly, it reports the air stability of 

polymer: fullerene photovoltaic films/devices, which has been rarely reported earlier. Hence, we 

believe that it is a substantial study which will definitely help to improve the OSCs for longer 

lifetime. Secondly, it gives a comprehensive and comparative analysis of the three most 

commonly used donor-acceptor materials in one paper and it makes a lot easier for a reader to 

determine and compare the merits and demerits of each of the material. Photovoltaic 

performance has been measured, and  morphological, optical and chemical changes have been 

evaluated to elucidate the degradation patterns and hence, the failure mechanisms in normal 

architecture solar cells. Evaluation of device performance and degradation mechanisms have 

been carried out using current density-voltage  (J-V) measurements, UV-visible absorbance 

study, X-ray photoelectron spectroscopy (XPS), atomic force  and field emission-scanning 

electron microscopy (AFM and FESEM) analysis. All these methods were used to quantitatively 

and qualitatively compare the performance of OSCs in terms of their air stability and 

degradation. 

 

2. EXPERIMENTAL SECTION  

2.1 Materials 

 Pre-patterned indium tin oxide (ITO) glass substrates (sheet resistance of ∼15 Ω/□) were 

purchased from Ossila Ltd., UK. The photoactive materials namely, P3HT, PCDTBT, PTB7 and 

PC71BM were purchased from Lumtec Corp. Taiwan. PEDOT:PSS was obtained from H.C. 

Stark. 
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2.2 Fabrication of P3HT:PC71BM, PCDTBT:PC71BM and PTB7:PC71BM Based 

Normal Architecture Solar Cells 

Normal architecture solar cells employing P3HT:PC71BM, PCDTBT:PC71BM and 

PTB7:PC71BM  as photoactive blend layers were fabricated on prepatterned ITO coated glass 

substrates. For the fabrication of solar cells, ITO substrates were first cleaned with detergent, 

subsequently sonicated in acetone and  isopropanol for 15 min followed by rinse in deionized 

(DI) water and nitrogen blow dry. The samples were immediately treated with oxygen plasma for 

2.5 min. PEDOT:PSS was (first filtered with 0.45µm PTFE filters (Whatman, Germany)) 

deposited by spin coating on top of ITO at 4000 rpm for 40 s and annealed at 120 °C for 30 min 

in the air. The samples were then transferred to the glovebox to deposit the photoactive layer.  

The first polymer-fullerene blend solution was prepared by dissolving P3HT and 

PC71BM in a 1.0:0.6 ratio (25:15 mg in mL of chlorobenzene) in 1 mL of chlorobenzene. The 

solution was stirred for  ∼24 h at 60 °C prior to deposition. The blend was spun coated at 900 

rpm for 45 s to yield a 200 nm thick layer followed by annealing at 110 °C for 10 min on a 

hotplate. PCDTBT:PC71BM was prepared by dissolving in chlorobenzene and mixing by 

vigorous stirring at the ratio of 1:4 (6mg:24mg in 1mL chlorobenzene). The blend was spun cast 

at an optimized speed of 2000 rpm for 40 s to deposit an ∼70 nm thick layer. The PTB7:PC71BM 

blend with 1:1.5 w/w ratio (10mg:15mg in 1mL chlorobenzene) was prepared in chlorobenzene. 

The homogenized solution was obtained by stirring for ∼24 h at 30 °C. The photoactive layer 

was obtained by spin casting in a glovebox yielding a thickness of 100 nm at 1200 rpm for 60 s. 

Later, the ITO/PEDOT:PSS/photoactive layer structure was transferred to the thermal evaporator 

to deposit 100 nm thick aluminum (Al) cathode in vacuum (< 10-6  Torr).    
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2.3 Photovoltaic Characterization 

 The J-V characteristics were measured using a Keithley 236 (Keithley Co.) source 

measuring unit. The solar cells were illuminated with a calibrated Newport solar simulator 

equipped with a xenon lamp, providing an AM 1.5 G spectrum with an irradiation intensity of 

100 mW/cm2 as measured by the Newport power meter 1918-R. The long-term ageing was 

performed in the ambient air. The air stability test included an oxygen atmosphere at room 

temperature for a total period of 14 days. Photovoltaic characterizations were repeated after as-

cast, 7 and 14 days to record the decay in the photovoltaic parameters. For each variant, six 

devices were fabricated to give an average value [20]. Hence, a total of eighteen devices were 

characterized to ensure the reproducibility and reliability of the results. 

2.4 Characterization of Degradation Mechanism  

 ITO/PEDOT:PSS/BHJ photoactive layer films were replicated following same 

fabrication procedure and characterized on the surface of photoactive layer for composition, 

morphology, optical properties and chemical changes to qualitatively and quantitatively evaluate 

the degradation as a function of 28 days of storage in ambient air. An atomic force microscope 

(AFM, JPK Nano Wizard II) was utilized to obtain the surface morphology images of the 

samples. AFM images (512 scan lines and 512 pixels per scan line) were acquired using the 

tapping mode. The images were then subjected to a 3rd order flattening procedure using the 

Bruker NanoScope Analysis V1.40 software to remove the non-linear background artifacts 

introduced by the piezo scanner. Following the flattening procedure, the surface roughness was 

quantified over 5 µm x 5 µm scan size images. Scanning electron Microscope, SEM (Hitachi 

4800 S, Japan) was used to image the polymers. The change in the absorbance of the photoactive 

layer as a function of ageing in ambient air were recorded over the range of 300 to 800 nm using 
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a double- beam UV/Vis/NIR Perkin-Elmer Lambda 365 spectrophotometer. XPS measurements 

were performed using a Kratos Axis Supra (Kratos Analytical) X-ray Photoelectron 

Spectrometer equipped with a monochromated Al- Kα source. Peak fittings of the deconvoluted 

data were determined using the Kratos sensitivity factor library on Casa XPS (2.3.17dev6.4k) 

software.  

 

3. RESULTS  

Figure 1 (a-d) displays the device architecture employing different BHJ layers, 

molecular structure of the constituent materials, their energy level diagram and the J-V 

characteristics of the OSC variants, respectively. The ageing of the devices with the following 

general configuration of ITO/PEDOT:PSS/P3HT:PC71BM/Al, 

ITO/PEDOT:PSS/PCDTBT:PC71BM/Al, ITO/PEDOT:PSS/PTB7:PC71BM/Al and their 

replicated films were conducted in the air to check the air stability in the oxygen (O2) atmosphere 

and at room temperature (25°C). Three variants of OSCs were tested for stability for 14 days. 

However, the degradation study of the BHJ layers was prolonged to 28 days in order to elucidate 

the degradation factors affecting the device performance. It has been known for a long time that 

atmospheric induced penetration of oxygen and water into the device lead to some of the most 

pronounced degradation mechanisms for OSCs. In this work, we seek a more detailed and 

comparative understanding of this phenomenon by using the three most commonly used BHJ 

donor-acceptor materials. Although, degradation is a range of complex mechanisms such as; 

degradation of photoactive layer, degradation of interfaces, electrode diffusion and reaction with 

the organic materials, morphological deterioration and formation of cracks and bubbles etc., 

however, the focus of the current study will be on identifying the degradation factors pertaining 
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to the photoactive materials, and therefore, the degradation results related to the photoactive 

layer will be discussed in this paper.  

 

Figure 1: (a) Schematic of the device architecture employed with P3HT:PC71BM, 

PCDTBT:PC71BM and  PTB7:PC71BM BHJ photoactive layers characterized as a function of  

storage in ambient atmosphere to test the ambient stability. (b, c) Molecular structures and 

energy levels of the photovoltaic materials (P3HT, PCDTBT, PTB7 and PC71BM). (d) J-V 
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curves of the traditional structured OSCs based on P3HT:PC71BM, PCDTBT:PC71BM and a 

PTB7:PC71BM BHJ photoactive layer prior to degradation. 

3.1 Time Evolution of Photovoltaic Performance 

Figure 2 shows the J-V characteristics of the (a) P3HT:PC71BM, (b) PCDTBT:PC71BM 

and (c) PTB7:PC71BM based solar cells. The most optimised polymer/fullerence ratios were 

chosen based on the best performing devices reported in the literature. The average values of the 

the key performance data; short-circuit current density (Jsc), fill factor (FF), open circuit voltage 

(Voc) and PCE were obtained for as-cast, 7 days and 14 days of aging and are summarised in 

Table 1. Whereas, the error bars in the Figures S1-S3 denote standard deviation. It is 

noteworthy that some of the device performance values may be below the best reported values 

for that device structrue, however, the sole purpose of this work is to carry out a comparative 

study in order to understand the degradation of the most commonly used BHJ materials rather to 

produce the so-called best-performing “hero” devices. Thus, the performance parameters are still 

comparable with the literature and can be used to obtain a general picture of the degradation 

behavior. The investigated solar cells showed an average PCE of 3.31% (Voc= 0.61 V, Jsc= 8.74 

mA/cm2 and FF= 0.62) for P3HT that has reduced to 0.70% in 14 days (Voc= 0.55 V, Jsc= 5.78 

mA/cm2 and FF= 0.22). The device employing P3HT donor polymer exhibited 78.85% 

efficiency loss mainly due to drastic decrease in the FF (64.51% loss) followed by 33.87% loss 

in the Jsc. However, the Voc (9.83%) remained relatively stable as compared to other performance 

indicators. The device with PCDTBT donor polymer showed a PCE drop of 65.83% (PCE 

reduced from 5.18% to 1.77%) in 14 days mainly due to a significant drop in FF (52.46% loss) 

followed by 22.62% loss in the Voc. However, the Jsc showed relatively stable values and 

exhibited only 7.13% loss. Lastly, the device with PTB7 donor polymer showed a PCE of 6.61% 
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that had reduced to 1.10% in 14 days, exhibiting the highest drop in the PCEs (83.36%) among 

the three donor polymers under study. The reduction in the PCE is attributed to a drastic decrease 

in the FF (61.29% loss) and Jsc (45.87%) followed by 20.51% loss in the Voc. More details from 

the J−V curve analysis for all three variants are presented in Table 1.  

 

Figure 2: J-V characteristics of the OSC devices with (a) P3HT:PC71BM, (b) PCDTBT:PC71BM 

and (c) PTB7:PC71BM BHJ photoactive layers as a function of storage in ambient air for up to 

14 days. (d) Efficiency loss (%) in 14 days. 
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Table 1: Key performance data of solar cells comprising P3HT:PC71BM, PCDTBT:PC71BM and  PTB7:PC71BM BHJ photoactive 

layers in terms of percentage loss (along with real parameters) as a function of ageing in air. Data was averaged from eighteen devices, 

whereas, the error bars in the Figure S1-S3 represent the standard deviation.  

 

 

BHJ layer 
Storage  

time 

Jsc Jsc decay Voc Voc decay FF FF decay PCE PCE 

[mA/cm2] [%] [V] [%] [%] [%] [%] decay[%] 

P3HT:PC71BM 

As-cast 8.74 

33.87 

0.61 

9.83 

0.62 

64.51 

3.31 

78.85 7 days 8.67 0.56 0.41 1.99 

14 days 5.78 0.55 0.22 0.70 

PCDTB:PC71BM 

As-cast 10.1 

7.13 

0.84 

22.62 

0.61 

52.46 

5.18 

65.83 7 days 9.63 0.82 0.38 3.00 

14 days 9.38 0.65 0.29 1.77 

PTB7:PC71BM 

As-cast 13.67 

45.87 

0.78 

20.51 

0.62 

61.29 

6.61 

83.36 7 days 11.39 0.68 0.40 3.10 

14 days 7.4 0.62 0.24 1.10 
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3.2 Investigating the Degradation Mechanisms of Polymer/Fullerene BHJ Blends. 

To monior the degradation of the BHJ photoactive materials, films were replicated on 

ITO following the ITO/PEDOT:PSS/BHJ layer configuration and aged in ambient air. The 

photovoltaic performanc of the corresponding devices has already been discussed above. While 

the degradation study was prolonged to 28 days to further investigate the morphological, optical 

and chemcial changes in the absorption layer. Hence, it will provide a much deeper 

understanding of degradation factors affecting the device performance, particularly, the BHJ 

layer. We conducted XPS, SEM, AFM and UV-visible studies on the aged films and data are 

analyzed for as-cast and up to 28 days.  

3.2.1 Chracterisation of Morphological and Optical Degradation  

The optical properties of the photoactive layer play an important role in OSCs. In order to 

investigate the impact of the air induced degradation on the films, we first analyzed the 

absorbance of glass/ITO/PEDOT:PSS/BHJ photoactive blends up to 28 days with equal interval 

of 7 days. Figure 3 shows the absorbance spectra of  (a) P3HT:PC71BM, (b) PCDTBT:PC71BM 

and (c) PTB7:PC71BM recorded between 300 and 800 nm. The results clearly indicate the very 

good stability in the absorbance of P3HT:PC71BM and PCDTBT:PC71BM films with 

insignificant change (deviation of  ±1%) in the corresponding spectra over the period of 28 days. 

However, the PTB7:PC71BM showed more pronounced reduction and showed up to 8% (Figure 

3d) reduction in the absorbance with maximum decay for the peak at 564 nm, indicating that 

PTB7 is more prone to atmospheric induced degradation upon its exposure to air.  
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Figure 3: Decay in the UV-vis absorbance spectra of glass/ITO/PEDOT:PSS/photoactive 

material as a function of 28 days storage in ambient air based on (a) P3HT:PC71BM, (b) 

PCDTBT:PC71BM and (c) PTB7:PC71BM BHJ photoactive layers. (d) Decay in the absorbance 

of ITO/PEDOT:PSS/PTB7:PC71BM analyzed for the peaks at 383, 487 and 564 nm up to 28 

days of storage in ambient air. 

 

2-dimensional (2D) and 3D AFM topography images of the BHJ layer were recorded to 

probe the morphological variation before and after the degradation. While the SEM micrographs 

of the same have been presented in the Figure S4 of the “Supplementary Information”. It is 
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noteworthy that the morphology of the donors and acceptors (BHJ blend) significantly influences 

the dissociation and transportation of charge carriers [21]. Also, it induces the charge 

recombination. Figure 4 shows the evolution of the surface morphology of P3HT:PC71BM, 

PCDTBT:PC71BM and PTB7:PC71BM BHJ surfaces in the tapping AFM mode before and after 

28 days of storage in ambient air. The P3HT:PC71BM (Figure 4a, b) and  PCDTBT:PC71BM 

(Figure 4c, d) films are very uniform and smooth displaying a root-mean-square roughness 

(RMS) of 1.92 and 1.05 nm for the as-cast films that possessed no significant change in the RMS 

values after 28 days of storage in ambient air. Interestingly, the RMS value decreased to 1.34 nm 

(although the same is insignificant) for the P3HT:PC71BM which indicates the slight smoothing 

and planarization of the surface over the 28 days of storage in ambient air. However, it increased 

to 1.77 nm for the PCDTBT:PC71BM BHJ film. Figure 4e and f display the surface morphology 

of the PTB7:PC71BM BHJ layer before and after the ageing with corresponding RMS of 3.29 and 

5.81 nm, respectively, indicating that the air induced degradation has significantly influenced the 

PTB7:PC71BM BHJ layer  and RMS surface roughness has increased to almost double of the as-

cast film. In the aged sample (Figure 4f) protruding nano-spheres of slightly varying diameters 

are observed. These similar sized features of aggregates have also been observed in the SEM 

micrographs, and also in good agreement with the reported data [22-25]. The observed increase 

of roughness as a result of deterioration of BHJ layer, particularly in the case of PTB7:PC71BM, 

is also complemented by the corresponding decrease in the device performance as well as the 

decrease in the optical absorbance and the chemical changes analyzed by the XPS.  
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Figure 4: 2D and 3D topography AFM images (5 µm× 5 µm) of as-cast and after 28 days of 

storage in ambient air for (a, b) P3HT:PC71BM, (c, d) PCDTBT:PC71BM and (e, f)  

PTB7:PC71BM films, deposited on top of ITO/PEDOT:PSS. 
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SEM micrographs were obtained in order to acquire complementary information about 

surface changes as the function of  storage time in ambient air. The SEM images of the BHJ 

surface for all three variants obtained for as-cast and after 28 days of storage in ambient air are 

presented in the Figure S4. The images reveal smooth polymer surface of the as-cast films, with 

morphology features very similar to that observed in the AFM images. Rarely, some clusters of 

the organic materials have been found on the degraded samples of  P3HT:PC71BM and  

PCDTBT:PC71BM (e.g. marked in Figure S4 b and d). However, as discussed in the AFM 

results too, the PTB7:PC71BM films show a granular surface, whereas, a slight increase in the 

grain size can be seen in PTB7:PC71BM BHJ after ageing. This change in roughness and grain 

size will affect the absorbance as well as the photovoltaic properties of the corresponding device 

as evident in our results too. 

3.2.2 Surface Analysis for Chemcial Changes With Ageing Using XPS  

In order to elucidate the mechanisms accounting for the degradation of OSCs and 

specifically the BHJ layer, XPS was employed to determine the chemical states and  the  relative 

changes in the surface composition which occurred during ageing. XPS is very useful tool to 

monitor the chemical changes in the outer 5-10 nm of the surface during ageing in an ambient 

atmosphere with some specificity. Therefore, the chemical changes and hence the degradation 

mechanisms can be deduced from the distinguished spectra of the corresponding elements. Two 

types of information were extracted: (i) the high-resolution spectra that particularly contains 

(among others) the chemical states information and (ii) the elemental composition. Table 2 

shows the atomic concentration for all three variants of BHJ films for as cast and aged samples. 

As expected, the oxygen content has increased with ageing time for all three BHJ variants and 

reached to almost double of the initial values suggesting that oxidation of materials has occurred 
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during the ageing [10, 26]. It is noteworthy that oxygen (O1s) concentration (the absolute value) 

substantially increased to 10.5 % in the case of PTB7:PC71BM which indicates the oxygen 

induced degradation of this material at accelerated rates as compared to the BHJ layers 

comprising of P3HT and PCDTBT based donor polymers. For P3HT:PC71BM and 

PCDTBT:PC71BM samples, the O1s content has increased from 0.5 to 3.61% and 2.3 to 5.63%, 

respectively. The effect of oxidation has been observed in the corresponding decay of 

photovoltaic and other properties too, in good agreement with our findings. Almost 4 ± 0.5 % 

reduction in  the carbon (C1s) content has been observed in all three BHJ films. Whereas, the 

sulfur (S2p) has slightly reduced in the case of P3HT:PC71BM (6.85 to 5.26%) and 

PTB7:PC71BM (4.42 to 4.00%) but PCDTBT:PC71BM exhibited almost negligible change. 

Similarly, the change in concentration of nitrogen (N1s) of  PCDTBT:PC71BM and fullerene 

(F1s)  of PTB7:PC71BM is also insignificant over the period of 28 days.   

 

Table 2: The relative atomic concentration in P3HT:PC71BM, PCDTBT:PC71BM and 

PTB7:PC71BM BHJ films before (as-cast) and after 28 days of storage in ambient air (aged).  

Element 
Atom % concentration 

P3HT:PC71BM PCDTBT:PC71BM PTB7:PC71BM 

C1s 
As-cast 92.65 90.2 86.17 
Aged  88.96 86.16 82 

O1s 
As-cast 0.5 2.3 6.1 
Aged  3.61 5.63 10.5 

S2p 
As-cast 6.85 1.95 4.42 
Aged  5.26 2 4 

F1s 
As-cast - - 3.29 
Aged  - - 3.45 

N1s 
As-cast - 4.64 - 
Aged  - 4.7 - 
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Figure 5 (a-d) displays the C1s high-resolution XPS spectra for (a, b) P3HT:PC71BM  

and (c, d) PCDTBT:PC71BM. The XPS spectra show minor changes other than in the C-C and C-

O bonds, for which the peaks have become slightly more prominent after 28 days of storage in 

ambient air, owing to the oxidation of BHJ material [27]. The C1s spectra for both blends show 

the sp2 and sp3 carbon components at 284.3 eV and 284.8 eV, corresponding to the C=C and C-C 

bonds (non-oxygenated bonds), respectively. These assignments are in good agreement with 

previous works [28, 29]. Also, there are peaks at 285.9 and 286.9 eV, which are attributed to the 

C-O [30-32] and C=O [33, 34] bonds, respectively, and represent the oxygen-containing 

components (carbon atoms bonded with oxygen). As discussed earlier, the C-O and C=O peaks 

appeared to be slightly more prominent and sharper, which indicates the excess of oxygen 

compared to the as-cast films, as evident in Table 2.  However, in the case of PTB7:PC71BM 

BHJ sample, even for the as-cast sample the C1s spectra appeared as typical of an oxygen-

containing polymer with relatively prominent peaks for C-O and C=O bonds. After the 

degradation, the spectra in Figure 5f clearly indicate the considerable degree of oxidation and 

the peaks representing the carbon singly or doubly bonded to oxygen (oxygen-bonded species) 

are considerably increased [19, 35]. These oxidized species can potentially cause the degradation 

of the BHJ materials, leading to an inability of the polymer:fullerene blend to transfer the charge 

[29, 36, 37], while the peak intensities for both the sp2 and sp3 carbon components (C=C and C-

C) have been significantly reduced.  
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Figure 5: High resolution C1s XPS spectra of (a, b) P3HT:PC71BM, (c, d) PCDTBT:PC71BM 

and (e, f)  PTB7:PC71BM BHJ layers for (above) as cast and (below) after 28 days of storage in 

ambient air. 

 

XPS spectra for O1s before and after the ageing in ambient air show the two components 

for all three BHJ samples at 531.3±0.4 eV (531.6±0.2 eV for aged samples) and 532.7±0.4 eV 

(533±0.4 eV for aged samples), corresponding to the C-O-C [38] (oxygen atom bonded with 

carbon atoms, e.g. ketone) and C=O bonds, that represents the oxygen atoms directly bonded 

with carbon atoms in the polymer backbone [39, 40]. The exact peak positions for these bonds 

before and after the ageing are tabulated in the Table 3. In addition, the PTB7:PC71BM also 

shows an additional feature at 534 eV (534.3 eV for aged sample), ascribed to *O-C=O bond 

[41, 42]. It is noteworthy that the O1s peaks have shifted towards the higher binding energies 

(∼0.3eV), however, the peak position for  C-O-C bond of  PCDTBT:PC71BM film did not 
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change. This shift in the O1s spectra indicates the oxidized states in the BHJ films [35] and 

attributed to the molecular interaction between the donor and acceptor segments of the BHJ 

system due to the morphology reconstruction [27]. These oxidized species and chemical shift 

after the ageing are directly coupled with the morphological instability [43].   

Figure 6: High resolution O1s XPS spectra of (a, b) P3HT:PC71BM, (c, d) PCDTBT:PC71BM 

and (e, f)  PTB7:PC71BM BHJ layers for (above) as cast and (below) after  28 days of storage in 

ambient air.  

 

 

 

Table 3: XPS peak positions and corresponding chemical states of C1s and O1s high resolution 

spectra before and after degradation (28 days of storage in ambient air).  
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BHJ system 
 

Binding energy C1s / eV   Binding energy O1s / eV 
C=C C-C C-O C=O   C-O-C C=O *O-C=O 

P3HT:PC71BM  
As-cast 

284.3 284.8 285.9 286.9 

  531.3 532.7 - 
Aged   531.6 533 - 

PCDTBT:PC71BM  
As-cast   531.7 533 - 
Aged   531.7 533.2 - 

PTB7:PC71BM 
As-cast   531.3 532.3 534 
Aged   531.6 532.6 534.3 

 

 

4. DISCUSSION 

The three investigated donor polymers namely; P3HT, PCDTBT and PTB7 along with 

the PC71BM acceptor are the most widely utilized BHJ blends. The purpose of this study was to 

carry out a comparative analysis of these three BHJ layers on merits of their ambient stability 

and the degradation mechanisms that affect the performance of the corresponding devices. The 

photovoltaic results (Table 1 and Figure 2) indicate that the reduced Jsc and FF of the 

P3HT:PC71BM and PTB7:PC71BM  based devices are critical factors for PCE reduction after the 

ageing. However, the PCDTB:PC71BM based device showed stable Jsc, but similar to others, the 

FF has reduced to half. Also, the Voc of PCDTBT:PC71BM based device had significantly 

(22.62%) reduced. The Jsc and FF of the devices employing the corresponding materials are 

probably reduced due to increased charge recombination rates in the BHJ layers [27]. 

Particularly, in the case of PTB7:PC71BM, sharp decrease in the Jsc values can be attributed to 

the oxygen induced degradation of the BHJ material. It is clear from the XPS data pertaining to 

the PTB7:PC71BM films that photo-oxidative degradation has changed the chemical structure of 

the polymer. A notable reduction in carbon species (sp2 and sp3 carbons, peaks intensity has 

significantly reduced) suggests the loss of alkoxy side chains. At the same time, the oxygen 

bonded species have been significantly increased that indicates the formation of COOH and OH 
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group formation and probably the oxidation of ‘S’ too [19]. Oxidative species in the BHJ layer 

may generally function as the charge-carrier trapping sites [44, 45]. It is noteworthy that 

oxidative degradation may causes a sharp increase in the series resistance, which is very much a 

contributing factor to the reduction in the FF [27].  

From the XPS data, particularly the chemical states, as well as the morphological and the 

optical absorbance results, the fact that P3HT:PC71BM and PCDTB:PC71BM based films do not 

possess very high degree of oxidation, and overall degradation of BHJ material is less than the 

corresponding decay in the photovoltaic performance, suggest that the dominating factor in the 

context of the device performance is probably due to interface phenomenon or oxidation of 

aluminum (Al) cathode. These are known  vulnerable sites, because a small degree of  

degradation can significantly influence the electrical properties. In our recent study [29] and a 

study by K. Norrman et al. [46] it is being shown that water ingress through Al electrode forms 

Al oxide/hydroxide, which is an insulator. Also, the S-shaped J-V curves of PCDTBT:PC71BM 

indicate that the interfacial degradation probably has dominated the overall efficiency loss [10, 

47, 48].  

In addition to the above-mentioned factors, from the perspective of the difference of the 

chemical structures of the three donor polymers, it is noteworthy that PTB7 is known to degrade 

rapidly in blends with PCBM [49]. The complex backbone structure of PTB7 is based on the 

combination of two units: namely, thienothiophene and benzodithiophene. The benzodithiophene 

unit is fringed by the two alkoxy side chains and the benzodithiophene side chain is linked to the 

backbone by  an ester group, as shown in Figure 1b [50]. Also, PTB7 contains several 

heteroatoms that can easily get converted into free radicals upon excitation. In addition, it is 

noteworthy that thiophens and its derivative are inherently less stable [51]. Also, the 
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benzodithiophene unit is more prone to oxidation than the equivalent structures present in P3HT 

or PBDTBT (Figure 1b). The side chains on the polymer species are thought to be critical due to 

the potential for formation of free radicals on these side chains. The presence of oxygen helps to 

propagate the free radicals through the film due to its ready diffusion. In the case of PCDTBT, a 

free radical form on the carbon on the side chain adjacent to the carbazole group. In addition, 

PCDTBT also contains heteroatoms, however, there might be formation of stable radicals on its 

exposure.  

However, regardless of the active layer, interfaces or the electrodes, the device 

performance or films deterioration is most likely due to oxidative degradation. Particularly, in 

the case of PTB7:PC71BM based device, the overall oxygen content has substantially increased 

even in the photoactive layer. In spite of the high efficiency of this material, the PTB7:PC71BM 

based devices are unstable when exposed to ambient air [52]. This is confirmed by our results as 

well as reported by  S. Alem et al. [53] and Y. W. Soon et al. [54], the principle degradation 

mechanism of PTB7:PC71BM blend is, therefore, via photooxidation with the highly reactive 

oxygen species. But, as mentioned in several report, the overall degradation is very complex 

phenomenon, involving multiple factors such as ease of formation of stable radicals, diffusion of 

moisture, diffusion of oxygen and impurities. In addition, interfacial degradation, electrode and 

interlayer diffusion, morphological deterioration, and macroscopic changes including 

delamination and cracks etc. also account for majority of the performance loss [10, 55, 56].  
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4.1 Recent Developments in the Mechanistic Study of the Oxygen Induced 

Degradation of OSCs  

Oxidative degradation can hinder the device stability in several ways, and it can penetrate 

into the device through the multiple pathways, such as; (i) The low work-function metal (Al) 

cathode gets oxidized by the oxygen penetration and consequently creates an insulating metal 

oxide layer between the electrode and the photoactive layer. This will eventually induce an S-

shaped J-V curve leading to the performance degradation of the device [48, 57]. This is also 

evident in our results, particularly, in the case of PCDTBT:PC71BM based devices. In addition, 

oxygen can penetrate through the voids and pinholes to the underneath layers in the case of 

longer exposure to moisture [58, 59]. This has also been demonstrated and discussed in our 

previous works [29, 56]. (ii) The oxidative atmosphere in the BHJ layer contributes towards the 

several photo-oxidation reactions of donor-acceptor segments of the BHJ material [60, 61]. 

Ultimately, the energy levels as well as the charge carriers mobilities get disruptive owing to the 

oxygen penetration. (iii) The oxygen doping in the BHJ layer can potentially increase the hole 

concentration, resulting in an enhanced density of deeper traps for electrons. As a result, it leads 

to the reduction in the FF and Voc, as evident in our results too (Table 2) [62, 63]. (iv) Likewise, 

oxygen is accountable for the majority of the loss in the Jsc due to exciton quenching. In addition, 

Voc reduces due to enhanced saturation current in conjunction with the reduction in the 

generation of charge-carriers owing to the exciton quenching [64]. Figure 7 illustrates some of 

the oxygen and water induced degradation pathways.  



26 
 

 

Figure 7: Schematic diagram of oxidative and water induced degradation pathways 

In addition to the above-mentioned degradation factors, the chemical structure of the 

polymers is also critical in terms of degradation. For example, the PTB7 both in neat films and in 

blends with PC71BM possesses photooxidative degradation with the highly reactive singlet O2 

species generated from triplet excitons [53, 54]. The singlet oxygen is produced in PTB7 blends 

owing to PTB7 triplet generated by non-geminate charge recombination. According to Soon et 

al. [54],  the  triplet state of PTB7 possess sufficient energy to generate singlet oxygen. Same is 

the case when it is blended with PC71BM. PTB7 when blended with PC71BM leads to accelerated 

polymer's degradation due to the increased production of singlet oxygen [49], which strongly 

indicates that (as indicated in our results too) the faster degradation in the presence of oxygen 

derives from triplet mediated singlet oxygen generation. Hence, degradation in the 

PTB7:PC71BM blend can be ascribed to the oxygen quenching of triplets induced by the non-

geminate recombination of dissociated polarons [54] , and not the anionic radical O2
- superoxide 
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generation by charge transfer from the polymer, as described by Razzell-Hollis et.al. [49]. The 

performance loss is also ascribed to photobleaching and absorbance loss during the degradation, 

as evident in our results too. However, the P3HT:PC71BM experienced pronounced decrease in 

the Jsc and FF which is mainly influenced by the processes related to the exciton generation and 

diffusion in P3HT domain [65]. The photo-oxidation causes the chemical degradation of P3HT 

in terms of crystallinity loss which consequently forms the gap-states. Although, these 

degradation processes do not notably alter absorption spectra or morphology, however PCE can 

be significantly decreased, mainly, owing  to the increase of the exciton recombination in P3HT 

domains resulting in the photocurrent decrease, as evident in our results too [65].  

It is thus concluded that oxygen is the main cause of device degradation in all three BHJ 

donor-acceptor materials with PCDTBT:PC71BM BHJ material being the most stable among all 

three bench-marked materials and PTB7:PC71BM in spite of the highest efficiency was observed 

to be the least stable. FF was determined to be the critical factor in PCE loss among these 

materials along with the significant loss in the Jsc (not in the case of PCDTBT:PC71BM based 

devices).   

 

5. CONCLUSIONS 

We investigated and compared the effect of ambient atmosphere on stability/degradation 

of  P3HT:PC71BM, PCDTBT:PC71BM and PTB7:PC71BM BHJ layers in both films and devices. 

The loss of PCE of the devices exposed to ambient air is largely due to the drastic decrease in the 

FF of the three BHJ systems followed by a pronounced decrease in the Jsc of P3HT:PC71BM 

(33.87%) and PTB7:PC71BM (45.87%) based devices. However, the PCDTBT based device 

showed only 7.13% Jsc loss over 14 days. The Voc observed to be remained relatively stable for 
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all three variants. Overall, the device comprising PCDTBT:PC71BM BHJ layer showed the 

highest stability and PTB7:PC71BM based devices observed to be the least stable. XPS data 

confirms the oxidation of polymers:fullerene blend after ageing and appeared to be typical of 

oxygen-containing materials. Particularly, the PTB7:PC71BM showed substantial increase in the 

oxygen content that reached up to 10.5% in 28 days. Also, the oxygen-containing bonds (e.g. C-

O and C=O bonds) have become prominent after the degradation. The peak shift in the O1s 

spectra indicates the change in the molecular interaction between the donor and acceptor 

segments owing to the morphology reconstruction. AFM and UV-visible results also confirm the 

increased surface roughness and decay in the absorbance of PTB7:PC71BM films after ageing. 

However, both the P3HT:PC71BM and PCDTBT:PC71BM samples demonstrated relatively stable 

morphology and insignificant loss in the absorbance. In conclusion, the current study provides a 

detailed comparative analysis of the three most commonly employed BHJ donor-acceptor 

materials. It can help in material selection and addressing the stability challenges by considering 

the stability/degradation factors discussed in this work. Although, a lot more work is needed to 

be done, however, the promise of OSCs as being the future solar energy source is  greater than 

ever. 
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Highlights: 

 

• Stability/degradation analysis of organic solar cells has been reported. 

• Comparative study of benchmarked donor polymers is presented. 

• Degradation issues of the absorption layer have been investigated. 

• Oxygen induced performance loss in ambient air is identified. 

• Optical, chemical, morphological, compositional and electrical study have been 

conducted. 

 

 


