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ABSTRACT 
 

Organic solar (OPV) cells are cheap electronics that can replace the widely used high cost 
silicon-based electronics for electricity generation. They are cheap because of the easy 
techniques involved in their fabrication processes and they can be produced to cover a large 
surface area. However, the current low performance of organic electronics has been traced to 
failure due to interfacial adhesion problems, material processes, and service conditions. 
Therefore, transportation of charge carriers across the bulk heterojunction system of OPV cells 
becomes very difficult in the presence of these flaws. In this paper a combined experimental and 
computational technique is used to study the reliability and physics failure of stretchable OPV 
cells. Interfacial adhesion energies in the layered structures of OPV cells are measured and 
compared with theoretical estimated energies. The limit stresses/strains applied on layered OPV 
cells during service condition are estimated using critical values of the measured interfacial 
adhesion. The results obtained are, therefore, explained to improve the design of reliable OPV 
cells. 

  
 

INTRODUCTION 
 

Stretchable organic solar cells have emerged as interesting technologies where 
stretchability is considered important [1-11]. However, mechanical flexibility is a pre-requisite to 
achieve stretchable solar cells, where wrinkling and buckling deformations are used to create 
wavy, out of plane structures that can accommodate strain. This is done by pre-stretching the 
substrates [4, 7] before the deposition of the devices. The wrinkled and delamination-induced 
buckled structures of the devices are formed due to pre-stretch [4, 7] stress. The formation and 
deformation of wrinkling of thin films can then initiate failure that can overthrow the reliability 
of the devices. 

Therefore, the basic understanding of deformation on the performance of stretchable solar 
cells becomes necessary. In this paper, a combined computational/analytical and experimental 
method is used to study the failure of stretchable organic solar cells. The results are then used to 
explain the reliability of the stretchable organic solar cells. 
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THEORY 
 
Adhesion 
 
 The adhesion force between two materials can be measured by contact mode atomic force 
microscopy (AFM) [12, 13] The AFM measurements have been illustrated in Ref. 12. The 
adhesion force, F , is determined from Hooke’s law to be:  
 

kxF �                                                                                                                                (1) 
 
where x is the tip displacement and k is the spring constant of the AFM tip, which can be 
measured using the thermal tune method [14] 

The adhesion energy between the layers can be estimated using Derjaguin-Muller-
Toporov (DMT) model. The DMT model is applicable to cases in which there are weak 
interactions between stiff materials with small radii [14-16]. The adhesion energy, γ, is related to 
the adhesion force, F, by the following expression: 

RFadhesionDMT SJ 2           (2)  
where R is the effective radius which is given by: 
 � � 111 �� tiprms RRR           (3)                                                                                     
where Rrms and Rtip are the radii of the average roughness of the substrate and the coated AFM 
tip, respectively.  
 
Stresses  
  
 The controlled formation of wrinkles and buckles for applications in stretchable organic 
solar cells involves the deposition of thin films onto pre-stretched substrates [1-4, 17] using spin 
coating technique. The spin coating of films is usually done under ambient temperature. Hence 
the film is subjected to only the stress � �RV  due to pre-stretch of the substrate. This is given by:  

prefR E HV              (4) 

where preH  corresponds to the pre-strain and fE  is the film Young’s modulus. The films start 
wrinkling or buckling when the induced stress reaches a critical value. The solutions of the 
critical stress, cV , for the onset of wrinkling or buckling of the thin films are given by [4, 18]: 

� �> @ � �> @ 3/223/12 1831 ssffc EE QQV ��                            (5) 

where fE  and sE  are the Young’s moduli of the film and the substrate,  fQ  and sQ  are the 
Poisson’s ratios of the film and the substrate.  
 
 
MATERIALS AND METHODS 
 
Experimental methods 
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First, poly-di-methyl-siloxane (PDMS) was fabricated by mixing a Sylgard 184 silicone 
elastomer base with a Sylgard 184 silicone elastomer curing agent in a 10:1 weight ratio. The 
mixture was degassed in a vacuum oven of pressure 50 kPa for 60 minutes to remove the trapped 
bubbles. The degassed PDMS was cured in glass mold of dimensions of mmmmmm 15025 uu  at 
70oC temperature for 2 hours. A 90 nm thick PEDOT:PSS was spin coated followed by spin 
coating of a 100 nm thick P3HT:PCBM using the protocol described in Ref. 19. Aluminum 
contact was thermally deposited onto P3HT:PCBM using vacuum thermal evaporator. 

Adhesion force was measured using AFM. The tips of the etched silicon contact mode 
AFM tips (purchased from Bruker Instruments, Woodbury, NY) were dip-coated with 
P3HT:PCBM, while the PDMS substrates were spin coated with PEDOT:PSS. The AFM 
measurements were performed in air of a temperature range of 22-25°C and a relative humidity 
range of 31-46%. The force-displacement measurements were obtained using a Digital 
Instruments Dimension 3000 AFM (Digital Instruments, Plainview, NY). The spring constant of 
each tip was measured using the thermal tune method [14]. The measurements were performed 
in a Digital Instruments Nanoscope IIIa atomic force microscope (Digital Instruments, 
Plainview, NY). The measurements of the tip deflections and the spring constants were then 
substituted into Equation (1) to determine the adhesion forces. Due to the high sensitivity of 
AFM measurements to surface roughness, the substrate roughnesses and the tip radii were 
measured. The surface roughnesses were obtained using tapping mode AFM. The AFM tips were 
examined before and after interaction under a Scanning Electron Microscope (SEM) (Philips FEI 
XL30 FEG-SEM, Hillsboro, OR). 
 
Computational methods 
 

In an effort to understand the failure and the conditions for reliable stretchable organic 
solar cells, computational methods were used to study the failure mechanisms and the 
delamination-induced buckling in the layered solar cell. First, the stress distributions in the 
wrinkled layers were simulated at different pre-strain levels using ABAQUSTM software package 
(ABAQUS 6.12, Dassault Systèmes Incoporation, Rhoda Island). In the case of delamination-
induced buckling, it was assumed that there were pre- existing interfacial cracks between the 
P3HT:PCBM and PEDOT:PSS-coated PDMS substrates. These cracks can be attributed to 
imperfections, such as voids, bubbles or impurities that are present at the interfaces. The energy 
release rates (G) at the tips of the cracks were computed in form of the path independent J-
integral. Fine mesh was used to model the P3HT:PCBM/PEDOT:PSS interface. Four-node plane 
strain quadrilateral elements were used. All the materials properties that were used were assumed 
to exhibit isotropic behavior, while the active contact interface was maintained at zero rotation. 
 
RESULTS AND DISCUSSION  
 
 
Stress analysis 
 

The critical stresses obtained from equation (5) for different moduli of the substrate are 
presented in Figure 1(a). The critical stresses increased with increasing Young’s modulus of the 
substrate. This can be used to predict the limiting critical stress of the layered films of stretchable 
organic solar cells. The von Mises stress distributions in the layered structure of stretchable 
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organic solar cell are presented in Figure 1(b). These show the dependence of substrate elastic 
modulus on stress distributions and profile amplitude. The increasing elastic modulus of the 
substrate increases the concentration of stress in the wrinkled structure. This shows that the 
processing of stiffer PDMS substrate will increase the overall Mises stresses. Furthermore, the 
wrinkling profile became well defined with increasing substrate Young’s modulus. However, 
there is a high possibility that failure would be introduced by higher Von Mises stresses. Hence, 
a balanced approach is, therefore, needed to obtain well defined profiles without inducing failure. 

   

 
 

Figure 1: (a) Dependence of substrate on modulus critical stress (b) Von Mises showing the 
dependence of elastic modulus of the substrate on stress distribution and wrinkled profile 

 

 
 

Figure 2: I-V curves of stretchable organic solar cell showing the microstructures of layered 
films 
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Failure of stretchable organic solar cells 
 
 The current-voltage (I-V) curves of a typical stretchable solar cell are presented in Figure 
2 with the microstructures of the failure of layered structures. The curves tend to change from a 
“knee” curve to a “blunt” curve with increasing strain. This trend can be attributed to interfacial 
failure due to delamination and cracking of the films as the applied strain increases. At a large 
strain above the pre-strain, the intrinsically non-stretchable films begin to delaminate and crack. 
It is, therefore, necessary to bear in mind the threshold of the applied strain when applying strain 
on stretchable solar cells.  

 
 
Interfacial energies and failure prediction 
 
 The measured interfacial energies in the layered stretchable solar cells are presented in 
Figure 3(a). The energy between PDMS and PEDOT:PSS layers was 1.14 J/m2, while the energy 
in PEDOT:PSS/P3HT:PCBM was 2.6 J/m2. The energy between P3HT and PCBM was also 1.3 
J/m2. The computed interfacial energy release rate is presented as a function of pre-strain in 
Figure 3(b) for PDMS/PEDOT:PSS and PEDOT:PSS/P3HT:PCBM interfaces. The energy 
increases with increasing pre-strain. 

Failure due to interfacial delamination can be predicted using the critical measured 
energies as shown in Figure 3(b). For example, from Figure 3(b), the critical pre-strain on 
PEDOT:PSS/P3HT:PCBM interface is ~18% at the critical measured interfacial energy of  2.6 
J/m2. For reliability of the layered stretchable organic solar cells, the applied strain on structures 
of the stretchable organic solar cells should be controlled below the range of predicted values. 
 

 
        

Figure 3: (a) Measured interfacial adhesion energies (b) Interfacial energy release rate (G) versus 
pre-strain 
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CONCLUSIONS 
 

In this paper, the reliability and failure of stretchable organic solar cells have been 
presented using a combined experimental, analytical and computational approach. The critical 
stress of the layered stretchable solar cells increases with increasing elastic modulus of the 
PDMS substrate. The failure of the stretchable solar cells was attributed to the delamination and 
cracking of the films. The measured interfacial adhesion energies were then used to predict the 
limiting pre-strain for reliable stretchable organic solar cells. 
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