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Example: Flexible Electronics

The Functionality, Reliability and Processing of Organic Electronic 
Devices Are Linked To Packaging and Processing Methods

What is Important In Designing and Evaluating Packaging???
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Reliability Issues: Device Encapsulation 

http://wirelessmedia.ign.com/wireless
/image/article

1 min 1 hr

• Highly reactive cathode and organic layer are 
very sensitive to water vapor and oxygen. 

• Organic materials are sensitive to high 
temperatures and oxidizing agents.

Must address:
⇒Development of high barrier performance 
films.
⇒Process compatibility with device.
⇒Extending technology to large areas and 
devices with topography.

Need for Barrier Layers
• Inorganic layers found in encapsulation are 
generally very brittle and may crack during 
bending.
• Internal stresses from processing can impact 
the reliability of the encapsulation.

Must address:
⇒ Mechanically robust  barrier layers.
⇒Adhesion and stress management.

Mechanical Concerns
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Encapsulation Structures

+ : flexible, light

- : need to fabricate barrier layer on 
both substrates, side permeation

+ : thin, very flexible, light,
no side permeation 

- : need to fabricate barrier  layer on 
device

Flexible polymer 
substrate

Flexible polymer 
substrate

Epoxy 
adhesive

Barrier 
layer

Organic 
device

J. S. Lewis, et. al., IEEE Journal of Selected Topics in Quantum Electronics 2004, 10, 45-57

heavy, thick, rigid,                                                        
side permeation through epoxy

Glass substrateOrganic device

Epoxy 
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Encapsulation Performance Needs

G. Dennler, et. al., J. Mater. Res., Vol. 20, No. 12, Dec 2005. Vol.20, 3224

Polymer films

Food packaging

Organic electronics
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Defects in Barrier Films

Single Layer Thin Films

Presenter
Presentation Notes
However, when those are fabricated in the form of thin film by various techniques, constricted interstitial space becomes imperfect structures allowing gas permeation. 
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Key Terminology
• Water Vapor Transmission Rate

– The mass of water vapor which diffuses through a solid per unit area and unit time 
(g/m2/day)

• Permeability

– transmission rate x film thickness/pressure

• Bending Strength

– The load at which a material undergoes nonlinear deformation (yield) or undergoes failure 
(failure strength)

• Fatigue Strength

– The strength amplitude at which failure does not occur in materials under cyclic loading.  
Usually defined for a given number of cycles (e.g. 106)

• Toughness

– The amount of energy a material can absorb before failure.  
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P : Permeation coefficient (permeability)
D : Diffusion coefficient, determines how fast the 
permeant  can move in the media
S : Solubility coefficient, determines how much of 
the permeant can be dissolved in in the film

Mass Transport in Barrier Films
Principles of permeation

Driving force
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Mass Transport in Barrier Films
Diffusion in multilayer structure

i i =2 … ith film …

Di , Si
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Transient Steady state

Lag Time:  1300 hours

Transient WVTR:  8x10-6 g/m2/day

Steady State:  2 x 10-3 g/m2/day
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Bending of Flexible Electronics
Flexural deformation puts one surface in tension, one in compression.
Brittle Materials used in encapsulation fail easily under tension, not compression.
The strain or stress induced in the films are a function of bending radius AND 
substrate thickness.
Under 2 point bending, the strain is highest in the center, lower at the edges.
Repeated bending results in the initiation of damage and failure.
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Lifetime and Reliability

(N. Kim, et al., Applied Physics Letters, 2009) 

Overall device efficiency ( Oriel 91160, AM 1.5G )
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Sealing Materials

New Sealant Material used to encapsulate electrochromics.
Shows WVTR values as low as 5x10-5 g/m2/day at 50C/80% RH.  
Ca samples tested for 3 months.  

Presenter
Presentation Notes
IMPACT: The development of carbon nanotube electrodes as a potential replacement for ITO is very attractive due to the high electrical conductivity of individual nanotubes.  In addition, their high mechanical robustness provides a distinct contrast to the brittle nature of transparent conductive oxides, providing higher reliability for flexible electronics.  However, the overall electrical sheet resistance of single wall carbon nanotube (SWNT) films has remained above 150 ohms/sq, a value which is an order of magnitude higher than that of ITO on glass and about of a factor of 2-3 higher than ITO on plastic substrates.  It is believed that part of the issue with carbon nanotube films is that they consist of a mixture of semiconducting and metallic nanotubes which have Schottky barriers at their contacts, providing additional electrical resistance.

In this work, researchers have utilized type sorted carbon nanotubes to produce highly conductive transparent SWNT electrodes having sheet resistances below 80 ohms/sq.  This is competitive with ITO on plastic.    Moreover, CMDITR researchers found that it is possible to make films consisting of semiconducting SWNTs as conductive or even more conductive than metallic SWNT films, something which had not been realized by the broader community.  Through the use of ultraviolet photoelectron spectroscopy, researchers were able to determine that doping semiconducting SWNT films caused a large shift in the Fermi level, increasing the large number of charge carriers inside of the semiconducting nanotubes.  While a large shift was also seen in the metallic SWNTs, their band structure provided very little increase in the number of charge carriers.  Thus, by utilizing effective doping techniques which cause the Fermi level to shift, we can dramatically increase the conductivity of semiconducting SWNT films.  This knowledge will allow use to tailor the band structure of the CNTs via selective diameters in order to produce advancements in the performance of SWNT electrodes.  

In addition to the increased performance via doped, type doped SWNT electrodes were found to have highly uniform electroactivity over their surface using conductive tip AFM measurements.  The uniform electroactivity provides for the possibility of better charge injection and collection at the electrode, provided that the work function provides a favorable energy match with organic electronics.  It was found that the work function of the SWNT films could be varied between 4.1 – 5.0 eV, allowing good tunability for matching many organic semiconductor materials.

More details can be found in: Jackson, et al. ACS Nano, in press, 2010.

KEY PERSONNEL:
Georgia Tech: Roderick Jackson and Samuel Graham
Arizona: Andrea Munro and Neal Armstrong
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Societal Impact/ Applications

Displays

Solid State 
Lighting

Flexible 
Transistors

Solar Cells

http://www.youtube.com/watch?v=1buy3N_Fvsg�
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