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Introduction to JNB 

• MA in mathematics, Cambridge University 
• Ph.D. in theoretical physics, University of Manchester 
• 20 years as a physics professor, mainly at University of Pittsburgh 
• 30 years research in atomic & molecular physics & ionized gases 
• 15 years managing research at Lawrence Livermore National Lab 
• 15 years as advisor to industry on displays & lighting 
• 4 years as consultant to the DOE Solid State Lighting Program  

I know a little about a lot of things 
 but am not an expert on anything 

• My major goal is to encourage collaborations  
 to bring technology from the lab to market 
• I do not make market forecasts or give investment advice 
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Outline 

• What is the market opportunity? 
• Form, fit, function and flair 
• Energy savings 
• Light control 

• Efficacy – key to long life & low cost  

• Light extraction 
• Voltage reduction 
• Spectrum shaping 

• Manufacturing challenges 
• Reliability and reproducibility 
• Cost 
• The valley of death 
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Source: Ross Young 
IMS Research 2011 
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Sources: Lowes.com; Lighting Direct.com; Lithonia; Thomas 

Hiding The Light: A Waste of Energy and Money?  

http://www.lightingdirect.com/index.cfm?page=product:mediaGallery&uniqueId=844597
http://www.lightingdirect.com/index.cfm?page=product:mediaGallery&uniqueId=524160
http://www.lightingdirect.com/index.cfm?page=product:mediaGallery&uniqueId=946431
http://www.lightingdirect.com/index.cfm?page=product:mediaGallery&uniqueId=889392
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The Best OLED Lighting You Can Buy Today 

• Active area:  ~ 40cm2  
• Light output:  ~12 lm 
• Price:  $175  (€120) 
• Price per kilolumen: ~ $14,500 

Manufacturing Priorities: Higher Brightness and Larger Area 

Lumiblade Plus from Philips: 
 https://www.lumiblade-shop.com/ 

http://www.oled-info.com/philips-lumiblade-plus-photo
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http://www.mondoarc.com/comment/guest_articles/561089/our_oled_insider.html 

Mondo on OLED Lighting Design 2010 

David Morgan: “The audience was non-plussed.  
This particular version of the future looks rather boring and flat” 

 
Ingo Maurer: “OLED light has a more spiritual feeling than traditional light sources, 

 it also has no sex appeal as it is so flat  
 

Philippe Starck also finds the quality of light from OLED panels to be boring 
 and the technology incomprehensible 

 
David Morgan : “The luminaire and OLED manufacturers …. went home disappointed” 
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Prototype OLEDs 

Acuity 

Novaled UDC-Armstrong 
GE 
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Suspended Ceiling Lights? 

Pentelic Designs from Rambus 
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Table or Desk Top Lamps? 

Pentelic Designs from Rambus 
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The Goal Posts Are Moving! 

Cree CR24TM Troffer 
50,000 hour lifetime 

 
5-year warranty 

Price: $200-300 
CR24-40L35K 
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Source: Terry Clark (Finelite) DOE SSL R&D workshop 2011  
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OLED Luminaire Efficacy Targets 

DOE SSL R&D Multi-Year Program Plan, March 2011 
http://apps1.eere.energy.gov/buildings/publications/pdfs/ssl/ssl_mypp2011_web.pdf 
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(I)LED Luminaire Performance Targets 

DOE SSL R&D Multi-Year Program Plan, May 2011 
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Application Efficiency: Office Lighting 

Source: Acuity Lighting(2011) 

Jeannine Fisher, Peter Ngai, and Min-Hao Michael Lu 
Int. Display Manufacturing Conf., paper  23-01 
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(I)LED @  
50-60lm/W 

vs  
fluorescent 

in large office 

Limited focusing: 
66% of 

Lambertian 
at 750 
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Source: Jorg Amelung 
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Source: David Gotthold 
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Price ($) Ceiling 
Mounts 

Decorative 
Fluorescents 

Pendants Chandeliers 

0-200 901 267 996 468 

200-400 94 17 278 477 

400-600 19 3 78 173 

600-800 4 0 36 81 

800-1000 3 0 12 30 

1000-2000 11 0 36 75 

2000-4000 1 0 8 24 

4000-11,000 0 0 7 9 

Total 1033 287 1325 1323 

Energy Star 
Qualified 

163 239 124 121 

Home Depot Lighting Fixtures by Price 

http://www.homedepot.com/ 



CCR Workshop, Minneapolis, June 2011 21 

Outline 

• What is the market opportunity? 
• Form, fit, function and flair 
• Energy savings 
• Light control 

• Efficacy – key to long life & low cost?  

• Light extraction 
• Voltage reduction 
• Spectrum shaping 

• Manufacturing challenges 
• Reliability and reproducibility 
• Cost 
• The valley of death 
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Efficacy – Factors 
• Luminous Efficacy of Radiation  

– Increase from 325 lm/W to ~400 lm/W 

– Narrower red emission spectrum 

• Internal Quantum Efficiency 
– Need reliable measure 

– Should emitters be all phosphorescent? 

• Electrical Efficiency 
– Now ~ 60% on small panels 

– Need 80% on large panels (drive voltage < 2.8V) 

• Extraction Efficiency 
– Only ~25% in prototypes 

– 5-year target 60-75% 

 

22 

Source Osram(2009) 
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OLED Efficiency Analysis 

DOE SSL R&D Multi-Year Program Plan, March 2011 
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Should be accomplished through thin-film structures 
• Where? 

• Outer surface of transparent substrate 
• Between substrate and transparent conductor 
• Inside transparent conductor 
• Between the electrodes 
• At edges 

• How? 
• Scatter light 
• Bend light rays (without chromatic aberrations)  
• Micro-cavities or multi-layers (without chromatic aberrations) 

• Uncertainties 
• Low-cost high-index substrates 
• Energy losses in metal electrode 
• Manufacturability of sub-micron patterns  
• Complementarity of partial solutions 

Improved Light Extraction is Critical 
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Kodak Work on Scattering Layers 
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Source: Qiang Huang (Novaled) 
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Photonic Crystals by Nano-Imprint Lithography 

Source: Jan-Joon Kim 
Seoul National University 
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Randomly Dispersed Nano-pillar Arrays 

Source: Jan-Joon Kim 
Seoul National University 
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External Control of Light Direction 

VikuitiTM  films from 3M 

Source: Bob Bennett (3M) 

But how do these films interact with the underlying layers? 

2% loss   20% loss 
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Electrical Efficiency 

• Efficient transport of current across the panel 
• Transparent conductor 
• Wire grids, bus bars or series connectors 

 
• Injection and transport of charge between the electrodes 

• Electrode work function 
• Transport layers 
• Hosts for dopants in emission layers 

 
• Efficient conversion of energy from electrons to photons 

• Loss to vibrational motion  
• Stokes shifts leading to extra losses for green and red 

Target: Reduce the drive voltage to ~2.8V for currents of 2.5 mA/cm2 



CCR Workshop, Minneapolis, June 2011 32 

Voltage Reduction Strategies 

Novaled has shown that ion-doping  
can increase the conductivity  
of the transport layers 
Reineke at al (IAPP Dresden 2009) 

Tandem Structures (Kodak) 

Color Stripes with Separate Drive 
   (UDC) 



CCR Workshop, Minneapolis, June 2011 33 

Source: Karl Leo (IAPP Dresden)  
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Transparent Conductors and Metal Grids 

Hexagonal grids in Orbeos from Osram 
Parallel metal bars driven from both ends  

For acceptable light blockage w/s < 0.1 
 
For bulk Al wires and good ITO 
 L can be up to ~ 20 cm 
 s can be up to ~ 2 cm 

Voltage drop across panel should be less than 0.03V 

IR losses are minimal 

Tabola from Fraunhofer IPMS 

http://www.oled-info.com/tabola-oled-lighting-panel-closeup-photo
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OLED (3000 K)           ~325lm/W 
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Kodak 2008 

OLED Spectra 

Panasonic  
2011 

Osram Orbeos 2010 

UDC 
2010 



CCR Workshop, Minneapolis, June 2011 39 



CCR Workshop, Minneapolis, June 2011 40 

Outline 

• What is the market opportunity? 
• Form, fit, function and flair 
• Energy savings 
• Light control 

• Efficacy – key to long life & low cost  

• Light extraction 
• Voltage reduction 
• Spectrum shaping 

• Manufacturing challenges 
• Reliability and reproducibility 
• Cost 
• The valley of death 
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Manufacturing Issues 41 

• Best manufacturing strategy is still unclear 
– Sheet vs roll-to-roll 

– Dry vs wet processing 

– Rigid versus flexible substrates 

– Simple vs complex structures 

• Various options for the manufacturing scale 
– Desk-top style printing (eg AVI) 

– Gen 5-8 FPD equipment (Samsung, LG….) 

– Newspaper style web printing (KM-GE?) 

• Need for fine patterning is uncertain 
– 10 µm accuracy may be enough in registration and critical dimension  

– Light extraction layer may need submicron patterning over large area 

• Reliability & Reproducibility 
– Avoid  binning, returns and recalls 
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Manufacturing –Reliability & Reproducibility 42 

• Quality Control Challenges at all Levels 
– Input materials  

• Purity of organics 

• Cleanliness & smoothness of substrates 

• Integrity of barrier layers 

– In-line monitoring 

• Process control 

• Defect detection 

– Rapid back-end inspection & test 

• Reproducibility 

– Luminance:  +10%? 

– Color coordinates:  within 2-step Macadam ellipse 

Source:Yoshi Ohno (NIST) 
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Source: Gopalan Rajeswaran 
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Manufacturing – Depreciation Costs 

• Gen 4 line (730 x 920 mm) 
• 2 minute cycle time; 24 hour, 7 day operation 
• Annual capacity: 176,500 m2 (substrate area) 
• Facilities cost: $150M 

Assume 

Line Utilization Factor and Depreciation Costs: 

Start Average Target 

Product Area (ratio) 0.7 0.8 0.9 

Up time (ratio) 0.6 0.75 0.9 

Yield (ratio) 0.6 0.75 0.9 

Utilization factor 0.25 0.42 0.73 

Depreciation - $ per m2 675 405 230 
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Meanwhile… 

ILED developers are reducing their cost projections 
 as they increase their performance targets 
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The Valley of Death 

Improving yield and reducing manufacturing requires 
 practice, practice, practice…. 
 
What is right scale for a first production line?  
 
How we do pay for the learning experience? 
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Outline 

• What is the market opportunity? 
• Form, fit, function and flair 
• Energy savings 
• Light control 

• Efficacy – key to long life & low cost  

• Light extraction 
• Voltage reduction 
• Spectrum shaping 

• Manufacturing challenges 
• Reliability and reproducibility 
• Cost 
• The valley of death 


