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OLED Displays and Lighting – 2010/2011 State of the Art

2010 has been an impressive year for the OLED industry as production of AMOLED displays grew from 17m panels to over  34m and revenue went from US$500m to >US$1,000M. AMOLED displays were in such demand that there wasn’t sufficient supply and some smartphone manufacturers (i.e.  HTC, Motorola and others) had to switch back to TFT LCDs. LG Display produced the largest commercial AMOLED to date, a 15” HDTV with a thickness of <2mm. LG also wowed attendees at IFA with a 31” HDTV prototype in Europe, a forerunner to the development of commercial OLED TVs.  Samsung continued to innovate and commercially sold Super AMOLED displays, which are the first displays containing an on-cell touch feature, eliminating the need for a separate touch layer. Samsung also demonstrated foldable, rollable and transparent prototypes. 

OLEDs technology is also targeting the emerging solid state lighting market and at least 20 lighting manufacturers are either conducting R&D or producing panels on pilot lines. Moreover, at least 3 organizations, Fraunhofer, GE and Konica Minolta are making breakthroughs in roll-to- roll manufacturing using flexible substrates. Moser Baer Technologies and Universal Display are also establishing a pilot line in the U.S., with the intent to demonstrate an advanced deposition process, designed to reduce costs and increase performance. Phillips, Osram Opto and Lumiotec are currently selling OLED lighting panels and Novaled and Universal Display have produced a range of lighting prototypes demonstrating performances 50-75 lm/W, transparency, multicolor and flexible designs.  

While 2010 was a significant year in the development of OLED products and capabilities, 2011 promises to be even better.  AUO and Chi Mei Innolux (CMI) will be entering mass production. LG Display will be opening a Gen 4.5 Fab and Samsung will open the largest AMOLED Fab to date Gen 5.5 1300x1500. In addition, China’s leading display makers, Visionox, BOE, and Tienima (Rainbow) are being subsidized by the Chinese government to build AMOLED Fabs in the 3.5 to 4.5 generations. 

Several advances have been made in the organic material, which is driving the industry.  Material performance has improved and is expected to continue at the 10% to 20% per annum level:
				2009				2010
				cd/A	Lifetime (hrs.)** 	cd/A	Lifetime (hrs.)**
· Phosphorescent
· Red
· Green
· Blue
· Polymer
· Red		10	180K*			11-31*	200K
· Green		26	180K*			28-50*	200K
· Blue		6	21K*			6-9*	21K
*Dependent on level of Color Saturation
** Measured at 1,000 cd/m2

Source: Universal Display/CDT

Novaled with its doped conductors have demonstrated _______________ and __________________. 

Unfortunately, one forecast made by a number of bloggers has not come true.  Apple has not used yet AMOLEDs in any of their products. There are three good reasons why Apple has chosen not to use OLEDs:

· There is insufficient capacity to meet the demands for Apple’s products. In 2010, Samsung was the only volume manufacturer of OLEDs and they were sold out. Apple is also unique in the mobile phone industry in that it only makes 3 models and they are all very popular, while companies like Samsung, Nokia, LGE and RIM make 50 to 100 models.  A high selling model for these manufacturers might be 5 to 7 million, while Apple sells 10s of millions and requires a much more robust supply chain and dual sourcing. 
· Power consumption is also a major issue for Apple and the use of AMOLEDs could reduce the battery life, if the usage model includes a lot of applications with a white background. Compared to a TFT LCD an OLED will use 60% more power when the background is white (~40% of pixels on), but 30% less power for a still image and 85% less power for a video. Apple calculates that the OLED power consumption will be higher than LCDs for their customer’s usage model, while Nokia calculates that the OLED will use less power for their customer’s usage model. 
· The retina display on the iPhone has the highest pixel density at   >300ppi and luminance of >700 cd/m2 of any display used in smartphones. Using the current patterning methodology, OLEDs are limited to ~250 ppi because of the manufacturing process. In the next generation of deposition and patterning tools, this constraint will be eliminated by switching from point source to a linear source as discussed later in this paper. 
Regardless of what the bloggers say, it’s highly unlikely that any major Apple product will use AMOLED displays in 2011. 
1. OLED Performance
In 2010, smartphone manufacturers clearly recognized the benefits of AMOLED performance in terms of: 
· Darkest Blacks
· Fastest Response Time
· High Contrast Ratio
· Wide Viewing Angle
· Widest color range
· Warmest Whites
· Best tracking the gamma curves
· Lowest Power Consumption
· Lifetimes in excess of 100K hrs.
As a result the 3.5” -4.3” AMOLEDs were sold out even though a premium of 15% to 25% was charged vs. TFT LCDs. The next figure shows the advantages of AMOLEDs in tracking the gamma curve at the lowest gray scales typically used in videos and movies.
Figure 1	AMOLED vs. TFT LCD Tracking of Gamma Curves  
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AMOLED							TFT LCD

Source: Samsung (SMD)
Another major accomplishment by the industry has been the adoption by the International Committee for Display Metrology (ICDM) of an image quality metric. This new standard measures the brightness of display accurately by considering not only luminance and contrast, as was the case for existing standards, but also perceived degree of brightness and resolution of displays. In the prior methodology an AMOLED display was measured less bright than the LCD display. The adoption of the Emotional Image Quality Evaluation as an international standard will pave the way for precisely expressing the high quality, emotional resolution of the AM OLED display to consumers. The Emotional Image Quality Evaluation is an improvement from the National Television System Committee (NTSC)’s video system which measures the RGB colors of red, green and blue in a flat space. This standard now codifies the ability of AMOLED displays to offer 25% to 35% higher brightness than LCDs when operating at the same luminance (cd/m2). See the next figure for a comparison of the differences.
Figure 2	AMOLED vs. TFT LCD Perceived Brightness Comparison
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Source: Samsung (SMD)
New products such as transparent lighting for windows, transparent monitors, foldable displays and even rollable displays will be possible.  Some of these products have already shown up in prototypes in the next figure. OLEDs for displays and lighting will initially compete head to head with incumbent technologies but in 2011 they will show potential products that are highly differentiated 









Figure 3: Flexible, Foldable and Rollable AMOLED Displays
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Source: Samsung (SMD)/Sony
2. Manufacturing
Throughout 2010, Samsung was the primary producer of AMOLEDs and they used a process known as Vacuum Thermal Evaporation (VTE) with a Fine Metal Mask (FMM) to deposit and pattern the organic material. One of the limitations of this technology is the use of a single heat source (point source) for vaporizing the organic material.  In order for the source to reach the entire substrate it must be placed far enough away from the glass so that the material has a clear path from the source to the glass. There are two challenges with the point source technology:
· The process wastes too much material, which lands on the edges of the glass and the VTE chamber.
· Because of the distance between the source and the glass, there is a finite limitation on the ppi, because enough room must be left between the sub-pixels so there is no cross talk. As indicate above in the discussion about Apple, AMOLEDs are generally limited to less than 250 ppi
Several tool suppliers are working to solve the problem using a linear source, which means that instead of 1 heating source, there will be many, allowing the sources to be closer to the glass and resulting in higher material utilization and less margin requirements for pixelization. 




Figure 4 	Point Source vs. Linear Source
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Point Source 					Linear Source
Source: LG Display/OLED-A
In 2010, capacity of the Samsung Gen 4.5 (730x920 mm) Fab was less than 50K substrates/month.  In 2011, we expect the number of substrates per month to grow to over 200/month including a Gen 5.5 1300x1500mm from Samsung and 1-3 additional Gen 4.5 Fabs from LG Display, AUO and Visionox. In addition to the conversion from a point source to a linear source, tool manufacturers such as Ulvac, Applied Materials, Tokki and Sunic are modifying their designs to hold the substrate vertically to eliminate the sag as the FMM gets larger. The new tools are being designed for Gen 4.5 and above and will be targeted at both displays and lighting. 
3. OLED Lighting
In 2010, a number of companies (including Philips, Osram Opto, Novaled, Universal Display, Lumiotec, GE, Konica Minolta, Pioneer/Mitsubishi, Kaneka and others) released OLED lighting demonstrators. Two examples are shown in the next figure. These products showed the ability of OLED lighting to reach efficacies of over 50 lm/W in both rigid and flexible configurations.
While the luminance and lifetimes are still below commercial grade of 5,000 to 10,000 lm/m2 with lifetimes (T70} of 30,000 to 50,000 hr.it now appears that these targets are with reach over the next 3 to 4 years as shown in the next Figure.  If these performance levels are reached, then AMOLED lighting will be in a position to compete with traditional lighting technology and LEDs in the ~$100B lighting market. Moreover, OLEDs will produce a wave of new products taking advantage of the flexibility, transparency, warm color temperature, robustness and low heat generation of OLED lighting.




Figure 6 Samples of New OLED Lighting Panels
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Sources:             Universal Display					Novaled
Figure 5 	Forecast of OLED Efficiency and Lifetime


Source: OLED-A
2011 Forecasts
2011 promises to be another record breaking year as the number of suppliers grows from 1 to minimum of 4 and as many as 6. . Shipment volume is expected to increase by over 200% Y/Y and revenue is projected to increase by 160%Y/Y to US$6.5B. The first Gen 5.5 built by SMD should reach mass production in the second quarter and new manufacturing techniques to handle the deposition and patterning for large substrates should be implemented. High volume production of AMOLED TVs is unlikely to be available in 2011, but some commercial TVs at very high ASPs may be produced in 2012.  The challenge for TVs is to build a Fab large enough to make the cost competitive with TFT LCDs in the size range of >40” in diagonal.  It is generally agreed that 8th Gen will be required and that the breakthroughs in the active matrix material and the patterning and deposition process will be needed.
For OLED lighting, the industry will continue to provide developmental products and test out the manufacturing and cost down process. It is unlikely that any manufacturers will reach high volume production although there will be many successes in improving efficacy and lifetime; R-T-R manufacturing, printing of layers and the creation of new forms of outcoupling to maximize external quantum efficiency will be implemented. It is too early to provide a forecast of volume and revenue until there is more clarity on the performance and maturity of the manufacturing process. 
Some predictions for 2011:
1. An 8th Gen Fab will be announced for production in 2013
a. The active matrix will be multi-layer metal oxides
b. The deposition and patterning will be by printing; most likely slot printing as developed by DuPont
c. Solution process phosphorescent material will be used
2. AMOLED manufacturers will finally put to end the lingering doubt that AMOLEDs under perform TFT LCDs
a. AMOLEDs will reach power consumption parity with TFT LCDs for white background images
b. More efficient organic materials will allow AMOLEDs to operate at higher luminance, further extending their lead in high ambient conditions.
c. New usage modes emphasizing video will help differentiate OLEDs from other technologies
3. One Chinese manufacturer will announce they are ready for mass production, but will likely take a long time to reach MP type yields
4. Printing of organic material will take a major step as Epson, Toshiba, Panasonic and Di Nippon Print demonstrate new tools using polymers or  solution based phosphorescent material using Ink Jet Printing (IJP)
5. Luminance of >5000 lm/m2 will be demonstrated together with a roadmap that will reach >10,000 lm/m2 by 2015. These breakthroughs in performance will enable lighting manufacturers to begin planning for Gen 4.5 and above lighting Fabs.
6. At least one other display maker will announce a Gen 5/5.5 for 2012.
7. [bookmark: _GoBack]Universal Display will at long last sign new license/royalty agreements with Samsung and LG Display.
8. Samsung, which demonstrated a 7” Galaxy Tab with an AMOLED, but used a TFT LCD in 2010, will introduce a 7” AMOLED Galaxy Tab with on-cell touch, once their Gen 5.5 is in full production.


Figure 7	2010 -2015 Forecast for AMOLED TV Shipments and Revenue
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Source: OLED-A









Figure 8	2010 – 2015 Forecast for AMOLED Small/Medium Panels and Revenue

Source: OLED-A
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