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LED Modern Applications and Future Advances

Abstract:

The past few decades have brought a continuing and rapidly evolving sequence of technological revolutions, particularly in the digital arena, which has dramatically changed many aspects of our daily lives. The developing race among manufacturers of light emitting diodes (LEDs) promises to produce, literally, the most visible and far-reaching transition to date. Recent advances in the design and manufacture of these miniature semiconductor devices may result in the obsolescence of the common light bulb, perhaps the most ubiquitous device utilized by modern society.  Of these advances, OLED technology seems to be making remarkable leaps.  OLED-based display screens bring immense advantages to handheld devices, making cheap and flexible displays possible. Soon they will find their way into magnified micro displays, digital cameras, personal digital assistants, virtual reality games, mobile phones, handheld PCs, video cameras, car navigation systems, and so on. Most of these applications are currently served by the traditional liquid crystal displays (LCDs) and vacuum fluorescent displays.  Moreover, with the emergence of polymer-based OLEDs, they can be used for making large displays, such as those for laptops.

Five Key Points LED Presentation

1. Problems facing LEDs in the years to come.  Especially the main reason that LEDs are used for only a limited number of lighting applications deals with the overall quantum efficiency.  This inefficiency is caused when some electrons and holes meet their combination creates not photons but rather heat-producing vibrations in the semiconductor's crystal lattice.
2. The concept of a white OLED is particularly attractive for general illumination, due to the reliability of solid-state devices, and the potential for delivering very high luminous efficiency compared to conventional incandescent and fluorescent sources.
3. While all diodes release light, most don't do it very effectively. In an ordinary diode, the semiconductor material itself ends up absorbing a lot of the light energy. LEDs are specially constructed to release a large number of photons outward.
4. There are two main directions in OLED.  The first technology was developed by Eastman-Kodak and is usually referred to as "small-molecule" OLED. The production of Small-molecule displays requires vacuum deposition, which makes the production process expensive and not so flexible.  A second technology, developed by Cambridge Display Technologies or CDT, is called LEP or Light-Emitting Polymer. The light-emitting polymer material consists of chains of molecules. Although this technology lags the Small-Molecule development by several years, it is more promising because of an easier production technique. No vacuum is required, and the OEL materials can be applied on the substrate by a technique derived from commercial ink-jet printing. This means that LEP displays can be made in a very flexible and cheap way.
5. In OLED display properties, Active Matrix and Passive Matrix should be considered along with their different characteristics.

Background 

LED's are available in a wide range of wavelengths or color, red-amber-yellow-green-blue are the most common, with red and amber being the brightest in illumination. Although a true white LED is not yet available, impregnating blue LED’s with phosphors can create white light.

LED's have the characteristics of a 98.9% reliability factor, which equates to operating over 100,000 hours. At 100,000 hours LED's are the longest life light source currently available in the world. These devices display the highest reliability in the family of illumination devices. Operating at 12 hours per day, 365 days per year, an LED will last over 22 years, or at least 98.9% of them will. In applications where LED's replace fluorescent lamps, LED's are 90% more energy efficient. In applications where LED's replace Neon lighting, LED's are 80% more energy efficient. 

It’s also of interest to note that LED's operate as 12 and 24-volt DC systems. This is the equivalent of a battery or a doorbell. Compare this to the high voltage of Neon systems (12,000-15,000 volts) and Fluorescent systems (120-277 volts) and you can see why LED's offer a significant reduction in fire and shock hazards.

Up until recently, LEDs were too expensive to use for most lighting applications because they're built around advanced semiconductor material. The price of semiconductor devices has plummeted over the past decade, however, making LEDs a more cost-effective lighting option for a wide range of situations. 

OLED & LED Physics and Concepts

An organic light-emitting diode consists of one or more organic layers sandwiched between two metal electrodes, one of which must be transparent. The organic layers are typically undoped, insulating, pi-conjugated molecules such as tris-(8-hydroxyquinolate)-aluminum or polymers such as poly (p-phenylene vinylene) or polyfluorene. These materials have essentially no free charges. Hence the charges that run through the OLED during operation are injected into the organic layers from the electrode contacts. 

The left illustration below provides a schematic of the relevant energy levels of the components of a single-layer OLED. The organic layer is a highly disordered, amorphous film and so it is usually characterized in terms of molecular energy levels--the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). The cathode, (C ) which injects electrons into the device, should have a low work function, allowing its energy to be close to that of the LUMO: A good energy match between cathode and LUMO means that not much energy is lost when electrons are injected.
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Likewise, the anode (A) should have a high work function and energy close to that of the HOMO. Typically, the cathode is made of a reactive metal such as calcium, lithium, or magnesium, either singly or alloyed with another metal, while the anode is formed from indium tin oxide, a transparent conductor with a relatively high work function. 

There is a built-in potential difference across an OLED at thermal equilibrium and zero bias due to the equilibration of the Fermi levels of the two electrical contacts. The center illustration shows a manifestation of this equilibration: The HOMO and LUMO energies are functions of position as one moves across the OLED. Charge cannot get injected into the organic material until an external forward voltage overcomes the OLEDs built-in potential. When such a voltage is applied, the HOMO and LUMO energies are as indicated by the illustration at right, which also shows electrons and holes successfully injected onto the organic layer. Note that the essential physics of OLEDs is analogous to that of p-n junctions: The HOMO and LUMO are analogous to valence and conducting bands, respectively; the hole-injecting anode is analogous to the p-side of the junction; and the cathode corresponds to the n-side. 

Once electrons and holes are injected into the organic layer, they drift under the influence of the applied field toward the opposite polarity contacts. The electron and hole mobility in the disordered layer are low, more than a million times lower than in traditional semiconductors such as silicon, so a high field is required for appreciable current. Thus, the organic layers must be thin (on the order of 100 nm) for low-voltage operation. As electrons and holes hop from site to site, they sometimes land in the same place and form a neutral bound excited state, or excition. With properly chosen materials, a significant fraction of these excitions relax by emitting a photon so as to generate light.

Light is a form of energy that can be released by an atom. It is made up of many small particle-like packets that have energy and momentum but no mass. These particles, called photons, are the most basic units of light. Photons are released as a result of moving electrons. In an atom, electrons move in orbitals around the nucleus. Electrons in different orbitals have different amounts of energy. Generally speaking, electrons with greater energy move in orbitals farther away from the nucleus.  A greater energy drop releases a higher-energy photon, which is characterized by a higher frequency.  

While all diodes release light, most don't do it very effectively or in the visible spectrum.  Certain materials (commonly usually: Al In Ga P) are required to get visible light.  Also, in an ordinary diode, the semiconductor material itself ends up absorbing a lot of the light energy. LEDs, on the other hand, are specially constructed to release a large number of photons outward. Additionally, they are housed in a plastic bulb that concentrates the light in a particular direction. 
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LED Device Efficiency

In considering LED efficiencies, it is convenient to consider the emission process to consist of three distinct steps: excitation, recombination, and extraction. These three steps are respectively labeled (a), (b), and (c) with reference to the figure below.

Photons created by minority electron recombination on the p-type side of the junction are more likely to be successfully emitted from the surface of the device, for the structure shown in figures (a) and (b) if the p-type region is a thin surface layer. For a given total LED current,
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, made up of electron, hole, and space charge region recombination components, In, Ip, and Ir respectively, the electron injection efficiency, γ, (which provides the excitation) is:
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In principle, all the physical processes described above apply equally to both electrons and holes.  However, the electron mobility, μn, is greater than the hole mobility, μn, and as a result greater electron injection efficiency, γn, is attainable for a given doping ratio than hole injection efficiency, γp.  Consequently, LEDs are p-n diodes constructed as in the figure below with the p-layer at the surface.
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With regards to figure (b) above, some of the recombinations undergone by the excess electron distribution, 
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, in the p-type region will lead to radiation of the photon desired, but others will not, because of the existence of doping and various impurity levels in the bandgap.  The total recombination rate, R, can be written in terms of the radiative and nonradiative rates, Rr and Rm.  τr and τr are the minority carrier lifetimes associated with the x radiative and nonradiative recombination processes, and τ is the total effective lifetime.
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It can be deduced from figure C above that many of the photons generated on either side of the junction will pass through sufficient bulk semiconductor to be reabsorbed. In fact the photon energy may be ideally suited to re-absorption if it exceeds the semiconductor direct bandgap. It is obvious, then, why GaAs is opaque and GaP transparent to photons from Ga(As:P) junctions. Clearly, a greater efficiency might be expected from the transparent substrate with reflecting contact (shown in figure B).  The photon must strike the LED surface at an angle less than the critical angle for total internal reflection, 
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The variables next and nled are the external and internal refractive indices, respectively.  For air, next = 1, but critical angle loss can be reduced by encapsulating the device in an epoxy lens cap (figure (c)) to increase both the external refractive indices and the angle of incidence at the air interface.

In considering LED effectiveness for display purposes, one must also include radiation wavelength in relation to the spectral response of the human eye. Although the GaP green LED is intrinsically less efficient than the GaAsP red LED, the eye compensates for the deficiency with a greater sensitivity to green.

This previous discussion focused mainly on efficiency. From the physics discussion, it can be deduced that conventional incandescent bulbs, the light-production process involves generating a lot of heat (the filament must be warmed). This is completely wasted energy, unless you're using the lamp as a heater, because a huge portion of the available electricity isn't going toward producing visible light. LEDs generate very little heat, relatively speaking. A much higher percentage of the electrical power is going directly to generating light, which cuts down on the electricity demands considerably.  

The expected power conversion efficiency is graphed versus wavelength.  Fluorescent and incandescent bulbs provide low theoretical power conversion efficiency while certain LED’s exhibit massive inefficiency, especially green/yellow.  The theoretical white LED is also displayed with projected conversion efficiency.
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LED Advancements and Future Projections

Major advancements are being made to the production of light emitting diodes. Increasing lifetime, overall power efficiency, and cost per lumen are the main objectives in current LED research. During the next 10 years, over $500 million will go into government research of LEDs. 

LED technology is certain to play a crucial role in the future of many industries.  Outlined below are projections for state of the art and future use of LED’s.  Potential applications for the OLED in the near future include: cell phone screens, organic lasers, instrumentation for aircraft and automobiles, and laptop screens.  The current figures for OLED technologies are expected to capture approximately 10% of the entire display market by the end of 2005 and as much as 50% by 2010.

An OLED is an LED, which made by placing a series of organic thin films between two conductors (electrodes).  One electrode is transparent to light and acts as a hole-injector.  This material typically consists of a thin film of ITO (Indium-Tin-Oxide) deposited on a glass substrate.  The other electrode has a good electrical conductivity and is also transparent to visible light if it is thin enough.  When electrical current is applied to these electrodes, a bright light is emitted. This process is called electro phosphorescence. Even with the layered system, these systems are very thin, usually less than 500 nm.
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When used to produce displays, OLED technology produces self-luminous displays that do not require backlighting. These properties result in thin, very compact displays. The displays also have a wide viewing angle, up to 160 degrees and require very little power, and run on only 2-10 volts.

There are two main directions in OLED.  The first technology was developed by Eastman-Kodak and is usually referred to as "small-molecule" OLED. The production of Small-molecule displays requires vacuum deposition, which makes the production process expensive and not so flexible.

A second technology, developed by Cambridge Display Technologies or CDT, is called LEP or Light-Emitting Polymer. The light-emitting polymer material consists of chains of molecules. Although this technology lags the Small-Molecule development by several years, it is more promising because of an easier production technique. No vacuum is required, and the OLED materials can be applied on the substrate by a technique derived from commercial ink-jet printing. This means that LEP displays can be made in a very flexible and cheap way.

OLEDs are currently used mainly as display screens.  Liquid Crystal Display or LCD screens are the current most popular for flat panel displays, but as the technology increases, particularly in the power efficiency, OLEDs promise to become more mainstream.  OLED displays have many advantages over LCDs such as: increased brightness, faster response time for full motion video, lighter weight, greater durability, and broader operating temperature ranges. While the more efficient OLEDs probably won’t take over LCDs screens completely anytime in the near future, they will likely be very competitive and also used in combination with each other in order to provide a low cost, bright, and portable display with the combined benefits of simplified manufacturing and enhanced power efficiency.  

For comparison, LCDs, which are widely used today, are non-organic, non-emissive light devices, which mean they do not produce any form of light. Instead they block/pass light reflected from an external light source or provided by a back lighting system. The back lighting system accounts for about half of the power requirements for LCDs, which is the reason for their increased power consumption (over OLED technologies).

LCD production involves the same sort of layering technique used in OLED displays, with some modification. First there is the formation of electrodes on two glass substrates. Then the substrates are joined together and the liquid crystals are sealed within them. Backlights are used to spread light out by a thin light diffuser. Finally the system is placed into a metal frame.
Active matrix (AM) OLED displays stack cathode, organic, and anode layers on top of another layer – or substrate – that contains circuitry. The pixels are defined by the deposition of the organic material in a continuous, discrete “dot” pattern. Each pixel is activated directly: A corresponding circuit delivers voltage to the cathode and anode materials, stimulating the middle organic layer.

AM OLED pixels turn on and off more than three times faster than the speed of conventional motion picture film – making these displays ideal for fluid, full-motion video. The substrate – low-temperature poly-silicon (LTPS) technology – transmits electrical current extremely efficiently, and its integrated circuitry cuts down AM OLED displays’ weight and cost, too. 

Passive matrix (PM) OLED displays stack layers in a linear pattern, much like a grid, with “columns” have organic and cathode materials superimposed on “rows” of anode material. Each intersection or pixel contains all three substances. External circuitry controls electrical current passing through the anode “rows” and cathode “columns,” stimulating the organic layer within each pixel. As pixels turn on and off in sequence, pictures form on the screen.

PM OLED displays’ function and configuration are well suited for text and icon displays in dashboard and audio equipment. Comparable to semiconductors in design, PM OLED displays are easily, cost-effectively manufactured with today’s production techniques. 

The impedance of OLEDs drops exponentially with increasing forward voltage, and light output is proportional to current flow. So as impedance drops, light output increases-rapidly. There is virtually no delay between generation of current flow and generation of light output. Therefore, OLEDs are very fast and can easily sustain full video response.
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The graph directly below shows that Organic light-emitting diodes have an electrical characteristic similar to inorganic LEDs. They conduct in forward bias and do not conduct under reverse bias; that is, there is no wasted power in the "off" state.  The graph below that shows that from 0.01 cd/m2 to over 100,000-cd/m2 OLED light output is proportional to current flow. This effect produces exceptional contrast over much different operating conditions-from nighttime through daylight viewing conditions.
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The most notable ambition in relation to OLEDs, or diodes in general, is the production of a white emission LED.  The role of the gallium-indium-nitride semiconductor material system extends to the development of white-light diodes. The addition of bright blue-emitting LEDs to the earlier-developed red and green devices makes it possible to use three LEDs, tuned to appropriate output levels, to produce any color in the visible light spectrum, including white. Other possible approaches to producing white light, utilizing a single device, are based on phosphor or dye wavelength converters or semiconductor wavelength converters. The concept of a white LED is particularly attractive for general illumination, due to the reliability of solid-state devices, and the potential for delivering very high luminous efficiency compared to conventional incandescent and fluorescent sources.

Whereas conventional light sources exhibit an average output of 15 to 100 lumens per watt, the efficiency of white LEDs is predicted to reach more than 300 lumens per watt through continued development. The figure below illustrates the luminous efficiency values for a number of LED types and conventional light sources, and includes the CIE luminosity curve for the visible wavelength range. This curve represents the human eye response to an emitter of 100 percent efficiency. Some of the current LED materials systems exhibit higher luminous performance than most of the conventional light sources, and soon light emitting diodes are expected to be the most efficient emitters available.
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White LEDs are certainly suitable for display and signage applications, but in order to be useful for general illumination, and for applications demanding accurate and aesthetically pleasing color rendering (including illumination for optical microscopy), the manner in which "white" light is achieved must be seriously considered. The human eye perceives light as being white if the three types of photo sensory cone cells, located in the retina, are stimulated in particular ratios. The three cone types exhibit response curves that peak in sensitivity at wavelengths representing red, green, and blue, and the combination of response signals produces various color sensations in the brain. A wide variety of different color mixtures are capable of producing a similar perceived color, especially in the case of white, which may be realized through many combinations of two or more colors.

A chromaticity diagram is a graphical means of representing the results obtained from mixing colors. Monochromatic colors appear on the periphery of the diagram, and a range of mixtures representing white is located in the central region of the diagram (see the figure below). Light that is perceived as white can be generated by different mechanisms. One method is to combine light of two complementary colors in the proper power ratio. The ratio that produces a tristimulus response in the retina (causing the perception of white) varies for different color combinations. A selection of complementary wavelengths are listed in Table 2, along with the power ratio for each pair that produces the chromaticity coordinates of a standard illuminant designated as D(65) by the International Commission for Illumination.
Complementary Color Wavelengths

	Complementary Wavelengths
	Power Ratio

	1 (nm)
	2 (nm)
	P(2) / P(1)

	390
	560.9
	0.00955

	410
	561.3
	0.356

	430
	562.2
	1.42

	450
	564.0
	1.79

	470
	570.4
	1.09

	480
	584.6
	0.562

	484
	602.1
	0.440

	486
	629.6
	0.668
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Table 2
Another means of generating white light is by combining the emission of three colors that will produce the perception of white light when they are combined in the proper power ratio. White light can also be produced by broadband emission from a substance that emits over a large region of the visible spectrum. This type of emission approximates sunlight, and is perceived as white. Additionally, broadband emission can be combined with emission at discrete spectral lines to produce a perceived white, which may have particular desirable color characteristics that differ from those of white light produced by other techniques.
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The combination of red, green, and blue diode chips into one discrete package, or in a lamp assembly housing a cluster of diodes, allows the generation of white light or any of 256 colors by utilizing circuitry that drives the three diodes independently. In applications requiring a full spectrum of colors from a single point source, this type of RGB diode format is the preferred technique.

Most white-light diodes employ a semiconductor chip emitting at a short wavelength (blue, violet or ultraviolet) and a wavelength converter, which absorbs light from the diode and undergoes secondary emission at a longer wavelength. Such diodes, therefore, emit light of two or more wavelengths, that when combined, appear as white. The quality and spectral characteristics of the combined emission vary with the different design variations that are possible. The most common wavelength converter materials are termed phosphors, which exhibit luminescence when they absorb energy from another radiation source. The typically utilized phosphors are composed of an inorganic host substance containing an optically active dopant. Yttrium aluminum garnet (YAG) is a common host material, and for diode applications, it is usually doped with one of the rare-earth elements or a rare-earth compound. Cerium is a common dopant element in YAG phosphors designed for white light emitting diodes.

The first commercially available white LED (fabricated and distributed by the Nichia Corporation) was based on a blue-light-emitting gallium-indium-nitride (GaInN) semiconductor device surrounded by a yellow phosphor. The phosphor is Ce-doped YAG, produced in powder form and suspended in the epoxy resin used to encapsulate the die. The phosphor-epoxy mixture fills the reflector cup that supports the die on the lead frame, and a portion of the blue emission from the chip is absorbed by the phosphor and reemitted at the longer phosphorescence wavelength. The combination of the yellow photo-excitation under blue illumination is ideal in that only one converter species is required. Complementary blue and yellow wavelengths combine through additive mixing to produce the desired white light. The resulting emission spectrum of the LED (Figure 10) represents the combination of phosphor emission, with the blue emission that passes through the phosphor coating unabsorbed.
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Recent advances in LED technology include a high-output blue-light-emitting diode (LED) developed by Cree Research (Durham, NC) is 20 times brighter than any existing blue LED and has a typical radiant output of 500 mu W, measured at 20 mA, with a peak wavelength of 430 nm and bandwidth of about 65 nm. The structure includes gallium nitride grown on silicon carbide. According to the company, the brightness of this device will make possible high-performance full-color LED displays; the blue LED has been combined with available high-brightness red and green LEDs to create clusters capable of producing all colors of the spectrum, including white. The company intends to use these clusters as building blocks for several LED-based display products.

LED Problems and Concerns

One problem researchers are facing is the amount of resistance in the diodes, although this very small compared to incandescent and other forms of lighting, it still poses the problem of producing some amount of unwanted heat, which of course causes some inefficiency. The major difficulty in dealing with his heat is that it must be dissipated by conductions methods rather than by radiation, which is the method used by incandescent lighting. The even bigger problem, which is the main reason why LEDs are still only used for a small fraction of lighting applications, deals with the overall internal quantum efficiency. This inefficiency is caused when some electrons and holes meet their combination creates not photons but rather heat-producing vibrations in the semiconductor's crystal lattice. 

While OLEDs deliver positive qualities like high contrast ratio, wide viewing angle, lots of brightness, etc., the down side is that the thin-film material, which is as thick as the ink on a page, reacts immediately when it comes in contact with water, creating black spots on the surface. Hence, it's imperative to keep the surface dry.

Color OLEDs still aren't as long-lived as they need to be; reds and blues tend to die after a few thousand hours, leaving plenty of green and not much else. Dupont claims to have developed red, blue and green OLED materials that last up to 10,000 hours (the industry benchmark for a viable display), but those are only lab results; it could take years to mass produce them

Barriers to producing white LED lights include a lack of high efficiency at all colors, especially in the yellow/green where luminosity is the highest and because of low light extraction efficiency from high refractive index semiconductors to low refractive air index.  The lack of efficient color mixing and the fact that LEDs dissipate heat by conduction rather than radiation also continues to be a problem.
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