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I. Introduction

It has become increasingly apparent that there are strong applications needs for a device that can efficiently convert electrical energy into light.  Light-emitting diodes (LEDs) are devices designed to efficiently convert electrical energy into electromagnetic radiation, most of which is visible to the human eye.  These semiconductor devices are most familiar as the little glowing red or green indicator on electronic equipment.  Visible LEDs, as introduced commercially in the 1960s, offer the advantage of efficient direct monochromatic emission.   However, until recently the commercial use of visible LEDs has been largely confined to indicator and display applications. The recent efficiency improvements of MOCVD-grown AlGaInP (red, orange and amber) and GaInN (blue and green) LEDs have enabled their use in a wide range of applications such as exterior automotive lighting, traffic signals and full-color outdoor signs. Further efficiency improvements and manufacturing cost reduction will enable LED-based systems to compete in the $40 billion lighting market with conventional technologies such as incandescent bulbs, fluorescent lighting, sodium vapor lamps and neon.

II. History

The electroluminescence phenomenon, or the generation of light by an electric current passing though a material under an applied electric field, was discovered in 1907 when H. J. Round published an article reporting the first observation of electroluminescence from an SiC (carborundum) light-emitting diode.  Although the discovery occurred nearly a century ago, investigation related to this phenomenon did not take place until 1960. 

After the invention of the maser (microwave amplification by stimulated emission of radiation) in 1954 by Townes and his collaborators and the subsequent operation of optical masers and lasers (l replacing m, representing light) in ruby, semiconductors were suggested for use as laser material.  In 1960, Nick Holonyak, who was working at General Electric at the time, started researching compound semiconductor alloys.  He and others had been working with gallium arsenide (GaAs), a direct-bandgap semiconductor. It was known then that by inserting a p-n junction into GaAs, infrared radiation was emitted.  Researchers were also aware of GaP, which is an indirect bandgap material that does not emit much light; however, due to its larger bandgap, GaP has the potential to emit visible light.  In 1962, the first GaAs1-xPx red laser was made by Nick Holonyak’s group.  General Electric sold the first commercial lasers for $2600 and commercial LEDs for $260 in the same year.  In 1967, J.M. Woodall, H. Rupprecht, and G.D. Pettit fabricated efficient light emitting diodes from Ga1-xAlxAs.  External quantum efficiencies of up to 3.3% were measured at room temperature for these diodes, and the switching time for the light emission at 300(K was measured to be 60ns.  

Since then, the rate of improvement for LEDs has been about a ten-fold increase in light output per decade and much research effort had been devoted to this area.  In the last decade, AlInGaP system for red and yellow, and InGaN system for green and blue have emerged, enabling development of very bright devices, as well as expanding the range of application for LEDs to large displays and traffic lights, to name a few.
III. Principles of Operation: 

Light-emitting diodes are semiconductor p-n junctions that under proper forward-biased conditions can emit external spontaneous radiation in the ultraviolet, visible, and infrared regions of the electromagnetic spectrum.  The basic operating mechanisms are based on the electrical and optical properties of p-n junctions and of semiconductor materials.  Depending on the semiconductor material used in the light-emitting layer (active layer), the wavelength of the emitted light can be anywhere within the range from visible to infrared.  Most commercially available LEDs are made from III-V compound semiconductor
.  

A. PN Juntion Diode:

A pn-junction is formed when a p-type semiconductor is brought into contact with an n-type semiconductor.  Before the two regions are joined, the n material has a large concentration of electrons and few holes, whereas the converse is true for the p material.  Upon joining the two regions, diffusion of carriers would take place because of the large carrier concentration gradients at the junction.  Thus holes diffuse from the p side in to the n side, and electrons diffuse from n to p.  

Although the electrons and holes can move to the opposite side of the junction, the donors and acceptors are fixed in space.  When electrons diffuse from the n side to the p side, they leave behind uncompensated donors ions (Nd+) in the n material, and holes leaving the p region leave behind uncompensated acceptors (Na-).  The diffusion of electrons and holes from the near-vicinity of the junction establishes a region of positive space charge near the n side of the junction and negative charge near the p side.  An electric field is associated with this concentration of unbalanced dopant site charges 

(Fig. 1).  The direction of the electric field is opposite to that of diffusion current for each type of carrier.  Therefore, the field creates a drift component of current from n to p, opposing the diffusion current.      
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         Figure 1: p-n junction formation and associated charge redistribution (Pierret, p. 202)
· I-V Characteristics:
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Figure 2: Ideal diode I-V characteristics: (a) linear plot identifying major features; (b) forward-bias semilog plot (Pierret, p. 250)
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Ideal Diode Equation:

         where,
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Taking recombination-regeneration current into account, the experimental result is represented by:

where n is the ideal factor.
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C-V Characteristics:
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C. Recombination-Generation Mechanisms

When a semiconductor is perturbed from the equilibrium state, an excess or deficit in the carrier concentrations relative to their equilibrium values is invariably created inside the semiconductor.  Recombination-generation is an order-restoring mechanism whereby the carrier excess or deficit inside the semiconductor is stabilized or eliminated.  

The terms recombination and generation do not refer to a single process.  Rather, they are collective names for a group of similar processes.  Carriers can be created and destroyed within the semiconductor in a number of ways.  

(1) Band to Band Recombination: This process involves the direct annihilation of a conduction band electron and a valence band hole.  The excess energy released during the process typically goes into the production of a photon.

(2) R-G Centers Recombination: This process involves an intermediary and takes place only at special locations within semiconductor known as R-G centers.  Physically, R-G centers are lattice defects or special impurity atoms.  R-G recombination typically releases thermal energy during the process, or equivalently, produces lattice vibration.

(3) Auger Recombination: In this process, band-to-band recombination occurs simultaneously with the collision between two like carriers.  The energy released by the recombination is transferred during the collision to the surviving carrier.  This highly energetic carrier subsequently loses energy in small steps through heat-producing collisions with the semiconductor lattice.
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Figure 3.15 Energy band visualization of recombination and generation processes.

As noted in Fig. 3.15(b), recombination at an R—G center is a two-step process. First,
one type of carrier, say an electron, strays into the vicinity of an R—G center, is caught by
the potential well associated with the center, loses energy, and is trapped. Subsequently, a
hole comes along, is attracted to the trapped electron, loses energy, and annihilates the
electron within the center. Alternatively, as also shown in Fig. 3.15(b), one can think of the
electron as losing energy a second time and annihilating the hole in the valence band. R—-G
center recombination, also called indirect recombination, typically releases thermal energy
(heat) during the process or, equivalently, produces lattice vibrations.
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Figure 3: Energy band visualization of recombination and generation processes (Pierret, p.106).

As we have seen, not all transitions can occur in the same material or under the same conditions, and not all transitions are radiative.  Efficient luminescent material is one in which radiative transitions predominate over nonradiative transitions such as the Auger process.

D. LEDs: General Overview

Electroluminescence may be excited through a variety of ways, including intrinsic, avalanche, tunneling, and injection processes.  Of the aforementioned processes, injection is by far the most important method of excitation.  When a forward bias is applied to a p-n junction, the injection of minority carriers across the junction can give rise to efficient radiative recombination since electric energy can be converted directly into photons.  Forward biasing a p-n junction diode causes a large number of majority carrier electrons on the n-side of to be injected over the reduced potential hill into the p-side quasineutral region.  Holes on the p-side similarly injected into the n-side quasineutral region.  These injected carriers subsequently recombine and produce photons (Figure 4).  
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Figure 9.13 Production of light in an LED resulting from carrier injection in a forward-biased pn
junction diode and subsequent band-to-band recombination.




Figure 4: Production of light in an LED resulting from carrier injection in a forward-biased pn junction diode and subsequent band-to-band recombination (Fukuda).

Using E-k diagrams (please refer to diagram below, Pierret, p. 108), we see that in a direct semiconductor, the recombination process may proceed without much change in momentum.  Therefore, the conservation of both energy and momentum is met simply by the emission of a photon.  In an indirect semiconductor, however, there is a large change in momentum associated with the recombination process.  Thus for band-to-band recombination to occur in an indirect semiconductor, the emission of a photon must be accompanied by the absorption of a phonon.  For this reason, band-to-band recombination proceeds at a much faster rate in direct semiconductor than in indirect semiconductor and is the process producing light in LEDs
.  
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Figure 3.18 E-k plot visualizations of recombination in direct and indirect semiconductors.




Figure 5: E-k plot visualizations of recombination in direct and indirect semiconductors (Pierret 109)

(1) Visible Light-Emitting Diodes
:

Since the eye is only sensitive to light of energy h( ( 1.8 eV (~ 0.7(m), semiconductor of interest must have energy bandgaps larger than this limit.  Direct bandgap semiconductors, as mentioned above, are particularly important for electroluminescent devices, because the radiative recombination does not involve phonons, and quantum efficiency is expected to be much higher than that for an indirect bandgap semiconductor, where a phonon is involved.  

To illustrate further the difference between direct and indirect bandgap semiconductors, let’s examine the GaAs1-xPx alloy in particular.  The energy gap for GaAs1-xPx as a function of the mole fraction x is shown in the diagrams below.  For 0( x ( 0.45, the energy gap is direct and increasing from Eg = 1.424 eV at x = 0 to Eg = 1.977 at x = 0.45.  For x ( 0.45, the energy gap is indirect.  The figure on the right shows the corresponding energy-momentum plots for selected alloy compositions.  From the diagram, we observe that there are two minima.  The one along the ( axis is the direct minimum, and the one along the x axis is the indirect minimum. 
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Figure 6: Composition dependence of the direct and indirect energy bandgap for GaAs1-xPx 

For the direct bandgap, electrons in the minimum of the conduction band and holes at the top of the valence band have equal momentum, whereas electrons in the minimum of the indirect bandgap material have different momentum.  For direct bandgap semiconductors, such as GaAs and GaAs1-xPx (x ( 0.45), the momentum is conserved.  Hence there exists a high probability for band-to-band recombination to occur, and the radiative transition becomes the predominant mechanism in direct bandgap semiconductors.  The photon energy is then approximately equal to the bandgap energy of the semiconductor.  

For GaAs1-xPx (x ( 0.45) and GaP that are indirect semiconductors, the probability for band-to-band recombination is extremely small, since phonons or other scattering agents must participate in the process in order to conserve momentum.  Thus, for indirect bandgap semiconductors, such as GaP, special recombination centers are incorporated to enhance the radiative process.

(2) LED Configuration

For LEDs that are used in optical fiber communication systems, efficient spontaneous emission originating from the excitation is favorable to reduce input power, and so a pn-heterojunction is used.  Bulk materials usually form the active layer in those LEDs.  In LEDs emitting visible light for display use, however, a variety of structures are used.  In these visible LEDs, the light originating in the spontaneous emission process is emitted in all directions from the light-emitting region (active layer).  For that reason, several structures restricting the emitted light to a certain direction have been developed.  These structures are divided into two groups: the surface-emitting and edge-emitting types.  The surface emitting LEDs emit the light in a direction perpendicular to the pn-junction plane, while the edge-emitting LEDs emit the light in a direction parallel to the pn-junction plane (Figure 6).
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direction have been developed. These LED structures are basically divided into
two groups: the surface-emitting and edge-emitting types. The surface-emitting
type LEDs emit the light in a direction perpendicular to the pn-junction plane.
Figure 2.1 shows three surface-emitting types of LEDs. The Burrus type is a
typical surface-emitting type of LED in which the emitted light is absorbed in
the substrate.2 If the wavelength (photon energy) of the emitted light is shorter




Figure 7: LED configurations

(3) Radiative Transitions in LEDs


The lifetime of the injected minority carrier in the active layer of an LED is determined by various radiative and nonradiative recombination processes.  Band-to-band, band-to-impurity level, and donor level-to-acceptor level transitions dominate the radiative recombination in direct bandgap semiconductors.  
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Fig. 4 Representation of radiative and nonradiative recombinations. (After lvey, Ref. 26.)




Figure 7: Representation of radiative and nonradiative recombinations.

The radiative transitions seen in the above diagrams are not efficient in indirect bandgap semiconductors.  In LEDs made up of indirect bandgap materials, especially in LEDs emitting visible light, the recombination of bound excitons at isolectronic centers or at similar centers is dominant.  The isoelectronic centers are introduced by replacing, during crystal growth, one host atom in the crystal with another kind of atom having the same number of valence electrons.  These isolectronic centers can capture an electron and becomes negatively charged, therefore attracting a hole, and a bound exciton is formed.  Consequently, there is a high probability that the radiative recombination of the exciton (electron-hole pair) at isoelectronic centers localized in the crystal will occur without any phonon assistance and momentum is still conserved.  One example is the nitrogen atom as the well known element forming isoelectronic centers in GaP and GaAsP.  The materials generally used for LEDs are AlInGaP for wavelengths from 590 to 620 nm, InGaP for wavelengths from 660 to 680 nm, and GaAs for the 850 nm band.

IV. Technical Issues Concerning LEDs

A. Internal Quantum Efficiency
Internal quantum efficiency is defined as the ratio of radiative recombination to total recombination.  This being the case, all radiative and nonradiative processes occurring in the active layer of the actual devices affect internal quantum efficiency.  According to Mitsuo Fudaka’s Optical Semiconductor Devices, nonradiative recombination’s influence on internal quantum efficiency, however, is negligible in normal LEDs composed of direct bandgap semiconductors if their doping levels are lower than 1018 cm-3 and the thickness of the active layer is set at a suitable value, which is at a value less than the injected carrier diffusion length.  At this thickness, the carrier confinement effect is increased, which results in a high rate of radiative recombination due to the high-injected carrier density and the uniform distribution of the injected carrier.  

B. Device Degradation

The main cause of rapid degradation are the generation and growth of dislocations, and sometimes precipitation of host atoms.  The growth of the dislocation is divided into two directions, <100> and <110>, when the dislocation is observed from the direction perpendicular to the (001) substrate.  

First of all, the <100> dislocation network grows by the nonradiative-recombination-enhanced defect motion.  The energy emitted by the nonradiative recombination at the dislocation and other defects is transformed into lattice vibrations through multiple phonons emission.  By absorbing an interstitial atom or emitting a vacancy, the dislocation network elongates become a complicated structure.  The rate of dislocation network growth depends on the properties of the material used.  Hence the generation of <100> dislocations can be reduced by improving crystal growth techniques and by using a high-quality substrate with a low defect density.  Secondly, the <110> dislocation network is caused by mechanical stress, and the growth rate thus depends of the magnitude of the tress.  The growth rate also depend on the bonding strength of host atoms in the crystal.  The generation of <110> dislocation networks can be controlled by decreasing the amount of mechanical stress from the outside of the chips, for example, by improving the mounting process.

Precipitation is mainly found in quaternary materials and is observed as dark spots in electroluminescence topographs.  The host atoms, such as In and Ga, locally precipitate and act as absorbers of emitted light.  However, this type of precipitation is scarcely found in recent devices fabricated from high-quality wafers.

C. Light Extraction

The total light output power from an LED is never equal to the light power emitted from the active layer because the photons generated due to the spontaneous emission process in the LED are emitted in random directions.  The light output power from a defined surface is therefore only a part of the total power emitted from the active layer.  Three loss mechanisms are responsible for the reduced quantity of emitted photons:

1) Absorption within the LED material:  This depends on the type of material used during fabrication.  For example, the absorption loss for LEDs on GaAs substrates is large since the substrate is opaque to light and absorbs about 85% of the photons emitted.  
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2) Fresnel Loss: When photons pass from a medium with an index of refraction of n2 to a medium of n1, a portion of the light will be reflected back to the medium interface.  This is called fresnel loss, and the reflection coefficient for normal incident is: 
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3) Critical Angle Loss:  This third loss mechanism is caused by the total internal reflection of photons incident to the surface at angles greater than the critical angle (c defined by Snell’s law:
D. Lighting applications for LEDs 
: 
(a) Signs—The total signs market for high-brightness LEDs (both single and full color) approximated $380 million last year.  Most of these are outdoor signs, the largest segments are sport stadium.


(b) Traffic Signals—More than 8% of conventional traffic signals in the US  have now    been replaced with LEDs.  More than 350,000 replacements were made in 2000, and almost half of these were for green lights.


(c) Automotive Applications—This market, totaling $260 million, includes exterior lighting for automobiles, such as center high-mounted stop lights and turn signal; truck and buses exterior lighting; and interior lighting such as map lights and instrument panels.


(d) Mobile Handsets—A major market for high-brightness LEDs include single-color LED backlights for monochrome displays in mobile handsets, and white backlights for full-color displays.  


(e) Illumination LEDs—These have not penetrated the illumination market to any significant degree.  However, there are several applications including decorative, architectural, and retail display lightings, flashlight bulbs and machine visions

VI. State of the Art Device Performance: High-Brightness LEDs

The highest-efficiency LEDs demonstrated to date come from the quaternary AlInGaP material system, which encompasses the amber to red color regime.  The peak performance reported belongs to the transparent substrate (TS) truncated inverted pyramidal (TIP) shaped light-emitting diode.  

AlInGaP TS TIP-LEDs are the most efficient visible spectrum LEDs demonstrated to date in any material system.  The highest luminous efficiency of 102 lm/W was achieved for 611nm lamps.  The external quantum efficiency for these devices ranges from 15% for amber lamps to 55% for deep red 652 nm lamps.  In addition, more than 60 lm of output flux has been measured from single TIP-LED lamps over the wavelength range of 590–640 nm at DC drive currents less than 500 mA (~100–350 mW of optical power).  This is about 15 times higher than the output power that can be obtained from conventional 5mm lamps.  
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VII. Future Endeavors 
The future of LED technology involves research effort to realize an efficient, affordable white-emitting light source that would be able to replace the current fluorescent and incandescent general illumination.  However, the finish line is quite far away still, since the best LED gives about 60 lumens of light output as compared to the 1700 lumens provided by a 100 W incandescent bulb.  In essence, the incandescent bulbs provide a larger number of lumens per dollar, and LEDs will eventually have to offer lower cost-performance figures in order to compete with the existing modes of illumination.  
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