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共Received 29 November 1999; accepted for publication 4 April 2000兲 We investigate the extraction of light from semiconductor light-emitting diodes made of dielectric multilayer stacks with quantum-well sources. The model is a combination of a rigorous vertical model of dipole emission and an in-plane ray-tracing model. The vertical model is shown to conveniently provide the relevant horizontal decay length of the various kinds of in-plane propagating modes. The proposed combination of the two models accounts for the lateral extraction as well as light recycling in the active layers. © 2000 American Institute of Physics. 关S0003-6951共00兲02822-9兴



be arbitrarily large in order to include evanescent waves.5 Under these conditions, the following quantities can be calculated:7 the power extracted upwards 关 d P u /d⍀ u (  u ) 兴 , downwards in the substrate 关 d P sub /d⍀ sub(  sub) 兴 , and the power emitted at the source 关 d P s /d⍀ s (  s ) 兴 per unit solid angle. The angles  correspond to the polar coordinates of the light propagating in the different media. The total power flux extracted in the upper medium ( P u ), in the substrate ( P sub), and emitted at the source ( P s ) are obtained by integrating over the solid angles. The quantum extraction efficiencies up and down are the ratios  u ⫽ P u / P em and  sub ⫽ P sub / P em , where P em⫽ P s ⫹ P NR is the total emitted power including nonradiative recombinations. For usual LED structures, the spontaneous emission enhancement factor is small8 and the emission is about the same as if the source was placed in a bulk medium: P s ⯝ P s,b . Then, assuming that the nonradiative emission is not modified by the presence of the structure, P em scales like the inverse of the internal quantum efficiency of the source (  int): P em⫽ P s ⫹ P s,b (1⫺  int)/  int⯝ P s,b /  int .  int is kept here as a freescaling parameter in all comparisons between experiment and theory. Unlike surface extraction, a large amount of light becomes guided in some high-index layers acting as a waveguide. Decay coefficients of this in-plane propagating light can be calculated by studying the broadening of the guidedmode peaks due to losses in the structure. A mode indexed m emitted at the abscissa x⫽0 can be written:9



In commercial heterostructure light-emitting diodes 共LEDs兲,1 a large part of the light is emitted from the sides of the chip. To correctly design high efficiency devices, the lateral extraction efficiency must, therefore, be calculated. Full three-dimensional 共3D兲 electromagnetic codes are untractable for structures where the lateral dimensions are hundreds of microns. On the other hand, existing spontaneous emission models in dielectrics2–6 are usually planar and more concerned with surface than lateral light extraction. In this letter, we present a 3D model, combining a rigorous vertical model of dipole emission,7 and an in-plane lateral model using geometric ray propagation. The connection between both models is as follows: resonance broadening in the vertical model is used to deduce the decay lengths of the various kinds of propagating modes either through genuine absorption or through evanescent leakage into the substrate. In calculating the fate of in-plane light and lateral extraction, we point out that the relevant factors not only include the ratio of decay length to chip dimension, but also the shape of the chip itself, with possible advantages of triangular and circular shapes over a square. The recycling effect is finally discussed. We recall first some results of the vertical model. The source emitter is modeled by a uniform density of radiating horizontal and vertical dipoles on the plane (Oxy). All calculations are performed in the monochromatic case with a vacuum wave vector k 0 ⫽2  /. Polychromatic calculations are then done by averaging the results over the source emission spectrum. The heterostructure consists of infinite dielectric layers parallel to (Oxy) and sandwiched between an upper outside medium 共air or epoxy兲 and the substrate. The refractive indices of the structure can be complex, thus allowing absorption calculations. An additional layer corresponding to the source has a real refractive index n s that can



Em 共 x,z 兲 ⫽Em 共 z 兲 e ⫺i ␤ m x e ⫺ ␣ m /2兩 x 兩 ,



where ␤ m ⫽n s k 0 sin m is the propagation constant of the mode and ␣ m a power-damping coefficient with a corresponding decay length L m ⫽1/␣ m . The field component in the basis of nondamped plane waves is
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i.e., the electric field at the source is proportional to the normalized Lorentzian L( ␣ m , ␤ ⫺ ␤ m ) centered at ␤ m and with a full width at half maximum 共FWHM兲 ␣ m . This implies a direct proportionality between the power emitted at the source d P s /d⍀ s ( ␤ ) and the Lorentzian-square function L 2 ( ␣ m , ␤ ⫺ ␤ m ). This result is important: in a lossless waveguide, guided modes appear as Dirac functions; but, due to the inherent absorption in the structure, they acquire a Lorentzian-square line shape. Calling ⌬ ␤ the FWHM of the function d P s /d⍀ s ( ␤ ) close to the resonance ␤ ⫽ ␤ m , one can write: L 2 ( ␣ m ,⌬ ␤ /2)⫽L 2 ( ␣ m ,0)/2, leading to



␣ m ⫽ 共 &⫺1 兲 ⫺1/2⌬ ␤ .
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The total power P m of the mode is given by the integral of the Lorentzian-square function d P s /d⍀ s ( ␤ ⫽n s k 0 sin s) over the solid angles corresponding to the  extent of the function around ␤ m . For usual LED structures with waveguide thicknesses on the order of 5 m, it can be easily checked that the broadened mode peaks do not overlap. The fraction of light going into the mode m is then  m ⫽ P m / P em . Since the planar geometry of the vertical model is infinite, this fraction ends up by being absorbed, either in the quantum wells 共QWs兲 or in the rest of the waveguide, or by being lost in the substrate by evanescent coupling. The decay coefficients of these three loss mechanisms for the qw wg ec , ␣m and ␣ m , respectively with mode m are called ␣ m qw wg ec ␣ m ⫽ ␣ m ⫹ ␣ m ⫹ ␣ m . They are given by the relations: P mqw qw ec ec ⫽␣m / ␣ m P m and P m ⫽␣m / ␣ m P m , where the power flux of qw ) or lost in the mode, respectively, absorbed in the QWs ( P m ec the substrate ( P m ) is calculated in a similar way as P m . An example of this calculation is given below on an actual device: a high-power 880 nm infrared LED 共IR-LED兲 with a 400⫻400  m square lateral shape. The heterostructure, grown on a GaAs substrate, consists of a thick waveguide on top of a 20 pair AlGaAs/GaAs distributed Bragg reflector. All the calculations assume an internal quantum efficiency of  int⫽90% giving the best agreement with the measurements. Figure 1 shows the various quantities calculated at 880 nm for TE polarization. The power emitted at the source d P s /d⍀ s (  s ) has a succession of sharp peaks between 60° and 75° representing guided modes. Guided modes close to the GaAs/AlGaAs critical angle cutoff (⯝60°) mostly leak ec ec ec is significant, L m ⫽1/␣ m is small兲, into the substrate (  m while the others are mainly absorbed by the QWs. In the second part of this letter, the LED’s lateral dimensions and shape are taken into account. The guided modes side extraction efficiency is given by



 side⫽ 兺  m  m , m
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where  m is the extraction coefficient of mode m.  m is calculated by considering a light ray of unit power emitted at the position (x,y) in the plane (Oxy) and with an angle ␥ relative to the x axis. This light ray will undergo multiple



FIG. 1. Guided modes of an infrared LED structure: the calculation results in TE polarization at ⫽880 nm vs the internal angle at the source. 共a兲 Power emitted per unit solid angle at the source 共bold line兲 and power leaking into the substrate 共thin dashed line兲. 共b兲 Fraction of light going into the different guided modes (  m ) and leaking into the substrate (  mec). 共c兲 Decay length of guided modes due to absorption in the QWs and in the rest of the waveguide (L mabs), due to leaking into the substrate by evanescent coupling (L mec), total decay length of guided modes L m . 共d兲 Geometrical extraction factor of the guided modes into air (  m ) and modal facet reflectivity correction factor (F m ). The continuous lines in 共b兲, 共c兲, and 共d兲 are guides to the eye. The angular scale is limited to the range 55° – 75° which contains all the guided modes. In 共a兲 the power flux drops rapidly to zero above 75°.



beam reflections on the lateral interfaces of the LED, with an in-plane decay length equals to L m . As a first approximation, the facet reflectivity R m 共transmission T m ⫽1⫺R m 兲 is the product of two terms. The first term is the Fresnel reflection coefficient between the medium of the waveguide and the outside medium, for an incidence corresponding to the angle between the light ray and the normal of the facet. The second term (F m ) gives a correction to this simple ray-tracing Fresnel factor, and takes into account rigorously the vertical mode profile of the guided mode. This term is crucial for high-order modes in large waveguides whose extraction is strongly reduced compared to the extraction of the fundamental mode.10 It is calculated10,11 by decomposing the reflected field into backward propagating guided modes and by matching the k z Fourier components of the tangential electric and magnetic fields on both sides of the facet.  m is finally given by the sum of all the successive extractions averaged on the position of the emitting point and on the direction of emission. For a square LED of size a the result is
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FIG. 2. Geometrical extraction factors  m for a guided mode m⫽0 vs the relative decay length L m /d 共TE polarization兲. L m is the decay length of the mode. d is, respectively, the lateral dimension, the height, and the radius of a square, respectively, equilateral triangular, and circular LED. For a circular LED the curves correspond to three different injection areas: R inj is the radius of the circle inside which current injection occurs.



For an equilateral triangular LED of height h it can be shown tr sq (h)⫽3/2 m (h). The extraction coefficient of circular that  m LEDs can be calculated as well but the expressions are more complex and not given here. It appears in Fig. 2 that the largest extraction coefficients are found for circular shapes injected in the center when the guided mode losses are low. For large losses, the best extraction corresponds to the equilateral triangular shape. Figure 1共d兲 shows the extraction and reflectivity correction factors for our IR-LED example. Higher-order guided modes with angles below 67° face strong reflection at the side interface with air and are poorly extracted: their correction transmission factors F m fall below 10%. This is a limitation of LEDs with thick waveguides that can be overcome by encapsulating the chip in epoxy. Figure 3 summarizes the different extraction and loss mechanisms in the 3D geometry. The recycling effect is now investigated. The fraction of guided light that is not extracted by the sides and is absorbed in the QWs is



FIG. 3. Three-dimensional model: guided modes are either absorbed in the quantum wells, absorbed in the rest of the waveguide, lost in the substrate by evanescent coupling, or extracted by the sides.
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This quantity accounts for the majority of light that is absorbed in the QWs. Some nonguided light can be absorbed as well, but is generally extracted up or down much faster. If all the light absorbed in the QWs is assumed to create electron– hole pairs,  abs will correspond to a new source term leading to additional extraction efficiencies  abs u and  abs side. The absorption–emission process is repeated an infinite number of times. Extraction efficiencies will finally be increased by the recycling factor f recy⫽ 共 1⫺  abs兲 ⫺1 .
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Remembering that  abs is roughly proportional to the internal quantum efficiency  int , this factor is nonlinear in relation to  int : recycling is significant when  int is close to unity, thus for QWs of high quality. Finally, with Eqs. 共4兲, 共6兲, and 共7兲, the total extraction efficiency of the IR-LED with recycling is: f recy(  u ⫹  side)⫽1.1* (2.4⫹5.3)⫽8.5% into air and 1.1* (5.7⫹12)⫽19.5% into epoxy. This is in good agreement with the experimental measurements: inserting the bonded chip into an integration sphere gives total extraction efficiencies equal to 8.6% into air and 20% through a liquid droplet immersion with refractive index 1.5 simulating an epoxy encapsulation. The model has been further validated with other devices. In conclusion, the model presented here introduces the third dimension in the usually planar spontaneous emission models. Guided mode lateral extraction, absorption, leaking losses, and recycling are calculated, giving a numerical tool for a better physical understanding and designing of LEDs. This work was supported by the European Commission within the framework of the ESPRIT SMILED program. 1
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