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HIGH-EFFICIENCY LEDS 

 

1.  Structures for high-efficiency LEDs 

Contrary to semiconductors used in purely electronic circuits, for LEDs it is desirable that all 

the injected carriers recombine in the active region to form photons. The active region is usually the 

lowest bandgap region within the depletion region of a p–i–n diode. The carrier distribution in p–n 

homojunctions, i.e. p–n junctions consisting of a single semiconductor material, is governed by the 

carrier diffusion properties. In the absence of an external electric field, the minority carriers diffuse 

into the region with opposite conductivity with a mean distance corresponding to the diffusion 

length, Ln and Lp for electrons and holes, respectively. These values are typically of the order of 

several micrometers. This means that the minority carriers are distributed over a large region. The 

spontaneous radiative recombination rate Rsp is given by the bimolecular recombination equation  

   

             Rsp = Bnp                                        (6.1) 

 
which means that the rate is proportional to the carrier concentration in the active region (B is the 

radiative bimolecular recombination coefficient). However if the carriers are only limited by the 

diffusion their concentration will never be very high, not even for large current injection levels. The 

carriers therefore need to be confined by other means. In addition in a homojunction the emitted 

photons tend to be reabsorbed in the semiconductor before arriving at the surface. 

 

1.1 Double heterostructure 

The efficiency of LEDs can be drastically improved with the use of a heterojunction, i.e. a 

junction between different semiconductor materials. By injecting the carriers from a larger bandgap 

semiconductor into a narrow bandgap active region they are confined to the low bandgap region as 

the band offsets act as barriers. Thus with this so-called double heterostructure (DH) higher carrier 

concentrations can be achieved, as is depicted schematically in figure 1. Furthermore the photons 

emitted are not absorbed in the wider bandgap confinement layers, as the photon energy is smaller 

than the bandgap of the barriers. 
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Fig. 1 – Free carrier distribution in a homojunction (left) and a heterojunction 

(right) under forward bias. In homojunctions carriers are distributed over the 

diffusion length whereas in heterojunctions they are confined to the well region 

with thickness WDH 

 

1.2 Quantum wells (QWs) 

A quantum well (QW) is a double heterojunction structure with a very thin (≤ 50nm) narrow 

bandgap layer. Under forward bias, approximately rectangular quantum wells appear in the 

conduction and valence band as shown schematically in figure 2. As the active layer thickness 

comes close to the De-Broglie wavelength (about 10 nm for semiconductor laser devices) quantum 

effects become apparent with the introduction of other inter-band levels (e.g. E0 level in figure 2.b).  

 

 

 

 

 

 

 

 

 

Fig. 6.2 – Fermi level (EFn) and subband level (E0) in a double heterostructure (a) 

and a quantum well structure (b) at high injection levels 

(a) (b) 

(a) (b) 
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The size quantization can be used to increase the emission energy. Due to their small thickness 

QWs can be strained by being lattice-mismatched without introducing any undesired defects. This 

further increases the accessible wavelength range compared to bulk emission. The thickness 

reduction leads to high carrier densities. As a result, the carrier lifetime for radiative recombination 

is reduced and the radiative efficiency is increased. In addition due to the reduced active region 

thickness the re-absorption of emitted photons is drastically reduced. 

However quantum wells are saturated at lower injection levels compared to bulk active regions 

and hence for high power devices multi-quantum well (MQW) structures are employed. In that 

case the barriers between the different wells need to be sufficiently transparent, i.e. low or thin, in 

order to allow for efficient transport between the wells and to ensure a homogeneous carrier 

distribution. 

 

1.3 Separate-confinement heterostructure (SCH) 

The lower bandgap region in a double heterostructure usually also has a higher index of 

refraction. Therefore not only the carriers but the photons as well are confined to the narrow 

bandgap active region and the structure acts like a transverse dielectric optical waveguide or a 

vertical optical cavity. However with the use of a quantum well this optical confinement effect is 

sacrificed. Therefore different heterostructures are used for the electrical and the optical 

confinement. Such separate-confinement heterostructures (SCH) consist of thin quantum well 

carrier-confining active regions and a surrounding intermediate bandgap separate photon 

confinement region. By a grading of the index in the outer heterobarriers the overlap between the 

optical standing wave and the quantum well regions can be further improved, this configuration 

being called graded-index separate-confinement heterostructure (GRINSCH). It is shown in 

figure 3. 

 

 

 

 

 

Fig. 3 – Transverse band structure for two different separate-confinement 

heterostructures (SCHs): standard SCH (left) and graded-index SCH (GRINSCH) 

(right). The electric field (photons) is confined by the outer step or graded 

heterostructure; the central quantum well confines the electrons. 

 

(a) (b) 
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1.4 Carrier loss 

Ideally the injected carriers are confined to the active region by the barrier layers adjoining the 

active region. This way a high carrier concentration is attained resulting in a high radiative 

efficiency. For an efficient confinement the barriers must be much larger than the thermal energy of 

the carriers, which is equal to kT. However, the energy distribution of the free carriers in the active 

region is given by the Fermi–Dirac distribution. Thus a certain fraction of the carriers has a higher 

energy than the barriers. These carriers can diffuse into the barrier layers and recombine there 

instead of in the active region. The mechanism of carrier loss in the active region is illustrated in 

figure 4. 

 

 

 

 

 

 

 

 

 

Fig. 4 – Carrier capture and escape in a double heterostructure. Also shown is 

the energy distribution of the free carriers in the active layer 

 

For the AlGaAs/GaAs and the InGaAs/AlGaAs material system the barriers are relatively high, 

but in case of GaInP/AlGaInP they are significantly lower, both for electrons and holes. This results 

in significantly higher leakage currents for this material system.  

As the carrier energy distribution strongly depends on the temperature, the carrier leakage 

increases exponentially with temperature. 

In addition to temperature, another mechanism can negatively affect the concentration of 

charges in the active region. At high injection levels carrier start to spill over from the active region 

into the confinement region. With increasing injection current density the carrier concentration in 

the active region increases and the Fermi energy rises. For sufficiently high current densities, the 

Fermi energy will rise to the top of the barrier. At that point the active region is flooded with 

carriers (“carrier overflow”) and a further increase in injection current density will not increase the 

carrier concentration in the active region. As a result the optical intensity saturates.  
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The problem of carrier overflow is more severe in QW structures. For a QW-based LED 

structure it has been shown that the saturation level of the optical intensity is proportional to the 

number of quantum wells, as shown in figure 5. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5 – Optical intensity emitted by In0.16Ga0.84As/GaAs LEDs with active regions 

consisting of 1, 4, 6 and 8 QWs and theoretical intensity of a perfect isotropic 

emitter (dashed line) 

 

Eventually, carrier overflow in high-current devices can be avoided by employing either thick 

DH active regions, multi quantum well (MQW) structures or a large injection area, which means a 

large contact size. 

 

1.5 Electron-blocking layers 

We have seen that the charges tend to escape from the active region of the LED towards the 

confinement layers. Charge leakage can be substantial in double heterostructures with low 

confinement barriers. Furthermore, the high temperatures favor the loss of charges from the active 

region due to the increase in thermal energy. 

The electron loss current is greater than the hole loss current as the diffusivity of the electrons is 

usually greater than that of the holes in group III-V semiconductors. In order to reduce the loss of 

charges from the active region, layers with a wide bandgap of energy can be effectively used, acting 

as electron-blocking layers. These layers are deposited at the interface between the active region 

and the confinement one; thanks to their high bandgap they block the flow of electrons. 



 6

The band diagram of a GaInN LED having an electron barrier layer is shown in figures 6. The 

LED has two AlGaN confinement layers and an active MQW region in GaInN/GaN. An electron-

blocking layer in AlGaN (but with a higher percentage of Al) is placed between the p-type 

confinement layer and the active region. In particular, figure 6.a, which represents the band 

structure in the case of non-doped confinement layers, shows how the electron-blocking layer acts 

as a barrier for the current both in the conduction band and in the valence band. However, if the 

structure is doped, as illustrated in figure 6.b, the barrier in correspondence with the valence band is 

shielded by the free charges, thus resulting lower; in this way there is no barrier to the flow of holes 

in the p-type confinement layer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6 – LED structures with electron-blocking layer in the case of: a) undoped, 

b) doped confinement layers 

 

2.  Radiative and non-radiative recombination mechanisms 

Consider a forward biased p–i–n junction with a single quantum well of thickness tqw and 

volume Vqw in the center of a nominally undoped intrinsic region. The electron density in the 

quantum well can then be described by the following rate equation 

 

 lRRG
dt

dn
   (6.2) 

(a) 

(b) 
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where G is the rate of injected electrons, R the rate of recombining electrons per unit volume in the 

active region, neglecting photon recycling, and Rl the carrier leakage rate. The carrier leakage rate 

includes vertical carrier spill-over out of the active region and lateral diffusion out of the cavity 

region.  

The generation rate G corresponds to the fraction of the current being injected into the active 

region,  

 

 
qweV

I
G inj
   (6.3) 

 
with I being the applied current and ηinj the injection efficiency. The recombination rate is the sum 

of the radiative recombination rate, Rrad, and the non-radiative recombination rate, Rnr. For lasers 

the stimulated recombination rate, Rst, would have to be considered as well, but can usually be 

neglected for LED structures. 

 

 stnrrad RRRR  .  (6.4) 

 
Under steady-state conditions (dn/dt =0) 

 

 l
qw

RRR
eV

I
 nrrad

inj
  (6.5) 

 
The radiative efficiency ηrad is defined as the ratio of the number of photons generated in the 

active region per unit time per unit volume to the number of electrons injected in the active region 

per unit time per unit volume. Thus, it can be written as 

 

 
lRRR

R




nrrad

rad
rad   (6.6) 

 
The band-to-band radiative recombination rate Rrad is: 

 

 2
rad BnBnpR    (6.7) 

 
where n and p are the electron and hole concentrations in the active region, respectively. At high 

injection levels charge neutrality requires n = p in the active region. B is the radiative bimolecular 

recombination coefficient and is of the order of 10-10 cm3/s for InGaAs/GaAs structures.  

The non-radiative recombination rate Rnr includes deep-level defect and impurity recombination 

in the depletion layer, surface and interface recombination and Auger recombination, which can 
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be an important mechanism at very high injection levels. The three mechanisms are represented in 

figure 7.  

 

 

 

 

 

 

 

 

 

Fig. 7 – Band diagram illustrating recombination mechanisms: via a deep level 

(a), via an Auger process (b) and radiative recombination (c) The first two ones 

are non-radiative. 

 

The non-radiative recombination rate Rnr can be expressed as follows: 

 

 3
nr CnAnR  ;  (6.8) 

 
A corresponds to the non-radiative recombination coefficient (in units of [s−1]) and C to the Auger 

coefficient. Typical values for C are 10−28-10−29 cm6/s for III-V semiconductors. For InGaAs/GaAs 

devices at room temperature the Auger recombination can be neglected 

In the GaAs/AlGaAs and InGaAs/GaAs systems surface recombination can be quite severe for 

small devices. Assuming a uniform carrier distribution over the whole mesa the non-radiative 

recombination coefficient can be expressed as 

 

 
d

v
A

V

va
AA s

qw

ss 4
00    (6.9) 

 
where A0 stands for defect and impurity recombination, as is the exposed quantum well surface 

area, Vqw the volume of the active region, νs the surface recombination velocity and d the device 

diameter. For strained InGaAs/GaAs QW lasers the surface recombination velocity has been found 

to be of the order of 2 × 105 cm/s.  

Expression (6.6) for the radiative efficiency can therefore be rewritten in the following way for 

InGaAs/GaAs LEDs: 
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lRAnBn

Bn




2

2

rad   (6.10) 

 
with A including surface and interface recombination. The deep-level defect and impurity 

recombination in the depletion layer can be minimized with the use of high purity and low defect 

density substrates and epitaxial structures. With an appropriate device design the injection 

efficiency ηinj and the carrier density in the active region can be maximized and the carrier leakage 

rate can be minimized at the same time. With all these measures internal quantum efficiencies close 

to unity are possible in modern devices. The external quantum efficiencies of LEDs are therefore 

essentially limited by their extraction efficiencies. 

 

3.  Light Extraction Problem 

The extraction efficiency is defined as the fraction of the light generated in the active region 

which is extracted out of the device. It depends on the optical properties of the device, on its layer 

structure and on its geometry. Limiting factors are re-absorption in the semiconductor and internal 

reflection at the interface semiconductor–air. In addition for top emitting devices the extraction 

efficiency can be significantly reduced by shadowing of the emission by the top contact. Therefore 

the extraction efficiency can be expressed as the product of an absorption factor γabs, a reflection 

factor γrefl, and a shadowing factor γsh 

 
 shreflabsextr   .  (6.11) 

 
The amount of re-absorption depends on the layer structure and can usually be minimized by 

using materials with a bandgap energy larger than the photon energy or by limiting their 

thicknesses. The top contact shadowing depends on the device design, often there exists a trade-off 

between improved current spreading and reduced extraction for a more dense top contact pattern.  

In case of an isotropic internal emission of the active region, the amount of reflection at the 

interface semiconductor–air is dictated by the device geometry and by the refractive index of the 

semiconductor layer at the interface. Due to the high refractive index of most semiconductors, total 

internal reflection (TIR) at the interface semiconductor–air drastically limits their extraction 

efficiency. In the following the limits for γrefl for different device geometries are estimated. Since 

γabs and γsh are assumed to be equal to unity, ηextr ≈ γrefl. 

 

3.1 The Light Escape Cone 

As shown in figure 8, at the semiconductor-external medium interface, an incident ray is divided 

into two: a reflected and a refracted (or transmitted) ray. 
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Fig. 8 – Transmission and reflection at the interface semiconductor–air; θc 

corresponds to the critical angle of total internal reflection, defining the light 

escape cone 

 

As well-known, the transmitted ray obeys Snell’s law of refraction 
 

 extextintint sinsin  nn  .  (6.12) 

 
where nint and θint are the refractive index and the incident angle from the normal in the high index 

semiconductor, next is the refractive index of the low index outside medium (typically air) and θext 

the angle of the refracted beam in the outside medium. Total internal reflection occurs for θint ≥ θc, 

with θc being the critical angle of total internal reflection (obtained by (6.12) for θext = 90°) 

 

 









int

extarcsin
n

n
c .  (6.13) 

 
For larger angles of incidence, θint > θc, θext becomes complex and the entire electromagnetic 

energy is reflected back, apart from an evanescent wave in the low index material which decreases 

exponentially away from the interface.  

The critical angle defines the light escape cone in the semiconductor. The critical solid angle Ωc 

corresponding to θc is 

 
 )cos1(2 c c   (6.14) 

 
while the total solid angle is 4π. For θint ≤ θc the reflected and transmitted intensities of a ray are 

equal to 

 
 iit IRITI )1(    (6.15.a) 
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 ir IRI    (6.15.b) 

 
where Ii, It and Ir are the intensities of the incident, transmitted and reflected ray, respectively. T is 

the power transmission coefficient and R the Fresnel power reflection coefficient. In case of TE 

polarization (named also “s polarization”) R is equal to  

 

 
2

extextintint

extextintint

coscos

coscos















nn

nn
R .  (6.16) 

 
For normal incidence (θi = 0) this expression simplifies to 

 

 
2

extint

extint
0 












nn

nn
R .  (6.17) 

 
Assuming an isotropic internal emission and R ≈ R0 for all angles θ ≤ θc, the fraction of the light 

emitted in a semiconductor that can be extracted through the top surface is therefore given by 

 

 )1(
4

)cos1(2
0

c
reflextr R







   (6.18) 

 
For the interface GaAs–air, the (6.18) formula leads to an extraction efficiency between 1 and 

2% only. By encapsulating the LED in a hemispherical epoxy dome with a refractive index of 

approximately 1.5 the light extraction can be significantly enhanced. Due to the larger index of the 

outside medium (that, now, is not the air but the epoxy), the critical angle is increased and the 

reflection at normal incidence R0 is reduced. Furthermore, the critical angle for the interface epoxy–

air is large due to the small index difference.  

If the LED is placed at the center of the hemispherical epoxy dome, all the light rays hit the 

interface epoxy–air at normal incidence and the device shows a quasi-isotropic emission. 

Alternatively the LED can be placed at the Weierstrass point, i.e. at a distance of rs/nepoxy below the 

center of the sphere with radius rs, which leads to a directional emission. This geometry is called a 

Weierstrass sphere. 

Thus extraction efficiencies between 3 and 4% can be achieved with an epoxy dome. 

The different numerical values for GaAs are summarized in table 1 and table 2 for emission into 

air and epoxy, respectively. The values are calculated both at 650 and 970 nm wavelengths. 
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Tab. 1 – Extraction properties for interface GaAs–air at 650 and 970 nm 

 

 

 

 

 

Tab. 2 – Extraction properties for interface GaAs–epoxy at 650 and 970 nm 

 

 

 

 

 

The reflection at the interface epoxy–air is about 4% for normal incidence. By taking this into 

account the extraction efficiencies for devices encapsulated in a hemispherical epoxy dome 

diminish slightly to 3.1 and 3.8% at 650 and 970nm, respectively. Even with an epoxy dome the 

maximum attainable extraction efficiencies are therefore extremely low for planar structures with a 

single facet emission. 

 

3.2 Optimization Standard Geometry 

The standard LED geometry is a rectangular parallelepiped, fabricated by cleaving the wafer 

along its crystallographic axes. The active region is assumed to be close to the surface and the 

substrate absorbing, due to the fact that it has a lower bandgap than the active region (figure 9.a). 

Such a device has a total of six light escape cones, two of them perpendicular to the wafer surface 

and four of them parallel to it. The light emitted into the bottom escape cone is entirely absorbed in 

the substrate. Apart from a small area close to the edges, the emission in the bottom part of the four 

in-plane escape cones is absorbed in the substrate too, as well as a large amount of the top part, 

which is totally internally reflected at the top surface and redirected towards the substrate. The light 

in the top escape cone is in part obstructed by the top contact. Thus the extraction efficiency of this 

device geometry is very low, as its reflection factor is close to the value calculated above for a 

single escape cone. Its external quantum efficiency can be expressed as  

 
 shreflintext   .  (6.19) 
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Even for an internal efficiency of 100 % and no shadowing, the theoretically achievable external 

quantum efficiency for this geometry is smaller than 2 % for emission into air and below 4 % for 

emission into epoxy. 

 

 

 

 

 

 

 

 

Fig. 9 – Simplified schematic illustration of light extraction for various LED 

designs based on a standard rectangular parallelepiped; absorbing substrate with 

thin window layer (a), absorbing substrate with thick window layer (b) and 

transparent substrate with thick window layer (c). To simplify matters only one of 

the four side cones is shown. 

 

A first approach to increase the extraction efficiency of the standard LED structure is to add a 

thick window layer on top of the epitaxial structure. This window layer needs to be optically 

transparent and electrically conductive. With increasing thickness of this layer the extraction of the 

top part of the four in-plane escape cones increases until the entire half-cones are extracted, as 

depicted schematically in figure 9.b. In addition the shadowing of the light in the top escape cone 

by the top contact can be reduced thanks to an improved current spreading. With this device design 

the extraction efficiency can therefore be increased by a factor of 3, as in addition to the top cone 

four more half cones can be extracted.  

In order to extract all cones, a transparent substrate needs to be used in addition, as shown in 

figure  9.c. The bottom escape cone can then either be extracted via the substrate side or reflected to 

the top by a bottom mirror. With this design a near 6-fold increase in extraction efficiency can be 

achieved because it is possible to extract all the six cones.  

The maximum achievable extraction efficiencies are summarized in table 3. These are 

simplified approximations that do not take into account internal absorption or multiple pass 

reflection effects such as photon recycling. The actual limits might be a few percent higher. The 

shadowing by the top contact is not included either in these estimations. 

 

(a) (b) (c) 
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Tab. 3 – Extraction improvements for standard LED geometry (neglecting 

absorption, shadowing and multiple pass reflection effects) 

 

 

 

 

 

For a cylindrical shape the four in-plane escape cones are replaced by an escape ring. Therefore 

cylindrical LEDs show higher extraction efficiencies than comparable cubic LEDs. However they 

can only be fabricated by etching and not by cleaving, so it not generally used. 

The ideal device geometry would be a sphere (figure 10.a) with a point source as active region 

in the center of the LED, or a hemisphere with a perfect bottom mirror (figure 10.b). No total 

internal reflection would occur in such a device as all the rays are incident at a normal angle at the 

interface semiconductor–air. However, unless the sphere is coated with an anti-reflection coating, 

the rays would still undergo Fresnel reflection at this interface. 

 

 

 

 

 

 

Fig. 10 – Cross-section schematics of ideal geometries; sphere with point source 

(a), hemisphere (b) and a truncated cone (c) 

 

Comparable extraction efficiencies can be expected from the already-mentioned Weierstrass 

spheres, or truncated ellipsoids or truncated cones, in case of the latter for an optimum apex half-

angle of  = ( / 2 – c) / 2. 

The problem of light extraction had been realized already in the very beginning of LEDs in the 

1960s. Hemispherical shapes and truncated cones had been demonstrated to improve the extraction 

efficiency over conventional cubic or cylindrical designs. However these device geometries are not 

very compatible with semiconductor fabrication technologies, optimized for planar processes in 

view of the flat substrates used in epitaxial growth and were therefore not developed further for a 

long time. 

 

(a) 

(b) (c) 
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4.  Alternative Types of High-Efficiency LEDs 

The evolution of high efficiency LEDs can be divided into three eras. First of all the device 

design was optimized. Thanks to the introduction of double heterostructures, quantum wells and 

separate confinement heterostructures the injection efficiencies in modern devices can often be 

assumed to be close to 100%. With the evolution of the growth methods the crystal quality was 

constantly optimized, leading to drastically improved radiative efficiencies. Together with the 

increased carrier densities in the active regions and the reduced leakage rates, internal quantum 

efficiencies close to unity could be achieved. The problem of light extraction, finally, was realized 

already in the 1960s but was not addressed until the 1990s. 

The evolution of the extraction efficiency can be shown by means of the chronological 

improvements of the external quantum efficiency for AlGaInP LEDs by Hewlett-Packard (now 

Lumileds), which follows the approaches presented in section 3.2. In agreement with the simple 

model the implementation of a thick GaP window layer led to a three-fold increase in efficiency. By 

transferring the epitaxial structure on a transparent GaP substrate values of the order of 20 % could 

be achieved. The increase from 24 to 32 % is due to an improved device design, the double 

heterostructure being replaced by a SCH with MQWs as active region. 

This leads to an increased internal quantum efficiency as well as an increased extraction 

efficiency due to a reduced re-absorption in the thinner active region.  

 

Tab. 4 – Chronological external quantum efficiency improvements for AlGaInP LEDs obtained in 

the Hewlett-Packard (now Lumileds) Labs. The ext value is calculated considering the LED 

immersed in an epoxy dome 

Anno Design ext (%) 

1990 DH on GaAs substrate (standard LED) ≈ 2 

1992 thick GaP window layer ≥ 6 

1994 transparent GaP substrate 17,6 

1996 idem 23,7 

1999 idem + MQW 32,0 
 

Figure 11 reproduces a photo of an amber DH AlGaInP-based LED with a thick window in GaP 

(a) on an absorbing GaAs substrate and (b) another one on a transparent GaP substrate. 
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Fig. 11 – Two different generations of amber AlGaInP LEDs by Hewlett-Packard 

(now Lumileds): absorbing GaAs substrate LED with thick GaP window layer 

(a); and wafer-bonded transparent GaP substrate (TS) LED (b) 

 

The values reported on Table 4 probably represents an ultimate limit to the external quantum 

efficiency achievable with a rectangular parallelepiped device geometry. In an ideal structure with 

an internal quantum efficiency of unity and with zero internal optical losses, even for a cubic 

geometry all the light would be eventually coupled out, after a sufficient number of internal 

reflection and re-absorption and re-emission steps. However in reality ηint < 100% and the internal 

optical losses, including the finite mirror reflectivity, re-absorption in the active region and free-

carrier absorption, are non-negligible and the probability of the light being absorbed in the device 

increases with the number of internal reflections. For AlGaInP LEDs, a trade-off exists between 

active layer re-absorption and electron confinement, which results in an optimum active layer 

thickness. Hence in order to further optimize the extraction efficiency the number of internal 

reflections before extraction, corresponding to the mean photon path length for extraction, needs 

to be reduced. This can be done either by modifying the device geometry in order to increase the 

light escape cones, or by altering the internal emission spectrum in order to force the emission into 

the existing vertical escape cones of the standard planar geometry. 

As shown in section 3, the ideal geometry would be a hemisphere or a Weierstrass sphere, 

depending on whether a uniform or directed emission is desired. However until today the 

fabrication of such device geometries is difficult due to technological limitations. More feasible 

geometries have been realized and led to drastic increases in external quantum efficiency, such as 

truncated inverted pyramids (TIP) and radial outcoupling tapers. The substrate-less thin–film 
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LEDs, for which the extraction is optimized either by a surface roughening or by the 

implementation of pyramidal dice geometries, represent an alternative successful approach. 

In parallel to these geometrical approaches another type of LEDs was developed by modifying 

the spontaneous emission pattern while retaining a planar geometry. By placing the active region 

inside an optical cavity the emission intensity in the vertical escape cones can be increased by 

means of interference effects. This type of light– emitting diode is hence called resonant cavity 

LED (RCLED) or microcavity LED (MCLED). 

 

4.1 Truncated Inverted Pyramid (TIP) 

AlGaInP LEDs are generally grown on GaAs substrates, although GaAs is absorbing in the 

visible wavelength range, making it impossible to couple out light efficiently trough the substrate. 

In the 1990s Hewlett-Packard (now Lumileds Lighting) continuously increased the extraction 

efficiency of AlGaInP LEDs by optimizing the device design for an optimal light outcoupling. 

The implementation of a thick transparent GaP window layer and the wafer bonding of the 

epitaxial structure to a transparent GaP substrate lead to a drastic improvement in extraction 

efficiency. In particular, the afore mentioned “wafer bonding” is a method where the epitaxial 

structure is detached from the GaAs substrate by chemical etching and is then reattached to a 

transparent GaP substrate. The reason why the epitaxial structure of AlGaInP is not directly grown 

on GaP is obviously that the lattice mismatch between film and substrate would be too high and 

would lead to high densities of dislocations and interfacial defects. 

However in these structures the extraction is still limited to the six light escape cones of a 

rectangular parallelepiped. It was realized already in the 1960’s that hemispherical-domed LEDs as 

well as truncated cones would have optimum extraction properties, however these solutions were 

considered as not very practical due to the high costs associated with the chip shaping. 

Finally, in 1999 a young researcher of the Hewlett-Packard Labs, Micheal R. Krames, presented 

the realization of a practical shaped AlGaInP/GaP LED chip with a TIP geometry. The TIP 

geometry reduces the mean photon path length for extraction. This leads to a reduction of the 

internal optical losses and therefore to an increased external quantum efficiency. 

 TIP devices are sawn with a beveled dicing blade to provide chip sidewall angles of 35° with 

respect to the vertical. With red-emitting TIP LEDs (λp ∼ 650 nm) record external quantum 

efficiencies of 32.6 % for emission into air and 55 % for emission into epoxy (60.9% under pulsed 

operation) were achieved. These devices show luminous efficiencies exceeding 100 lm/W. 

A geometry used for nitride-based LEDs similar to TIP is the pedestal-shaped (GaInN on SiC) 

shown in figures 12.a.b, commercialized by Osram in 2001 with the trade name “Aton”. The 
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increase in efficiency of pedestal-shaped devices is about a factor of 2 compared to rectangular-

parallelepiped-shaped devices 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12 – Die-shaped devices: (a) Microphotograph of a blue pedestal-shaped 

GaInN emitter on SiC substrate with trade name “Aton”. (b) Schematic ray traces 

illustrating enhanced light extraction. (c) Microphotograph of TIP AlGaInP/GaP 

LED. (d) Schematic ray diagram illustrating enhanced extraction 

 

4.2 Different types of thin-film LEDs 

a) LED with reflecting mirror 

By placing the epitaxial structure on a highly reflective mirror, instead of bonding it to a 

transparent substrate, the process technology is largely simplified; in fact, wafer bonding from 

semiconductor to semiconductor requires the occurrence of a series of very stringent conditions, 

such as ultra-flat surfaces, perfect correspondence between the crystal lattices (lattice matching) and 

high-bonding temperatures, which in this case can be avoided. 

The first such structure was built in 1993 and was optically pumped; it exhibited an external 

quantum efficiency of 72%. The technique used was that of the epitaxial lift-off (ELO), where the 

multilayer epitaxial structure is detached from the substrate on which it has grown and fixed to the 

mirror (typically a dielectric layer coated with gold) by van der Waals surface tension forces (or 

possibly bonded in another way). To detach the epitaxial structure from the substrate, the ELO 

technique exploits the properties of the high selectivity of etching of AlxGa1-xAs alloys in 
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hydrofluoric acid (HF). When the composition of the alloy varies from x = 40% to x = 100%, the 

selectivity of the chemical attack is higher than 100 million to 1! 

In this type of structure, the photons initially emitted outside the emission cone are directed 

back into the structure by internal reflection; they are also reabsorbed and partially re-emitted in the 

active region. This last mechanism is called photon recycling. However, with this approach, the 

external quantum efficiency is very sensitive to internal optical losses, as well as to the internal 

quantum efficiency, given that the average path of photons for extraction is extremely high. 

b) Surface-textured LEDs 

A more practical approach for the angular randomization of the totally reflected light is to 

scatter it from textured semiconductor surfaces, making the extraction less susceptible to the 

material quality and internal optical losses. Experiments had shown that a surface texture on the 

scale of half an optical wavelength produces complete internal angular randomization of light rays 

in a semiconductor film. The first realization  (1993) of an electrically pumped surface-textured 

thin–film LED – also called non-resonant cavity LED (NRC-LED) – led to an external quantum 

efficiency of approximately 30%. The surface texturing is done by depositing polystyrene spheres 

on the surface and using them as an etch mask for ion-beam etching, a process called natural 

lithography [70]. The substrate is removed by ELO and the thin film is van der Waals bonded onto 

large area dielectric coated Au mirrors. 

Wet etching is instead used to corrugate the GaN. GaN can be easily etched by KOH and H3PO4 

along several crystallographic planes (a and m), while it is not etched in another direction (c). The 

result is that pyramidal structures with extremely smooth surfaces can be easily created (also 

suitable for laser fabrication), as shown in figure 13. 

 

 

 

 

 

 

 

 

Fig. 13 – Scanning Electron Microscope picture of a textured GaN surface  

 

Supplementary optimizations of the structures made it possible to further increase the external 

quantum efficiency; with 850 nm LEDs, external quantum efficiency values of 46% and 54% were 
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achieved, respectively for non-encapsulated and encapsulated devices. The structure is shown 

below in figure 14. 

 

 

 

 

 

 

Fig. 14 – Cross section of a textured surface LED with oxide ring for current 

confinement and lower metal mirror 

 

The LED is a mesa structure, i.e. pyramid, and uses a circular opening in an oxide layer for the 

confinement of the current (oxide aperture) in order to avoid the generation of light below the top 

contact (p-contact). In order to extract the portion of light reflected laterally and below the mesa, 

not only the top surface but also the area between mesa and lower contact (n-contact) is corrugated. 

c) Buried micro-reflector LEDs (BMR LEDs) 

Another approach for an efficient outcoupling of internally trapped light is the structuring of the 

backside facing the rear reflector in regular patterns of geometrical structures. The geometries that 

have been used to shape dies in order to enhance the light extraction, as shown previously, can in 

general be scaled down as well and still demonstrate their beneficial effect. This has been shown for 

top emitting AlGaInP LEDs with a bottom reflector on an absorbing GaAs substrate by OSRAM 

Opto Semiconductors. These so-called micro-reflectors can be buried at the bonded interface of a 

thin–film LED as well. After being covered with an insulator and a metal mirror, these structures 

can then be soldered to a carrier wafer with an intermediate metal layer. Current is injected through 

small openings in the dielectric layer of the BMRs. 

 

 

 

 

 

 

 

Fig. 15 – Cross section of a BMR LED 
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The performance of BMR LEDs can be further improved by corrugating the surface from which 

the light is extracted (buried micro-reflector LEDs with surface texturing), thus combining the 

advantages of the two structures seen previously. 

d) Tapered LEDs 

The concept of the tapered LED is similar to the one of the TIP LED. Light generated in a small 

center active region not falling in the escape cone is redirected to the bottom surface at an outer 

radial tapered output coupler. The taper has the shape of a shallow truncated cone and is covered 

with an insulator and a gold mirror. The fabrication of these devices is less cost-intensive than for 

the TIP LEDs, however the mean photon path length for extraction is estimated to be longer, 

leading to slightly lower efficiencies. 

 

 

 

 

 

Fig. 16 – Cross section of a tapered LED 

 

In order for light with any initial direction to be coupled out, the taper angle τ needs to be equal 

or smaller than the critical angle for total internal reflection, θc, and the azimuthal wave vector 

component is kept small by choosing appropriate device dimensions in order to avoid guided 

modes. The taper is fabricated by photoresist reflow and mask shape transfer using ion beam 

etching. After the contact deposition, the structure is covered with polyimide and the gold mirror is 

evaporated on top. 

The photoresist reflow technique allows one to obtain 3-D photoresist patterns with a 

hemispherical cross-section. The hemispherical structure is formed simply by heating the 

photoresist to temperatures generally not higher than 130°C. If the photoresist has been previously 

deposited and developed, as soon as it heats up (beyond the glass transition temperature) it begins to 

melt and the walls of the structures previously obtained begin to round off. Figures 17 show the 

rounding of the photoresist starting from a cubic geometry (figure 17.a) and from a mesa type 

(figure 17.b). 

The tapered structure is finally fabricated using the reflow photoresist, creating the appropriate 

mask shape by ion-beam etching directly on the semiconductor. 
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Fig. 17 – Photoresist reflows at different temperatures of (a) a cube, (b) a mesa 

(a) 

(b) 


