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Abstract—This paper reviews the recent progress of AlGalnP applications such as interior and exterior automotive lighting,

high brightness light-emitting diodes. After the discussion of some traffic lights, full color displays, or all kinds of in and outdoor
basic material properties and the general problem of light extrac- signs.

tion we will discuss several approaches of high efficiency devices. In this paper, we will briefly review the technology of Al-

Index Terms—AlGalnP, light-emitting diodes, light extraction.  GalnP-based high-brightness LEDs. Starting with a description
of some basic material properties such as the band structure,
we will then discuss the implications on the internal efficiency
of LEDs. Next some general aspects of light extraction from
T HE FIRST COMMERCIAL light-emitting diode (LED) semiconductor structures are discussed. The following sections
was introduced almost 40 years ago. Since then, the perfgintain a description of specific technologies for very efficient

mance of LEDs has been improved continuously with a breatRrgainp devices such as surface-structured LEDs, transparent
taking acceleration of progress in the last decade. Today LERystrate LEDs and other thin-film approaches. This section
cover the entire visible color spectrum from blue to red angd concluded with the description of resonant-cavity AlGalnP
achieve impressive levels of emission power and conversion eEps which have matured to commercial devices for special
ficiencies. The development of very bright visible devices h%ﬁ)pncaﬂons and offer new aspects and insights in possible fu-

been enabled by the two material systems AlGalnP for red agile solutions. Finally, we will discuss some reliability issues of
yellow and AlGalnN for green and blue. Also organic LEDS ag|gainP LEDs.

an emerging solution for display applications have made some
very significant progress in the recent years. Altogether, the rev-
olutionary development of LED technologies will not only lead

to anincreased replacement of standard lamps but create a whole

range of new app!ications in our daily life. . 1) Band Structure:The alloy system (AlGa;_.),In;_,P

~ AlGalnP materials and devices have led to major advanggs 4t present, the only direct semiconductor material that is
in_high-brightness LEDs. The fabrication of AlGalnP-baseghnologically available for a range of colors from red (650
light emitters dates back to the mid elghtle_s. It is closelﬂm) to yellowish-green (560 nm). It has widely replaced the
related to the development of metal-organic vapor phagfjirect bandgap emitters GaP:N and GaAsP:N in this spec-
epitaxy (MOVPE) because the standard growth technologigs) range, which are limited to a few percent of internal effi-
for conventional LEDs like liquid-phase epitaxy (LPE) Ofjency. For commercial applications the material is almost ex-
hydride vapor phase epitaxy (HVPE) were not suitable for th&sjvely grown by MOVPE on misoriented GaAs substrates to
growth of AlGalnP. The first light-emitting AlGalnP-basedy, oiq ordering [4]. In most LED structures, the layers used are
devices were semiconductor lasers developed in Japan [3}ice-matched to the substrate in order to obtain low disloca-
High efficiency LEDs grown by MOVPE were reported a féWjon, gensities. Since AIP and GaP have nearly identical lattice
years later [2], [3]. Despite the difficulties in epitaxial grOWthconstants, the In mole fractid — y) is close to 0.48 for these
the new material system was attractive, because it combir‘gﬁg)yS almost independent of the Al and Ga contents.

the possibility to achieve high efficiency with the flexibility to - ag gyaj for Zincblende type lattices, the band structure of the
tune the emission wavelength over half of the visible spectruym, ;. i- has a single conduction band with minima afthehe
from green to red. Continuous progress in epitaxial growths_ 5 ther,-points, and three valence bands with degenerate
processing technology and the design of structures for effectwgavy and light hole bands at tepoint. For low Al-content the
light extraction enabled the fabrication of AlGalnP-LEDs wit andgap is direct, but becomes indirect wittbeing the lowest
re(?qrd high external .effic.iencies above 50%. The plossibility Bnduction band level for increasing Al-content. The bandgap
efficiently generate light in frequently used colors like Yellowenergies have been determined by various methods [5], yielding
orange or red accelerated the use of AlGalnP-LEDs in magyy iy gifferent results. A commonly accepted relation for the

bandgap variation with composition at room temperature is

I. INTRODUCTION

Il. AlGalnP ALLOYS
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while the nonradiative recombination rate is given by the
Shockley-Read-Hall equation,

p-Contnemant L ayer Renp = n-p—n; (4)
p-Setback Layer n-T,+p-Te

with B being the radiative recombination constant anénd

73, the electron and hole capture times. Ferm which is the
case in most low-doped active layers under operating condi-
tions, K, changes quadratically with injected carrier concentra-
tion, while Rsry depends only linearly on n. Consequently, for
low injection densities, corresponding to low operating currents,
7 7 nonradiative recombination dominates and the optical power is
/M// % roughly proport_ional _to the square (_)f the current. This change_s
i . ; y A ) to a linear relationship when radiative processes start to domi-
Fig. 1. Schematic drawing of the layer structure of a typical high-brightness .
LED. nate at higher currents [9].

As the Al-concentration is increased, electrons are ther-

These values indicate that tlieX crossover takes place forMally transferred from thé'-minimum to the X -minimum,
x = 0.58, corresponding to an energy of 2.25 eV or a wavdlenerating an additional nonradiative recombination channel.
length of 550 nm. As the crossover composition is approachBgyond thel-X-crossover the radiative efficiency drops to
from the low-energy side, the radiative efficiency of the matgero- Closed-form expressions for the nonradiative losses
rial decreases drastically due to transfer of electrons frorithethroughl™-X -transfer have been derived under certain approx-
to the X -valley, determining the maximum accessible range §hations [7], but a fit to experimental data requires additional
wavelengths for LEDs. The conductidnvalley has not been assumptions, specifically a reduction of carrier lifetimes with
seen directly in any experiment, but has been estimated to bé&'sfoncentration. While this assumption is reasonable (the
least 125 meV abovi, from experiments involving hydrostatic '¢Sidual oxygen incorporation, e.g., increases with the Al
pressure [5]. Although some theoretical work indicates closgPntent), electron leakage and, to a minor extent, hole leakage
proximity to I, [6], there are negligible effects on the perfor&Cross the barriers follow a similar relationship on current and
mance of luminescent devices. temperature, making it difficult to distinguish between the
Various data indicate that the common 60:40 rule for the cofléchanisms in simplified models. o
duction and valence band offsets is also applicable in AlGalnpThe results of device simulations are shownin Fig. 2(a). Here,
material [7]. TheX -minimum of the conduction band changeéhe internal efficiency is calculated as a function of the emission
accordingly, leading to a maximum band offset of about 20t2velength and compared to experimental data on the optical
meV in the conduction band. This conclusion has been nicdlf'Wer- The epitaxial structure consists of 40 QWs with a total

confirmed by transport experiments on n-i-n heterostructur@stive Iz'zly'erw'idth of 500 nm and AllnP confinement Iayers.'The
8. nonradiative lifetimes, which are the only free parameters in the

2) Internal Efficiency of AlGalnP LEDsin contrast to stan- calculations, have been chosen such that the calculated quantum

dard LEDs such as GaAsP:N, high-efficiency LED structuré&fficiencies are in agreement with t.he ones derived from output
consist of an elaborate sequence of epitaxial layers (Fig. 1). BGWer measurements in combination with estimates of the ex-
the active material, a double heterostructure design or a mjction efficiency around 590 nm. As the simulations describe
tiple quantum-well (MQW) structure, embedded between largile device data quite accurately, it can be expected that decom-
bandgap layers, is used to optimize the carrier confinement. ARfSition of the calculated data can give reasonable evidence for
ditional setback layers embedded between active layer and cBif contributions of the various loss mechanisms [Fig. 2(b)].
finement layers can be used to control the doping profiles mdi€"e, it is obvious that carrier-leakage supersedes the nonra-
precisely, since the p-dopants (Mg, Zn) and some n-dopants (fﬁg:)tlve losses, including th&’-channel, as soon as the wave-
tend to diffuse during material growth. Usually, the structurd§ngth drops below~600 nm. In the red color range (610 nm
are completed by a top window/current-spreading layer and 3d larger), on the other hand, the internal quantum efficiency
optional bottom distributed Bragg reflector (DBR) when growf$ solely determined by nonradiative recombination processes,

on GaAs, to recover part of the light emitted in the direction dfe-» the material quality. o . _
the GaAs substrate. Carrier leakage can be minimized by using larger active

The internal electrooptic efficiency of the structure is dd@yers. Lower carrier densities in the active layer lead to higher
termined by the balance between radiative recombination afiective barriers. At the same time, however, nonradiative
loss processes. Generally, losses can occur through nonraBfQcesses become more favorable. Thus, the optimum configu-
tive recombination processes and carrier leakage across the ¢gHon is determined by the material quality and different results
finement layers. Spontaneous radiative recombination can f}/€ been obtained by different groups [10], [11]. Another
described as a two particle process involving electrons, n gy Of suppressing the carrier leakage is to increase the barrier

holes, p heights. _ o _
The barriers are maximized by using doped AlInP for the con-

Rpoy=B-n-p (3) finement layers. Even larger barriers can be obtained by thin

n-Setback Laver

n-Confinement L aver
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emission into the top escape cone contributes to the extraction
efficiency (ccx = 0.04). The top electrode shadows some
fraction of the emission and reduces the theoretically possible
extraction further. An additional reduction is attributed to
current crowding around the top electrode. To partly overcome
these problems usually a transparent window layer of some
microns thickness is grown on top of the active layers. This
results in an improved current spreading and additionally
increases the extraction of light through the side facets [13].

Optical Power @ 20mA
(mw)
n

& Optical Power

20% ] dence of the DBR properties, off-axis rays are reflected more ef-
ficiently if the stop band center is shifted to longer wavelengths.
550 570 590 610 630 650 Since the solid angle element increases for off-axis rays the in-
tegral reflectivity of the mirror is boosted to an optimum of 80%
for a stop band center of 670 nm. For yellow DBRs, integral re-

(b) flectivities close to 75% can be achieved with properly adjusted
Fig. 2. (a) Optical output power and luminous efficiencies of high-brightne&Ompositions and detuning.

LED chips at various wavelengths (measured on TO-18 mounts without Especially for yellow devices, the thickness of the active

encapsulation), compared with modeling results. (b) Calculation of |Ofs ) | ’

contributions and radiative efficiencies. ayers is typically equal or larger than 500 nm. Hence, a part of
the rays reflected at the DBR mirrors is absorbed in the active

layers of AlInP with tensile strain or multiple quantum barrie‘ayer' req_ucmg the_ eff!mency of the DBR' - .
A positive contribution to the extraction efficiency is made

(MQ@B) structures [12]. In the latter case, a combination of baég- b i f bhot i tsid
rier layer and short-period strained superlattice (SPSS) is u ygavsorption of photons propagating outside an escape cone
d reemission into an escape cone. The efficiency of this

such that the lowest SPSS miniband accessible for electrons tﬁﬂ-

neling out of the active layer is above the largest conductigr(i'canecl photon-recycling effect naturally depends on the

- : internal quantum efficiency;,.. However, also the thickness
band energy of any of the constituting materials. and the absorption coefficient of the active layer have to be
considered. A raytrace calculation of the extraction efficiency
for a single escape cone over the optical density of the

1) General: The major problem for high efficiency Al- active layer is shown in Fig. 3, where the internal quantum
GalnP LEDs is the extraction of light from the semiconductafficiency has been varied between 0.25 and 1. As a refer-
material into the surrounding media. All materials in thence, a calculation without photon recycling has been carried
(AGalnP-GaAs system show indexes of refraction betweeunt. Without photon-recycling, only the effect of increasing
ne = 3...3.5. The critical angle for total internal reflectionabsorption is observed. When photon recycling is taken into
for the transition into a surrounding medium withy is account, a thin active layer is favorable in material with low
6. = arcsin(ni/no). Considering a flat interface, the escapexternal efficiency (up to approximately 60%), whereas for
cone formed by the rays with< 6., and assuming an isotropicefficiencies higher than 80% the effective absorption is reduced
spontaneous emission inside the semiconductor crystal, osignificantly and multiple scattering processes occur. Since red
2% (6. = 18°) or 4% (6. = 27°) of the energy emitted inside AlGalnP-LEDs have high internal efficiencies, thick active
the semiconductor crystal is extracted into surrounding air ayers may be used for such samples. In the yellow wavelength
epoxy, respectively. regime, we find low internal efficiencies below 0.5. In terms

The common LED structure is a square die cut from af extraction efficiency, Fig. 3 implies that a thin active layer
GaAs—AlGalnP epitaxial structure with electrodes on th&hould be used in this case. However, the poor carrier confine-
bottom and top side. In the wavelength range of the AlGalnRent in thin yellow active layers necessitates some compromise
emission, the GaAs substrate is not transparent and only theerms of an optimum active layer thickness.

0.5 1 y — Calculated Efficiency .
2, @ Luminous Flux Frequently the LED structure is grown on AlGaAs- or Al-
0 ' ; ' ' GalnP-based DBRs to reduce the effect of substrate absorption.
5% 570 590 810 630 650 However, the angle of acceptance of such a DBR mirror is lim-
Peak Wavelength (nm) ited due to the small difference of the index of refraction.
@ A figure of merit is the integral power reflected from a DBR
g 100% ——Total Efficiency mirror within the escape cone. For a mirror with the stop band
] | ey, -=-Carrier Leakage center around 630 nm, AkGa 5As and AlAs may be used
E ., |+ Nonradiative Recombination . . .
S 80% - *y| == Radiative Efficiency of Active Layer as high and low index quarter wavelength layers, respectively.
g % Such a DBR with 20 pairs of Al;Gay 5As—AlAs has an integral
> 60% A reflectivity of 50% for rays inside the escape cone. A linewidth
g of 20 nm for emission spectrum of the active layer was assumed
E 40% - for the calculations. The integral reflectivity of the DBR is in-
w creased when the stop band center of the DBR is detuned away
E from the emission wavelength. According to the angular depen-
E
3
(<

0%

Peak Wavelength (nm)

Ill. LIGHT EXTRACTION
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Fig. 4. Top-view images of surface-structured OSRAM chips. Various chip
sizes have been fabricated with similar luminous efficiencies, demonstrating the

optical thickness of active layer o*| scalability of the concept.

Fig. 3. Extraction efficiency:., over the optical densityw*! of the active

layer. Calculations have been done using a ray tracing model including .
photon-recycling. A single escape cone and an absorbing substrate Wasdescribed below enhance the number of rays that can pene-

considered. trate the surface by offering multiple surfaces at different angles
of incidence. Another way is to modify the refractive properties
2) Chip Shaping: Since spontaneous emission is primarilpf the chip surface by using diffractive structures on top. For
isotropic the most natural way to deal with the problem of totaln irregular pattern of elements with sizes on the order of the
internal reflection is to use a small active volume located in thgavelength, the light is scattered isotropically. In this case, an
center of a sphere of semiconductor material. In this case, therease of the extraction efficiency of almost 100% has been
rays from the small active volume strike the interface at approdemonstrated [15]. The full potential of this approach, however,
imately normal incidence. Variations of this idea are a hemis exploited only for a chip design with an additional wide-angle
spherical chip, a chip in the form of a Weierstrass sphere, a Back reflector, as described below.
raboloid source or a truncated ellipsoid. Carr [14] calculated theThe basic idea of the geometrical surface texturing is to down-
extraction efficiency.. and radiant intensity for these devicescale the chip shaping approaches [11]. Geometrical structures
neglecting absorption and allowing single internal reflection gjith the shape of truncated tetrahedrons are etched into a GaP
the semiconductor air interface only. For an index of refractiqQindow layer on top of the active material. In this way, the effec-
n = 3.6 his results show an extraction efficiencyqf = 34% tive surface area is increased and propagation of rays on closed
for the hemisphere, Weierstrass-sphere and paraboloid soufggps is reduced, leading to enhanced extraction efficiency. In
The truncated ellipsoid has a somewhat lower extraction efftig. 4, top-view images of surface structured LEDs are shown.
ciency ofcex = 25%. The highest radiant intensity is achieve¢ontact frames are used to distribute the current across the de-
with the Weierstrass-sphere and paraboloid shaped chip. Wpse since current-spreading in the window layer is strongly sup-
fortunately, these devices have not only the most natural chiRessed underneath the etched structures. Also, current densities
shape, but are also the most complicated approaches to realigg.increased in the light extraction structures, enhancing the ef-
Another approach s to break the cubic chip symmetry to gif@jency further. One advantage of the concept is that it leads
rays that are reflected internally at the semiconductor air intgg 5 completely scalable chip design, whereas other advanced
face a second, third or even more chances to alter their directiQf, 5 ction mechanisms require certain ratios between chip size
eventually getting reflected into one of the escape cones. Qfigy thickness for maximum efficiency. Here, larger chip sizes

of these approaches is a truncated cone with the active area RER simply be obtained by adding more contact frames with at-
the apex of the cone. In this case, an increased fraction of thegas,qq light extraction structures.

diation is directed by means of reflection at the conical surfaceThe increase in extraction efficiency depends on the window
toward the_flat base of Fhe cone within the escape cone. C )r/er thickness and etch depth. Optical power versus current
found maximum PTXU"?‘CUO” eff|C|enc_y for a half_ apex angle Rharacteristics are shown in Fig. 5(a) for a device with a:20-
(/2 — ®tch) g ’ Vih';go's A32 for a typlcsl e);[.ractlon ;:or:e mtt(; m window. An overall increase of the extraction efficiency of
epoxy with . = - ASSUMINg & absorbing contact on 0% over a rectangular chip is obtained, resulting both from the
apex and no anti-reflection coating Carr found an extraction e Aproved contact geometry and the surface structures. As the
-  orop ; . . X .
ficiency of cex = 25% into air for this device. However, if the window thickness is decreased the advantage becomes larger,

bulk absorption is low, multiple reflections will enhance the e)ﬁ'eading to, e.g., an improvement of about 60% for ay.d0-

traction efficiency. window. Luminous efficiencies of more than 30 Im/W have been
VS T D achieved in a wavelength range from 585 to 625 nm, which
- SURFACE TEXTURED DEVICES is among the best reported for absorbing-substrate LEDs and

The simplest way to increase the extraction efficiency is tmmes close to the values of transparent-substrate LEDs. The
texture one or more surfaces of the chip. Geometrical structucesrent—light {(—1.) characteristics remain linear up to current
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0 r : r Fig. 6. Surface-structured chip: (a) Top-view image under operation. (b)
Angular radiation characteristics. The radiation pattern is almost exactly
0.0 0.5 1.0 1.5 2.0 2.5 Lambertian and deviates little from a standard square chip.
Forward Voltage (V)
(b) The clean surfaces of both wafers are brought into contact under
Fig. 5. I-L (a) and current-voltage (b) characteristics of surface-structurétniaxial pressure and heated up to temperatures ofT50r
OSRAM chips. The chip dimensions are 300+ 300 m. more [18]. Under such conditions and with proper crystallo-

graphic alignment, the two materials form a semiconductor het-
densities well beyond 100 A/émwhich is larger than the usual erointerface with covalent bonds between the two materials. The

value for commercial devices. At the same time voltages remdjlierface is optically transparent and conducts heat, as well as
as low as 2.2 V [Fig. 5(b)]. the electrical current. However, excellent control over this com-

Although increased light extraction through the sidewalls Hfex process is required in order to achieve low-resistance elec-

the surface structures are clearly observed in the image of a L E[§@! conductance over the entire bonded area. The feasibility

under operation [Fig. 6(a)], the radiation characteristics of t? the AlGalnP-GaP wafer bonding process for the fabrication
chip remains almost ideally Lambertian [Fig. 6(b)]. This is &' @ high-volume low-cost device as an LED has been demon-

distinct advantage for the package design, since the chip can§&&ted by Hewlett-Packard company and is now routinely used

place standard square chips in any package, even in applicatifigroduction. The new class of AlGalnP LEDs is named trans-
where the radiation pattern is critical. parent-substrate (TS) LEDs compared to absorbing-substrate

(AS) LED on GaAs-wafers.

With the very thick GaP current spreading layer on top of
the AlGalnP active region and the transparent GaP-wafer below,

Knowing the good transparency of GaP in the entire rangethie TS-LEDs achieve record high levels of light extraction. For
AlGalnP emission wavelengths, Kigt al. developed a tech- a rough estimation of the extraction efficiency, we can assume
nique to remove the absorbing GaAs substrate and to trandfeat light extraction on all sides of the die is only limited by
the AlGalnP-LED layers to a transparent GaP wafer [16]. Diretdtal internal reflection. Effects like internal absorption, photon
wafer bonding allows the combination of various semiconductagcycling and multipass reflections are then neglected. For an
materials more or less independently of their crystallographéncapsulated die, this gives us about 4% extraction on all six
lattice constant. In the case of AlGalnP—GaP wafers with up sades, which adds up to a total extraction efficiency of 24%. In
2 in diameter can be bonded [17], limited more by the avaiteal AlGalnP TS LEDs, even higher values up to 32% at 630 nm
ability of large diameter GaP-wafers than by the technologgre reported [10]. In terms of luminous efficiency, which takes

V. TRANSPARENFSUBSTRATE LEDS
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the human eye sensitivity into account, the maximum value of GaAs-substrate

74 Im/W is achieved at shorter wavelengths (615 nm). AlGalnP LED
The extraction efficiency of TS-LEDs can be further en- Au

hanced, if the die is shaped into geometries like cones, pyramids AUSH

or spheres [14]. The highest reported efficiencies of AlGalnP Carrier (GaAs)

LEDs are achieved with wafer-bonded TS-material cut into

dies with the shape of a truncated inverted pyramid [19]. Light @

is generated at the base of the pyramid and extracted at a "'e'ecﬁro"e
reduced number of reflections and with low photon path length AlGalnP LED
within the semiconductor. The truncated inverted pyramid LED AuSn
achieved a luminous efficiency of 102 and 68 Im/W at 610 and Carrier (GaAs)
598 nm, respectively. A peak external efficiency of 55% was p-electrode
measured at 650 nm.
(bff)
Fig. 7. Schematic layout of the thin-film process sequence. (a) Metal layers of
VI. THIN-FILM LEDs Au and AuSn are deposited on the epitaxial AlGalnP-structure and the carrier

wafer, respectively. After bonding and GaAs removal the LED structure together

In the following section, we will discuss a number of apWwith the new carrier forms an artificial wafer (b) which can be processed using
. .. . .standard LED processing.

proaches for high efficiency LEDs which do not rely on di-
rect wafer bonding to GaP-substrates. They all have in common
that the AlGalnP structure is at first deposited on GaAs wafers,
but the absorbing GaAs is subsequently removed in the fabri-
cation process. Transfer to a new carrier can be facilitated ei-
ther on chip- or wafer-level and usually involves an interme-
diate metal layer for soldering. Since the final result is a de-
vice in which the thin film of AlGalnP active material has been
transferred from one wafer to another, the devices are frequently
named “thin-film” LEDs. Compared to TS-LEDs with a basi-
cally isotropic emission pattern, thin-film LEDs are more direcFig. 8. Principle of operation of an LED with metallic reflector. (a) Rough
tional top emitters which might be an attractive feature for margyrface, (b) thin active layer, (c) metallic mirror, and (d) carrier.
applications.

1) Wafer Fused Thin-Film LED:A viable alternative to di- is reflected either by total reflection at the semiconductor-air
rect wafer bonding is to solder wafers with an intermediate me{@lr epoxy) interface or at the metal mirror. Extraction is signif-
layer. This technology is well known in the silicon world andcantly enhanced if the reproduction of reflection angles is sup-
used, e.g., for the fabrication of micro mechanical componenfsessed, e.g., by surface roughness. Other critical parameters for
In the context of AlGalnP-LEDs, the idea is to transfer the epirigh efficiency are a sufficiently thin active layer for reduced
taxial structure on wafer level to a new carrier by soldering arsgtlf-absorption and a power reflectivity of more than 90% at the
subsequent GaAs removal. This process generates a new wafetal semiconductor interface. Although metals like Au, Al, or
with a metal layer buried between the epitaxial LED layers amy offer a very high reflectivity on AlGalnP or AlGaAs, the
the carrier material. For the functionality of the LED, both theeflectivity is greatly reduced if the metals are alloyed to form
high reflectivity of the metal-semiconductor interface as well agood electrical contacts. Even on highly doped semiconductors
the possibility to form ohmic contacts are favorable. contact alloying is necessary to reduce the contact resistance.

The process flow is shown schematically in Fig. 7. After eplFor the thin-film LED, this problem is solved by locally sepa-
taxial growth, Au and AuSn are deposited on the AlGalnP-LEEating areas with high reflective mirrors from areas with good
structure and the carrier wafer, respectively. For simplicitglectrical contacts to the semiconductor. A thin dielectric layer
GaAs was chosen as carrier material because it offers a gasodh as SiN3 or SiO; is deposited between the semiconductor
electrical conductivity and a comparable thermal expansiondad the metal layer(s). Openings in this dielectric film define the
the AlGalnP layers. Carrier and LED-structure are then brougliectrical contacts, whereas the rest of the area serves as dielec-
into contact and heated up to 35C. At this temperature tric/metallic mirror. The layer system can be alloyed in order to
both metals are molten and Au from the pure Au-layer iswer the contact resistance without significantly changing the
diluted in the AuSn alloy increasing the Au—Sn ratio. When theptical properties of the mirror area.

Sn-fraction changes from 30% (weight percent) to about 20%,An attractive feature of wafer soldering for LEDs is the pos-
the process is terminated by cooling down to room temperatuséility to structure one of the surfaces before bonding. Ge-
After bonding, the GaAs substrate is removed by selectigenetrical shapes such as cones, prisms or spheres might be
wet chemical etching. Processing of the “new wafer” is themansferred into the AlGalnP-structure (or the carrier surface)
finished using standard LED processing technology. by etching before they are covered with metal and embedded

Fig. 8 shows the basic principle of an LED based on thin-filimside the LED structure. Generally, most of the geometries that
technology. The metal layer below the active layer serves bothtes/e been used to shape dies in order to enhance the extrac-
reflector and p-electrode. Light, which is not directly extractedion of light [14] can also be buried at the bonded interface of
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contacted at the openings in the dielectric layer at the top s ] . 410
face. The fact that the localized current injection leadstoapr g b
ferred generation of light in the center of the etched cones . . r r 0
used to design the actual shape of the micro structure. Lig 0 5 10 15 20
rays, which are totally reflected at the metal mirror along tF Current (mA)

cones, are directed upwards toward the LED_Surface where trll—‘glg}./ 12. Characteristics of a 615-nm thin-film LED. The device achieves a
are extracted. The path length from the active layer to the t@@ximum efficiency of 621 m/W and emits 2.4 m of optical power at 20-mA
of the LED structure is only a few micrometer and does not ific-current.
clude any absorbing material such as the active layer so that the
effect of self-absorption inside the device is greatly reduced.tion line at Osram-OS. With these devices, the potential of the
Fig. 10(a) shows the top view of a 615-nm device with a struthin-film technology for high-brightness LED is certainly not
tured interface. Although the array of microreflectors is locatedlly exploited. The possibility of shaping the LED surface be-
underneath the planar top layers, it is clearly visible from tHere bonding offers a whole range of new opportunities to opti-
top. Current injection is facilitated from the isolated bond paghize or tailor the device performance by combining novel mi-
and the connected square frame along the edge via the top n-avostructures for light extraction with new schemes for current
tact layer to the individual p-electrodes in the center of the iimjection, heat dissipation, or emission profiles. Fig. 12 shows
dividual reflectors. As shown in the illumination pattern [Figthe luminous performance of another 615-nm thin-film LED
10(b)] light is generated and extracted around the microrefleghich employs a different design of micro reflectors. A peak
tors, confirming the principle of operation. Fig. 11 depicts thefficiency of 62 Im/W is achieved around 2 mA, corresponding
optical characteristics of the device. Driven at a dc current tff a wall-plug efficiency of 23.6%.
100 mA, the LED emits up to 9.7 Im, corresponding to an op- A different approach to fabricate thin-film AlGalnP-LEDs
tical power around 32 mW. In the range of 10—20 mA of operds to bond the epitaxial structure to an isolating wafer. In this
tion current, the luminous performance is above 50 Im/W, wittase, two top electrodes are required. Hoehal. fabricated
a peak value of 53 Im/W at 10 mA. One of the advantages 600-620-nm AlGalnP LEDs on Si-wafers coated with $iO
the thin-film technology is the low forward voltage that can bg20], [21] using a metal combination of Au and AuBe for
achieved. Operated ata dc current of 10 mA, the forward voltagending. Despite the intermediate dielectric layer, the LEDs
of the 615-nm LEDs is still below 2.0 V. benefited from the good thermal properties of Si. A luminous
The devices shown in Figs. 9 and 10 are commercial devidagensity of 90 and 205 mcd (620 nm) was demonstrated at 20
that have been fabricated on full 4-in wafers in a mass-prodwmd 50 mA of operation current, respectively.
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Oxidized cuyrent aperture p-AlGaAs surface on top of the mesa but also the area between mesa and

Top corgact Gas bottom contact was roughened. Very high quantum efficiencies
of up to 43% and 54% were achieved before and after encap-
sulation at current densities between 500 and 1000 A/cm
Similar devices at 650-nm emission wavelength resulted in
24% quantum efficiency (31% after encapsulation) [29]. Due
to relatively high forward voltages, the wall-plug efficiency
of these LEDs ranges between 10-15% at 1 mA of operation
Au-mirror Current'

3) LED With Tapered WaveguideA device which extracts
solely the laterally guided modes inside the epitaxial structure
is the LED with a radial tapered output coupler [30] shown in

Polyimid
Bottom contact
mirror
n-AlGaAs

@

p-contact
active layer

n-contact polymide

¥ v Fig. 13(b). The circular device structure comprises a central
(b) top contact, a circular symmetric out-coupling taper with the
Fig. 13. (a) Nonresonant LED with metallic back mirror and rougheneﬁhape Of_a Shallow truncateq cone and a ring-contact anng the
surface. (b) LED with a radial tapered waveguide. taper perimeter. Light extraction occurs through the bottom side,
where the GaAs substrate has been removed by wet chemical
etching.

2) Non-Resonant LED:The idea of the NRC-LED dates principle of operation is to generate light in a small ac-

back to the ea_rly 19907s, \_/vhen Schnitzgral. demonstrated tive area, defined by the geometry of the p-contact and to guide
an external efficiency as high as 72% on an optically pump dr

nfi ! j iall h The di i h
thin-film LED [22], and shortly later, an electrically pumpej‘t adially toward the tapered area. The dimensions are chosen

. . - . uch that the light rays that hit the taper surface have a small
device with an exteral efficiency of approximately 30% [23]:12imuthal wave vector component which is an essential design

;rh(_e ??\f/t'cf?f’ aErE Obaszef on(‘jtwo r]:ew techn;]que_s fobr LFDtS: “elB'élrameter for efficient light extraction. Light which is reflected
l%)]('a ! (r)] ,,(25 )T[h ]_g\n S?rtsceEng ening by tna_ura at the out-coupling surface is reflected again at the metal mirror
ithography” [25]. The idea of the process IS 1o mser&n the taper and returns under a more favorable angle of inci-

a sacrificial layer, typically some ten nanometers of AIASclence. The procedure is repeated until finally the angle of inci-
between the LED structure and the substrate.

dence falls within the escape cone. Absorption inside the wave-
A selective wet chemical etching process removes the sagfiride layers which include not pumped active material, and a
ficial layers and separates the epitaxial layers from the Gafstflectivity below 100% at the metal mirror on the taper limit
substrate. Subsequently the thin epitaxial film is transferred fige efficiency of this device.
a new wafer by van-der Waals bonding [26]. A metal film on Wwjith one and two InGaAs—GaAs compressively strained
the carrier serves as a highly reflective back mirror for the LE[uantum wells (QWSs) as active material emitting at 980 nm,
Surface roughening is achieved by depositing a monolayer filgthmid et al. demonstrated 45% of quantum efficiency on
of randomly ordered polystyrene spheres on the LED wafer. TBacapsulated devices. Maximum efficiency was reached at
pattern is transferred into the LED surface by dry etching. injection of 2 mA of electrical current and a forward voltage

The principle of the NRC LED is to randomize the angleground 2 V. This resulted in a wall-plug efficiency of 30% and
of totally reflected light at the top surface with the high reflec44% before and after encapsulation, respectively. The first at-
tivity of a metallic back mirror on the bottom side (Fig. 8). Lightempt to apply the same technology to 650-nm GalnP-AlGainP
which is not extracted through the surface is reflected back a@@vices resulted in a external efficiency of 13% [31].
forth between the back mirror and the rough surface. For high
efficiency devices, the losses per round-trip through the LED
structure have to be minimized by 1) reducing the thickness of
all absorbing layers including the active layer and 2) optimizing A completely different approach to handle the problem of
the reflectivity of the back mirror. Both can be achieved relight extraction is that of a resonant-cavity light-emitting diode
atively easily in the AlGaAs—InGaAs—GaAs material systenfRCLED). Purcell stated in 1946 that the characteristics of the
The band structure offers a sufficiently high carrier confinemespontaneous emission of an atom is not completely independent
to use only a few nanometers of active material for efficient ligaf its surrounding environment [32]. In fact, the local strength of
generation. Additionally the reflectivity of common metals likehe electromagnetic modes and the density of states may change
Au, Ag, or Al is very high in the infrared regime. the angular distribution and the emission rate observed. It was

The combination of epitaxial liftoff and surface rougheningroposed in 1992 by Schubettal.[33] to use a resonant-cavity
has been optimized by Windise@h al. on 850-nm LEDs [27], foraLED, and hence redesign the characteristics of spontaneous
[28]. A schematic layout of the device is shown in Fig. 13(agmission.

The LED employs a mesa structure with a selectively oxidizedIn a RCLED, a resonator is used to form the spontaneous

current aperture to prevent the generation of light under tkeenission in such a way, that more of the active layers emission

metal contact. Current injection is facilitated via a annulas launched into the escape cone. Because of the Fabry—Pérot
top-side p-contact and a lateral n-contact around the mesardsonances, specific wavelengths are allowed for certain direc-

order to extract some of the laterally guided light, not only thigons only.

VIl. RESONANT-CAVITY LIGHT EMITTING DIODES
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Such a one-dimensional microcavity is the most simple re: 5
ization of a photonic band structure. A detailed theoretical an 12 H -
ysis of the properties of RCLEDs may be found for examp 1 (
in the articles of Benistet al. [34], [35]. The most important
findings to design a high efficiency RCLED are: 1) the cavit -
order should be as low as possible. Hence, the highest availe
index contrast for the DBR mirrors forming the resonator shougs
be applied, reducing the penetration depth into the mirror; "%
the active layer should be detuned to the short wavelength s &
with respect to the cavity resonance. This is not only to compe
sate for temperature shifts—as in the case of vertical-cavity s|
face-emitting lasers (VCSELS), but also to increase the amoi
of extracted light: the solid angle element for the off-axis mode
is larger than for the exactly tuned mode; and 3) the QWs of t
active layer have to be moved into a maximum of the standil 0 20
wave inside the resonator. I (mA)

In the recent years, infrared RCLEDs including metal mirroisg 14, wall-plug efficiency).,,, and optical output poweP, . for different
and Al,O,—GaAs DBR have been demonstrated [36]. Devicesip sizes. These dc measurements have been carried out on TO18 mounts with
using a metal mirror on one side and awﬁla(l_m)As—GaAs epoxy encapsulated devices using an integrating sphere.

DBR yielded record external quantum efficiencies around 20%
[37].

In the red wavelength regime, highly reflective ohmic met: 30°
mirrors are very hard to achieve. Those devices usually empl /
epitaxally grown mirrors [38]-[41].

Following this approach we have been able to achieve
record efficiency of 12.0% for red RCLEDs by fine tuning the =
structure (Fig. 14). The epitaxial growth included the depositic &
of a 34 period A ;Gay 3As—Alg.95Gay 5As n-mirror and an
undoped active region of five 1% compressively strained 5-n
thick QWS and (M.;)Gag.;))o.;)llno.zkgp barriers. Ad.51|n0.4gp
confinement layers were employed to maximize the p-barri
height for the electrons. The symmetric active region has
thickness 0f~200 nm forming a 1x-cavity with the QWs in
the anti-node of the electric field. The structure was complet
by aC-doped top DBR and a highly doped 10-nm-thick GaA I e TS e e
contact layer. 610 620 630 640 650 660 670 680 69

Large-area devices with an active area of (40 and (300 wavelength (nm)
nm)?, respectively, as well as a type designed for plastic-optical. 15. Emission spectra of a RCLED under different angles. In the forward
fiber (POF) communication with a 80m-wide current confine- direction (0') the long-wavelength part of the QW emission is seen, whereas the
ment structure [42] have been processed as follows. shorter-wavelength parts of the spectrum are observed at off-axis angles. When

. . measured in an integrating sphere, a 18-nm-wide spectrum (FWHM) is seen.

An AuZn-contact grid was formed by liftoff. Subsequently,
proton implantation was used to define an@d-wide current
confining aperture for the POF-type device. Finally, the chir?—
process was completed by the deposition of TiPtAu bond p
and AuGe n-contacts on p- and n-side of the thinned wafe
After dicing, the RCLEDs were mounted on TO-18 headers f
characterization.

Fig. 14 shows the wall-plug efficiency., and the optical
output powerP,;. For the (700um)*-device, we achieved a
maximum wall-plug efficiency of,, = 12.0% atl; = 20-mA
andU; = 1.75-V. The (300:m)>2-device yielded,, = 10.2%

o
oo’
o’
-

o’
e
.

e (700 um)2 device
----- (300 pm)’ device
---------- POF-type

o

intensity

perture are shorter. Outside of the aperture, where the current
nsity is negligible, and hence the radiative emission proba-
é|ty is very low, all the light propagating in guided modes is
St.
In Fig. 15, emission spectra of a RCLED without epoxy en-
capsulation seen from different angles are displayed. The de-
tuning between QW emission and cavity resonance is adjusted
to approximately 12 nm, resulting in maximum intensity at 35
off-axis angles. The long wavelength part of the QW lumines-
atl; = 10 mA andU; = 1.83 V. cence is emitted into the forward direction, whereas the short

The POF-type devices are slightly less eﬁicien\{vaveIength part is emitted under more oblique angles, empha-

(nwp = 9.5%). The main reason is that in a large are3“'"9 the wave optical nature of the device.

device, photons, which primarily have been emitted in guided

modes propagating along the epitaxial layers, may be absorbed
and re-emitted again [43]. This is less probable in the POFOne of the main advantages of AlGalnP LEDs besides
type design since the optical paths inside the current confinirgcord high luminous efficiency in the red to yellowish green

VIII. RELIABILITY
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Fig. 16. Normalized light output versus stress time for LEDs with different 1,E-06 ',-"
p-spacer thickness. LEDs were operated at dc current of 50 mA, while the N #B, Fresh
light output is shown for measuring currents of 10 mA (squares) and 1 mA 1,E-07 —
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spectral range is the considerably improved reliability com- Voltage (V)

pared to competing conventional incandescent bulbs. This 17, 1V characteristic of LED B bef d after st .

ig. 17. I-V characteristic o efore and after stress at room
fact was qemonStrated by_ Se.\./eral grO_UpS_ [7], [44], [45]. Eﬁ;‘mperature and a dc current of 50 mA for 622 h. Defect creation upon aging
extrapolating long-term reliability data lifetimes of more thagenerates an additional electric current component observable as a current
10° hours have been calculated. The reported lifetimes of LEm§rease in the low-voltage region.

compare well with low degradation rates of AlGalnP red laser

diodes [46]-[50]. The broadening of the nonlinear range of fhel character-
The excellent degradation behavior of AlGalnP lasers hasics is accompanied by a shift to higher currents in the cur-
been attributed to a decreased sensitivity of the devices to axint-voltage {—V) characteristics [9]. Thé-V characteristics
dation due to reduced Al content in the active zone if comparefl LED B before and after aging are shown in Fig. 17. Three
to AlGaAs devices. Also, growth and mobility of dark line decharacteristic regions of diode operation are discernible. At low
fects is decreased owing to incorporation of In in the compoundltages the current is dominated by nonradiative recombination
[50]. in the space charge region resulting in a diode ideality factor n of
However, high reliability requires an optimized epitaxiafbout two. As the voltage becomes larger than about 1.6 V, the
growth. This is demonstrated by AIGalnP LEDs with a differerifjected carriers spread all across the active layer and radiative
thickness of an undoped spacer layer between the p-type Allpecesses become dominant. The ideality factor is now close
and the undoped active AlGalnP MQW region. Devices 1 one. Finally, the ohmic series resistance determines-the
and B having a spacer layer thickness of 810 and 470 nfharacteristic at the highest voltages. Due to defect generation
respectively, emit at 615 nm and yield similar high luminout the active layer the characteristic of the aged device shifted to
efficiencies. Both devices were stressed at room temperatfi@her currents at low voltages as compared to the fresh device.
and a dc current of 50 mA. Nevertheless, Fig. 16 showsT&is process generates an additional electric current compo-
dramatically reduced light output of LED B upon aging a8entwhichbecomes less pronounced in the high-voltage regime
compared to a nearly stable LED A. This different agin§ince the radiative recombination is dominating the nonradia-
behavior is attributed to an increase of nonradiative recombiri€. Thus the influence of the increased defect density is ob-
tion processes in the active layer of LED B during operatiogerved most distinctly in the low-voltage region.
Generated defects can be identified from the light-current The typical range of driving currents for LEDs is 1-100 mA,
characteristics as a broadening of its nonlinear range, i.e., thvéyere then = 1 current dominates thB-V curve, and thd.—~/
reduce light output most effectively in the low-current regioourves are approximately linear. The example above demon-
of the characteristics [9]. At higher currents this recombinaticsirates not only the importance of a well-controlled epitaxial
channel is saturated and the effect of the increased nonradiapivecess, but also the usefulness of testing degradation behavior
recombination is no longer observed. This can be recognizefl.EDs at low measuring currents where nonradiative recombi-
in Fig. 16 where degradation curves of LED B are plotted faration processes in the active region are more effective. More-
different measuring currents. Whereas the light output at 1 no¥er, this effect is of great importance for applications where
fell to 20% at 10 mA a moderate decrease to 60% is measurbifh-brightness LEDs are to be dimmed by current. Applica-
The stable LED A exhibits at the same time only slightlyions such as LED displays are especially sensitive to a cur-
reduced light outputs which are about 90% of the values of thent-dependent degradation of its emitters and tough reliability
fresh device. requirements have to be satisfied.
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Fig. 18. Normalized light output versus stress time for a thin-film LED. No (0]
significant degradation occurs even at low measuring currents.

In the previous chapters, different AlGalnP LED designs[lO]
have been presented and discussed in detail. Each of them
has to be tested with respect to long-term reliability. Fig. 18
displays degradation curves of a thin-film LED emitting at[1y)
615 nm. Again the device was stressed at room temperature
and a dc current of 50 mA. Except for a small increase of Iigth]
output during the first hours of stress time, excellent aging
behavior even at low measuring currents is observed indicating
precise control of the fabrication process for this kind of device[13]

IX. SUMMARY [14]

Much progress has been made in AlGalnP technology
resulting in LEDs with conversion efficiencies comparable[15]
to semiconductor laser diodes. The highest efficiencies are
achieved using sophisticated processing technologies such as
wafer bonding, surface structuring or thin-film processes which16]
will be further improved for high yields and economic mass
production. AlGalnP LEDs will become even more pervasive
as the costs/photon ratio continues to decrease. Although the
devices are already very efficient, we can expect further signifm]
icant advances in AlGalnP technology that will lead to even
better devices in terms of efficiency, costs and lumen output.
This will enable new applications and guarantee a bright futur([elS]
for high brightness solid-state lamps.
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