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AlGalnP lattice matched to GaAs is suited for light-emitting diodeSDs) operating in the red,
orange, yellow, and yellow—green wavelength range. Such long-wavelength visible-spectrum
devices will play an important role in solid-state lighting applications. This review discusses the
major classes of AlGalnP device structures, including absorbing-subsft@jel EDs, absorbing
substrate LEDs enhanced by distributed-Bragg-refle¢@BiRs), transparent substra€S) LEDs,
thin-film (TF) LEDs, and LEDs using omnidirectional reflectdl®DRS. Some of these device
structures have well-known deficiencies: A significant fraction of light is absorbed in the GaAs
substrate in AS-LEDs; DBRs are essentially transparent at oblique angles of incidence leading to
substantial optical losses. More recent developments such as TS-LEDs and TF-LEDs avoid these
drawbacks. High-reflectivity, electrically conductive ODRs were recently developed that
considerably outperform conventional distributed Bragg reflectors. LEDs using such conductive
ODRs can replace DBRs in AlGalnP LEDs and are potential candidates for low-cost high-efficiency

LEDs suitable for high-power solid-state lighting applications. 26804 American Institute of

Physics. [DOI: 10.1063/1.1643786
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I. INTRODUCTION

Early materials used for light-emitting diod¢cEDS)
emitting in the long-wavelength part of the visible spectrum
were GaP doped with isoelectronic impurities such as nitro-
gen and GaAsHor a review, see Schubgrft These materials
suffer from low efficiency and output power: GaAsP is lat-
tice mismatched to GaAs and therefore has many disloca-
tions; GaP:N lacks high-power capabilities due to the satu-
ration of radiative recombination at high injection-current
levels. AlGaAs is a high-efficiency material suitable for in-
frared and red wavelength$or a review, see Steranka
However it is unsuitable for orange and shorter wavelengths
due to the direct-indirect transition of the Ma _,As band
gap atx~45% corresponding to a wavelength of 624 nm.

AlGalnP is the material of choice for the long-
wavelength part of the visible spectrum, namely for red, or-
ange, yellow, and yellow—green wavelengths. At the molar
In composition of 50%, (AlGa _y)osingsP is lattice
matched to GaAs. Unlike GaAsP, which is also grown on
GaAs, AlGalnP does not suffer from lattice mismatch. Un-
like GaP:N, AlGalnP does not rely on deep-level-mediated
transitions that tend to saturate. Similar to AlGaAs, AlGalnP
suffers from a direct-indirect transition of the band gap.
However, the direct-indirect transition in AlGalnP occurs at a
higher energy compared with AlGaAs. As a result, the
AlGalnP materials system can be used for all colors of the
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yellow—green wavelengths.
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FIG. 2. LED-based approaches for white light sources and corresponding
optical spectra. The highest luminous efficacy is provided by the dichro-

. . matic approaches. The best color rendering is obtained with tetrachromatic
FIG. 1. Band gap energy and corresponding wavelength vs lattice ConSta'&bproaches. Trichromatic approaches based on LEDs can provide good

of (AlGa_,)yIn,_yP at 300 K. The dashed vertical line shows cgjor rendering as well as high luminous efficacy.
(AlL,Ga ) 5ngsP lattice matched to GaAsdopted from Ref. B

) ing color rendering properties if the wavelength of each

The AlGalnP band gap energy, the corresponding wavesoyrce and their temperature dependencies can be controlled
lengths, and the nature of the band dajrect or indirect,  accurately. As a result, there is little motivation to develop
are shown in Fig. 1. The vertical dashed line in the f'gurepentachromatic approaches, although such pentachromatic
indicates the composition at which AlGalnP is lattice- approaches may be suitable for certain niche markets.
matched to GaAs. The direct-indirect transition of the band-  ggyeral characteristics of the solid-state white sources
gap occurs at the energy of 2.23-2.33 eV corresponding tghown in Fig. 2 are noteworthy. First, dichromatic ap-
556—_5.32 nm. The exact energy at which the d|rect—mdwecbro‘—,wheS have the highest luminous efficacy and they are
transition occurs depe_nds on the degrge of randomness of thgs|| suited for display and indicator-light applications. Due
quaternary alloy semiconductor and is lower for AlGainPtq their low color rendering capabilities, their usefulness in
with a h|gh degree of ordér. ) daylight illumination and display backlighting applications is

The importance of AlGalnP LEDs as an instrumental|ipjted. Second, trichromatic approaches based on either
ingredient in future solid-state lighting systems will be re-| Eps or phosphors provide excellent color rendition with a
viewed. We will discuss the major technologies suitable forcommission Internationale de Tdarge(CIE) general color-
high-efficiency and high-power AlGalnP LEDs. Special em-rendering index of 90 or highé&rThird, due to the unavoid-
phasis will be placed on the discussion of the limitations ofyphle Stokes shift in the trichromatic UV-LED/phosphor
current AlGalnP technologies and on emerging technologiegoyrce, the potential luminous efficiency of this source is
such as AlGalnP LED structures employing omnidirectionaljgyer compared with a trichromatic multichip LED ap-
reflectors(ODR9 and thin-film (TF) technologies using py- proach. Fourth, the trichromatic approach shown in Fig. 2

ramidal reflectors for enhanced light extraction. consisting of a blue LED, a green phosphor, and a red LED
is motivated by the unavailability of highly efficient green

II. AlGalnP LEDs IN SOLID-STATE LIGHTING semiconductor-based emitters. The use of the red LED is

APPLICATIONS motivated by the availability of efficient red AlGalnP LEDs.

Iti Il k hat icond based light In addition, the employment of red LEDs allows for the
tis well known that semiconductor-based lig SOUTCES,\pidance of the very large Stokes shift concomitant with the

have, in principle, the potential to achieving near-unityUV or blue LED/red phosphor combination. Therefore, the

power efficiency. This is in contrast to common conventionaltWO LED/green phosphor approach promises both, good ef-
light sources such as incandescent and fluorescent lamps ﬂ}%ﬁency and color rendering capabilities '

have fundamental efficiency limitations that prevent them A detailed analysfsand the preceding discussion of dif-
from reac;hmg_ near-gmty effICIenqes. As low-cost SOUrCe€Jerant solid-state-lighting strategies make clear that the emis-
that provide high-efficiency and high power output are de-,

: : ) sion sources with the highest luminous efficiencies and ex-
veloped, semiconductor light sources will replace quorescen(Eellent color rendering propertigs=90) include red LEDs.
and inefficient incandescent sources.

With luminous efficiency and the resulting energy savings as

_Dif_ferent semiconduct_or-b_ased_ sqhemes . to_ generatgtrong driving forces for solid-state lighting, large-scale use
white light for general daylight illumination applications are of AIGalnP LEDs is expected in future lighting systems.
shown in Fig. 2. The figure shows different approaches for

(@) dichromatic, (b) trichromatic, and(c) tetrachromatic Il EARLY DEVELOPMENT OF THE AlGalnp
white light sources including single-chip semiconductor - ain
. . .~ MATERIAL SYSTEM

sources and multichip semiconductor sources. The figure
also shows semiconductor/phosphor-based sources including The AlGalnP material system was developed in Japan
a blue LED/yellow phosphor source, a blue and red LEDffor visible laser$™° Efforts started with AlGalnP/GalnP
green phosphor source, and an ultraviolétV) LED/  double-heterostructure lasers using,@a,sP as the light-
phosphor source. Tetrachromatic approaches offer outstandmitting active material, which is lattice matched to GaAs
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geometry, commonly used in LEBsFor such circular con-
tacts, the thicknessof the current-spreading layer required
to attain a current-spreading lengthlof is given by

b

e nideakT

wherep is the resistivity of the current spreading layer,is
the contact radiusly is the current density at the edge of the
contact, njgey the diode-ideality factorq the elementary
chargek the Boltzmann constant, aridis the absolute tem-
perature.

Equation(1) is different from the commonly used for-
mula for stripe-shaped contacts, where the required thickness
is given by(Thompson’)

Ls
t:pLS re+ E

FIG. 3. Current distribution and light-generating region in an AlGalnP LED:

(a) without and(b) with a spreading layekc) GaP current-spreading struc- q
ture(see Refs. 14 and 18d) AlGaAs current-spreading structuigee Refs. t= p|_§ 0 . (2)
19 and 20. NideaK T

Using the approximation In(x)~x, valid for small values
of x, allows one to show that Egél) and(2) yield the same

substrates. The bandgap energy of lattice-matdhaadom
gap energy d result in the limit ofr ,—co.

alloy) GalnP is approximately 1.9 e{650 nm), making the ¢ ding | h b
material suitable for visible lasers emitting in the red. These | TWO. typles of current-sprea Ilng | az;rslﬁ ave e?jr; em-
lasers are used, for example, in digital versatile disc technoP oyed n AG_aInP LEDs, namely AG an_d_ GaF. )
ogy and in laser pointers. The addition of Al to GaInPAIGaAS IS Ia_ttlce matched to GaAs anq, at sufficiently high
allows one to attain shorter emission wavelengths includin I mo_Ie fractions, is transpar_ent to red light. The_ band gap of
the orange and yellow spectral region. However, IAs is 2.17 eV corresponding to 571 nm. If hl_gh percen_t—
(AL Ga,_)odno &P becomes an indirect semiconductor at Al ages of Al are employed, AlGaAs tends to oxidize and its

compositions ofx~0.53, so that the radiative efficiency semiconducting properties deteriorate. An alternative

strongly decreases at wavelengths near and, in particular, bgyrrentf—szprzeading material ig.GaP, which has a baqd glgap_ en-
low 600 nm. Consequently, AlGalnP is not suited for high—ergy of 2.26 eV corresponding to 548 nm. GaP is lattice

efficiency emission at wavelengths below 570 nm. Review§msm""tched to GaAs but Iong-term stable and more transpgr—
of different aspects of the AlGalnP material system and Aj-€nt than AlGaAs. The deleterious consequences of the lattice

GalnP LEDs can be found in the literatur&®—12 mismatch between the AlGalnP upper cladding layer and the
GaP window layer can be minimized by placing the mis-
matched interface sufficiently far away from the active re-
gion to reduce carrier recombination at the mismatched in-

Subsequent to the AlGalnP laser development that octerface.
curred in the early 1980s, AlGalnP LED development started ~ Further improvements were attained by using multiple
at the end of the 1980s and early 19999° These LEDs quantum well(MQW) active regiong! coherently strained
were grown in ap-side-up configuration on conductive MQW active regiong?2 distributed Bragg reflectors;?*2°
n-type GaAs substrates. and transparent GaP substrate technofogymajor draw-

In contrast to the AlGalnP laser structures, LED struc-back of the AlGalnP LED shown in Fig. 3 is the absorbing
tures employ current-spreading layers. The effect of thenature of GaAs in the wavelength range of interest. The band
current-spreading or window layer is shown in Fig. 3. With-gap of GaAs occurs at 870 nm so that all visible-spectrum
out a current-spreading layer the current is maximal undephotons are absorbed in GaAs substrates. Light emitted
the center of the top contact, as shown in Fi@).3Because downward from the active region in AS-LEDs is absorbed by
most of the light is generated in the region below the opaquéhe GaAs substrate. The optical losses in AlGalnP LEDs in-
top contact, the light extraction efficiency of AlGalnP LEDs curred due to absorption effects in GaAs substrates are
without a current-spreading layer is low. The effect of thegreater than 50%. Due to these losses, AlGalnP AS-LEDs
current spreading layer is shown in Figlbg For a suffi- have low efficiencies and output powers making them suit-
ciently thick and conductive current-spreading layer, the enable for only low-power applications, e.g., indicator-light ap-
tire p—n junction plane of the LED chip lights up and not plications, and excluding them from solid-state lighting ap-
just the region below the top ohmic contact. It is desirable toplications.
spread the current beyond the contact area by a distance

larger than the contact radius. However, spreading the cug DISTRIBUTED-BRAGG-REFLECTOR-ENHANCED
rent all the way to the edge of the chip could result in un'A.BSORBING-SUBSTRATE LEDs (DBR-LEDs)

wanted surface recombination.
The theory of current spreading has been well under- In order to improve the extraction efficiency of AlGalnP

stood forstripe-likecontacts as used in lasérsRecently, the AS-LEDs, a distributed Bragg reflect¢DBR) is included

current spreading length was derived fociecular contact  between the substrate and the lower cladding layer. The sche-

IV. ABSORBING-SUBSTRATE LEDs (AS LEDs)
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The optical power emitted by the active region into the
solid-angle element given by and ¢ +d¢, where¢ is as-
sumed to be 0° at normal incidence, is given by the propor-
tionality

Pocr?sing de. 3

The sinusoidal dependence indicates that angles near 0°,
where the DBR has high reflectivity, have little importance.
FIG. 4. AlGalnP LED with a distributed Bragg reflect¢éDBR) located ~ Angles>0° have greater importance due to the dependence
between the substrate and the lower cladding layer. of the sinus function on angle. However, the DBR has a low
reflectivity in this range of angles, as displayed in Fig. 5.
Thus the DBR’s reflectivity characteristics leave substantial

matic structure of a DBR-enhanced AS LEDw®re referred  foom for improvemer)t. This point will be further discussed
to as DBR-LED is shown in Fig. 4. Katet al?* pioneered N @ subsequent section on ODRs.
DBR-LEDs. Figure 5 also shows that the DBR reflectivity increases
To evaluate the potential enhancement provided by th@gain for grazing-angle incidence, namely #r70°. Asa

DBR, it is instructive to determine the DBR reflectivity as a consequence, grazing-angle waveguided modes propagating
function of wavelength and angle of incidence. The result ofn the top layers of the LED, namely the confinement, active,
this evaluation is shown in Fig. 5 for DBRs designed for anand window layers, will be supported by the DBR and
emission wavelength of 630 nm. Two DBRs are shown in theguided to the edge of the die where they can escape.
figure, namely a transparent AlGalnP/AlInP and an absorb-
ing AlGaAs/AlGaAs DBR. The transparent DBR has the ad-VI. HIGH EXTRACTION STRATEGIES FOR
vantage of low optical losses. However transparency can b&lGainP LEDs
attained only by high Al contents in the low-index as well as g far the AlGalnP material system has achieved one of
high-index layers, which in turn reduces the refractive indexpe highest internal quantum efficienci@sose to 100% in
contrast. As a consequence, a large number of quarter wayge red wavelength ranpef all semiconductors used for
pairs are needed for high reflectivity. On the other hand, thmissjon of visible light. It is therefore particularly important
absorbing DBR allows for a higher index contrast. This en-, gevelop LED structures with extraction efficiencies sig-
ables the reduction of the number of quarter wave pairs t?}ificantly exceeding the AS-LED and DBR-LED technolo-
attain a certain reflectivity. Thus there is a tradeoff betweenyies General aspects of AlGalnP LED technology have been
number of pairs and maximum attainable reflectance in g subjects of several revied&* ! Here we briefly review
DBR. Frequently a combination of absorbing and transparentsmmercially available high extraction efficiency structures
layers in DBRs is used to maximize the reflectivity and mini-, order to compare them later to the ODR-LEDSs.
mize the number of quarter wave pairs. o Early AlGalnP-based LEDs with external efficiencigs

_ Inspection of Fig. &) reveals a high-reflectivity band - gjgnificantly exceeding GaAsP- and GaP-based deviges (
with a width of more than 50 nm for the transparent DBR; =0.1%-0.6%) were obtained by using organometallic va-
this is wider than the emission linewidth of a typical Al- por phase epitaxfOMVPE). The devices consisted of a
GalnP LED. Figure t) shows the reflectivity of the DBRS o ple heterostructure with conductive AlGaAs window
as a function of the angle of incidence. Inspection of thqayerS’LS,le or conductive GaP-window layers grown lattice
figure reveals a problematic issue, namely the low reflectivy,ismatched with respect to the active regtdhese LEDs

ity of the DBR for oblique angles of incidence: For angles itained external quantum efficiencies of about 3% or less in
20°<¢<70°, the DBRs are essentially transparent. Thugne wavelength range 555—620 nip£ 20 mA dc).

light emittgd by the active region in this range of angles can Subsequently, a twofold increase in quantum efficiency

be transmitted by the DBRs and absorbed in the GaAs suljas achieved by employing a very thit4s xm) conductive

strate. GaP window layer grown by hydride vapor phase epitaxy on
top of the OMVPE heterostructuf@ The thick window layer
allows maximizing the side extraction efficiency, which de-

(a) ¢ Yosht P ) [1] s-polarized (TE) i i i i
wol® |y pagn | O Asporzed ) | ends on the solid angle of intersection between the window
[ . Al 5in, (P-DBR :»pclarized(TM) GaPis . . :
of capis ST i I (AosGariosrosP : layer sidewalls and the cone of acceptance for sideways di-
€ 20 medum R S 35periods rected light?® In addition, the thick window layer helps to
T e} Aol S-DBR | [ S'?',;;a'ﬁ‘::g,ﬁ; spread the current beneath the top contact. Peak external ef-
= b ods) { F riz .. .
gl (630nm 35perecd AoosGansrAs! ficiencies larger than 6% (= 20 mA dc) have been reported
2 30} for wavelengths- 600 nm?®
20f
13- A. Transparent-substrate LEDs

500 55:0 600 65;0 700 750 800 O 1‘0 20 30 40 50 60 70 80 90 . 3 ..
Wavelength X (nm) Angle of incidence ¢ () The devices discussed so far employ the original GaAs

FIG. 5. (a) Reflectivity vs wavelength anb) reflectivity vs angle of inci- substrate, which absorbs light emitted “downwards” from

dence for a transparent AlGalnP/AlInP DBR and an absorbing AIGaAs/the_ active region or totally reflected at _the LED top Sl_”face-
AlGaAs DBR. This loss effect can be decreased either by covering the
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FIG. 6. Fabrication process of an AlGalnP TS LED. The LED structure is
wafer bonded to a GaP substragelopted from Ref. 3

GaAs substrate with a DBRor by replacing the GaAs sub-
strate with a transparent substr&®s).?” Due to the small
range of angles with high reflectance, the DBR results in a
device which is primarily “top emitting,” whereas a TS de-
vice allows for light emission from the edges of the chip and , _
can therefore be much more efficient. SIG. 7. TIP-LED struct_ure(from Lumileds Corporation (a) T‘IF_>_L_ED un-
L. . er operation an¢b) typical photon paths and escape possibilitesopted
Similar to double-heterostructure AIGaAs LEDs with & from Ref. 33.
transparent conductive AlGaAs substrdteAlGalnP TS-
LEDs utilize a transparent conductive GaP carrier. GaP is
transparent for the entire range of AlGalnP emission waveeated ellipsoids. However, these structures are difficult to
lengths. The use of a conductive substrate supports curreptalize and therefore expensive.
spreading above the patterned backside contacts of the Krameset al®® demonstrated a practical yet very effi-
LED.% cient structure, the truncated-inverted pyraniidP) LED
AlGalnP transparent substra@S) LEDs were pio-  shown in Fig. 7. The sidewalls of the chip were beveled with
neered by Kislet al?” who developed a technique to remove a sidewall angle of 35° with respect to the vertical direction
the original GaAs substrate and to join the LED epitaxial(see Fig. 7. The LED is mountea-side up on a thermal heat
layer with a conductive GaP carrier by means of directsink in order to enhance heat removal from the device. The
semiconductor-to-semiconductor waferbondihg’*°Figure  TIP structure redirects photons totally reflected at the side-
6 shows the schematic fabrication process, during which @alls towards the top surface, where they arrive at a more
semiconductor—wafer heterointerface is formed. Howeveradvantageous angle and can be extracted. On the other side,
the process requires crystallographic alignment, tight contrgbhotons totally reflected at the top surface can escape
of all process parameters, and suffers from the use of costlfhrough the tilted sidewallgsee Fig. T)].
GaP substrates and increased forward voltages. Furthermore, The performance of AlGalnP TIP-LEDs exceeds 100
the current lack of 4 GaP substrates may delay the scalabil-im/W at 100 mA dc for emission at 610 nm. Record external
ity of the TS process. quantum efficiencies of 55% under dc operatioby (
Kish et al?’ reported external quantum efficiencies of =100 mA) were achieved at 650 nihAt the same forward
17.6% at 629 nm and luminous efficiencies of 41.5 Im/W atcurrent under low duty cycle operation, the external quantum
604 nm (;=20mAdc). Further improvements have re- efficiency increased to 60.9%, which indicates a lower bound
sulted in even higher values of the efficiencies: About 74for the extraction efficiency of the TIP-LE®.
Im/W at 615 nm and more than 30% external quantum effi-
ciency at 632 nmt
In square-shaped TS-LEDs, several mechanisms limi
the external quantum efficiency such as photon reabsorption Chip surfaces may be textured in order to increase the
in the active layer and free-carrier absorption in the dopedight extraction efficiency. An advantage of this approach is
GaP substrates. In devices within active layerga few na-  that it leads to a scalable chip design as opposed to the chip
nometers thick, as generally used in the AlGaAs—InGaAs-shaping techniques discussed above. A possibility of struc-
GaAs systemreabsorption processes may in faetrease turing consists of randomly roughening the upper window
the external quantum efficiency via photon-recyclinglayer. This can be achieved, e.g., using polystyrene spheres
effects®? However, due to the low barrier height, AlGalnP and dry etching” In this case, photons incident at the rough-
devices with peak wavelength$30 nm require relatively ened surface are either scattered isoptropic@hd can es-
thick (several hundred njractive layers to achieve sufficient cape from the chipor reflected with a random distribution of
electron confinement and are therefore subject to significarthe reflection angles. As a result, the probability of light ex-
absorption losses in the active region. For such devices, theaction is increased on multiple round trips between surface
external efficiency can be increased by geometrically shapand substratéassuming the substrate is covered by a high-
ing the chips so as to minimize the path length of photonseflectivity mirror. To maximize this effect, a highly reflec-
before extraction. Suitable chip structures for high extractiortive wide-angle mirror should be inserted between the sub-
efficiencies may be spheres, hemispherical domes, or trurstrate and lower confinement layer; this, however, requires

?. Surface-textured LEDs
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FIG. 8. Top view of surface-textured AlGalnP LEDs with different areas,
geometrical patterns, and contact frantadopted from Ref. 36 (a) High- ) o
current chip(drive current 400 mA, 508500 zm? die). (b) Low-current ~ FIG- 9. () Schematic structure and photograph(bf uninjected andc)

chip (drive current 30 mA, 208200 «n? die). (c) Standard chip(drive current-injected AlGalnP thin-film LED with pyramidal microreflectors.
current 70 mA. 30& 300,ur‘nz die). Current is injected through the bond pad and a square frame along the edged

of the n-type top contact layer. Individugttype contacts are discernable as
dark spots in(b) due to the transparency of the upper window and active

L layer (adopted from Ref. 37
removal of the original substrate and transfer of the LED to

another carrier. In addition, the thickness of the active region

needs to be optimized to reduce absorption losses. Externatystal becomes comparable to the carrier diffusion length in

efficiencies of 46% for GaAS-based LEDs with randomizedthe active region. It is therefore important to avoid penetrat-

surface structure have been reported. ing the active region with the photonic crystal. While photo-
Another approach is based oegular patterns of geo- nic crystals in general result in far-field patterns different

metrical structures on the top surface of the LEBe Fig. 8  from flat-surface rectangular-parallelepiped-shaped LEDs,

This has been realized using truncated tetrahedrons or othether surface structuring techniques maintain the Lambertian

shapes etched into the window layer of an AlGalnPemission patterd’

AS-LED.3%3" The two-dimensional pattern of tetrahedrons

enhances the effective surface area available to light extra®. Thin-film LEDs

tion and offers a variety of surfaces at different tilt angles. . . . .

Photons entering a single tetrahedron can undergo multiplﬁcieﬁ‘g ailtserr;itjl;/e (t)?s,s-li—tﬁ_eLE D_?I’:?g;:':gloh'gh:;téatz?g igx_

total reflection events at the sidewalls guiding them in such zil la Zr s remO\E)ed from %e original G%S substratepand

way that the incidence angle progressively increases ang. ? d h . bg f | |

eventually may fall within the escape cone. However, sinc fransferred to a another carrier by means of metal-to-meta

current spreading is strongly obstructed in etched regions,e%ondlng (see Figs. 9 and 30 Stringent semiconductor-to-

contact frame on top of the window layers is needed to en_sem|conductor wafer bonding process parameters such as ul-

sure uniform current injection across the LED surface. Intraﬂat su_rfaces and crystallographic orientation matching are
required for TF-LEDs.

addition, a specially designed wide-angle Bragg reflector iQOt .
used to recover a large part of the radiation emitted towards lllek et i.il'gg demonstrated a TF AlGainP LED with an
the substrate side of the LED. For packaged devices emittin rray of buried coneshgped 'mlcr.oreflectors. The LED struc-
at around 610 nm luminous performances larger than 3 re is shown sphema’ucally in Fig. 9. The cones are etchgd
Im/W and typical operating voltages below 2.2 V have been _rough_ the active layer an_d coyered b)_/ a mgtal anq a thin
achieved® dlelec_trlc layer. S_m_all openings in the dlel_e(_:trlc_ prowde_ for
electrical conductivity and localize current injection and light
generation to the center of the cones. The shape of the mi-
croreflectors is designed such that totally reflected light is
Two-dimensional photonic crystals included in the upper
window layer are examples for periodical structures with a
characteristic length scale of the order of the emitted wave-
length. The photonic crystal can be designed to Bragg scatter
light, which is trapped in wave-guided modes, into light
modes radiating through the top surface. This concept was
used by Erchalet al*® who demonstrated a sixfold photolu-
minescencéPL) intensity increase utilizing a triangular lat-
tice etched into the upper window layer of an InGaP/InGaAs
LED emitting at 935 nm.
HO"VeV‘?r’ nonra}dlatlve carrier recomblnathn and Surfac%IG. 10. Wafer bonding processing steps for thin film LED technology
recombination are increased near the etched interfaces. Tm§lizing metal-to-metal bonding by means of solderiglopted from Ref.
can pose a problem when the lattice constant of the photonig).

C. Photonic-crystal LEDs
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guided upwards. As a result, the TF-LED with buried mi- DBRs are periodic structures with a unit cell of two di-
croreflectors is predominantly top emitting. In contrast toelectric layers having different refractive indices and
TS-LEDs, very thick window layers in order to increase thicknessesd;(i=1,2). DBRs can be regarded as one-
sidelight extraction are not requiréd>°For devices emitting dimensional photonic crystals with a high-reflectivity stop
at 650 nm, quantum efficiencies of 31%@and 4094 have  band(“photonic gap”) comprising the nonpropagating light
been reported. Despite the presence of etched regions, tiséates in the crystal. DBRs are usually designed to have a
forward voltage is below 2.0 V at a forward curreht  certain center wavelength e ;at perpendicular incidence.
=10 mA373° However, the DBR reflectivity depends on the incidence
There are disadvantages to the TF-LED structureangle ¢ such that the stop band shifts towards shorter wave-
namely the fact that the ratio of current-injected area to chigengths for increasing¢ without changing its spectral
area is small. Analysis of the schematic of Figa)%nd the  width.** As a result, abbliqueincidence angles .o lies in
photographs of Fig. ®) shows that this ratio is less than many cases no longer within the high-reflectivity region.
10%. Furthermore, the microreflectors penetrate the active The reflection properties of metals and DBRs also de-
layer, thereby subjecting carriers to the possibility of nonrafpend on the polarization of the incident lightwave. According
diative interface recombination. to Brewster’s law, the reflection of light polarized parallel to
The semiconductor—metal interface should be highly rethe plane of incidencéTM mode has a minimum at the
flective and form a low-resistance ohmic contact to the conincidence angle
ducting carrier. The last requirement can be dropped for TF-
LEDs using insulating carrief:*® For insulating carriers,
two side-by-side top contacts are required. Other important 5 ¢B:E, (4)
requirements are matching of thermal expansion coefficients
between the LED epilayer, bonding material and carrier, and

good.thermal conductivity of the carrier. . wheren; and n, are the refractive indices of the adjacent
Figure 10 shows a schematic wafer bonding procesgyierials. This is particularly important for DBRs where the
where the LED epilayer covered by a metal such as Au andly e reflectivity significantly decreases g . DBRs with
the carrier covered by a solder metal such as AuSn argn,roved wide-angle reflectivity can be achieved, e.g., using
brought in contact and heated. During this step, during whichyperjggically stacked layers with thickness gradients or ran-
the wafers are kept at low temperatuf@50 °O to avoid  yom thickness distributiorfS:46
dopant redistribution, a stable metal-to-metal bond is Much research was devoted to DBRs with a complete
formed="**This bond is able to sustain all further LED pro- photonic band gap represented by a certain frequency range
cessing steps including the subsequent removal of the orig{yhere all incoming photons regardiess of their momentum
nal substrate by Wgt-ghemlcal etchlng. . , vector ik are reflected. These ODRs have a wide range of
Ir) order to maxm.nze'the extraction eff|C'enf3y_1 I|'ght ab- interesting applications such as all-dielectric coaxial
sorption at the bonding interface should be minimized a”q/vaveguideé‘f omnidirectional mirror fiberé® and light
high reflectivities should be attained. However, to aChieve[ransport tubed
low contact resistances, an annealing step is required during  ompgirectional reflection characteristics have been ob-
which the reflectivity of the metal bond may degrade. A thini5ineq using polystyrene and tellurium layers in a DBR.
dielectric layer inserted between the semiconductor and thg e 1o the large difference of the refractive indices,
bonding metal help.s to avoid thermal degradatlon _of theﬂpmystyrenene: 1.8 andn,um=5, the Brewster anglesg is
metal; current flow is enabled through defined openings ing,ch ' jarger than the critical anglé, for total reflection

H 37,39
the d'e'_efét“‘f _ . resulting in a nearly complete photonic band gap in the
A distinct advantage of TF technology is the possibility wavelength range from 10 to 16m.

to structure the AlGalnP surface before the bonding process.  another intriguing approach consists of the use of bire-

This results in a significant increase of the extraction efﬁ'fringent polymers in DBRs with two different refractive in-

ciency sir_we the geometricgl shapes such as cones or sphefgses parallel and vertical to the DBR layer plad&sBy

act as microreflectors “buried” at the bonding interface be-,qjysting the differences between the vertical and in-plane

tween the semiconductor and the carrier. indices the value of the Brewster angle can be controlled.
Brewster angles up to 90(grazing incidence and even

VIl. CONCEPTS FOR REFLECTING STRUCTURES imaginary va'\lues.are pogsible resu!ting in high reflectivity
for TM-polarized light at virtually all incident angles.

There are different ways to obtain highly reflective coat- Besides material properties such as the radiative recom-
ings in the visible wavelength region. Metallic layers providebination efficiency® one of the most important figures-of-
robust reflectors capable of reflecting visible light over amerit for LEDs is the extraction efficienC¥eyiraciion defined
wide range of wavelengths and incident angles. Metals reas the number of photons emitted into open space relative to
flect visible light since this frequency range is well below the number of photons generated in the active region.
typical plasma frequencies of the free electron gas. However, The value of gyyaction IS limited by the fact that light
electron oscillations induced by incident light waves not onlyemitted from the active region may be subjected to total
result in reflection but also in absorption caused by electromeflection at the LED surfacesee Fig. 11 The critical angle
phonon scattering. ¢, for total reflection is given by Snell's law
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FIG. 12. Perspective view of the ODR. In the ODR-LED, the ODR serves
as ohmic contact.

the poor DBR reflectivity at oblique incidence angles results
FIG. 11. Schematic of a standard AS-LED incorporating a DBR. Light raysm_ undesired losses pamCUIarly for Wavegwded modes as
totally reflected at the surface and the DBR are indicated in red. discussed above.

Unfortunately the applicability of the above-mentioned
omnidirectional DBRs in LEDs is limited since they are elec-
trically insulating. In addition, these DBR structures present

. _ Noyt a considerable thermal barrier preventing efficient heat sink-
sing.=—, (5) . ) : ! i
ng ing due to their large thermal resistance combined with large

whereng andn,,; denote the refractive indices of the semi- thickness.

conductor and the outside medium, respectively.

As an example, the AlGalnP material system has a valu
of ¢.~17° with air as outside medium which in turn means
that about 96% of the light emitted from the active region is  Here we describe a very promising omnidirectional re-
reflected at the surfaceve usedng=3.4 atA=650 nm for  flector suitable for use in future large-area LEDShe re-
GaP as the semiconducting materidthis value can be re- flector comprises the LED semiconductor material emitting
duced to about 88% by embedding the LED in epoxies withat a wavelength,, a low-refractive index layerr(;), and a

IIl. OMNIDIRECTIONAL REFLECTOR (ODR)
OR LEDs

high refractive indices 0|‘1ep(,)(y~1.5.3 metal with a complex refractive indeN.,,=n,+ik, as
Distributed Bragg reflectors can be used as substratshown in Fig. 12.
coating to enhance the light extractit®! However, the ac- At perpendicular incidence, the reflectance of the triple-

tive region of a LED emits light isotropically and therefore layer ODR is given by

R o _{(ns=np)(n+np) + (ns+ Nkt +{(ns— Ny kp+ (Ns+ ) (N —Np) }?
0RO g M) (M + ) (g 1) K7L+ Mg K (Mg 1) (g~ M)

(6)

Equation(6) is calculated for a phase thickness of the low-=4) is a particularly good choice as compared to other met-
index layer corresponding tog/(4n;) (“quarter wave als such as goldn,=0.18k,,=2.4) or nickel 6,,=2.1Kk,
layer”). For an AlGalnP/Si@/Ag structure emitting af\ =3.6).
=630 nm, Eq.(6) yields a normal-incidence reflectance Figure 13 compares different triple-layer ODRs to a
Ropr(#=0)>98%. This value exceeds the correspondingtransparent DBR widely used in AlGalnP-based LEDs.
value for a structure without low-index layer by about 3%, While the ODRs maintain high reflectivity at virtually all
thereby reducing optical losses by a substantial amount.
The omnidirectional reflection characteristics can be at-
tributed to an imaginary interfacial Brewster a_ngig simi- ool —esoroon ] [Em 955
lar to the birefringent DBRs. For an ODR consisting of just a ) e

i A | T AusSioz ODR | F¥ sy A HT™
semiconductor and a metal layer, the Brewster angle is givels st ]

by

AlGalnP-DBR

D
S

n k
tan¢B=n—m+i n—m 7)
S S

REFLECTIVITY R
B
S

[N
(=3

0 A . -
500 550 600 650 700 750 800 O 10 20 30 40 50 60 70 80 90

WAVELENGTH A (nm) ANGLE ¢ (%)

An analogous relationship is valid if an intermediate di- FIG. 13. Calculated reflectivity for two ODRs and a DBR with a center

electric layer i§ used. The magnitude of the_imaginary part ifyavelength at 630 nm. GaP was chosen as the external medium. The trans-
Eq. (7) determines how strongly the reflectivity decrease ofparent AlGainP DBR consists of §Alo G, 7)o .slNe sP/Aly dng P pairs.
TM-polarized light at¢g is suppressed. As can be inferred The ODRs have a 500 nm thick metal layer covered by a quarter wave thick
from Eq (7), a criterion to maintain high reﬂectivity is to SiO, layer on a GaAs substratéa) reflectivity vs wavelength for normal

L ! . incidence andb) angular dependence of the reflectivity at 630 nm. The
maximizek,,/ng and minimizen,,/ng. In an AlGalnP-based

. _ solid and dashed lines correspond to transverse electric and transverse mag-
LED (ng=3.3) emitting athA =630 nm silver (,,=0.08k,, netic polarized waves, respectively.
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TABLE I. Values of the angle-integrated reflectivi®/at 630 nm calculated
from Eq. (8) using the theory curves such as shown in Fig(b13The
metal-ODRs consist of a 500 nm thick metal layer covered by a quarter
wave SiQ layer on a GaAs substrate. The transparent AlGalnP—DBR con-
sists of 35[ (Al Gay 7)o5Ng.sP/Algsing sP] quarter wave pairs. The values

of n,,, ny, n, correspond to the refractive indices of the metals and the
low-/high-index layers in the DBRg%,,, denotes the metal-extinction coef-
ficient. GaP was chosen as outside medium for all reflectogs- 8.3 for

GaP at\ =630 nm).

FIG. 14. Schematic of the ODR-LED. An array of microcontacts perforating

the ODR serves ag-type ohmic contact to the epitaxial AlGaInP layers. Refractive index Extinction coefficient R
Reflector type  (A=630 nm) (A=630 nm) (A=630 nm)
Ag-SiO, ODR  n,,=0.08 k=4 0.994

Au-SiO, ODR n,=0.18 kn=2.7 0.962
i—Si0, ODR nn=2.1 kn=3.6 0.932
GalnP-DBR n;=2.9,n,=3.35 Transparent 0.473

angles of incidence, the DBR reflectivity sharply drops
above 17°. The curves shown in Fig. 13 were calculateci;'|
numerically using the optical transfer-matrix metHédt can

be inferred from Fig. 13 that triple-layer ODRs perform sig-
nificantly better at oblique angles of incidence than transpar-

ent DBRSs. This illustrates the substantial gain brought about P=P,R", 9

by the use of ODRs in LEDs. where P, is the initial power of the mode. This equation

bThe ODR.descrlbded here can be ubsed with Io‘?"COSt Slljlustrates thaR is of great importance due to the power-law
substrates using conductive epoxy or by means of a meta ependence. High values & are essential to minimize

to-metal bonding process. These bonding processes haye,,qq ide losses. This consideration shows the tremendous
much less stringent requirements than direct sem|conducto(rj,l-dvan,&,ige offered by ODRs
to-semiconductor wafer bonding processes as used for TS- The wide-angle reflectiv.ity of the ODR allows wave

LEDs. The schematic structure of the ODR-LED is shown 'nguiding of light rays with much smaller attenuation than a

Fig. 14. It consists of a top current-spreadifty window  ppp Ag 4 result, light extraction at the edges of the LED
layer, the active and confinement layers, a bottom window.y,;, is strongly increased. In addition, the top surface of the
layer, the ODR, and a submount such as a Si or metal WafebDR-LED may be rougher than the surface of the DBR-
The active layers include the lower and upper confinemen{ e 6 1o the etching used for the substrate removal. As-
layers .and the bulk or MQW ?cnve region. The wafer Issuming random surface roughness, photons are either scat-
grown in the standardp-side up” mode that is employed in 04 “isotropically or totally reflected with a random
nearly all AiGainP LEDs at the present time. distribution of reflection angles. As a result, photon outcou-
As shown in Fig. 14, the low-index layer is perforated by pling from waveguided modes into vertical radiation modes

many small ohmic contacts that cover only a small frac'[ion-s drastically enhanced during round trips between the sur-
of the entire backside area of the LED die. The array Oﬁ‘ace and ODR.

microcontacts allows the electrical current to pass through
the dielectric layer. Assuming that the ohmic contacts hav?
an area of 1% of the die, and that the alloyed ohmic contac
metal is 50% reflective, the reflectivity of the ODR is re- The ODR-LED technology does not exhibit the optical
duced by only 0.5%. losses of AS-LEDs and DBR-LEDs due to the employment

Because the LED active region emits light isotropically, of a high-reflectivity omnidirectional reflector. Therefore a
the total substrate reflectivity averaged over the solid anglsignificant performance advantage for ODR-LED compared
would be a suitable figure-of-merit. The average reflectivitywith AS-LEDs and DBR-LEDs can be obtained.

. CHARACTERISTICS OF ODR-LEDs

is given by Figure 15 compares the current injection patterns for

1 (a2 AS-, TS-, and ODR-LEDs. Inspection of the figure reveals
ﬁ()\):_f R(\,¢)2m singd e, (g that poth AS and TS technologies have maximum current
2w Jo density under the top contact. Since the top contact is opaque

where\ denotes the emission wavelength afithe angle of and has low reflectivity, light generated below the contact is

incidence. Values oR for different reflectors are calculated
by numerical integration of the reflectivity curves shown in
Fig. 13 and are listed in Table I. The averaged reflectivity of
triple-layer ODRs exceeds the valueRffor the transparent
DBR by about a factor of 2. A reflectivity gain by a factor of
2.1 is obtained for the Ag—SiOODR.
Note that the reflectivity increase is significant and sub-
stantial. For a loss less medium, the power of a waveguided
mode, P, attenuated by multlple reflection everiiith re- FIG. 15. Current distribution and size of light-emitting region in AS-, TS-,

ﬂeCtiVit_y R) depends on the number of reflection eveis, anq ODR-LEDS. “1” denotes the current spreading layer and “2” the region
according to of light emission.
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FIG. 17. Electroluminescence spectra of an ODR-LBB-650 nm) and a
TS-LED (A =595 nm) measured at different values of the drive current
densityJ. The slope of the high-energy side of the electroluminescence peak
is proportional to the active region temperature. The straight lines are fits to
the experimental data.

FIG. 16. Current vs voltage characteristic of an AS-LED and a TS-LED.

TS-LED emitting at 595 nm are shown in Fig. 17. The spec-
fra were measured at two different drive current values in

blocked. The ODR-LED avoids these optical losses due to Q der to study the effect of active region heating on both

patterned backside contact that results in a current injeCtiOHevices Devices were isolated by wet-chemical etching

pattern minimizing the current flow under the top contact. _
. ) . (ODR-LED) or cleaved from the wafdiTS-LED) with junc-
Patterning of the backside contact wouldt be effectiveo tions areasA, ~0.05 mné (TS-LED) and A,~0.09 mn

AS- and TS-LEDs because the highly conductive substrate ) . .
(GaAs and Gapeffectively spread the current along lateral (SODR'LED)' In the heating experiment the drive current was

directions. chosen such that th'e currgnt densities in.the': twp devices were

The comparison of the AS and TS current—voltage.comParable assuming uniform cu_rrent d|str|bu_t|on across the
. i . junction area. The slope of the high-energy side of the elec-

(I-V) characteristics shown in Fig. 16 illustrates that Ts'troluminescence band is proportional to

LEDs have a slightly higher forward voltage. The hetero-

junction band discontinuity occurring at the semiconductor-

to-semiconductor wafer-bonded interface, low doping of the  intensityxexg — (hv/kT)]. (10

GaP substrat&o avoid free-carrier absorptipnand interfa-

cial (_)xides are possible reasons for the forward-voltage PeMxg the straight-line fits in Fig. 17 show, the slope indeed

alty in TS,'LEI_DS' As a res.ult of the higher forwgrd voltage, becomes smaller with increasing drive current indicating a

the elec_trlcal input power increases and the luminous perfort'emperature fise of the active region. This change is more

mance is reduced. For ODR-LEDs no such forward-voltage, onounced for the TS-LED indicating stronger heating of

penalty is expected. the device.

The Si or metal submounts employed in the ODR-LED 10 |ower device heating of the ODR-LED can be at-
have a high thermal conductivity. This can be seen in Tablgy, ;1o 1o the higher thermal conductivity of the Si sub-
Il, which compares the thermal conductivity of GaAs, GaP.qate  However, it is important to note that the heating of
Si, Cu, and sapphire. Even though metal substrates havQGainp LEDs increases towards shorter emission wave-
much_ higher thermal cond_uptlwty t_han any Sem"_:ondlJCt()riengths. This is caused by the decreasing confinement barrier
the higher thermal F)OﬂdUC.tIVIty of Si submounts will alre_ady height allowing more carriers to leave the active region and
allow for lower active region temperatures and thus highei,e " rasiting lower internal radiative efficiency. The thermal
drive currents as compared to the GaAs or GaP. In additio onductivity of Si is about 300% larger than in GaAs and
the greater mechanical stability of Si wafers will enable thin-abOut 50% higher than in GaP. As a result, the active region
ner submounts as compared to TS or AS devices, thus allovyé less heated in ODR-LEDs as compared to AS- and TS-
ing for improved heat sinking._T_he Iqw-index dielectric layer | eps. This is an important feature for high-power LEDs
used for the ODR has a negligible influence on the thermakjnqe i allows operating ODR devices at higher injection
conductance due to its small thickngas(4n)~110 nm. currents and higher optical power levels. In addition, Si sub-

EIectrqummescence spectra of an _Ag'*?ased ODR-LEQ1ates are available at much lower cost than compound
attached to a conductive Si substrate with silver epoxy and @.miconductor substrates.

Micrographs of an Ag-based ODR-LED under external
illumination and under operation are shown in Figs(al8
and 18b), respectively. The emission occurs in the red part
of the spectrum with a peak wavelength of 650 nm. The

Material GaAs GaP Si  Cu Sapphire pattern of small-area ohmic contacts beneath the large area
Thermal conductivity Wem K) 05 1.1 15 3.85 0.35 top contacts can be clearly seen. In Fig(@gthe small-area
contacts appear dark because their reflectivity is lower than

TABLE Il. Thermal conductivity of GaAs, GaP, Si, Cu, and sapphire at
room temperature.
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FIG. 20. External quantum efficiency for different LEDs. Data points are
labeled with epitaxial material and the substr@pi/substrate (Data taken
from Refs. 26, 33, 41, and this wojk.

tively. In order to measure the total optical output power the
FIG. 18. (a) Micrograph of an AlGalnP ODR-LED with Ag reflector bonded Samples were placed on a reflecting holder inside an integrat-
with silver epoxy to conductive Si under external illuminatigb) Micro- ing sphere,
graph of the same ODR-LED with current injection=20 mA). The largest light output is attained by the ODR-LED.
Maximum values of the external quantum efficiencigs;
are about 18% for the ODR devicé;E27 mA), 11% for
the reflectivity of the surrounding ODR. In Fig. 8, how-  the DBR-LED (=27 mA), and 12% for the TS-LEDI{
ever, the small contacts are brighter indicating ilght emission= 11 mA) TS-LEDs operating at 632 nm have an excellent
in their vicinity. external efficiency of 3294 about a factor of 2 higher than
Optical output poweP versus injection curreritfor an  the ODR-LED shown in Fig. 19. The external quantum effi-
Ag ODR-LED bonded with silver epoxy to conductive Si, an ciency of the ODR device is expected to further increase
AS-LED with a DBR, and a TS-LED are shown in Fig. 19. with a thicker top window layer. The window layer thickness
The peak wavelengths of the three devices are 650 nrgf the ODR device shown in Fig. 19 is 20m and it is
(ODR-LED), 630 nm(DBR-LED), and 595 nm(TS-LED)  reasonable to expect an improvement by a factor of 2 for
with junction areasA;~0.09, 0.25, and 0.05 minrespec-  optimized ODR devices with a thick window layer.
In the linear region of the light-output-power versus cur-
rent curves of Fig. 19 the DBR-LED emits clearly the small-
' L e e est optical power even though it has a larger internal effi-
35 |- AlGainP LEDs = A=235,6LE,?1— ciency than the TS-LED corresponding to its longer emission
T=300K / Aj = 0.25 mm2 wavelength. This is direct evidence of the high extraction
30 ] efficiency of transparent substrate devicédn AS-LED

g ,
/ ODR-LED without the DBR has even lower output power than the
25 =650 nm | o~ ] i i :
! 2 DBR-LED and is therefore not shown in the figure
Aj=0.09 mm

Optical output power P (mW)

20 Inspection of Fig. 19 shows that the saturation of the
/ D}'L-"_Rg%%l’ optical output power is smallest for the ODR-LED. The satu-
15 > A =—0 25 :122 ration may be caused by carrier overflow over the confine-
/ y —e——4 ment barriers. Taking into account the differences in the
10 /”/ junction areasA; of the ODR- and AS-LED this can be at-
tributed to the better thermal conductivity of the Si holder as
TS-LEDT : ;
S A= 595 nm compared to GaAs. The pronounced saturation effect in the
0 A= 0.05 mm2 TS-LED is likely caused by the smaller confinement barrier
0 20 40 60 80 height allowing more carriers to flow over the barrier.
Current | (mA) Figure 20 compares the external quantum efficiengies

of the TS, AS, and ODR-LED to values obtained for other
FIG. 19. Dependence of the total optical output power on the drive curreningterial systems in particular to AlGalnP-based LEDs with a

for AlGalnP LEDs with different emission wgvelengthand Junct_loq areas thick window |ayer_ Even in the present state the external
A, . The samples were placed on a reflective sample holder inside an inte-

grating sphere for the measurements. The data for the red TS-LED are takéfantum efficiency of the ODR-LED is about 1.6 times
from Ref. 33. larger thanz,, of the DBR-LED.
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FIG. 21. Current vs voltage characteristics for ODR-, DBR-, and TS-LEDsFIG. 23. Schematic process for amtype up ODR light-emitting diode.
emitting at 650, 630, and 595 nm, respectively. The junction afgaare After epitaxial growth(a), the p-type microcontact pattern with dielectric

about 0.09 mrfor ODR- and AS-LEDs and about 0.05 rArfor the TS- and metal layers is defined on the backside of the ODR BDThe wafer
LED. is then bonded to the conductive carrfey. Finally, the original substrate is

removed and large araatype contacts are applied to the front side of the
ODR-LED (d), (e).
The |-V characteristic of an AlGalnP ODR-LED is
shown in Fig. 21. At a current of 20 mA, the forward voltage
is about 2.7 V. For comparison, theV characteristics of an
AlGalnP DBR-LED and TS-LED are also shown in the fig- window layer of the LED to prevent etch damage. With op-
ure. It should be noted that tHe-Vs of DBR- and ODR- timized thickness, composition, and sequence of several etch
LEDs do not result from optimized processes or optimizedstop layers the damage to the lower window layer can be
top layers for low-ohmic contact resistances as in the case dhinimized.

the TS device. The epitaxial ODR LED layer needs to be bonded to a
permanent holder. Several materials are suited as holders: Si
X. WAFER BONDING FOR AlGalnP ODR-LEDs and metal substrates have high thermal conductivity when

o compared to GaAs or GaP and therefore provide for efficient
Two fabrication routes for AlGalnP-based ODR LEDS heat sinking. However, suitable holder materials have to en-
(n-type up orp-type up are shown schematically in Figs. 22 gyre thermal expansion matching, which is required to avoid

and 23. Both processes start out witprSide up” epiwafers, stress damage to the LED during processing steps at elevated
which are the standard for epitaxial growth, and includeiemperatures.

front- and backside processing of the ODR-LED, removal of  The honding process has to result in a uniform large-area
the original substrate, and bonding to a conductive carrielhond between the substrate and the LED, which is able to
The conductive carrier should ensure good heat sinking angstain temperature cycling required during further LED pro-

should be thermal-expansion matched with respect to the eRessing such as annealing of electrical contacts. Furthermore,

ilayer. _ the wafer bonding process should be compatibld it in.
The p-type up process involves more stefuliie to the  process.
use of a temporary holdgrbut has the potential for lower The bond may be accomplished by forming a binary

contact resistances at the LED backside contact since thgtermetallic compound located between the conductive

small-area contact pattern is appliedritype material. The  ho|der and the LED epilayer. For this purpose, the bonding

n-type up process does not require a temporary holder buyrfaces may be covered either directly with the affoyr

the backside ohmic contacts are fitype material, which  \ith the two separate components in a layer sequence with

likely results in higher contact resistances. individual ~ thicknesses ensuring the correct alloy

Chemo-mechanical polishing can be employed to thingompositior*°° Subsequently the two surfaces are stacked

the GaAs wafer down to a thickness of about 50-100.  face-to-face and annealed. The bonding is mediated by solid

The remaining layer can then be removed by selective Webnase reactions such as solid-phase epitaxial regrowth at the

chemical etching. The wet-chemical etching step, however||oy/epilayer and the alloy/holder interfaces. Preferably, it

requires one or more etch stop layers covering the bottorg|sg involves liquid-phase reactions that help to reduce sur-
face roughnes¥:® The bonding material should adhere to
the LED epilayer as well as to the holder and should have
low electrical resistance. The bonding process should take
place at sufficiently low temperatures in order to avoid dop-
ant redistribution in the heterostructure. Note that the re-
quirements for the bonding process discussed above are less
critical than for the semiconductor-to-semiconductor bond-
ing processes used in TS technology.

FIG. 22. Schematic process for a@-type up” ODR light-emitting diode. As an example, the AuGe intermetallic Compound is ca-

After epitaxial growth(a), large are-type contacts are applied to the front pable of forming low-resistivity contacts tetype GaAs and

side of the ODR-LED(b). The wafer is then attached to a temporary top can therefore be employed to bond the ODR-LED epilayer to

holder by means of wax or a similar substance; after removal of the originab GaAs holder. AuGe forms a eutectic phase during the
substrate, the-type microcontact pattern with dielectric and metal reflector ’

is defined on the backside of the ODR LE&). Finally, the wafer is bonded bonding process at temperatures close to the melting pqint
to a conductive permanent holde. T,=360 °C of the eutectic. Other systems such as PdIn with
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a transient liquid phase have been used for bonding of GaMith photonic crystals have been presented. Shaping of the
epilayers to SP*°° entire chip has proven extremely beneficial in the case of
An alternate possibility to permanently bond the epilayerTS-LEDs and enabled the record efficiencies obtained by
to a holder is the use of silver-loaded epoxy. The epoxythese devices.
offers excellent electrical conductivity, adhesion, and bond AlGalnP LEDs are extremely promising devices for
strength. It can be easily and uniformly dispensed on théiigh-power solid-state lighting applications. In particular,
sample and is extremely reliable. However, during subsehigh-brightness red LEDs using ODRs can be employed in
guent contact annealing the degradation temperature of thagh-efficiency trichromatic and tetrachromatic white light
epoxy polymerT,~400 °C must not be exceeded. In addi- sources. This will enable production of white light with high
tion, the thermal expansion is different from GaP and thereeolor rendering indexes in future solid-state lighting applica-
fore thermal expansion matching is difficult. tions.
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