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Abstract—An overview of highly efficient resonant-cavity light- ~ ergy per emitted photon (eVjx: depends on the fraction of
emitting diodes is presented. First, the basics of dipole emission carriers injected in the useful active region,; ), the fraction

in planar cavities are reviewed. From these, a number of design ¢ ¢ htaneous recombination that is radiatiyg.q) and the
rules are derived. We point out some guidelines for comparison

of high-efficiency light-emitting diodes, and use these to review €xtraction gfﬁc.iency of the generaj[ed photdmg,..). These
the state-of-the-art devices in different material systems and at three contributions are representative for the more or less suc-

different wavelengths. We also discuss some advanced techniquegessive introductions of optimization. Firstly, exhaustive study
based on gratings or photonic crystals to improve the efficiency of ¢ semiconductor electronic band structures in the early six-
these devices. . L .
ties led to a better control of carrier injection. Accordingjy,;
could be raised, reaching unity (1963 [2]) by the introduction
of heterostructures and quantum wells (QWSs). The introduc-
tion of liquid phase epitaxy (LPE) (1967), metal—-organic chem-
. INTRODUCTION ical vapor deposition (MOCVD), and molecular beam epitaxy
HE EXPLORATORY development of the light-emitting(MBE) (1980) overcame the moderajg.q-values. Non radia-
diode (LED) started with first reports of electroluminestive recombination at low current densities mainly originates
cence by Round (1907) and Losev (1923), and continued wffiem defects in the crystal. Successive improvement of epitaxial
the understanding of recombination phenomena by Lehoviébrication techniques resulted in the availability of high-quality
(1951) and the first fabrication of an infrared LED at MITcrystals. Nowadays, the quality of the crystal measured by the
(1960). During the mid sixties or the early handheld calculatdensity of defects, can be very high for a broad range of ma-
epoch, research accelerated [1]. Since then, the developntenal systems. For AllnGaAs on GaAs substrates for example,
of the cold light sources has been characterized by a race tiois results in any.,q reaching unity. However, even today the
high efficiency. This optimization toward a higher efficiencyinternal efficiency remains a major issue for some material sys-
took more or less place in three stages, reflected by a changeeims, e.g., in AllnGaP LEDs and in LED structures in which
focus to increase the efficiency. substantial reabsorption occurs.
The external quantum efficieneyy; is the key performance |t is at this stage(nininaa ~ 1) that it is appropriate to
figure for high-efficiency LEDs and stands for the number adptimize 7.x;; Which is limited to 2—4% by Snell’'s law for

Index Terms—High efficiency, light-emitting diode, microcavity,
resonant-cavity, spontaneous emission.

photons generated per injected electron conventional planar LEDs due to the high refractive index con-
Py /Tiw trast between the source material and the surrounding medium.
Text = IIT = 7injMrad extr (1) This optimization happened in the early nineties, when cavity

) ) _ L optics entered the world of LEDs with the resonant-cavity LED
with P,y the emitted optical power (W) the injection cur- (RCLED). In these devices, the active layer is embedded in a
rent (A), ¢ the elementary electron charge (C) and the en- cavity with at least one dimension of the order of the wave-

length of the emitted light. Under those circumstances, the
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1995 obtainingn.x; =~ 23% [16]-[18], and has been further Moxt /‘+ /‘+ /‘+
optimized in 1999 by Wiereet al. (ext ~ 27%) [19]. Par- n N
allel with this “wave” optics-based technique exploiting cavity nﬁif h C
interference effects, “ray” optics-based techniques oriented to-  n, g‘ 4\\//\\//\1 d_
ward geometrical light collection were introduced. In 1992, n 2y
Hewlett-Packard produced its first LED with transparent su-
perstrate(n.xt ~ 6%). Elaboration of the principle and geo-
metrical optimization resulted in 1999 in a pyramidal shapegly. 1. structure of a light-emitting multilayer device. The emitting medium
device with world record efficiencies of 60% [20]. In 1993has a refractive index., the intermediate layers.i.. ns 1. .. ., the half

; ; ; infinite surrounding media:.,;. The emitting layer has a thickneds The
Schnitzer and Yablonovitch [21] proposed the idea of randolgﬁ)ole is located at a distaneke from the interface with the first layer of the

surface texturing to enhance escape probability by scatterifigher mirror: at a distanas from the interface with the first layer of the bottom
of the photons, a principle resumed in 1998 by Windigth mirror. The upper mirror has a reflection coefficient, the bottom mirror a

ivi i in fi ; ; ~= 500 reflection coefficient. Interference takes place when the radiation is reflected
al. 9"’”.‘9 rse t(.) thin film dgwces Wlth]eXt. 50% [22]. The back and forth between the two interfaces of the layer. The emissiontaagte
LED with a radial outcoupling taper [23] is another successfylare defined in the'y= coordinate system.
technique which tilts the path of the photon inside the semicon-

ductor until it reaches the semiconductor-air interface within
the extraction cone II. BASICS OFSPONTANEOUSEMISSION IN A LAYERED MEDIUM

) This paper W"_l givg a review of the RCLED' This high-ef-A_ Modification of Emission Pattern: Theoretical Treatment
ficiency light emitter is no longer just an object of research. It

has been launched commercially in 1999 by Mitel Corp. (now In an RCLED [also called micro-cavity LED (MCLED)],
Zarlink Semiconductors) for plastic optical fiber (POF) comspontaneous emission is generated in a multilayer Fabry—Pérot
munication applications. The market for LEDs for communidFP) resonator, in which interference effects alter the internal
cations is increasing, for instance the newly approved standartjular power distribution (Fig. 1). With an appropriate cavity
for 100BASE-SX (Fast Ethernet) is based on 850-nm LEDMesign, the preferential propagation direction of the photons
[24]. RCLEDs are benefitting from this evolution: recentlycan thus be forced from total internal reflection regime toward
RCLEDs emitting red light in combination with POF is prothe extraction cone, benefitting tq...,. Together with this
posed as the standard for FireWire or i.Link (IEEE1394b) [25[crease of directivity and/or efficiency due to a redistribution
This standard covers broadband service applications suchofighe photons, the spontaneous emission rate will be enhanced
digital TV, DVD, etc. Several companies do participate in thigue to the Purcell effect. However, because of the planar
commercialization of the RCLED for communication applicageometry and the rather small reflectivity coefficients of the
tions and some extend this activity toward noncommunicatie@vity mirror(s) in practical applications, the Purcell-factor is
applications. close to one, resulting in a negligible spontaneous emission
First, a theore_tical investigation of the planar RCLED_ is Pr&ate enhancement (see Section I1.B).
sented. Theoretical models to analyze spontaneous emission cap this so-called “weak coupling” regime, the spontaneous

mainly be subdivided in two major approaches. The first serigg,ission of electron/hole pairs can adequately be represented
is a quantum-mechanical description based on quant|zat|onb9,fan electric dipole. An electric dipole can be decomposed

the electromagnetic field and mode density. These methods €an 0o ntal electric dipole (with dipole moment in the
become complex and their application is restricted to simpbe

-pJane) and a vertical electric dipole (with dipole moment alon
ideal media [9], [26]. The second series is based on a class cff ) vert ic dipole (with dip g
I

o : . .~ Z). In bulk semiconductor material the dipoles can have any
approach valid in the so-called weak-coupling regime, which Is. . . .
orientation or equivalently one third of the power generated

the working regime of practical planar RCLEDs. Spontaneoyls the dipoles is generated by vertical dipoles and two thirds

mission is model n electric dipole. To calculate the far, . . . . :
emission is modeled as an electric dipole. To calculate the y horizontal dipoles. In unstrained QWs there is a substantial

field emission, a transfer matrix formalism is implemented for o X .
P reference for emission through horizontal dipoles [33]. Fur-

the plane wave components of the dipole field. This numericai . . -
method is described in detail in a series articles by H. Beniﬁnermore, if a compressive strain is added to the QW, a strong

et al. [27]-[29] and in [30], [31]. For the sake of physical in_e¥1hancement of radiation through horizontal dipoles is real-

sight, this numerically solvable analysis is summarized in Sdé€d. While tensile strain enhances vertical dipoles [34]. The nor-
tion II. The different parameters influencing.. are then pre- malized monochromatic electromagnetic field from the dipole

sented in Section I1l. Section IV discusses some guidelines andin(%: ¥ #) can be Fourier transformed with respect:tand
figures of merit for comparison of high-efficiency LEDs. Sec In @ set of plane waves [30]. Thg Fourier spectrum contains
tion V reviews the state-of-the-art of high-efficiency RCLEDs&'Pitrarily large wave vectork, andk,, spanning propagative
Although planar RCLEDs have been optimized thoroughly, aéKjll < nsko) and evanescent contributiof| > nko),
vanced techniques to improxe.. even further are neverthelessVith ns the refractive index of the source layés = 27 /Ao
still welcome. Some of these techniques are presented in S&@dXo the vacuum wavelength afg = k. + k. Thez-com-
tion VI. Future prospects end this paper. ponent ofk, k-, can be expressed as a functiontpf
Although the principle is extendable to all sorts of material,

the examples and general trends given in this paper are limited . . .
to semiconductor devices. k.= i\/nfko — k2 -k = i\/nzko — kit )

s-1
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caused by the source’s plane wave compong¥fi®©! is given
by (or = h,v;pol = s,p):
Ior,})ol(e) — Tlljirl,)bol(e) (4)
13;131)01(9) _ ‘(A?r,pol + AT’DOITQ exp(—j2¢2))

X (1 + r172 exp(—Jj2¢)

hp

Fig. 2. Emission pattern of dipoles in bulk media (a) vertical dipole emitting
TM. (b) Horizontal dipole emitting TM. (c) Horizontal dipole emitting TE.

2
+ 173 exp(—jdg) + .. ) ‘

TABLE | |A?r71>01 + Air7p01|7’2|eXP(—j2¢2eH)|2
SOURCE TERMS FORHORIZONTAL AND VERTICAL DIPOLES = :
|1 = [rir2| exp(—j2¢en)[?

I TE [ ™ )
i hys _ [ 3 hp _ [/ 3 k
Horizontal A” =/ 1ex ATl =4/ - |
Vertical A% — 0 A% — 1 3 E with |r172| < 1,71, 72 the upwards and downwards amplitude
£ I 8 k reflection coefficients7} the upwards power transmission co-

efficient, ¢; = kgn.d;cosb,i = 1,2, ¢ = ¢1 + ¢ and

Arranging the integrand of the Fourier transformation properl?f/) — arg(ry) — arg(ra) = 2en(0,A) and2¢; — arg(r;) =

the plane wave amplitudé = |A| can be expressed as a density® < (¢, A) anddy, d the distances of the dipole from the in-
per unit solid anglel2 = sin § dd de erfaces of, respectively, the first layer of the upper mirror and

the first layer of the bottom mirrow:, 2,77 are polarization
dependent and can be calculated using a transfer matrix method

Paip (2,7, 2) [30]. The numerator is called the standing wave fa¢t@f.q)
_ /+°° o Ak, ky) exp(—ik - 11.) dkdk, and is responsible for the dependence of the emitted intensity
oo J—oo U ongkok, on the position of the source: the radiated emission in a partic-
/2 a/24joo\  p2m ular direction is high if the standing wave field strength at the
= </0 +//2+ Y ) A A8, ) source position is high. The denominator is independent of the
™ J

position of the source, but depends strongly)oand#, and is

x exp(—jk - r[,|) sinf df dg (3) called the cavity enhancement factor or Airy fadfgt. ). The

Airy function is periodic ing. with a periods, and at a max-
where a time variation afxp(jwt) is assumed and in which for imum, the cavity is said to be resonant. These maxima define a
the square root of (2) the solution with zero or negative imagesonant mode and obey the phase condition
inary part is chosen and|.; = z1, + y1, + |2|1.. A plane
wave componenA of the field resulting from an electric dipole 2¢ — arg(r1) — arg(ra) = 2¢e(0, \) = 2mmw (6)
has its electric field in the plane of the dipole moment and the
wavevectolk, vanishing sinusoidally for emission in the direcwith m a positive or negative integer. In Section Ill, it will be
tion of the dipole moment [32] (Fig. 2). Decomposing an aklear that these resonances account both fo(éFR 6..) and
bitrary linear polarization into TE (transverse electricsothe  guided modegf > 6..), with 6. = arcsin(nex /) the critical
plane wave has it&-field in the (z-y)-plane and orthogonal to angle for total internal reflection (TIR), with.,; the refrac-
k) and TM (transverse magnetic prhas itsH -field transverse tive index of the external surrounding medium (see Fig. 1). If
to the plane of incidence), averaging the field amplitude ovér, r,| = 1, the resonator is “perfect” and the mode will never
the azimuthal angle> and normalizing the total emitted powerbe damped after the excitation is switched off. This occurs when
(the term1/2+/¢/po is omitted for simplicity) results in plane there are no losses, neither due to absorption nor extraction.
wave amplitudes (expressed as a density per unit solid angleFor bulk semiconductor material where emitting dipoles are
summarized in Table I. isotropic on average, the total emitted angular intengj) is
Decomposition of the electromagnetic problem in purely TEiven by

and TM systems in relation with the multilayer interfaces, trans-
forms the vectorial electromagnetic problem in three simple 1(6) = E(I;L,S(e) 1 1P (9)) + 1]’1},])(9) @)
scalar problems. Indeed, the beauty of TE-TM decomposition 3 3
lies in the polarization-maintaining reflection or refraction of . . )
TE and TM waves upon a planar interface. Analysis of eleé—nd the extraction efficiencye. can be defined
tromagnetic wave propagation in an isotropic layered structure o )
can as such be decomposed in two uncoupled systems. The TM Teste = 2 [y 1(6)sin 6 df . @)
system has to be elaborated for vertical and horizontal dipoles, 27 jﬁ” I(6)sin 6 do
the TE system only for horizontal dipoles. From Fig. 1, itis clear
that for the respective dipole orientations and polarizations, tRquation (8) has to be solved numerically, approximating the
emitted intensity/**?°1(§), with @ the internal emission angle, integral by a discrete summation.




192 IEEE JOURNAL ON SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 8, NO. 2, MARCH/APRIL 2002

In three-dimensional (3-D) cavities, the Purcell effect can
- 211 be substantially larger than in planar cavities. In [35] a strong
] enhancement of the spontaneous emission rate has been ob-
served for self-assembled InAs—GaAs quantum boxes inserted
in GaAs-based pillar microcavitiés5) and microdiskgx15)
using time-resolved as well as c.w. photoluminescence experi-
ments, and in spite of various detrimental averaging effects com-
pared to the ideal case.

Fig. 3. Maodification of spontaneous emission rate or the Purcell effect accord- IIl. DESIGN RULES

ing to (10) and (11). A quantitatively accurate design of an RCLED is only pos-

sible by a numerical analysis with the methods presented in Sec-

tion II.A. However, a number of approximate design rules can
Theimpactofthe cavity onthe total poweremitted by the dipolge used as guidelines in the first phase of a design. If one al-

can be expressed as the spontaneous emission (SE) lifetiméaas for some parameter variations in the experimental devices,

teration of the radiative electron-hole recombination processit is often unnecessary to move to detailed numerical analysis, at

1 emitted dipole power in cavity least _for ;imple pIanar RCLEDs.'An_ RCLED can pelopt!mized
= (9) tofulfill diverse conditions. We will discuss the optimization of

overall extraction efficiency, considering several practical con-

wherer andr, are the lifetimes with and without cavity. Thefigurations. First, some cavity variables will be defined.

change of carrier lifetime due to the presence of a cavity is

known as the Purcell effect [35]. The Purcell factor expressés Finesse, Quality Factor, and (Effective) Cavity Order

this carrier lifetime change and has been derived by Purcellthe fy|l-width at half-maximum (FWHM) of the resonant

as (3Q/4n*)(X*/V). It is defined for 3-D optical cavities of peaksse.; caused by the Airy factdF(¢er), is inversely pro-
volume V" and mode quality facto) = A/6X with 6A the  portional to thefinesser:

narrow emission linewidth arounx[36].

The impact of a planar cavity on the change of spontaneous F = Aden — (12)
decay rate has been studied in detail [8], [37], [38]. In the case bet  Oest
of a cavity with perfect (100% reflecting) mirrors, an analyticalith A¢.r the separation between two adjacent resonances. The
expression for the SE enhancement has been derived in [38]davity orderm.. is defined as the normalized cavity length, when
the case of a horizontal dipole in the middle of the cavity. Thideal mirrors are assumédrg(r; ) + arg(r2) = 0):

B. Total Emission Enhancement or Purcell Factor

~ emitted dipole power in bulk

=N

results depend on the phase of the mirror reflection coefficient. d
Forr = 41 there arglmces| = |m.] + 1 modes, but only Me =~ 13)
. . . )\0/2715
|m./2+ 1| are excited | | means: largest integer smaller than
the argument), withn,. the cavity order or normalized cavity — Ao 9¢ (14)
length, a measure for the number of resonant modes, which is T I ga0
defined in Section Ill. The others are not excited because the _ 1 9¢ (15)
dipole is located at a zero of the mode profile. The decay rate 7w 9cosh)’
enhancement can then be expressed as The cavity ordern. is a measure for the number of resonant
Lo6[m|+3 4 LlJ?’ +6 |2 240 | 22 | modes in the bare ideal cavity: from reformulation of the reso-
T 2 + 2 2 2 (10) . "~ .
1 dm, o9m3 . nance condition (6) as.. cos 8 = m, itis clear that the number
o ¢ of resonances is limited fon. |. It also links 7' with thequality
Forr = —1thereardmcen| = |m.] modes|(m. +1)/2] of factor Q of the FP mode, when small variations are considered
which are excited and the resulting decay rate enhancement is et 1 A\
e 0
1 me+1 m.+1 3 me+1 Q = = = <y
i_GL 2 J 4L 2 J _L 2 J bper  Ocos(f) A
= + 3 . (11)
= dm, 2mg _ Ao et — o F (16)
7 SN Sohes o

Thetermsin /m, inthese expressions correspond to TE-waves,
whereas the terms in/m? correspond to TM-waves. The twoUsing the numerical analysis of Section IL.A, the intensity
expressions are shown in Fig. 3 as a functiompf One can see e€mitted by an isotropic point source in an RCLED of cavity
that apart from the singuldr/m. behavior for smalin, in the orderm. = 4 with ideal mirrors can be calculated and is

r = +1 case, the maximum SE enhancement is three and is giepicted in Fig. 4(a). The Airy functiohi is modulated with the
tained in a half-wavelength thick cavity with = —1 (perfect standing wave factaf for respective source positions s1 and s2
metallic mirrors). For thick cavities the Purcell effect convergegglaced at different distances from the bottom mirror interface

to one. In other words, thick cavities with many modes haveas defined in Fig. 4(d). This coupling strengtiis proportional
similar impact on the dipole as uniform space with a continuutn the respective mode intensity at the source position. When
of modes. Forreal metals, the phase shiftlies in between thesetbe-source is located at a node of the standing wave pattern, no
treme cases, and can give rise to an intermediate Purcell factmupling occurs. This happens for the second and forth mode
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Fig. 4. (a) Internal angle-resolved TE intensity of an ideal (angle independent reflection coeffigiamdr,) RCLED withm. = 4 for, respectively, source
location s1 and s2. (b) Corresponding Airy Function of, respectively, &4\ — 6...)-, (A + 6. )- and(X + 26,,.)-cavity for source location s1. (c) Graphical
definition of 2 and F'. (d) Resonant mode distributions in RCLED and source locations s1 and s2.

when the source is located at s1. For a dipole positioned at the ; gives rise to an effective cavity orderc g i,¢ = A, 0
height of s2, coupling to all modes is realized. The resonant
mode in the extraction con@ < 6.) is called theFP mode o demy 19
the other “trapped” modes are the guided modes. The Airy MCefli = Xo/2ns " (19)
function " is presented for different cavity thicknesses around
d = 2)\/n, = 2), in Fig. 4(b). The source is kept at the cente¥When the resonances of the cavity are characterized by a high
of the cavity, leaving invariable. A shift of the resonant peaks?’, a rough estimate fof..., can be obtained: the Airy function
toward smalleros(#) (largeré) for increasing cavity thickness can be approximated by a Dirac distribution for whigh;. is
is observed. An optimal value faf,, is deduced in the next translated to a ratio of discrete sums.
paragraph@ and F" are graphically defined in Fig. 4(c).

In reality, the phase of the reflection coefficientsandrs of e = Zi,e<ec Gi (20)
a multilayer depends on the wavelength and angle of incidence. o G
Considering the FP mode, in a small range around its working
point, the phase will change approximatively in a linear way.he numerator accounts for the extractable modes and the the
This allows to define penetration depth, defined as the degtanominator for all modes, both FP and guided modes. For the
measured from the interface, where an ideal mirror interfaBCLED of Fig. 4(a), with the source located in the center of the
should be positioned to give rise to the same variation of tie@vity (s1), only even modes are excited with eqgalWith a
phase. As the reflectivities of the individual interfaces havesingle mode in the extraction cone (20) can be written as
distinct spectral and angular behavior, two penetration depths
and corresponding effective cavity thicknesses can be defined Nextr = 1/ ([Mceo]/2). (22)
using (6) and (13)—(15)

The importance ofnc o for extraction efficiency estimation is
dett,o = d + dpen,e thus obvious: the extraction efficiency depends on the penetra-
Ao —O(arg(ry) +arg(rz)) 1 tion depth of the mirror. In general the penetration depth is pos-

=d+4+ — 17
+ 2n, dcosb 2 (17 itive, resulting in an increase @fic.g,. A Novel design—the
dett, 2 |om0 = d + dpen,a RC2LED—realizes a negative angular penetration depth using
Ao O(arg(ry) + arg(ra2)) Ao a nonperiodic high index-contrast mirror. As a result, coupling

=d+ 2n, I\ on” (18) {0 small NA is enhanced (see Section VI) [39].
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Fig. 5. Internal angle-resolved (a) TE intensity of horizontal dipole and (b) TM intensity of vertical dipol®-tesity.
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Fig. 6. (a) Internal angle-resolved TE intensity fof, (A + 6,.)-, (A — 8. )-cavity (\s = Ag/n,). (b) Internal angle-resolved TE intensity imacavity for
dipole at antinode position of Fabry—Pérot mode (full line) and at node position of FP mode (dashed line).

B. Dipole in Semiconductor Slab Cavity: Effect of Cavity — ¢(6g) = (¢(0) + ¢(6..))/2. With (6) andf, =~ nex /7., 8 can

Thickness and Position of Active Layer be deduced and is approximately given by [40]
Fig. 5 shows a generic example of a monochrom@tig hor- O o Text (22)
izontal dipole (TE) and vertical dipole (TM) in the middle of a 0= Von,

semiconductor layer, thickneds= ), and refractive index . . . ) . )
surrounded by air. This is a cavity with rather modest mirroriS Skew propagation direction corresponds with an optimal
reflectivity (about 30%) for normal incidence and perfect recaVity thickness correctiofy,,
flectivity (100%) for oblique incidence in the total internal re- n2
flection regime. Two resonances appear in the upwards emitted bm 2 Ao 4;’2 . (23)
intensity through plane = 0: a broad resonance froth= 0° ®
to § = 6. corresponding with the extractable FP mode andWith Snell’s law (n; sin g = ey sin 88%4), this cavity thick-
second high} resonance &t = 68° for TE andf = 60° for nessl,, = A\;+6,, results in an external angle of approximately
TM, or the guided mode trapped in the cavity. The FP modi=* = 45°. The detuning will influence the external emission
shows a peak @ = 6. although the phase resonance operatigrofile strongly: the “rabbit-ears” in the emission pattern are an
point, defined by (6) is fulfilled fol? = 0. This is due to the unavoidable property of highly efficient RCLEDSs. This results
higher reflectivity coefficient of slanted angles, resulting in & different design parameters for devices with an overall high
stronger Airy factor than at phase resonance operation pointeffficiency and devices with a high efficiency toward a limited
alossless cavity, the guided mode corresponds with a singulaiit# around the surface normal direction needed in optical fiber
in the power flux, as can be expected from (5). This singularistpmmunication applications. The internal angle-resolved inten-
is not unphysical: integration over a finite solid angle results ity is depicted in Fig. 6(a) for varying cavity thicknesses.
a finite value. The position of the dipole in reference to the standing wave
To maximizerext:, the thickness of the layer has to be optipattern defines the coupling strength of the source to this op-
mized. The FP enhancement has to be located optimally in timl mode. Itis expressed by the standing wave fa¢{@b.s).
extraction cone to maximize its extractiop;.. is proportional This factor reveals that the use of a thin active layer located
to the ratio of the area below the Airy function within the exat a standing wave node results in minimal coupling strength,
traction cone to the total spanned surface. Fig. 4(b) shows thdtile at an antinode height coupling strength is maximal. The
extraction will be maximal for the ideal cavity if the Airy-factoroptimal dipole position is thus at an antinode of the extractable
peak is located symmetrically in tHe(0), ¢(8.)] interval or FP mode as shown in Fig. 6(b), where the FP mode vanishes for
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Fig. 7. Internal angle-resolved TE intensity for gaavity and (b) 2-cavity.

a dipole at the level of a node. The interference effects are &- Cavity With DBR Mirror(s): Effect of Mirror Reflectivity
eraged out when a thick—at leasf/2n,—bulk active layer is Besides the cavity thickness tuning, the efficiency of the

used, halving the overall enhancement as compared to the tﬁ@LED depends strongly on both amplitude and phase of the

active layer placed at an antinode. reflection coefficient of the cavity mirrors. Fig. 8 generically

The effect of drastically increasing the cavity length is showgy, s the amplitude and penetration depth of different mirrors
in Fig. 7 whered is changed from Ag/7n; t0 2Xg /n5, while the P P P

: . . . 4 i . . as a function of the angle of incidence for TE and TM polar-
dipole is kept in the middle of the cavity. The intensity prOflleif;ation: a semiconductor/metal interface, a semiconductor/air

clearly shows a growing number of resonances when the cav Yorface and a distributed Bragg reflector (DBR) mirror.

> X . . |
length is increased. Equation (21) can be applied to estlmate}{ubBR mirror consists of a periodic quarter-wave stack of
alternating high and low index material.

trend ofry:,: increasing the reduced cavity length- . results
For both the back mirror and outcoupling mirror, the penetra-

in a drop ofrney.. This explains why an RCLED needs to have
a small cavity length. Ideally, the total optical power is emlttefljon depth has to be minimal to enhance the extraction efficiency
et ~ 1/mc o [S€€ (21)]. For the outcoupling mirror, absorp-

in a single extractable FP mode, using £&-cavity. However,
A-cavities are in generally used in practical applications for s
Jion losses have to be low.
The metallic mirror scores best for minimal penetration

eral reasons. Due to losses, finite spectral width, etc., the ¢

pling efficiency of the optical power to a single FP mode is no . _ ;

as efficient as Fig. 7 might suggest (see next section). SeconﬁI@Pth' but is preferably not used as an outcoupling mirror due
in case the cavity is set up by metallic mirror(s) /& cavity im- to'its high ab§orpt|on Iosses._ When metal is usgd as the back
plies that the distance of the active layer to the metal is very sm&TOr, deposited on the semiconductor after epitaxial growth,
and can result in considerable losses due to nonradiative endftfy device will be bottom-emitting and a transparent substrate
transfer from the dipole to the absorptive metal [41]. For a péﬁ_needed, ora s_ubstrate removal. The metal will both serve as
fect mirror with phase shift the distance is maximally,/4n, Mirror and electrical contact, o .

(e.g., about 70 nm for a GaAs RCLED emitting at 980 nm). For Th_e penetration depth ofa DI_3R decreases wlth increasing re-
realistic metallic mirrors, with a phase shift different frem fractive index-contrast. Approximate expressions for the pene-
this distance is even further reduced by some tens of nanorHation depth around the working poik§ = Appr andé = 0°,

ters (a reduction of about 45 nm for a GaAs RCLED emitting 4fith Apsr the Bragg wavelength, are given in [44], for a large
980 nm with Au-mirror). Finally, from a technological point ofntumberN of DBR pairs

view, ai-cavity is preferable to its thinner counterpart, and will

in general be used in practical devices both when metallic mir- d ~ ADBR _NHML (24)
. S S : pen, A An2
rors or dielectric mirrors are used. A metallic mirror requires a s "o —nL
heavily doped contactlayer to ensure good electrical contact. Ex- n; (1 1
. . . . dpen N 5 + 5 dpen A (25)
periments evidenced that minimal thicknesses of several tens of ’ 2 \ny ng ’

nanometer (50 nm for a GaAs RCLED emitting at 980 nm with

Au-mirror [42]) are needed for the contact layer. As this contaétith 7, nz, respectively, the highest and lowest refractive
layer (heavily doped GaAs) extends to a distance of some 20 Hiflex of the DBR stack. The penetration depth decreases with
from the active layer, there is not much space left for bandgggcreasing number of DBR pairs. (24) and (25) define an upper
engineering to optimize the device. Multiple QW layers sandimit for the respective penetration depths. It is important to
wiched in a carrier confinement structure [like graded refractiviote thatd,., » < dpen,e and this for allV. With dj,ey, 6, the
index (GRIN) confinement structures optimizing carrier captiomost significant parameter to determine- ., the effect of
[43]] typically have a total thickness of about 120 nm. When dRigh index-contrast mirrors on penetration depth will be less ef-
electric mirrors are used, a sideways current supply is needed&ctive than might be expected frafg., », the commonly used
pump the device. In this case again, a minimal thickness candsfinition for penetration depth. Not intuitive is the fact that
needed. To achieve proper carrier injection and low series resigzy ¢, and hencem..q ¢ are minimal forn;, ~ /ny . When
tance, extra layers can be added in the cavity. a transparent material set with high refractive index-contrast
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Fig. 8. Reflectivity and penetration depth as a function of the incident angte fpsr = 0.98 um) Full line: TE-polarization. Dashed line: TM-polarization.
(a)—(b) GaAs—Au interface. (c)—(d) GaAs—Air interface. (e)—(f) GaAs—(AlAs—GaAs DBR)-GaAs intéfface 30). (9)—(h) GaAs—(AlQ:-GaAs DBR)-GaAs

interface(N = 10).
can be found, a DBR is suitable for both back and outcouplii@BR. Optimizing light extraction at the output facet, requires
mirror. moderate reflection coefficients and corresponding finé$ge

In practical applications, a single facet extraction is preferreand Qrp for the FP mode. The reason is three-fold [27]: Con-
This requires a very high reflectivity of the back mirror (ideallysidering a monochromatic source in a lossless cayity, is
1), which can be met by both a metallic mirror or a large stagikoportional to the ratio of the area below the Airy function
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Fig. 9. (a) Angular limits of the reflection band and of TIR band as a function of the index-copirast= 3.52). (b) Internal angle-resolved TE intensity for
A-cavity with Au mirror and GaAs—AlAs and GaAs—-AlCDBR, respectively.

within the extraction cone to the total spanned surface [cf. (8) The rule of thumb for the optimal reflection of the outcou-
and (20)]. It is thus clear that the finesse of the FP mode hasglimng mirror can be summarized as

optimal value, such that the peak resides well in the extraction ) )

cone, and above which valug,:. increases only marginally. |r1] = min(r{®, ro%°, i) (28)

With the resonant peak given by (22), an approximate criterion . L ) .
caln be deduced P gV y(22) pprox I IFrom Fig. 8, (21) and (28), it is clear that a DBR with a high

refractive index contrast is a suitable outcoupling mirror. On

1 @ — Scosf < (1 —cosf.) the other hand, the angular response of a DBR (Fig. 8) gives
Qrp ¢ 3 evidence of a high reflectivity arourti= 0° [45]
1n2, 1
— Zext — i (26) _AX 2 An
2 crit A 9 = ~ — 29
6 n2 Qi oSt = N (29)
or|ry| > r{**, with #{** the reflection coefficient that gives risebut vanishes for largef. Reflection rises again when TIR in-
to aQ factor QEY as defined in (26). side the DBR is met. The part with low reflectivity gives rise

Secondly, practical cavities have absorption losses. A mad-a continuum of optical modes, called the DBR-leaky modes.
erate|r| prevents a large number of round trips in the cavityfhis is comparable with emission in bulk. These modes and the
minimizing the absorption losses. If such losses are low enougjuided modes in the TIR regime are lost. The limits of the stop
the FP resonance will not be affected, and criterion (26) wiland and of TIR are drawn in Fig. 9(a) as a function of the low
apply. In case of large losses, the width of the FP resonamedractive indexny, in a DBR stack whemy = 3.52. A high
remains large for increasing; |, and maximum efficiency is index-contrast material suppresses the leaky modes in favor of
reached when the “exit losses” or extraction equal the absothe extraction but most of all in favor of the guided mode [46].
tion losses, corresponding with some valifé. The criterion The angle-resolved internal intensity of a metal/DBR cavity is
becomes|r;| = min(r&it, ploss), depicted in Fig. 9(b) for the respective index-contrasts marked

Finally, due to the nonzero natural linewidth of the dipolén (a).
sourced A (the emitting material intrinsic spectrum), improving  In a microcavity bound by DBR-mirror(s), the Purcell-factor
extraction efficiency at some wavelengths occurs at the expefisehorizontal dipole is generally close to unity (between 0.8
of other wavelengths, which can cause a decrease of the spaw 1.2 typically) except if the cavity thickness goes to O or
trally integrated efficiency. Qi = A/6A = 1/8cosf is m. — 0. The reason for this is two-fold. First of all, the DBR
lower than3/(1 — cosf.) = Q% (see (26)), it is of no use is leaky over a wide angular range which means that in this
to enlarge the finesse of the cavity, thatlig| > »{**, with  range the situation s little different from homogeneous material.
™" corresponding with;,... In semiconductors, the relative Secondly, the penetration depth of the DBR leads to an enlarged
intrinsic spectral width tends roughly to scale with the waveeffective cavity thickness, even with zero cavity thickness. This

length due to thermal motion of carriers enlargesnc er.
Qinir = oA ~ X~ KT/ 27) D. Temperature Influence and Saturation
mrtr )\ ol

Injection of carriers in the active region can be performed by
Hence short wavelength RCLEDs [e.g., InGaP red RCLE®@ptical pumping or current injection. For practical use, electri-
(see Section V)] do not suffer from the linewidth penalty. lically pumped devices are far more preferred. This does not only
GaAs-based RCLED&)/ )\ is of the same order als/2n2. In  call for an electrically optimized design next to an optically op-
long wavelength RCLEDs, the broadenifiy/ X is larger than timized design, generally requiring a compromise, but can lead
1/2n2, which explains why it is very difficult to make 1.3- orto detrimental temperature effects. First, the higher the current
1.55.um RCLEDs with high efficiency. density, the broader the intrinsic emission spectrum. This results
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in a decreased overlap between the cavity resonance and 1 A ~ T
intrinsic spectrum, and a decreased extraction efficiency. Se 17 P ’l\ - I ~ N
ondly, as the current increases, the electrical dissipation in ar1so.— — /. T T~ Tk
around the active layer, caused by the nonradiative recombin , | = ..o B N IS I =~ 3
tion and ohmic heating by the series resistance, results in a tet _ /i‘> R T | ~4d
perature increase of the active region. The temperature increa'® 7"~ _ - ™o
has two consequences. First, the internal quantum efficiency d 1204~ §§|/ _ /I
creases (witlfy a characteristic temperature) [30]: 1ol ¥ g‘*” L
S5l d
i (T) 2 T o exp<—T5) . @y - |
0 e ~

90
8
Second, the cavity resonance wavelength (mainly due to tt
temperature dependency of the refractive index, and little du
to the thermal expansion of the material) and the intrinsic emis
sion wavelength (due to the decreasing gap energy of semico
ductors with increasing temperature) will shift at different rates o , , _

toward longer wavelengths. The shift of the cavity respnanceﬁ%kﬁgégffgrffﬂﬁ{n;)”ecrrg?éea/fg_eA}zsrgcgg'SgirgsofaGggg’Qt;;;ﬂﬁirfgacer
much smaller than the shift of the peak wavelength emitted frognago nm.

the active semiconductor material. This results in a temperature

dependent overlap between the intrinsic emission spectrum and : . )
. : . .. photons. This ratio depends on two factors: the number of pho-
the cavity enhancement, and a decreasing extraction efficie

. . {Shs emitted into the guided mode and the number of guided
when increasing current [47].

The decrease of efficiency as a function of the current Ie\})limotons that is reabsorbed in the active layer before they escape

: . i .~ the cavity laterally or are absorbed in the rest of the cavity. The
results in a saturation of the optical power. The decrease in gi- . . .

- : : . .. first depends on the layer structure (i.e., the cavity tuning). The
ficiency at low currents is related to the increasing full-width

at half-maximum (FWHM) of the intrinsic spontaneous emi second factor depends on the characteristic absorption length of

. . . he layer structure and the device diameter. The characteristic
sion profile. At higher current levels the thermal effects becom : o . )
. ;. absorption length of a cavity is a function of the absorption co-
more important, and the efficiency decreases faster. At a cef: . . . ;
. . . efficient of the active layer (which depends on the carrier den-
tain current level, the optical power does not increase anymore. ". . . .
) ) . . Sity in the active layer) and the overlap between the internal field
This maximum power is proportional to the RCLED area. Typ-

. ) 5 profile and the active layer. The guided mode is not necessarily
ical values are in the order of severalv/m=, but do strongly . ) ) )
. . : concentrated around the active layer: the field profile can be con-
depend on the thermal resistance of the ambient media. . S
. L ; centrated in the DBR, resulting in a rather small overlap factor.
If the current density of the device is known in advanc

) , . . ypical value of the absorption length is sfh. Consequently,
proactive design can partially intercept the temperature eﬁ?ﬁfe recycling effect is present in large diameter devices and neg-

on efficiency at the working point. A d(_atunm_g has to be chosefln ible (or even absent) in small diameter devices. Fig. 10 shows
such that the overlap between intrinsic emission spectrum atﬁﬁ

i ; : . e calculated increase gf,; in case of full lateral reabsorption
the cavity enhancement increases as function of increa

; . . S%Eq% device diameter much larger than reabsorption length) and
temperature and is maximal at the operating temperature. Tfi€

I 1 1CI A — 0, -
increase should at least compensate the decrease of the intéingl g an internal quantum efficiengy, = 90%. The re

n . . .
efficiency. This implies a decreased efficiency at low tempercyé}Ing increases as function of the number of DBR pairs, as

. i ; - ﬁiis results in a more concentrated field profile around the ac-
ture compared to a cavity designed for maximum efficiency Ive layer, and thus, an increased overlap. The influence of a

the same temperature. The performance at the working point IS

; : - . variation of the thickness of the top spacekgrof the cavity is
best expressed as a differential efficiency (see Section IV). less pronounced. In large devices, the recycling effect results in

E. Large Diameter RCLEDs and Photon-Recycling a 1.4 times enhancement of the overall efficiency.

The photons emitted in the guided wave can not escape E.‘eModuIation Bandwidth of RCLEDs
cavity and are—at first sight—lost. However, they can be re-
absorbed in the active layer, and be re-emitted. This rE,CycnngBesides efficiency, the modulation bandwidth is of uttermost
effect increases the internal efficiengy;., and thus, the overall importance in communication applications [15], [47]. The re-
external efficiencyn.. of the device, as an electron will havesPonse of an LED can be described by rate equations

a higher probability to produce a photon that escapes from the

110 Thickness of GaAs

number of DBR pairs 5™, top spacer (nm)

dn _ I(t) n

cavity. This is expressed by an “apparent internal quantum effi- &t _ _ Bn?2 (32)
CienCy” ni*nt dt (J‘/act Torad
P = hwtexy Bn? Vi (33)
. 1
Thnt = Tint 1 - (31)
97lint with I(¢) the injected currenty,.; the volume of the active re-

The reabsorption factgr is defined as the ratio of the numbergion, .. the nonradiative lifetime andthe carrier concentra-
of recycled photons to the total number of internally generatéidn. B is the bimolecular recombination coefficient, describing
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the radiative recombination speed. For simplicity, the Auger re- TABLE I
combination, dominant at very high carrier concentrationsisne- ~ COMMONLY USED DEFINITIONS TO EXPRESSEFFICIENCY
. . . . AND SATURATION VALUES

glected (only in long wavelength devices, Auger recombination
can be an important effect, and should not be neglected) [48]. Efficiency | Saturation value

The radiative recombination speed is found after averaging
the recombination lifetime of an electron-hole pair in the Newt = Popt [ oot pmas
semiconductor over all available energy levels of the electrons I/q phot . hw
and holes in the active region. Therefore, it includes the Purcell %] [s7]
effect. This implies that the microcavity effect which alters

. . . Popt sat max

the optical mode density and thus the Purcell factor, will Twp = TV pset = POt
influence the dynamics of the RCLED. However, as mentioned (%] Wi

in Section 11.B, the spontaneous emission rate enhancemen wat ot
depends on the emission wavelength, the cavity parameter. “phot = 683 Vore (M) fhp Lt =683 Verp(A) P

and the dipole orientation. The change in lifetime is limited [im/W] [im]
for practical cavities with an AlAs—GaAs DBR [38]. Several 1/A pmaz
. - extr Msat — 2 t

experiments have been reported [7], [49]. The largest decreas Ndens = 74, 2—5;
in recombination lifetime is obtained with a high-cavity [%] (W/m?]
(corresponding to a small cavity bandwidth), optically pumped
RCLEDs and an overtuned cavity. The measured decay time , AdPopt /A Acgtr peat — _Fopt”
was 10% shorter compared to standard LEDs. W /Wm% [ST] w /EmK ZQZ;]"

Besides the effect of the cavity on the bimolecular recombi- — -
nation coefficient, the speed behavior of RCLEDs is similar to dPmaz
standard LEDs. Although the radiative recombination lifetime um = 683 Vers(A) ran Bt = 683 Vorp(A) mﬁ;
is slow, compared to stimulated emission, special enhancement [cd/Wan?] [ed/m?]

can be used to speed up the devices. Examples are the use of a

background doping, the use of peaking current driver Circu"ﬁ%werIV, with V the bias voltage (V). Again, an NA can be

or voltage drivers, an_d the use ofs_maller active regions (Suchs?)%cified. The maximal output powd®* indicates the satu-
QWs). Photon recycling (see Section I11.E), based on absorpti Nog power or radiant flux

and re-emission of emitted photons affects the bandwidth of t e photometric efficienc iahs th Il ol ffi
(RC)LED. Itincreases the LED’s response time to an electrical bt . “Ylphot WEIGNS IE Wall piLig et
input signal. Photon recycling can be beneficial for high-eﬁf'encywlt.h the relative IummosﬂyVCIE (Im/W), defined by the
ciency applications but undesirable for high-speed communic%(-m.wnISSIOn Internatlpnale de. ! Eglawagg (ClEkm is pro-

tion devices. portional to the effectiveness in stimulating the human visual
sensernphot 1S, thus, only defined for LEDs emitting visible
light. The maximal luminous flux.*** scales the radiant flux
with the relative luminosity.

There are many ways to compare the performance of high-ef-The density efficiencyji.ns is @ measure for the efficient ac-
ficiency LEDs and the preferred technique depends strongly tive use of the available surface. It is defined as the ratio of the
the application. In spite of the importance of the external effinverse of the extraction surfack.,;. to the inverse of the sur-
ciencyext, it has to be emphasized that an objective compdace of the active layed,.;. In @a RCLED A4, =~ Acy, and
ison of the different techniques to enhamgg, can only be ob- thus very high. This parameter is important for scaling of high
tained when a complete analysis is done. This includes in theghtness deviced/5** expresses the maximal total near-field
first place a clear indication of the definition of the indicateghower density or radiant emittance.
efficiencies and saturation values and a comparative analysis oT he radiant efficiency;.q, defines the conversion efficiency
some basic aspects. A checklist is given hereafter. of the electrical power to the peak radiané&?® is the satura-

The external performance of an LED can be expressed in dibn radiance. The radiance is a quantity that—at best—is con-
ferent ways, making comparison of devices to be done with caserved in an imaging system: the radiance of the image cannot
The commonly used definitions to express the efficiency ar higher than that of the object. Therefore, high radiance is im-
saturation values are presented in Table II. portant in any application where light needs to be focused to a

The external quantum efficienay,; is the most commonly small spot or where light needs to be coupled into a fiber with
used definition expressing the number of photons per injectiite core size and numerical aperture. While the radiance of a
electron. Either the overall... can be given, ortha.,; toalim- RCLED is still orders of magnitude lower than that of a laser
ited numerical aperture (NA). The corresponding relevant abgéer a given power), it is easily orders of magnitude larger than
lute value is the maximum photon flust . These definitions that of an LED chip with light extraction from all chip sides or
allow to compare LEDs with a different emission wavelengthwith small density efficiency.

The wall plug efficiencyy,;, is an alternative fofjey; . It takes The luminous efficiency.,, weighs the radiant efficiency
into account the series resistance of the diode, as it is defingith the relative luminositycrg. Brightness is defined as the

as the ratio of the emitted optical power to supplied electricaptical luminous power per unit solid and®) per unit surface

IV. GUIDELINES FORCOMPARISON OFHIGH EFFICIENCY LEDS
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TABLE Il T~
REFRACTIVE INDEX CONTRAST IN COMMONLY USED MATERIAL SYSTEMS |/ — | \r ~
— ~
— B S N
- T N 25 — I g — ~ ~
A | high index mat. | low index mat. [ A n ~ [ /:/ ~ T o | ™o
0.65um Al 5Gag sAs Al 95Gag oshs S -~ | [~ | B
n=3.47 n=3.14 0.33 20~ & U
s | ST ~
0. 85,um Aly 15Gag gsAs AlAs :w \:
n=3.5 n=2.98 0.52 -
0.98um GaAs AlAs
n=3.52 n=2.95 0.57
0.98um GaAs AlDx
n=3.52 n=1.6 1.92
1. 3um InGa0,23Aso,50P InP
n=3.42 n=3.21 0.21 140
1. 55/.Lm InGaO.ggASOBQP InP -
n=3.47 n=3.17 0.3 Thickness of GaAs

top spacer (nm)

(A). Mum and B5** are only defined for LEDs emitting visible Fig. 11.  Simulation ofj.... of a 980-nm RCLED as a function of top spacer

light, due to the relative luminosity in their definition. Unlikethickness?, and number of DBR pairs.

the efficiency, the power and brightness of an LED can be aug-

mented when the pumping level is increased. The commercial « The simplicity of fabrication: How easy can the produc-

labeling “high brightness” LEDs is strongly linked with “high tion process be adopted for mass production?

efficiency” as the saturation level of a device at high pumping « Dependent on the application, advanced characteris-

levels can only be increased when efficiency is increased. tics—directivity, speed—can play an important role in
A distinction has to be made between an efficiency and a the suitability of the device.

differential efficiency. The differential efficiency defined as a

power increase due to an infinitesimal rise of the current, will

typically be higher than the absolute efficiency. The reason can . . i -
be excessive nonradiative recombination, parallel current patps',a‘r.] OVerview of h|gh—(_aff|0|.en.cy_ RCLEDs pr_esentgd in litera-
ure is given. The overview is limited to electrically injected de-

saturation effects, .. . . . L .
. i i \vices without epoxy encapsulation, unless explicitly mentioned.
* Is the device optically or electrically pumped? Electri-
cally pumped devices demand electrical contacts, complgx ggg nm

doping profile, etc. This tends to go together with geomet- like the 650 and 850-880 nm RCLEDS (cf. bel herei
rical issues that are not always favorable gy, . Unl_et e65 an 5 —oolinm S((.:' elow), t ereis
p until now, no killer application for 980-nm infrared devices.

* What is the emission wavelength? The intrinsic linewidt ) o
g }%oreover, there is a strong competition of 980-nm VCSELSs.

penalty, (27), scales with the wavelength. Moreover, t . N :

. . evertheless, thorough investigation on these devices has been
wavelength more or less defines the used material systen. . o . )
Table lll summarizes commonly used material systemsfg?med outand is still going on. The GaAs-Al(Ga)As material

stem is used with InGaAs high-quality strained QWs for ac-

different wavelength ranges. The refractive index contra‘SSY
N9 Nges. ive material. Contrary to 650/850—-880 nm, GaAs is transparent
that can be realized varies strongly from wavelength ran

. ) .  980-nm light. This makes devices emitting at 980 nm prefer-
to wr?lvel_ength range. A.S me_nuoned In _Sectlon lll, the "Sble for proof of principle experiments. Highly efficient bottom-
fractive index contrast is an important figure to determmgmitting devices, grown by MOCVD are reported in [17]. With

the penetration depth of the DBR, and thus, the eXtraCti%”Au—(GaAs—AIAs)-DBR asymmetris-cavity, the metal layer
efficiency. _ , both serving as electrical contact and as mirror, and three In-
* fextr SCalES roughly spoken witl — cos(6.)) = 1/2n5.  Gaps-strained QWs, the overall external efficiency of 86-
This has to be kept in mind when comparing the perfofeyices is up to 17%. When the diameter is larger, photon-re-
mance of RCLEDs with different refractive index €.9.,  cycling is more significant. An overall external efficiency up to
polymer RCLEDs and semiconductor RCLEDs. 23% is obtained for large diametet{ mm) RCLEDs, or a 1.4
* Isthe device encapsulated by an epoxy dome? Embeddi¢hancement. The sensitivity of the... to the cavity tuning
the semiconductor device in a transparent plastic withaghd the influence of the reflectivity of the bottom DBR, ex-
dome shape, enlarges the extraction cone in the semicgfessed in number DBR pairs, is shown in Fig. 11. A deviation
ductor, and hence, itg.... The waves impinge more or of the cavity thickness in the order af, /10 from the optimal
less normally on the surface of the large dome and are &glue can result in a reduction of the efficiency by a factor three.
tracted. The performance of the RCLED is in direct relation with the pre-
* Is the device emitting through a single surface or do sewision of the growth of the cavity thickness. This also accounts
eral surfaces contribute to the extraction? Some applidar devices in other wavelength ranges.
tions, e.g., fiber coupling and array devices do demand aThe measured eye diagram of a voltage-driven 980-nm
single surface emitting diode. Is the diameter specified RCLED (diameteris 3@m) is shown in Fig. 12. Subnanosecond

V. STATE OF THE ART
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emitting with a cavity sandwiched in between two DBR mirrors
and anappropriate currentinjection design. Devicesinthe 600- to
650-nm range are described by several research groups, showing
Next fanging from some percents to 7% [51]-[54]. A highly
efficient top-emitting RCLED grown by MOCVD operating at
650 nm and having a low forward voltage is reported in [55].
A300um x 300um encapsulated device showsg ~ 10.2%.

The device, a\-cavity with GalnP active layer enclosed by

2 Al,.Ga,_,As DBRs, is ready for large scale production.

pataaity

.

Edmy

s ,,f = ‘
b

C. 850-880 nm

Apart from (Fast)-Ethernet LAN data links, the target ap-
plications of 850-880 nm devices are remote control and in-
frared communication as regulated by Infrared Data Associ-

AR PRy m—_—— ation (IrDA) (mainly because of the availability of low-cost
oy ' ' : : : Si-based detectors). The demands for these applications are dif-
_ £58ns ZBBps gy £52ns ferent from telecom applications. While brightness and band-

Fia 12, M d di  voltage-driven 980-nm RCLED at 1 G Width are less important, absolute power, overall efficiency, and

19. . easured eye diagram of voltage-driven -nm al S . . .

(diameter= 30 pm). Y%w cost are .of paramount importance. The O.bVIOUS material
system for this wavelength range is GaAs, as its bandgap cor-

) _ ) _ o responds with this wavelength range. On the other hand, this
rise and fall times of the optical signals and communication Wlﬂfhp”es that the use of GaAs in the substrate, as part of the

open eye diagrams at over 1 Gb/s have been achieved [S0]. BgR etc. will absorb this light, and thus, its use has to be mini-
structure and doping profile are the same as the above-mentiog&gad. An 850-nm top-emitting device, consisting of-aavity
high-efficiency devices, but due to the smaller diameter, the hqwiched between two DBRs grown by MOCVD, shows an
overall external efficiency drops_ to11%. overall efficiencyrne.y, of 14.6% [56]. The top mirror is a 1.5
I__eaky DBR modes, me_tal mirror absorption and_ a tr:’;\pp(;bqu‘ir Al 15Gay.s;As—AlAs DBR, the bottom mirror a 20 pairs
guided mode are the main loss channels. According 10 SggsR_The decreased refractive index-contrast compared with
tion I1, a higher index-contrast DBR could result in higher effiy; 55A5_AIAs DBR results in the need of a thicker DBR-stack.
ciencies due to the suppressed leaky modes and decreased @ffent injection was optimized with a selectively oxidized cur-
etration depttfd,,.. ¢ ). It can be achieved by laterally oxidizingent window with a diameter of 180m.
the AI(Qa)AsIayers to obtain a high index-contrast AlGaAs A 880-nm monolithic top-emitting device with-cavity, a
DBR mirror (na10, =~ 1.6). There are some drawbacks hows( pairsi-doped Ab »Gay sAs—Alg oGay 1 As bottom DBR and
ever. This electrically isolating material necessitates advancgye_seven pairs top DBR, all grown by solid-source MBE is

techniques like intracavity contacts. Moreover, the use Ofahi%ﬁoorted in [57]. With an emission window of 8am and an
contrast DBR is less appreciated in combination with a metallig,oxy capy.., is 16%.

top mirror: for a high contrast DBR, the reflectivity of even
a single pair is comparable with the gold mirror, resulting i®. 1300-1550 nm

detrimental me.tal a}bsorption losses [cf. (28)]. The benefits OfThe principal material system for the pre-eminently telecom-
the use of a high index-contrast Al©GaAs DBR are, thus wavelength devices is InP. In addition to the broader intrinsic

limited to top-emitting devices not using a metallic mirror. Ayyecym of long wavelength devices [see (27)], the restrictions
top-emitting device, aperture diameter Ath, with alower 6.5 ¢ yno annropriate material systems (cf. long wavelength VC-
AlO,~GaAs DBRs and a one—two period upper $#nSe  ge| ) jimits the maximal efficiency of long wavelength de-

DBR on theA-cavity, and a tunnel contact junction to confingices The problem lies in the low refractive index-contrast that

the laterally injected current under the DBR shows external dgén be realized with InP lattice-matched alloys to form the DBR,

.fe.rent|al q“a”“f”? efﬁmenue; as h!gh as 27%,[19]' A IaterallPésulting in large penetration depths. Highly efficient 1300-nm
injected top em_lttlng\—cawty with a single 3.5 pawAIOx—GaAs large diameter devices (2 mm) with a peak quantum efficiency
bottom DBR, diameter 350m, showse. as high as 27%, en- ¢ 9o, are reported in [58] using a monolithic cavity grown by
capsulated 28% [46]. MOCVD. The electrically pumped device is bottom emitting,
using an asymmetric Au/DBR InR-cavity with three 4.5-nm
B. 650 nm INGay 12ASo_56P strained QWs. The low refractive index con-
650-nm emitting devices are commercially important farast of the 5.5 pair InGg3Asy 50P—INP DBR is the main draw-
plastic optical fiber (POF) based communication. Due to thddack.
visible wavelength, they can also serve a broad range of nonResearch toward high quality epitaxial DBR mirrors is driven
communication applications for which a high efficiency idy VCSEL research. Contrary to RCLEDSs, the need for high
important. Like in standard LEDs, the GaAsP material systemiiglex-contrast mirrors in VCSEL's arises from the sole need for
increasingly substituted by the high-quality AIGalnP. Due to theighly reflective mirrors, whatever their penetration length, say
absorbing substrate (GaAs or Ge), the device is preferably tBp> 99%. A low An requires a large number of DBR mirror
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Fig. 13. RC2LED. (a) TE reflectance for DBR and RCR, as seen from the GaAs cavity (Full line: RCR. Dashed line: DBR). (b) Phase of TE reflection for DBR
and RCR, as seen from the GaAs cavity (Full line: RCR. Dashed line: DBR). (c) Simulated extraction efficie\into0.5 (Full line: RCR. Dashed line:
DBR). (d) RC2LED.

pairs in order the achieve the high reflectivity, translated intavity reflector (RCR) yields high reflectance for off-axis in-
several growth-related problems. Other InP-lattice matcheuience, combined with a moderate reflectance for normal in-
alloys are reported in VCSEL literature for fabrication of higlkeidence. This results in a narrower radiation pattern. Also, be-
refractive index-contrast DBR mirrors: especially aluminurnause the angular penetration depth is negative, extra resonances
and antimonide containing compound semiconductors aee created within the extraction cone, which boosts the ex-
promising candidates [59]. traction efficiency. These TE reflection properties of the RCR
On the other hand, VCSEL research has anincreasing intei@®t depicted in Fig. 13(a)—-(b) and compared with the corre-
in the development of GaAs-based devices for long wavelengiponding DBR, sketched in (d). These factors combine to yield
applications, i.e., active material compatible with GaAs. Next tan extraction efficiency to a given NA which can be 50% to
the possibility of high index-contrast GaAs—AlAs Bragg mirrorLl00% higher than conventional RCLEDs. The extraction effi-
this system is more temperature insensitive and cheaper. A paitmcy in a NA= 0.5, for a GaAs—AlOx RC2LED (see [39])
not yet entered by RCLEDs, is the use of GalnNAs as active maith Gaussian spectrum with FWHM:= 45 nm is shown in
terial [60] to emit at 1300 nm. The use of quantum dots (QD) h&$g. 13(c). This idea has not been verified experimentally yet.
been investigated in several research groups. With self-assem- ) )
bled InAs-InGaAs QDs emitting at 1300 nm in a single mirroB- Photonic Crystal Assisted RCLED
(Au) cavity, grown by solid-source MBE on a GaAs substrate, The main drawback of planar RCLEDs is the distribution of
an external quantum efficiency of 1% at room temperature tise optical power over several optical modes, while only a frac-
obtained, limited by the low radiative efficiency of 13% of theion will be extracted. Leaky modes and guided modes are lost,
QDs. except through partial photon-recycling by reabsorption (see
An MOCVD InP-based RCLED of diameter §0n emitting Section Ill.E). When the planarity of the RCLED is abandoned,
at 1550 nm with a 6.8% external quantum efficiency is citecontrol on the inplane dimensions can be obtained. The world of
in [62]. The device is bottom emitting, using an asymmetrighotonic crystals (PCs) and resonant cavities meet in the pho-
Au/DBR(12 pairs InGassAsy.s2P—InP) cavity. The active re- tonic crystal assisted RCLED (PCA-RCLED). A PC is a one-,
gion consists of three 7.5 nm Jg,Gay.16AS0.74Po.26 QWS. two-, or three-dimensional (1-D, 2-D, 3-D) periodic corrugated
An electrically pumped top-emitting all epitaxial InGaAsP—Infedium. Its wavelength-scale period and high refractive index
DBR/DBR RCLED is reported in [63], optimized for high cou-contrast can strongly influence the optical mode density. Apart
pling efficiency to fiber, the main demand for this wavelengttfrom the 1-D PC, in the form of a DBR mirror already presentin

instead of overall efficiency. most RCLEDSs, a 2-D PC can be added in the plane of the device.
Different top-emitting configurations are sketched in Fig. 14.
VI. ADVANCED TECHNIQUES Configuration (a) and (b) inhibit emission in the guided mode,

(c) and (d) extract the guided mode using a 2-D PC.
A. RC2LED 1) Inhibition of Guided Mode:The periodic corrugation can

In the RC2LED, a symmetric resonant cavity is added to thovide a bandgap in the dispersion relation of the guided modes
outcoupling mirror [39]. This novel mirror design, the resonarat the emission frequencies. Emission will then initially be pre-
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mode is extracted in the central part of the light source where the
%}Z%%O%CZ?@/ layers are homogeneous, the guided mode leaves the semicon-

=) ductor in the surrounding periodically corrugated region. The
LJ LJ u U B g u E Q D D region of generation and extraction of the guided mode are sep-

arated. The diameter of the unpatterned light generation region

© ) has to be smaller than the reabsorption length of the guided
‘?LIALJJD mode. The PC has to be designed to scatter the guided mode
S S S ctf OZ%Z%%%ZZ Zc%oz%o efficiently to the free space modes lying above the lightline, this
e e i B = B OL] ouo = for all inplane directions. Theoretical investigation of a top emit-
ting laterally current injected-cavity with AlO,—GaAs DBR
o a is promising: a supplementary extraction of 10% is predicted
Cc

as worst case scenario [71]. Optically pumped thin-film devices

Fig. 14. Photonic Crystal Assisted RCLED. (a) 2-D PC etched through tihowed a six-fold efficiency increase compared to the unetched
active layer. (b) 2-D PC to inhibit lateral emission by creating an inplaré@gin_ﬁlm in an NA = 0.7 [72]

cavity. (c) Shallow 2-D PC to extract guided mode, extraction of guided mo . . } . . .
and active region coincidence. (d) 2-D PC surrounding active region to extractConfiguration (c) is technologically more tedious since the

guided mode,extraction of guided mode and active region do not coincidenggating, and thus, its deviations, influences the cavity directly
The opposite mirror is in each case a DBR. (see Fig. 11 for sensitivity Ofiex; to cavity tuning variation).

On the other hand, because the extraction and generation region
vented in the guided modes [64]. Eliminating the guided modgge not separated, it is more efficient in the use of its active layer

at the transition frequency, spontaneous emission can be gtotal emitting surface than (d), resulting in a compact device
hanced to couple to the free space modes via the FP mode. In{i@ relative bettengens.

first configuration, a 2-D PC is etched through the active layer of

the planar RCLED [65]. Besides troublesome current injection, VII. FUTURE PROSPECTS ORRCLEDS

etching through the active layer can cause large nonradiative re- )

combination rates due to induced surface states. An alternativ CLEDS are not the only candidates that can be used as
configuration to somehow circumvent latter problem is sketch&gh-€fficiency light source in communication and noncommu-
in (b). A bare cavity is surrounded by a 2-D PC. The high refledication appl_lca'uons. They compete with other high-efficiency
tive 2-D PC creates an inplane cavity. To be efficient, the laterdFDS and with VCSELSs.

dimensions of the microdisk have to be of the same order as thd "€ key merit of a RCLED as compared to many other

wavelength, cf. the vertical dimensions of the planar RCLED!IN-€fficiency LED types is that itis a planar device, allowing

These dimensions are in general quite smaller than the diffgf 1-D and 2-D arrays. In combination with its both high effi-
sion length of carriers, and thus, do not fully tackle the nonr§l€ncy and high radiance or brightness, this makes the RCLED
diative recombination problem at the etched surfaces. MoreoV&?, ideal light source for multimode fiber coupling in array
due to the small inplane cavity dimensions, only small satur@PPlications and opens the possibility of massively parallel
tion values can be achieved [66]. Depending on spectral wicRRtica! data communication. Non-communication applications,
and absorption losses configuration (a) or (b) is preferred [6#9- SENSOrs, printers, and scanners, do also require arrays of
Since a bandgap can be opened in the guided mode spectAifif!l diameter sources with high radiance. L

with holes not etched through the active material, surface re-Faprication of a RCLED is similar to the fabrication of

combination can be completely avoided using shallow gratind@nventional planar LEDs: straightforward and at low cost. No
2) Extraction of the Guided ModeFar more practical than advanced processing techniques are needed that can boost up

inhibition of the guided mode is its extraction. The diffractiv€0Sts- _ _ o
properties of the periodic grating can redirect the laterally In terms of modulation bandwidth, all LEDs are limited by
propagating resonant guided mode to an extractable directff§ Same fundamenta] I|m|tat|on,. i.e., the spontaneous emission
in the extraction cone. Because of the high power fraction iffetime. The modulation bandwidth of RCLEDs can be rela-
these guided modes (see Fig. 9), the use of such gratings B4@ly high without penalty on efficiency because they generally
result in a highefi..... In configuration (c), the shallow PC have thin active layers and a small diameter resulting in a rela-
or grating coincidences with the active layer, but is not etchéiely high current density. Therefore, the carrier density in the
through it. The 2-D grating is designed to diffract efficiently th@ctive layer is relatively high leading to high modulation rates
guided mode to the extraction cone, and thus, to the free sp&@elo about 1 Gb/s (see Section IIl.F and Section V).
optical modes. Theoretical investigation of a GaAs 980-nm While RCLEDs and LEDs both rely on spontaneous emis-
cavity with GaAs—AlAs bottom DBR and metallic grating, thesion, VCSELs are based on stimulated emission in igh
so called grating-assisted RCLED (GA-RCLED), predicts dactor cavities. The cavity is formed by placing an active
nextr OF OVer 43% [68]. First experiments confirm guided modayer (QWs or QDs) between two DBRs. In contrast with the
extraction, butj.., is still moderate [69]. A six-fold extraction DBRs of the RCLED, both DBRs need to be highly reflecting,
enhancement is reported for an optically pumped asymmethiecause the single-pass gain of these very thin active layers
cavity with a DBR and a semiconductor-air interface [70], bug rather small. This fundamentally different physical process
absolute efficiencies are not mentioned. of stimulated emission makes the VCSEL a monochromatic
A variant on the latter can be found in a 2-D periodic comptical source, with a near-diffraction limited output field
rugation surrounding the active region. In these devices, the @&hgle-mode VCSEL). These characteristics make the VCSEL
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far more suitable for coupling to single mode fibers than [5] ——, “Light emission by magnetic and electric dipoles close to a plane
RCLEDs. Moreover, the fast stimulated emission makes it

possible to modulate a biased VCSEL up to about 10 GHz.

(6]

On the other hand, fabrication of the RCLED is simpler and

at lower cost than the VCSEL. Compared to a VCSEL with its
high reflective DBRs, the small total thickness of the RCLED

(71

reduces the epitaxial growth time and the incorporated strain

in case of lattice mismatch, simplifying wafer handling and de-
vice processing. Uniformity will be higher. For both VCSEL

(8]

and RCLED, the principle is qualitatively suitable for all wave- [9]
lengths, although quantitatively strongly depends on the appro-
priate material system. However, the RCLED has less stringemo;
requirements on the material system. Especially the high gain
in the active region and the high quality of the optical cavity are g

difficult the achieve in some material systems.

Another noteworthy aspect is that VCSELSs, as all lasers, have _ _ , _ ,
12] Y. Yamamoto, S. Machida, and G. Bjork, “Micro-cavity semiconductor

a threshold current below which the efficiency is zero. LEDs d

not have a threshold current and therefore they can outperform
VCSELSs in situations where a high efficiency is needed at a lovi!3!
power operation point. This can be the case in high density array

applications.

The RCLED is an incoherent source. While this fact makeg'®

the RCLED unsuitable for coupling to single mode fibers, it

should be emphasized that coherence is not necessary for cdif]
pling to multimode fibers. Even more, incoherence helps to re-
duce modal noise and speckle. Incoherence is even necessary)
for certain applications such as speckle-free medium-coherent
sources for use in low-coherence interferometric techniques, to

give one out of many possible examples.

(17]

Finally, the low-temperature dependence of the output power
of a RCLED (see Section I1.D) can be desirable in various ap-
plications that are used in extreme circumstances. However, dits]

to the multifacetted and complex temperature behavior of bot

interface. Ill radiation patterns of dipoles with arbitrary orientatiah,”
Opt. Soc. Amervol. 69, no. 11, pp. 1495-1503, 1979.

W. Lukosz, “Theory of optical-environment-dependent sponta-
neous-emission rates for emitters in thin laye/ys. Rev. Bvol. 22,

no. 6, pp. 3030-3037, 1980.

H. Yokoyama, K. Nishi, T. Anan, H. Yamada, S. D. Brorson, and E.
P. Ippen, “Enhanced spontaneous emission from GaAs quantum wells
in monolithic microcavities,"Appl. Phys. Letf.vol. 57, no. 26, pp.
2814-2816, 1990.

H. Yokoyama, “Physics and device applications of optical microcavi-
ties,” Sciencevol. 256, pp. 66—70, 1992.

G. Bjork, S. Machida, Y. Yamamoto, and K. Igeta, “Modification of
spontaneous emission rate in planar dielectric micro-cavity structures,”
Phys. Rev. Avol. 44, no. 1, pp. 669-681, 1991.

F. De Martini, M. Marrocco, P. Mataloni, L. Crescentini, and R. Loudon,
“Spontaneous emission in the optical microscopic cavRys. Rev. A

vol. 43, no. 5, pp. 2480-2497, 1991.

D. G. Deppe and C. Lei, “Spontaneous emission from a dipole in a semi-
conductor micro-cavity,J. Appl. Phys.vol. 70, no. 7, pp. 3443-3448,
1991.

laser with enchanced spontaneous emissiBhys. Rev. Avol. 44, no.

1, pp. 657-668, 1991.

N. E. Hunt, E. F. Schubert, R. A. Logan, and G. J. Zydzik, “Enhanced
spectral power density and reduced linewidth at 1.3 mm in an InGAaSP
quantum well resonant-cavity light-emitting diod&ppl. Phys. Lett.

vol. 61, no. 19, pp. 2287-2289, 1992.

E. F. Schubert, Y.-H. Wang, A. Y. Cho, L.-W. Tu, and G. J. Zydzik,
“Resonant cavity light-emitting diode Appl. Phys. Letf.vol. 60, no.

8, pp. 921-923, 1992.

E. Schubert, N. Hunt, M. Micovic, R. Malik, D. Sivco, A. Cho, and
G. Zydzik, “Highly efficient light emitting diodes with microcavities,”
Sciencevol. 265, pp. 943-945, 1994.

J. Blondelle, H. De Neve, G. Borghs, P. Van Daele, P. Demeester, and R.
Baets, “High efficiency(>>20%) micro-cavity light emitting diodes,”
Proc. IEE Coll. on Semiconductor Optical MicroCavity Devices and
Photonic Bandgapsl996.

H. De Neve, J. Blondelle, P. Van Daele, P. Demeester, R. Baets,
and G. Borghs, “Recycling of guided mode light emission in planar
micro-cavity light emitting diodes,Appl. Phys. Lett.vol. 70, no. 7,

pp. 799-801, 1997.

, Planar substrate-emitting micro-cavity light emitting diodes with
20% external QE, in SPIE Phot. West, San Jose, CA, 1997. presented.

9] J. J. Wierer, D. A. Kellogg, and N. Holonyak, “Tunnel contact junction

RCLEDs and VCSELs, a comparison can not be expressed Iin

terms of simple statements.

In conclusion, it is clear that the RCLED can serve a broaq20

range of low cost, high volume applications, both communica-
tion and noncommunication, and this for a broad range of wave-
lengths. The RCLED can be a favorable choice in comparison to

VCSELs and most high-efficiency LEDs when: a relatively high

radiance is needed, modulation bandwidth of 1 GHz suffices anﬂl]
when the incoherent nature of the source is not a problem or is

even an asset. In particular, dense array applications do prof

from the combination of properties of the RCLED.

it
(22]

The RCLED has been introduced on the market for 650-nm

applications and is ready to be commercialized for a broader _ :
[23] W. Schmid, M. Scherer, C. Karnutsch, A. Ploessl, W. Wegleiter, S.

range of applications.
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