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Abstract—An overview of highly efficient resonant-cavity light-
emitting diodes is presented. First, the basics of dipole emission
in planar cavities are reviewed. From these, a number of design
rules are derived. We point out some guidelines for comparison
of high-efficiency light-emitting diodes, and use these to review
the state-of-the-art devices in different material systems and at
different wavelengths. We also discuss some advanced techniques
based on gratings or photonic crystals to improve the efficiency of
these devices.
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I. INTRODUCTION

T HE EXPLORATORY development of the light-emitting
diode (LED) started with first reports of electrolumines-

cence by Round (1907) and Losev (1923), and continued with
the understanding of recombination phenomena by Lehovec
(1951) and the first fabrication of an infrared LED at MIT
(1960). During the mid sixties or the early handheld calculator
epoch, research accelerated [1]. Since then, the development
of the cold light sources has been characterized by a race for
high efficiency. This optimization toward a higher efficiency
took more or less place in three stages, reflected by a change in
focus to increase the efficiency.

The external quantum efficiency is the key performance
figure for high-efficiency LEDs and stands for the number of
photons generated per injected electron

(1)

with the emitted optical power (W), the injection cur-
rent (A), the elementary electron charge (C) and the en-

Manuscript received January 7, 2002; revised February 7, 2002. This
work was supported in part by the European Union Esprit under Program
SMILES/SMILED (Semiconductor Microcavity Light Emitting Diodes) and
under Program Belgian Inter-University Attraction Pole IAP IV-13. D. Delbeke
was supported by IWT (Institute for the Promotion of Innovation by Science
and Technology in Flanders). P. Bienstman was supported by the Flemish Fund
for Scientific Research (FWO Vlaanderen) under a postdoctoral fellowship.

D. Delbeke, R. Bockstaele, P. Bienstman, and R. Baets are with the Depart-
ment of Information Technology (INTEC), Ghent University-IMEC, B-9000
Gent, Belgium.

H. Benisty is with the Laboratoire de Physique de la Matière Condensée,
Ecole Polytechnique, F-91128 Palaiseau Cedex, France.

Publisher Item Identifier S 1077-260X(02)03777-2.

ergy per emitted photon (eV). depends on the fraction of
carriers injected in the useful active region , the fraction
of spontaneous recombination that is radiative and the
extraction efficiency of the generated photons . These
three contributions are representative for the more or less suc-
cessive introductions of optimization. Firstly, exhaustive study
of semiconductor electronic band structures in the early six-
ties led to a better control of carrier injection. Accordingly,
could be raised, reaching unity (1963 [2]) by the introduction
of heterostructures and quantum wells (QWs). The introduc-
tion of liquid phase epitaxy (LPE) (1967), metal–organic chem-
ical vapor deposition (MOCVD), and molecular beam epitaxy
(MBE) (1980) overcame the moderate -values. Non radia-
tive recombination at low current densities mainly originates
from defects in the crystal. Successive improvement of epitaxial
fabrication techniques resulted in the availability of high-quality
crystals. Nowadays, the quality of the crystal measured by the
density of defects, can be very high for a broad range of ma-
terial systems. For AlInGaAs on GaAs substrates for example,
this results in an reaching unity. However, even today the
internal efficiency remains a major issue for some material sys-
tems, e.g., in AlInGaP LEDs and in LED structures in which
substantial reabsorption occurs.

It is at this stage that it is appropriate to
optimize which is limited to 2–4% by Snell’s law for
conventional planar LEDs due to the high refractive index con-
trast between the source material and the surrounding medium.
This optimization happened in the early nineties, when cavity
optics entered the world of LEDs with the resonant-cavity LED
(RCLED). In these devices, the active layer is embedded in a
cavity with at least one dimension of the order of the wave-
length of the emitted light. Under those circumstances, the
spontaneous emission process itself is modified, such that the
internal emission is no longer isotropic. In spite of earlier work
by Lukosz on emission in multilayers in 1980 [3]–[6], exper-
imental evidence has only been introduced in 1990–1992 by
the work of Yokoyama, Björk, Yamamoto, Deppe, Huntet
al. [7]–[13], Schubertet al. presented the RCLED as a con-
ceptual novel LED in 1992 [14]. In 1994, a communication
application design has been proposed by the same group [15].
However, the overall external efficiency remained low. The
first highly efficient RCLED was made by De Neveet al. in
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1995 obtaining % [16]–[18], and has been further
optimized in 1999 by Wiereret al. % [19]. Par-
allel with this “wave” optics-based technique exploiting cavity
interference effects, “ray” optics-based techniques oriented to-
ward geometrical light collection were introduced. In 1992,
Hewlett-Packard produced its first LED with transparent su-
perstrate % . Elaboration of the principle and geo-
metrical optimization resulted in 1999 in a pyramidal shaped
device with world record efficiencies of 60% [20]. In 1993,
Schnitzer and Yablonovitch [21] proposed the idea of random
surface texturing to enhance escape probability by scattering
of the photons, a principle resumed in 1998 by Windischet
al. giving rise to thin film devices with % [22]. The
LED with a radial outcoupling taper [23] is another successful
technique which tilts the path of the photon inside the semicon-
ductor until it reaches the semiconductor-air interface within
the extraction cone.

This paper will give a review of the RCLED. This high-ef-
ficiency light emitter is no longer just an object of research. It
has been launched commercially in 1999 by Mitel Corp. (now
Zarlink Semiconductors) for plastic optical fiber (POF) com-
munication applications. The market for LEDs for communi-
cations is increasing, for instance the newly approved standard
for 100BASE-SX (Fast Ethernet) is based on 850-nm LEDs
[24]. RCLEDs are benefitting from this evolution: recently,
RCLEDs emitting red light in combination with POF is pro-
posed as the standard for FireWire or i.Link (IEEE1394b) [25].
This standard covers broadband service applications such as
digital TV, DVD, etc. Several companies do participate in this
commercialization of the RCLED for communication applica-
tions and some extend this activity toward noncommunication
applications.

First, a theoretical investigation of the planar RCLED is pre-
sented. Theoretical models to analyze spontaneous emission can
mainly be subdivided in two major approaches. The first series
is a quantum-mechanical description based on quantization of
the electromagnetic field and mode density. These methods can
become complex and their application is restricted to simple,
ideal media [9], [26]. The second series is based on a classical
approach valid in the so-called weak-coupling regime, which is
the working regime of practical planar RCLEDs. Spontaneous
emission is modeled as an electric dipole. To calculate the far
field emission, a transfer matrix formalism is implemented for
the plane wave components of the dipole field. This numerical
method is described in detail in a series articles by H. Benisty
et al. [27]–[29] and in [30], [31]. For the sake of physical in-
sight, this numerically solvable analysis is summarized in Sec-
tion II. The different parameters influencing are then pre-
sented in Section III. Section IV discusses some guidelines and
figures of merit for comparison of high-efficiency LEDs. Sec-
tion V reviews the state-of-the-art of high-efficiency RCLEDs.
Although planar RCLEDs have been optimized thoroughly, ad-
vanced techniques to improve even further are nevertheless
still welcome. Some of these techniques are presented in Sec-
tion VI. Future prospects end this paper.

Although the principle is extendable to all sorts of material,
the examples and general trends given in this paper are limited
to semiconductor devices.

Fig. 1. Structure of a light-emitting multilayer device. The emitting medium
has a refractive indexn , the intermediate layersn ; n ; . . . ; the half
infinite surrounding median . The emitting layer has a thicknessd. The
dipole is located at a distanced from the interface with the first layer of the
upper mirror; at a distanced from the interface with the first layer of the bottom
mirror. The upper mirror has a reflection coefficientr ; the bottom mirror a
reflection coefficientr . Interference takes place when the radiation is reflected
back and forth between the two interfaces of the layer. The emission angle� and
� are defined in thexyz coordinate system.

II. BASICS OFSPONTANEOUSEMISSION IN A LAYERED MEDIUM

A. Modification of Emission Pattern: Theoretical Treatment

In an RCLED [also called micro-cavity LED (MCLED)],
spontaneous emission is generated in a multilayer Fabry–Pérot
(FP) resonator, in which interference effects alter the internal
angular power distribution (Fig. 1). With an appropriate cavity
design, the preferential propagation direction of the photons
can thus be forced from total internal reflection regime toward
the extraction cone, benefitting to . Together with this
increase of directivity and/or efficiency due to a redistribution
of the photons, the spontaneous emission rate will be enhanced
due to the Purcell effect. However, because of the planar
geometry and the rather small reflectivity coefficients of the
cavity mirror(s) in practical applications, the Purcell-factor is
close to one, resulting in a negligible spontaneous emission
rate enhancement (see Section II.B).

In this so-called “weak coupling” regime, the spontaneous
emission of electron/hole pairs can adequately be represented
by an electric dipole. An electric dipole can be decomposed
in a horizontal electric dipole (with dipole moment in the (-
)-plane) and a vertical electric dipole (with dipole moment along
). In bulk semiconductor material the dipoles can have any

orientation or equivalently one third of the power generated
by the dipoles is generated by vertical dipoles and two thirds
by horizontal dipoles. In unstrained QWs there is a substantial
preference for emission through horizontal dipoles [33]. Fur-
thermore, if a compressive strain is added to the QW, a strong
enhancement of radiation through horizontal dipoles is real-
ized, while tensile strain enhances vertical dipoles [34]. The nor-
malized monochromatic electromagnetic field from the dipole

can be Fourier transformed with respect toand
in a set of plane waves [30]. The Fourier spectrum contains

arbitrarily large wave vectors and , spanning propagative
and evanescent contributions ,

with the refractive index of the source layer,
and the vacuum wavelength and . The -com-
ponent of , can be expressed as a function of

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

TABLE I
SOURCETERMS FORHORIZONTAL AND VERTICAL DIPOLES

Arranging the integrand of the Fourier transformation properly,
the plane wave amplitude can be expressed as a density
per unit solid angle

(3)

where a time variation of is assumed and in which for
the square root of (2) the solution with zero or negative imag-
inary part is chosen and . A plane
wave component of the field resulting from an electric dipole
has its electric field in the plane of the dipole moment and the
wavevector , vanishing sinusoidally for emission in the direc-
tion of the dipole moment [32] (Fig. 2). Decomposing an ar-
bitrary linear polarization into TE (transverse electric or: the
plane wave has its -field in the ( - )-plane and orthogonal to

) and TM (transverse magnetic or: has its -field transverse
to the plane of incidence), averaging the field amplitude over
the azimuthal angle and normalizing the total emitted power
(the term is omitted for simplicity) results in plane
wave amplitudes (expressed as a density per unit solid angle)
summarized in Table I.

Decomposition of the electromagnetic problem in purely TE
and TM systems in relation with the multilayer interfaces, trans-
forms the vectorial electromagnetic problem in three simple
scalar problems. Indeed, the beauty of TE-TM decomposition
lies in the polarization-maintaining reflection or refraction of
TE and TM waves upon a planar interface. Analysis of elec-
tromagnetic wave propagation in an isotropic layered structure
can as such be decomposed in two uncoupled systems. The TM
system has to be elaborated for vertical and horizontal dipoles,
the TE system only for horizontal dipoles. From Fig. 1, it is clear
that for the respective dipole orientations and polarizations, the
emitted intensity , with the internal emission angle,

caused by the source’s plane wave component is given
by :

(4)

(5)

with the upwards and downwards amplitude
reflection coefficients, the upwards power transmission co-
efficient, and

and
and the distances of the dipole from the in-

terfaces of, respectively, the first layer of the upper mirror and
the first layer of the bottom mirror. are polarization
dependent and can be calculated using a transfer matrix method
[30]. The numerator is called the standing wave factor
and is responsible for the dependence of the emitted intensity
on the position of the source: the radiated emission in a partic-
ular direction is high if the standing wave field strength at the
source position is high. The denominator is independent of the
position of the source, but depends strongly onand , and is
called the cavity enhancement factor or Airy factor . The
Airy function is periodic in with a period , and at a max-
imum, the cavity is said to be resonant. These maxima define a
resonant mode and obey the phase condition

(6)

with a positive or negative integer. In Section III, it will be
clear that these resonances account both for FP and
guided modes , with the critical
angle for total internal reflection (TIR), with the refrac-
tive index of the external surrounding medium (see Fig. 1). If

, the resonator is “perfect” and the mode will never
be damped after the excitation is switched off. This occurs when
there are no losses, neither due to absorption nor extraction.

For bulk semiconductor material where emitting dipoles are
isotropic on average, the total emitted angular intensity is
given by

(7)

and the extraction efficiency can be defined

(8)

Equation (8) has to be solved numerically, approximating the
integral by a discrete summation.
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Fig. 3. Modification of spontaneous emission rate or the Purcell effect accord-
ing to (10) and (11).

B. Total Emission Enhancement or Purcell Factor

Theimpactof thecavityonthetotalpoweremittedbythedipole
can be expressed as the spontaneous emission (SE) lifetime al-
teration of the radiative electron-hole recombination process

emitted dipole power in cavity
emitted dipole power in bulk

(9)

where and are the lifetimes with and without cavity. The
change of carrier lifetime due to the presence of a cavity is
known as the Purcell effect [35]. The Purcell factor expresses
this carrier lifetime change and has been derived by Purcell
as . It is defined for 3-D optical cavities of
volume and mode quality factor with the
narrow emission linewidth around[36].

The impact of a planar cavity on the change of spontaneous
decay rate has been studied in detail [8], [37], [38]. In the case
of a cavity with perfect (100% reflecting) mirrors, an analytical
expression for the SE enhancement has been derived in [38] for
the case of a horizontal dipole in the middle of the cavity. The
results depend on the phase of the mirror reflection coefficient.
For there are modes, but only

are excited ( means: largest integer smaller than
the argument), with the cavity order or normalized cavity
length, a measure for the number of resonant modes, which is
defined in Section III. The others are not excited because the
dipole is located at a zero of the mode profile. The decay rate
enhancement can then be expressed as

(10)

For there are modes, of
which are excited and the resulting decay rate enhancement is

(11)

The terms in in these expressions correspond to TE-waves,
whereas the terms in correspond to TM-waves. The two
expressions are shown in Fig. 3 as a function of. One can see
that apart from the singular behavior for small in the

case, the maximum SE enhancement is three and is ob-
tained in a half-wavelength thick cavity with (perfect
metallic mirrors). For thick cavities the Purcell effect converges
to one. In other words, thick cavities with many modes have a
similar impact on the dipole as uniform space with a continuum
of modes.For real metals, the phaseshift lies inbetween theseex-
treme cases, and can give rise to an intermediate Purcell factor.

In three-dimensional (3-D) cavities, the Purcell effect can
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 microcavities and microdisks
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.

III. D ESIGN RULES

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
be used as guidelines in the first phase of a design. If one al-
lows for some parameter variations in the experimental devices,
it is often unnecessary to move to detailed numerical analysis, at
least for simple planar RCLEDs. An RCLED can be optimized
to fulfill diverse conditions. We will discuss the optimization of
overall extraction efficiency, considering several practical con-
figurations. First, some cavity variables will be defined.

A. Finesse, Quality Factor, and (Effective) Cavity Order

The full-width at half-maximum (FWHM) of the resonant
peaks caused by the Airy factor , is inversely pro-
portional to thefinesse

(12)

with the separation between two adjacent resonances. The
cavity order is defined as the normalized cavity length, when
ideal mirrors are assumed :

(13)

(14)

(15)

The cavity order is a measure for the number of resonant
modes in the bare ideal cavity: from reformulation of the reso-
nance condition (6) as , it is clear that the number
of resonances is limited to . It also links with thequality
factor of the FP mode, when small variations are considered

(16)

Using the numerical analysis of Section II.A, the intensity
emitted by an isotropic point source in an RCLED of cavity
order with ideal mirrors can be calculated and is
depicted in Fig. 4(a). The Airy function is modulated with the
standing wave factor for respective source positions s1 and s2
placed at different distances from the bottom mirror interface
as defined in Fig. 4(d). This coupling strengthis proportional
to the respective mode intensity at the source position. When
the source is located at a node of the standing wave pattern, no
coupling occurs. This happens for the second and forth mode
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(a) (b)

(c) (d)

Fig. 4. (a) Internal angle-resolved TE intensity of an ideal (angle independent reflection coefficientsr andr ) RCLED withm = 4 for, respectively, source
location s1 and s2. (b) Corresponding Airy Function of, respectively, a�-, (� � � )-, (� + � )- and(� + 2� )-cavity for source location s1. (c) Graphical
definition ofQ andF . (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
height of s2, coupling to all modes is realized. The resonant
mode in the extraction cone is called theFP mode,
the other “trapped” modes are the guided modes. The Airy
function is presented for different cavity thicknesses around

in Fig. 4(b). The source is kept at the center
of the cavity, leaving invariable. A shift of the resonant peaks
toward smaller (larger ) for increasing cavity thickness
is observed. An optimal value for is deduced in the next
paragraph. and are graphically defined in Fig. 4(c).

In reality, the phase of the reflection coefficientsand of
a multilayer depends on the wavelength and angle of incidence.
Considering the FP mode, in a small range around its working
point, the phase will change approximatively in a linear way.
This allows to define penetration depth, defined as the depth
measured from the interface, where an ideal mirror interface
should be positioned to give rise to the same variation of the
phase. As the reflectivities of the individual interfaces have a
distinct spectral and angular behavior, two penetration depths
and corresponding effective cavity thicknesses can be defined
using (6) and (13)–(15)

(17)

(18)

gives rise to an effective cavity order

(19)

When the resonances of the cavity are characterized by a high
, a rough estimate for can be obtained: the Airy function

can be approximated by a Dirac distribution for which is
translated to a ratio of discrete sums.

(20)

The numerator accounts for the extractable modes and the the
denominator for all modes, both FP and guided modes. For the
RCLED of Fig. 4(a), with the source located in the center of the
cavity , only even modes are excited with equal. With a
single mode in the extraction cone (20) can be written as

(21)

The importance of for extraction efficiency estimation is
thus obvious: the extraction efficiency depends on the penetra-
tion depth of the mirror. In general the penetration depth is pos-
itive, resulting in an increase of . A novel design—the
RC2LED—realizes a negative angular penetration depth using
a nonperiodic high index-contrast mirror. As a result, coupling
to small NA is enhanced (see Section VI) [39].
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(a) (b)

Fig. 5. Internal angle-resolved (a) TE intensity of horizontal dipole and (b) TM intensity of vertical dipole in a�-cavity.

(a) (b)

Fig. 6. (a) Internal angle-resolved TE intensity for�-, (� + � )-, (� � � )-cavity (� = � =n ). (b) Internal angle-resolved TE intensity in a�-cavity 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
Thickness and Position of Active Layer

Fig. 5 shows a generic example of a monochromatic hor-
izontal dipole (TE) and vertical dipole (TM) in the middle of a
semiconductor layer, thickness and refractive index
surrounded by air. This is a cavity with rather modest mirror
reflectivity (about 30%) for normal incidence and perfect re-
flectivity (100%) for oblique incidence in the total internal re-
flection regime. Two resonances appear in the upwards emitted
intensity through plane : a broad resonance from
to corresponding with the extractable FP mode and a
second high resonance at for TE and for
TM, or the guided mode trapped in the cavity. The FP mode
shows a peak at although the phase resonance operation
point, defined by (6) is fulfilled for . This is due to the
higher reflectivity coefficient of slanted angles, resulting in a
stronger Airy factor than at phase resonance operation point. In
a lossless cavity, the guided mode corresponds with a singularity
in the power flux, as can be expected from (5). This singularity
is not unphysical: integration over a finite solid angle results in
a finite value.

To maximize , the thickness of the layer has to be opti-
mized. The FP enhancement has to be located optimally in the
extraction cone to maximize its extraction: is proportional
to the ratio of the area below the Airy function within the ex-
traction cone to the total spanned surface. Fig. 4(b) shows that
extraction will be maximal for the ideal cavity if the Airy-factor
peak is located symmetrically in the interval or

. With (6) and can
be deduced and is approximately given by [40]

(22)

This skew propagation direction corresponds with an optimal
cavity thickness correction

(23)

With Snell’s law , this cavity thick-
ness results in an external angle of approximately

. The detuning will influence the external emission
profile strongly: the “rabbit-ears” in the emission pattern are an
unavoidable property of highly efficient RCLEDs. This results
in different design parameters for devices with an overall high
efficiency and devices with a high efficiency toward a limited
NA around the surface normal direction needed in optical fiber
communication applications. The internal angle-resolved inten-
sity is depicted in Fig. 6(a) for varying cavity thicknesses.

The position of the dipole in reference to the standing wave
pattern defines the coupling strength of the source to this op-
tical mode. It is expressed by the standing wave factor .
This factor reveals that the use of a thin active layer located
at a standing wave node results in minimal coupling strength,
while at an antinode height coupling strength is maximal. The
optimal dipole position is thus at an antinode of the extractable
FP mode as shown in Fig. 6(b), where the FP mode vanishes for
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(a) (b)

Fig. 7. Internal angle-resolved TE intensity for (a)�-cavity and (b) 2�-cavity.

a dipole at the level of a node. The interference effects are av-
eraged out when a thick—at least —bulk active layer is
used, halving the overall enhancement as compared to the thin
active layer placed at an antinode.

The effect of drastically increasing the cavity length is shown
in Fig. 7 where is changed from to , while the
dipole is kept in the middle of the cavity. The intensity profile
clearly shows a growing number of resonances when the cavity
length is increased. Equation (21) can be applied to estimate the
trend of : increasing the reduced cavity length results
in a drop of . This explains why an RCLED needs to have
a small cavity length. Ideally, the total optical power is emitted
in a single extractable FP mode, using a -cavity. However,

-cavities are in generally used in practical applications for sev-
eral reasons. Due to losses, finite spectral width, etc., the cou-
pling efficiency of the optical power to a single FP mode is not
as efficient as Fig. 7 might suggest (see next section). Secondly,
in case the cavity is set up by metallic mirror(s), a cavity im-
plies that the distance of the active layer to the metal is very small
and can result in considerable losses due to nonradiative energy
transfer from the dipole to the absorptive metal [41]. For a per-
fect mirror with phase shift the distance is maximally
(e.g., about 70 nm for a GaAs RCLED emitting at 980 nm). For
realistic metallic mirrors, with a phase shift different from,
this distance is even further reduced by some tens of nanome-
ters (a reduction of about 45 nm for a GaAs RCLED emitting at
980 nm with Au-mirror). Finally, from a technological point of
view, a -cavity is preferable to its thinner counterpart, and will
in general be used in practical devices both when metallic mir-
rors or dielectric mirrors are used. A metallic mirror requires a
heavily doped contact layer to ensure good electrical contact. Ex-
periments evidenced that minimal thicknesses of several tens of
nanometer (50 nm for a GaAs RCLED emitting at 980 nm with
Au-mirror [42]) are needed for the contact layer. As this contact
layer (heavily doped GaAs) extends to a distance of some 20 nm
from the active layer, there is not much space left for bandgap
engineering to optimize the device. Multiple QW layers sand-
wiched in a carrier confinement structure [like graded refractive
index (GRIN) confinement structures optimizing carrier caption
[43]] typically have a total thickness of about 120 nm. When di-
electric mirrors are used, a sideways current supply is needed to
pump the device. In this case again, a minimal thickness can be
needed. To achieve proper carrier injection and low series resis-
tance, extra layers can be added in the cavity.

C. Cavity With DBR Mirror(s): Effect of Mirror Reflectivity

Besides the cavity thickness tuning, the efficiency of the
RCLED depends strongly on both amplitude and phase of the
reflection coefficient of the cavity mirrors. Fig. 8 generically
shows the amplitude and penetration depth of different mirrors
as a function of the angle of incidence for TE and TM polar-
ization: a semiconductor/metal interface, a semiconductor/air
interface and a distributed Bragg reflector (DBR) mirror.
A DBR mirror consists of a periodic quarter-wave stack of
alternating high and low index material.

For both the back mirror and outcoupling mirror, the penetra-
tion depth has to be minimal to enhance the extraction efficiency

[see (21)]. For the outcoupling mirror, absorp-
tion losses have to be low.

The metallic mirror scores best for minimal penetration
depth, but is preferably not used as an outcoupling mirror due
to its high absorption losses. When metal is used as the back
mirror, deposited on the semiconductor after epitaxial growth,
the device will be bottom-emitting and a transparent substrate
is needed, or a substrate removal. The metal will both serve as
mirror and electrical contact.

The penetration depth of a DBR decreases with increasing re-
fractive index-contrast. Approximate expressions for the pene-
tration depth around the working point and ,
with the Bragg wavelength, are given in [44], for a large
number of DBR pairs

(24)

(25)

with , respectively, the highest and lowest refractive
index of the DBR stack. The penetration depth decreases with
decreasing number of DBR pairs. (24) and (25) define an upper
limit for the respective penetration depths. It is important to
note that and this for all . With , the
most significant parameter to determine , the effect of
high index-contrast mirrors on penetration depth will be less ef-
fective than might be expected from , the commonly used
definition for penetration depth. Not intuitive is the fact that

, and hence, are minimal for . When
a transparent material set with high refractive index-contrast
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 8. Reflectivity and penetration depth as a function of the incident angle (� = � = 0:98 �m) 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 interface(N = 30). (g)–(h) GaAs–(AlOx-GaAs DBR)–GaAs
interface(N = 10).

can be found, a DBR is suitable for both back and outcoupling
mirror.

In practical applications, a single facet extraction is preferred.
This requires a very high reflectivity of the back mirror (ideally
1), which can be met by both a metallic mirror or a large stack

DBR. Optimizing light extraction at the output facet, requires
moderate reflection coefficients and corresponding finesse
and for the FP mode. The reason is three-fold [27]: Con-
sidering a monochromatic source in a lossless cavity, is
proportional to the ratio of the area below the Airy function
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(a) (b)

Fig. 9. (a) Angular limits of the reflection band and of TIR band as a function of the index-contrast(n = 3:52). (b) Internal angle-resolved TE intensity for
�-cavity with Au mirror and GaAs–AlAs and GaAs–AlODBR, respectively.

within the extraction cone to the total spanned surface [cf. (8)
and (20)]. It is thus clear that the finesse of the FP mode has an
optimal value, such that the peak resides well in the extraction
cone, and above which value increases only marginally.
With the resonant peak given by (22), an approximate criterion
can be deduced

(26)

or , with the reflection coefficient that gives rise
to a factor as defined in (26).

Secondly, practical cavities have absorption losses. A mod-
erate prevents a large number of round trips in the cavity,
minimizing the absorption losses. If such losses are low enough,
the FP resonance will not be affected, and criterion (26) will
apply. In case of large losses, the width of the FP resonance
remains large for increasing , and maximum efficiency is
reached when the “exit losses” or extraction equal the absorp-
tion losses, corresponding with some value . The criterion
becomes: .

Finally, due to the nonzero natural linewidth of the dipole
source (the emitting material intrinsic spectrum), improving
extraction efficiency at some wavelengths occurs at the expense
of other wavelengths, which can cause a decrease of the spec-
trally integrated efficiency. If is
lower than (see (26)), it is of no use
to enlarge the finesse of the cavity, that is , with

corresponding with . In semiconductors, the relative
intrinsic spectral width tends roughly to scale with the wave-
length due to thermal motion of carriers

(27)

Hence short wavelength RCLEDs [e.g., InGaP red RCLED
(see Section V)] do not suffer from the linewidth penalty. In
GaAs-based RCLEDs is of the same order as . In
long wavelength RCLEDs, the broadening is larger than

, which explains why it is very difficult to make 1.3- or
1.55- m RCLEDs with high efficiency.

The rule of thumb for the optimal reflection of the outcou-
pling mirror can be summarized as

(28)

From Fig. 8, (21) and (28), it is clear that a DBR with a high
refractive index contrast is a suitable outcoupling mirror. On
the other hand, the angular response of a DBR (Fig. 8) gives
evidence of a high reflectivity around [45]

(29)

but vanishes for larger. Reflection rises again when TIR in-
side the DBR is met. The part with low reflectivity gives rise
to a continuum of optical modes, called the DBR-leaky modes.
This is comparable with emission in bulk. These modes and the
guided modes in the TIR regime are lost. The limits of the stop
band and of TIR are drawn in Fig. 9(a) as a function of the low
refractive index in a DBR stack when . A high
index-contrast material suppresses the leaky modes in favor of
the extraction but most of all in favor of the guided mode [46].
The angle-resolved internal intensity of a metal/DBR cavity is
depicted in Fig. 9(b) for the respective index-contrasts marked
in (a).

In a microcavity bound by DBR-mirror(s), the Purcell-factor
for horizontal dipole is generally close to unity (between 0.8
and 1.2 typically) except if the cavity thickness goes to 0 or

. The reason for this is two-fold. First of all, the DBR
is leaky over a wide angular range which means that in this
range the situation is little different from homogeneous material.
Secondly, the penetration depth of the DBR leads to an enlarged
effective cavity thickness, even with zero cavity thickness. This
enlarges .

D. Temperature Influence and Saturation

Injection of carriers in the active region can be performed by
optical pumping or current injection. For practical use, electri-
cally pumped devices are far more preferred. This does not only
call for an electrically optimized design next to an optically op-
timized design, generally requiring a compromise, but can lead
to detrimental temperature effects. First, the higher the current
density, the broader the intrinsic emission spectrum. This results
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in a decreased overlap between the cavity resonance and the
intrinsic spectrum, and a decreased extraction efficiency. Sec-
ondly, as the current increases, the electrical dissipation in and
around the active layer, caused by the nonradiative recombina-
tion and ohmic heating by the series resistance, results in a tem-
perature increase of the active region. The temperature increase
has two consequences. First, the internal quantum efficiency de-
creases (with a characteristic temperature) [30]:

(30)

Second, the cavity resonance wavelength (mainly due to the
temperature dependency of the refractive index, and little due
to the thermal expansion of the material) and the intrinsic emis-
sion wavelength (due to the decreasing gap energy of semicon-
ductors with increasing temperature) will shift at different rates
toward longer wavelengths. The shift of the cavity resonance is
much smaller than the shift of the peak wavelength emitted from
the active semiconductor material. This results in a temperature
dependent overlap between the intrinsic emission spectrum and
the cavity enhancement, and a decreasing extraction efficiency
when increasing current [47].

The decrease of efficiency as a function of the current level
results in a saturation of the optical power. The decrease in ef-
ficiency at low currents is related to the increasing full-width
at half-maximum (FWHM) of the intrinsic spontaneous emis-
sion profile. At higher current levels the thermal effects become
more important, and the efficiency decreases faster. At a cer-
tain current level, the optical power does not increase anymore.
This maximum power is proportional to the RCLED area. Typ-
ical values are in the order of severalW/ m , but do strongly
depend on the thermal resistance of the ambient media.

If the current density of the device is known in advance,
proactive design can partially intercept the temperature effect
on efficiency at the working point. A detuning has to be chosen
such that the overlap between intrinsic emission spectrum and
the cavity enhancement increases as function of increasing
temperature and is maximal at the operating temperature. The
increase should at least compensate the decrease of the internal
efficiency. This implies a decreased efficiency at low tempera-
ture compared to a cavity designed for maximum efficiency at
the same temperature. The performance at the working point is
best expressed as a differential efficiency (see Section IV).

E. Large Diameter RCLEDs and Photon-Recycling

The photons emitted in the guided wave can not escape the
cavity and are—at first sight—lost. However, they can be re-
absorbed in the active layer, and be re-emitted. This recycling
effect increases the internal efficiency , and thus, the overall
external efficiency of the device, as an electron will have
a higher probability to produce a photon that escapes from the
cavity. This is expressed by an “apparent internal quantum effi-
ciency”

(31)

The reabsorption factor is defined as the ratio of the number
of recycled photons to the total number of internally generated

Fig. 10. Efficiency increase due to recycling as a function of top spacer
thicknessd and number of GaAs–AlAs DBR pairs of GaAs�-cavity emitting
at 980 nm.

photons. This ratio depends on two factors: the number of pho-
tons emitted into the guided mode and the number of guided
photons that is reabsorbed in the active layer before they escape
the cavity laterally or are absorbed in the rest of the cavity. The
first depends on the layer structure (i.e., the cavity tuning). The
second factor depends on the characteristic absorption length of
the layer structure and the device diameter. The characteristic
absorption length of a cavity is a function of the absorption co-
efficient of the active layer (which depends on the carrier den-
sity in the active layer) and the overlap between the internal field
profile and the active layer. The guided mode is not necessarily
concentrated around the active layer: the field profile can be con-
centrated in the DBR, resulting in a rather small overlap factor.
A typical value of the absorption length is 50m. Consequently,
the recycling effect is present in large diameter devices and neg-
ligible (or even absent) in small diameter devices. Fig. 10 shows
the calculated increase of in case of full lateral reabsorption
(i.e., device diameter much larger than reabsorption length) and
assuming an internal quantum efficiency %. The re-
cycling increases as function of the number of DBR pairs, as
this results in a more concentrated field profile around the ac-
tive layer, and thus, an increased overlap. The influence of a
variation of the thickness of the top spacerof the cavity is
less pronounced. In large devices, the recycling effect results in
a 1.4 times enhancement of the overall efficiency.

F. Modulation Bandwidth of RCLEDs

Besides efficiency, the modulation bandwidth is of uttermost
importance in communication applications [15], [47]. The re-
sponse of an LED can be described by rate equations

(32)

(33)

with the injected current, the volume of the active re-
gion, the nonradiative lifetime andthe carrier concentra-
tion. is the bimolecular recombination coefficient, describing
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the radiative recombination speed. For simplicity, the Auger re-
combination, dominant at very high carrier concentrations is ne-
glected (only in long wavelength devices, Auger recombination
can be an important effect, and should not be neglected) [48].

The radiative recombination speed is found after averaging
the recombination lifetime of an electron-hole pair in the
semiconductor over all available energy levels of the electrons
and holes in the active region. Therefore, it includes the Purcell
effect. This implies that the microcavity effect which alters
the optical mode density and thus the Purcell factor, will
influence the dynamics of the RCLED. However, as mentioned
in Section II.B, the spontaneous emission rate enhancement
depends on the emission wavelength, the cavity parameters
and the dipole orientation. The change in lifetime is limited
for practical cavities with an AlAs–GaAs DBR [38]. Several
experiments have been reported [7], [49]. The largest decrease
in recombination lifetime is obtained with a high-cavity
(corresponding to a small cavity bandwidth), optically pumped
RCLEDs and an overtuned cavity. The measured decay time
was 10% shorter compared to standard LEDs.

Besides the effect of the cavity on the bimolecular recombi-
nation coefficient, the speed behavior of RCLEDs is similar to
standard LEDs. Although the radiative recombination lifetime
is slow, compared to stimulated emission, special enhancements
can be used to speed up the devices. Examples are the use of a
background doping, the use of peaking current driver circuits
or voltage drivers, and the use of smaller active regions (such as
QWs). Photon recycling (see Section III.E), based on absorption
and re-emission of emitted photons affects the bandwidth of the
(RC)LED. It increases the LED’s response time to an electrical
input signal. Photon recycling can be beneficial for high-effi-
ciency applications but undesirable for high-speed communica-
tion devices.

IV. GUIDELINES FORCOMPARISON OFHIGH EFFICIENCY LEDS

There are many ways to compare the performance of high-ef-
ficiency LEDs and the preferred technique depends strongly on
the application. In spite of the importance of the external effi-
ciency , it has to be emphasized that an objective compar-
ison of the different techniques to enhance can only be ob-
tained when a complete analysis is done. This includes in the
first place a clear indication of the definition of the indicated
efficiencies and saturation values and a comparative analysis of
some basic aspects. A checklist is given hereafter.

The external performance of an LED can be expressed in dif-
ferent ways, making comparison of devices to be done with care.
The commonly used definitions to express the efficiency and
saturation values are presented in Table II.

The external quantum efficiency is the most commonly
used definition expressing the number of photons per injected
electron. Either the overall can be given, or the to a lim-
ited numerical aperture (NA). The corresponding relevant abso-
lute value is the maximum photon flux . These definitions
allow to compare LEDs with a different emission wavelength.

The wall plug efficiency is an alternative for . It takes
into account the series resistance of the diode, as it is defined
as the ratio of the emitted optical power to supplied electrical

TABLE II
COMMONLY USED DEFINITIONS TO EXPRESSEFFICIENCY

AND SATURATION VALUES

power , with the bias voltage (V). Again, an NA can be
specified. The maximal output power indicates the satu-
rated power or radiant flux.

The photometric efficiency weighs the wall plug effi-
ciency with the relative luminosity (lm/W), defined by the
Commission Internationale de l’Eclairage (CIE). is pro-
portional to the effectiveness in stimulating the human visual
sense. is, thus, only defined for LEDs emitting visible
light. The maximal luminous flux scales the radiant flux
with the relative luminosity.

The density efficiency is a measure for the efficient ac-
tive use of the available surface. It is defined as the ratio of the
inverse of the extraction surface to the inverse of the sur-
face of the active layer . In a RCLED and
thus very high. This parameter is important for scaling of high
brightness devices. expresses the maximal total near-field
power density or radiant emittance.

The radiant efficiency defines the conversion efficiency
of the electrical power to the peak radiance. is the satura-
tion radiance. The radiance is a quantity that—at best—is con-
served in an imaging system: the radiance of the image cannot
be higher than that of the object. Therefore, high radiance is im-
portant in any application where light needs to be focused to a
small spot or where light needs to be coupled into a fiber with
finite core size and numerical aperture. While the radiance of a
RCLED is still orders of magnitude lower than that of a laser
(for a given power), it is easily orders of magnitude larger than
that of an LED chip with light extraction from all chip sides or
with small density efficiency.

The luminous efficiency weighs the radiant efficiency
with the relative luminosity . Brightness is defined as the
optical luminous power per unit solid angle per unit surface
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TABLE III
REFRACTIVE INDEX CONTRAST IN COMMONLY USEDMATERIAL SYSTEMS

. and are only defined for LEDs emitting visible
light, due to the relative luminosity in their definition. Unlike
the efficiency, the power and brightness of an LED can be aug-
mented when the pumping level is increased. The commercial
labeling “high brightness” LEDs is strongly linked with “high
efficiency” as the saturation level of a device at high pumping
levels can only be increased when efficiency is increased.

A distinction has to be made between an efficiency and a
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
be excessive nonradiative recombination, parallel current paths,
saturation effects, .

• Is the device optically or electrically pumped? Electri-
cally pumped devices demand electrical contacts, complex
doping profile, etc. This tends to go together with geomet-
rical issues that are not always favorable for .

• What is the emission wavelength? The intrinsic linewidth
penalty, (27), scales with the wavelength. Moreover, the
wavelength more or less defines the used material system.
Table III summarizes commonly used material systems for
different wavelength ranges. The refractive index contrast
that can be realized varies strongly from wavelength range
to wavelength range. As mentioned in Section III, the re-
fractive index contrast is an important figure to determine
the penetration depth of the DBR, and thus, the extraction
efficiency.

• scales roughly spoken with .
This has to be kept in mind when comparing the perfor-
mance of RCLEDs with different refractive index e.g.,
polymer RCLEDs and semiconductor RCLEDs.

• Is the device encapsulated by an epoxy dome? Embedding
the semiconductor device in a transparent plastic with a
dome shape, enlarges the extraction cone in the semicon-
ductor, and hence, its . The waves impinge more or
less normally on the surface of the large dome and are ex-
tracted.

• Is the device emitting through a single surface or do sev-
eral surfaces contribute to the extraction? Some applica-
tions, e.g., fiber coupling and array devices do demand a
single surface emitting diode. Is the diameter specified?

Fig. 11. Simulation of� of a 980-nm RCLED as a function of top spacer
thicknessd and number of DBR pairs.

• The simplicity of fabrication: How easy can the produc-
tion process be adopted for mass production?

• Dependent on the application, advanced characteris-
tics—directivity, speed—can play an important role in
the suitability of the device.

V. STATE OF THE ART

An overview of high-efficiency RCLEDs presented in litera-
ture is given. The overview is limited to electrically injected de-
vices without epoxy encapsulation, unless explicitly mentioned.

A. 980 nm

Unlike the 650 and 850–880 nm RCLEDs (cf. below), there is
up until now, no killer application for 980-nm infrared devices.
Moreover, there is a strong competition of 980-nm VCSELs.
Nevertheless, thorough investigation on these devices has been
carried out and is still going on. The GaAs–Al(Ga)As material
system is used with InGaAs high-quality strained QWs for ac-
tive material. Contrary to 650/850–880 nm, GaAs is transparent
for 980-nm light. This makes devices emitting at 980 nm prefer-
able for proof of principle experiments. Highly efficient bottom-
emitting devices, grown by MOCVD are reported in [17]. With
a Au–(GaAs–AlAs)-DBR asymmetric-cavity, the metal layer
both serving as electrical contact and as mirror, and three In-
GaAs-strained QWs, the overall external efficiency of 80-m
devices is up to 17%. When the diameter is larger, photon-re-
cycling is more significant. An overall external efficiency up to
23% is obtained for large diameter (1 mm) RCLEDs, or a 1.4
enhancement. The sensitivity of the to the cavity tuning
and the influence of the reflectivity of the bottom DBR, ex-
pressed in number DBR pairs, is shown in Fig. 11. A deviation
of the cavity thickness in the order of from the optimal
value can result in a reduction of the efficiency by a factor three.
The performance of the RCLED is in direct relation with the pre-
cision of the growth of the cavity thickness. This also accounts
for devices in other wavelength ranges.

The measured eye diagram of a voltage-driven 980-nm
RCLED (diameter is 30m) is shown in Fig. 12. Subnanosecond
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Fig. 12. Measured eye diagram of voltage-driven 980-nm RCLED at 1 Gb/s
(diameter= 30 �m).

rise and fall times of the optical signals and communication with
open eye diagrams at over 1 Gb/s have been achieved [50]. The
structure and doping profile are the same as the above-mentioned
high-efficiency devices, but due to the smaller diameter, the
overall external efficiency drops to 11%.

Leaky DBR modes, metal mirror absorption and a trapped
guided mode are the main loss channels. According to Sec-
tion III, a higher index-contrast DBR could result in higher effi-
ciencies due to the suppressed leaky modes and decreased pen-
etration depth . It can be achieved by laterally oxidizing
the Al(Ga)As layers to obtain a high index-contrast AlO–GaAs
DBR mirror . There are some drawbacks how-
ever. This electrically isolating material necessitates advanced
techniques like intracavity contacts. Moreover, the use of a high
contrast DBR is less appreciated in combination with a metallic
top mirror: for a high contrast DBR, the reflectivity of even
a single pair is comparable with the gold mirror, resulting in
detrimental metal absorption losses [cf. (28)]. The benefits of
the use of a high index-contrast AlO–GaAs DBR are, thus
limited to top-emitting devices not using a metallic mirror. A
top-emitting device, aperture diameter 11m, with a lower 6.5
AlO –GaAs DBRs and a one–two period upper SiO–ZnSe
DBR on the -cavity, and a tunnel contact junction to confine
the laterally injected current under the DBR shows external dif-
ferential quantum efficiencies as high as 27% [19]. A laterally
injected top emitting -cavity with a single 3.5 pair AlOx–GaAs
bottom DBR, diameter 350m, shows as high as 27%, en-
capsulated 28% [46].

B. 650 nm

650-nm emitting devices are commercially important for
plastic optical fiber (POF) based communication. Due to their
visible wavelength, they can also serve a broad range of non-
communication applications for which a high efficiency is
important. Like in standard LEDs, the GaAsP material system is
increasingly substituted by the high-quality AlGaInP. Due to the
absorbing substrate (GaAs or Ge), the device is preferably top

emitting with a cavity sandwiched in between two DBR mirrors
andanappropriatecurrent injectiondesign.Devices in the600- to
650-nm range are described by several research groups, showing

ranging 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].
A 300 m 300 m encapsulated device shows a %.
The device, a -cavity with GaInP active layer enclosed by
2 Al Ga As DBRs, is ready for large scale production.

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-
ation (IrDA) (mainly because of the availability of low-cost
Si-based detectors). The demands for these applications are dif-
ferent from telecom applications. While brightness and band-
width are less important, absolute power, overall efficiency, and
low cost are of paramount importance. The obvious material
system for this wavelength range is GaAs, as its bandgap cor-
responds with this wavelength range. On the other hand, this
implies that the use of GaAs in the substrate, as part of the
DBR, etc. will absorb this light, and thus, its use has to be mini-
mized. An 850-nm top-emitting device, consisting of a-cavity
sandwiched between two DBRs grown by MOCVD, shows an
overall efficiency of 14.6% [56]. The top mirror is a 1.5
pair Al Ga As–AlAs DBR, the bottom mirror a 20 pairs
DBR. The decreased refractive index-contrast compared with
a GaAs–AlAs DBR results in the need of a thicker DBR-stack.
Current injection was optimized with a selectively oxidized cur-
rent window with a diameter of 180m.

A 880-nm monolithic top-emitting device with-cavity, a
20 pairs -doped Al Ga As–Al Ga As bottom DBR and
a five–seven pairs top DBR, all grown by solid-source MBE is
reported in [57]. With an emission window of 80m and an
epoxy cap, is 16%.

D. 1300–1550 nm

The principal material system for the pre-eminently telecom-
wavelength devices is InP. In addition to the broader intrinsic
spectrum of long wavelength devices [see (27)], the restrictions
of the appropriate material systems (cf. long wavelength VC-
SELs), limits the maximal efficiency of long wavelength de-
vices. The problem lies in the low refractive index-contrast that
can be realized with InP lattice-matched alloys to form the DBR,
resulting in large penetration depths. Highly efficient 1300-nm
large diameter devices (2 mm) with a peak quantum efficiency
of 9% are reported in [58] using a monolithic cavity grown by
MOCVD. The electrically pumped device is bottom emitting,
using an asymmetric Au/DBR InP-cavity with three 4.5-nm
InGa As P strained QWs. The low refractive index con-
trast of the 5.5 pair InGa As P–InP DBR is the main draw-
back.

Research toward high quality epitaxial DBR mirrors is driven
by VCSEL research. Contrary to RCLEDs, the need for high
index-contrast mirrors in VCSEL’s arises from the sole need for
highly reflective mirrors, whatever their penetration length, say

%. A low 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 efficiency intoNA = 0:5 (Full line: RCR. Dashed line:
DBR). (d) RC2LED.

pairs in order the achieve the high reflectivity, translated into
several growth-related problems. Other InP-lattice matched
alloys are reported in VCSEL literature for fabrication of high
refractive index-contrast DBR mirrors: especially aluminum
and antimonide containing compound semiconductors are
promising candidates [59].

On the other hand, VCSEL research has an increasing interest
in the development of GaAs-based devices for long wavelength
applications, i.e., active material compatible with GaAs. Next to
the possibility of high index-contrast GaAs–AlAs Bragg mirror,
this system is more temperature insensitive and cheaper. A path
not yet entered by RCLEDs, is the use of GaInNAs as active ma-
terial [60] to emit at 1300 nm. The use of quantum dots (QD) has
been investigated in several research groups. With self-assem-
bled InAs-InGaAs QDs emitting at 1300 nm in a single mirror
(Au) cavity, grown by solid-source MBE on a GaAs substrate,
an external quantum efficiency of 1% at room temperature is
obtained, limited by the low radiative efficiency of 13% of the
QDs.

An MOCVD InP-based RCLED of diameter 80m emitting
at 1550 nm with a 6.8% external quantum efficiency is cited
in [62]. The device is bottom emitting, using an asymmetric
Au/DBR(12 pairs InGa As P–InP) cavity. The active re-
gion consists of three 7.5 nm In Ga As P QWs.
An electrically pumped top-emitting all epitaxial InGaAsP–InP
DBR/DBR RCLED is reported in [63], optimized for high cou-
pling efficiency to fiber, the main demand for this wavelength,
instead of overall efficiency.

VI. A DVANCED TECHNIQUES

A. RC2LED

In the RC2LED, a symmetric resonant cavity is added to the
outcoupling mirror [39]. This novel mirror design, the resonant

cavity reflector (RCR) yields high reflectance for off-axis in-
cidence, combined with a moderate reflectance for normal in-
cidence. This results in a narrower radiation pattern. Also, be-
cause the angular penetration depth is negative, extra resonances
are created within the extraction cone, which boosts the ex-
traction efficiency. These TE reflection properties of the RCR
are depicted in Fig. 13(a)–(b) and compared with the corre-
sponding DBR, sketched in (d). These factors combine to yield
an extraction efficiency to a given NA which can be 50% to
100% higher than conventional RCLEDs. The extraction effi-
ciency in a NA , for a GaAs–AlOx RC2LED (see [39])
with Gaussian spectrum with FWHM nm is shown in
Fig. 13(c). This idea has not been verified experimentally yet.

B. Photonic Crystal Assisted RCLED

The main drawback of planar RCLEDs is the distribution of
the optical power over several optical modes, while only a frac-
tion will be extracted. Leaky modes and guided modes are lost,
except through partial photon-recycling by reabsorption (see
Section III.E). When the planarity of the RCLED is abandoned,
control on the inplane dimensions can be obtained. The world of
photonic crystals (PCs) and resonant cavities meet in the pho-
tonic crystal assisted RCLED (PCA-RCLED). A PC is a one-,
two-, or three-dimensional (1-D, 2-D, 3-D) periodic corrugated
medium. Its wavelength-scale period and high refractive index
contrast can strongly influence the optical mode density. Apart
from the 1-D PC, in the form of a DBR mirror already present in
most RCLEDs, a 2-D PC can be added in the plane of the device.
Different top-emitting configurations are sketched in Fig. 14.
Configuration (a) and (b) inhibit emission in the guided mode,
(c) and (d) extract the guided mode using a 2-D PC.

1) Inhibition of Guided Mode:The periodic corrugation can
provide a bandgap in the dispersion relation of the guided modes
at the emission frequencies. Emission will then initially be pre-
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Fig. 14. Photonic Crystal Assisted RCLED. (a) 2-D PC etched through the
active layer. (b) 2–D PC to inhibit lateral emission by creating an inplane
cavity. (c) Shallow 2-D PC to extract guided mode, extraction of guided mode
and active region coincidence. (d) 2-D PC surrounding active region to extract
guided mode,extraction of guided mode and active region do not coincidence.
The opposite mirror is in each case a DBR.

vented in the guided modes [64]. Eliminating the guided modes
at the transition frequency, spontaneous emission can be en-
hanced to couple to the free space modes via the FP mode. In the
first configuration, a 2-D PC is etched through the active layer of
the planar RCLED [65]. Besides troublesome current injection,
etching through the active layer can cause large nonradiative re-
combination rates due to induced surface states. An alternative
configuration to somehow circumvent latter problem is sketched
in (b). A bare cavity is surrounded by a 2-D PC. The high reflec-
tive 2-D PC creates an inplane cavity. To be efficient, the lateral
dimensions of the microdisk have to be of the same order as the
wavelength, cf. the vertical dimensions of the planar RCLED.
These dimensions are in general quite smaller than the diffu-
sion length of carriers, and thus, do not fully tackle the nonra-
diative recombination problem at the etched surfaces. Moreover,
due to the small inplane cavity dimensions, only small satura-
tion values can be achieved [66]. Depending on spectral width
and absorption losses configuration (a) or (b) is preferred [67].
Since a bandgap can be opened in the guided mode spectrum
with holes not etched through the active material, surface re-
combination can be completely avoided using shallow gratings.

2) Extraction of the Guided Mode:Far more practical than
inhibition of the guided mode is its extraction. The diffractive
properties of the periodic grating can redirect the laterally
propagating resonant guided mode to an extractable direction
in the extraction cone. Because of the high power fraction in
these guided modes (see Fig. 9), the use of such gratings can
result in a higher . In configuration (c), the shallow PC
or grating coincidences with the active layer, but is not etched
through it. The 2-D grating is designed to diffract efficiently the
guided mode to the extraction cone, and thus, to the free space
optical modes. Theoretical investigation of a GaAs 980-nm
cavity with GaAs–AlAs bottom DBR and metallic grating, the
so called grating-assisted RCLED (GA-RCLED), predicts an

of over 43% [68]. First experiments confirm guided mode
extraction, but is still moderate [69]. A six-fold extraction
enhancement is reported for an optically pumped asymmetric
cavity with a DBR and a semiconductor-air interface [70], but
absolute efficiencies are not mentioned.

A variant on the latter can be found in a 2-D periodic cor-
rugation surrounding the active region. In these devices, the FP

mode is extracted in the central part of the light source where the
layers are homogeneous, the guided mode leaves the semicon-
ductor in the surrounding periodically corrugated region. The
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
mode. The PC has to be designed to scatter the guided mode
efficiently to the free space modes lying above the lightline, this
for all inplane directions. Theoretical investigation of a top emit-
ting laterally current injected-cavity with AlO –GaAs DBR
is promising: a supplementary extraction of 10% is predicted
as worst case scenario [71]. Optically pumped thin-film devices
showed a six-fold efficiency increase compared to the unetched
thin-film in an NA [72].

Configuration (c) is technologically more tedious since the
grating, and thus, its deviations, influences the cavity directly
(see Fig. 11 for sensitivity of to cavity tuning variation).
On the other hand, because the extraction and generation region
are not separated, it is more efficient in the use of its active layer
to total emitting surface than (d), resulting in a compact device
with relative better .

VII. FUTURE PROSPECTS OFRCLEDS

RCLEDs are not the only candidates that can be used as
high-efficiency light source in communication and noncommu-
nication applications. They compete with other high-efficiency
LEDs and with VCSELs.

The key merit of a RCLED as compared to many other
high-efficiency LED types is that it is a planar device, allowing
for 1-D and 2-D arrays. In combination with its both high effi-
ciency and high radiance or brightness, this makes the RCLED
an ideal light source for multimode fiber coupling in array
applications and opens the possibility of massively parallel
optical data communication. Non-communication applications,
e.g., sensors, printers, and scanners, do also require arrays of
small diameter sources with high radiance.

Fabrication of a RCLED is similar to the fabrication of
conventional planar LEDs: straightforward and at low cost. No
advanced processing techniques are needed that can boost up
costs.

In terms of modulation bandwidth, all LEDs are limited by
the same fundamental limitation, i.e., the spontaneous emission
lifetime. The modulation bandwidth of RCLEDs can be rela-
tively high without penalty on efficiency because they generally
have thin active layers and a small diameter resulting in a rela-
tively high current density. Therefore, the carrier density in the
active layer is relatively high leading to high modulation rates
up to about 1 Gb/s (see Section III.F and Section V).

While RCLEDs and LEDs both rely on spontaneous emis-
sion, VCSELs are based on stimulated emission in high
factor cavities. The cavity is formed by placing an active
layer (QWs or QDs) between two DBRs. In contrast with the
DBRs of the RCLED, both DBRs need to be highly reflecting,
because the single-pass gain of these very thin active layers
is rather small. This fundamentally different physical process
of stimulated emission makes the VCSEL a monochromatic
optical source, with a near-diffraction limited output field
(single-mode VCSEL). These characteristics make the VCSEL
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far more suitable for coupling to single mode fibers than
RCLEDs. Moreover, the fast stimulated emission makes it
possible to modulate a biased VCSEL up to about 10 GHz.

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
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
and RCLED, the principle is qualitatively suitable for all wave-
lengths, although quantitatively strongly depends on the appro-
priate material system. However, the RCLED has less stringent
requirements on the material system. Especially the high gain
in the active region and the high quality of the optical cavity are
difficult the achieve in some material systems.

Another noteworthy aspect is that VCSELs, as all lasers, have
a threshold current below which the efficiency is zero. LEDs do
not have a threshold current and therefore they can outperform
VCSELs in situations where a high efficiency is needed at a low
power operation point. This can be the case in high density array
applications.

The RCLED is an incoherent source. While this fact makes
the RCLED unsuitable for coupling to single mode fibers, it
should be emphasized that coherence is not necessary for cou-
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.

Finally, the low-temperature dependence of the output power
of a RCLED (see Section III.D) can be desirable in various ap-
plications that are used in extreme circumstances. However, due
to the multifacetted and complex temperature behavior of both
RCLEDs and VCSELs, a comparison can not be expressed in
terms of simple statements.

In conclusion, it is clear that the RCLED can serve a broad
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 and
when the incoherent nature of the source is not a problem or is
even an asset. In particular, dense array applications do profit
from the combination of properties of the RCLED.

The RCLED has been introduced on the market for 650-nm
applications and is ready to be commercialized for a broader
range of applications.
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