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Resonant-cavity light-emitting diodes (RCLEDs) are a new generation of LEDs which have
an active region inside a planar Fabry-Perot micro-cavity. Tlie cavity is resonant with the
emission wavelength of the active region. RCLEDs exhibit directed emission of very high
spectral purity and have enhanced efficiency as compared to conventional LEDS, whicli
makes RCLEDS attractive for applications in silica fiber based communication Systems.

Light-emitting diodes (LEDS) are widely used as
sources in short and medium distance optical fiber
communications because Of their reliability, low cost,
temperature insensitivity, and large fiber-alignment
tolerancest).  There is considerable interest, there-
fore, il improving the efficiency and spectral charac-
teristics of 1ght-emitting cliodes. Tlie resonant-cavity
light-emitting diode (RCLED) is a nem type of LED
with improved spectral purity as well as enhanced
intensity>=1. The RCLED has tlic active region (pn-
junction) inside a. Fabry-Pérot micro-cavity. One of tlie
cavity modes (usually tlie fundamental mode) is in res-
onance with tlie emission wavelength of tlie active semi-
conductor. As aresult of the micro-cavity, the emission
characterist:cs of this device are changed dramatically.

Tlie reflcctors of tlie cavity can be either distributed
Bragg reflectors (DBRs) or metallic reflectors (e.g. Au
or Ag). Th= distributed Bragg reflectors consist of a
stack of two alternating materials with different refrac-
tive indices. The thickness of eacli layer in tlie DBR
is one quartar of the resonance wavelength of the cav-
ity. Very high reflectivities can be obtained, if the two
materials CO1stituting tlie DBK arefully transparent at
tlie wavelength of interest. Reflectivities > 99% have
been reported using such DBRs™ . Metallic reflectors,
in particular silver (Ag), have reflectivities of 98-99%
at tlie air-Ag interface and 95-97% for tlie GaAs-Ag
interfacel”), The magnitude of tlie GaAs-Ag reflectivity
is sufficientl:r high for RCLED applications.

In order "o illustrate the principle of the RCLED we
first consider a planar Fabry-Pérot cavity illustrated in

Fig. 1. Tlie cavity cousists Of two co-planar reflectors
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with reflectivities B; and R. The phase shift incurred
by the electromagnetic wave upon reflection is assumed
tobe ¢; = ¢ = 0. Planar waves propagating along the
optical axis of the cavity can eitlier constructively or
destructively interfere with theinselves, asshownin Fig.
1. Whereas constructively interfering waves can form
stationary modes in tlie cavity, destructively interfering
modes annihilate themselves and therefore cannot exist
in acavity. The optical modes are referred to as allowed

modes and disallowed modes, respectively.
Assuming perfect reflectors of the cavity with R =

Ri = Ry = 1 and no absorption losses inside the cavity,
photons cannot escape froni the cavity. In such an ideal
cavity, the spectrum of allowed modes is a train of §-
functions!™, asillustrated in Fig. 1. The mode of lowest
frequency, vg, is the fundamental cavity mode. For ¢ =
é1 = ¢y = 0, the wavelength of the fundamental mode
isgiven by A = 2L., where L, is the cavity length.
Whereas tlie plioton lifetinie in an ideal cavity is
infinite, tlie photon lifetiine in any real cavity is finite.
Tlie finiteness of tlie lifetime can be due to either non-
perfect reflectors, i.e. Ry <1 and &y < 1or dueto ab-
sorption losses inside the cavity. As a consequence, tlie
cavity modes are spectrally broadened, as illustrated in
Fig. 1. The broadening can be deduced from the un-
certainty relation AET & h, where AE = hAv is the
broadening of the optical mode, 7 is the photon lifetime
inside tlie cavity, aiid & is Planck's constant. Assum-
ing a transparent cavity medium (no absorption) and
tlie reflectivities Ry and Ry, the average cavity escape
probability per single pass of a plioton inside the cavity

is given by
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Figure1l: Optical resonator consisting of two reflectors with
reflectivities Ry and R and phase shifts ¢; and ¢2. The
spectrum of allowed inodes of an ideal cavity (R = R; =
R, = 1) consists of train of é-functions. For a cavity with
R <1, tlie allowed modes are broadened. Tlie mode broad-
ened Av can be calculated from the uncertainty relation
AEAT < h.

where we assumed R; = Rp; = 1. The mean photon
lifetime inside tlie cavity is then given by
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where f = ¢/nL, is tlie oscillation frequency of thc

r=(fp)' =

photon inside the cavity: » is the refractive index of tlie
cavity medium, and L, isthe cavity length. Using Eqgs.
(1) and (2), tlie broadening of the modes is given by
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where Q is called the cavity quality factor.

We next consider an optically active medium, for ex-
ample asemiconductor, inside aplanar cavity. At room
temperature, tlie semiconductor has a natural emission

spectrum that reflects the thermal distribution of elec-
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Figure 2: Schematic natural emission spectrum and broad-
ened optical modes of a resonator. The natural emission
spectrum does and does not overlap with a resonator mode
for the resonance and off-resonance cavity, respectively.

trons and holes in tlie bands. The theoretical spec-
tral width of the band-to-band transition is 1.8 kT [l
which can be much broader than the broadened opti-
cal mode of the cavity. The natural emission spectrum
of the semiconductor can be either in resonance or off-
resonance with one of the cavity modes, as schemati-
cally illustrated in Fig. 2. We first consider the case of
off-resonance and discuss the spontaneous emission of
photons along the optical axis of tlie cavity. As illus-
trated in Fig. 2, no overlap exists between the mode
distribution and tlie natural emission spectruin. There-
fore, photon emission along the optical axis of the cavity
is inhibited for any non-resonant wavelength. That is,
tlie emission probability is low for off-resonance emis-
sion and the corresponding lifetime is long.

We next consider acavity which hasan optical mode
in resonance with the natural emission spectrum of the
semiconductor. We assume that the cavity mode isnar-
rower than the natural emission spectrum of the semi-
conductor, as illustrated in Fig. 2. As afirst conse-
quence of the cavity, the optical emission of the struc-
ture has a narrower linewidth, 1.e. a higher spectral
purity ascompared to the natural emission spectrum
of the semiconductor. That is, the lineshape of the
emission is determined by the shape of the cavity mode
rather than by the thermal distribution of carriersin the
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bands of the semiconductor. Very pure spectral emis-
sion Witli linewdiths < k7" have indeed been observed
in RCLEDs 271,

As a second consequence of tlie cnvity, the on-
resonance emission Of the semiconductor is drastically
enhanced. ""he enhancement factor GG, has been deter-
mined to bel4]

G = (14 VRy)*(1 “rRl)
(1= VR R,)?

where R is tlie reflectivity of tlie light-exit mirror, Ry

(4)

is the high-eflectivity back-side mirror, and Ry > R
lias been assumed. Equation (4) is valid if the optically
active medium is at tlie anti-node position of the stand-
ing optical wave inside tlie cnvity. For typical semicon-
ductor stru:tures, tlie emission enhancement G, can
assume values of 50-100 at tlie resonance wavelength(4.
Knowing the emission spectrum of the active medium
without cavity, Egs. (3) and (4) allow one to determine
the enhancement of integrated inlensity compared to a
structure w:thout mirrors. We estimate tlie integrated
intensity enhancement to be a factor of 8 in tlie struc-
ture describetl in this publication.

Tlie strt cture and layer sequence of an RCLED is
shown in Iig. 3. Tlie sequence of epitaxial layers of
the structurs, which was grown by molecular-heam epi-
taxy, consisss Of an nt-type GaAs substrate, a 12 pe-
riod DBR., an AlGaAs confinement layer, 4 strained
GalnAs quentum wells with GaAs barriers, a second
AlGaAs cor finement layer, and a pt-type GaAs con-
tact layer. “"he top Ag electrode serves as a top reflec-
tor as well as an ohmic contact t0 the semiconductor.
Tlie top contact has a diameter of 20 pm and is defined
by Si0Oy. T /Au metallization is used as bonding pad
for the diode. AuGe metallization aloyed at 400°C for
20 seconcls forms tlie back-side contact. Light emission
occurs through a window in the AuGe contact. Tlie
window is coated witli cubic circonium (ZrO2:Y) which
serves as ar anti-reflection coating. We estimate the
reflectivity of tlie top aiid bottom reflector to he 96%
and 92% respectively.

Tlic room-temperature emission spectrum of the
RCLED is shown in Fig. 4 The RCLED spectrum
exhibits a single line at 937 nm of high spectral pu-
rity. The full-width at half-maximum of tlie spectrum
is only 5 nra corresponding to 7 meV. Note that the

linewidth is much narrower than kT (25 meV) at room

447

temperature. The current used to drive the LED is 14

mA.

Figure 4 also shows the optical spectrum of a com-
mercial GaAs LED (AT&T optical data link, ODL 50
Mbit/sec) at a drive current of 40 mA. This LED has
tlie same contact diameter (20 um) asthe RCLED. The
LED spectrum is 50 nm wide correspoiiding to 80 meV,
i.e. approximately afactor of 10 wider than tlie RCLED
spectrum. Tlie narrow spectrum of the RCLED may
allow it to be used in wavelength division multiplex-
ing applications, where several signals are sent along
tlie same fiber at dliglitly different wavelengths. Tlie
narrow RRCLED spectrum is also beneficial for reducing
the chromatic dispersion of a signal sent. over several

kilometers of optical fiber.

The optical power vs. current curve for the RCLED
at 300K is shown in Fig. 5. Shown is the far field inten-
sity in tlie normal direction on tlie right vertical axis,
aiid tlie butt-coupled power into a 62.5 pm graded in-
dex multi-mode fiber on tlie left vertical axis. The far
field and coupled power curves are the identical shape,
and can be shown as a single curve. The output effi-
ciency of tlie device is very high for currents less than
14 mA, but starts saturating at higher currents due to
the cffects of band filling. Even further optimization of
tlie device efficiency should be possible. Butt-coupling
to tlie substrate underfills tlie 0.29 numerical aperture
of the fiber, so coupled power can always be increased
by lensing. Further processing to create an integrated
lens etched into tlie GaAs substrate would typically in-
crease the coupling efficiency to the fiber by afactor of
2.5-3, while only dliglitly increasing tlie coupled spectral
width.

We finally compare the RCLED structure with that
of a vertical-cavity surface-emitting laser (VCSEL). We
note that tlie two devices, although hoth devices have
basically similar structures, have two significant differ-
ences. First, the mirror reflectivitiesof tlie RCLED are
much lower than the reflectivities required in a VCSEL.
In tlic laser structure, very high reflectivities, typically
exceeding 99%, are required dueto theshort gain length
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Figure 3: Schematic illustration of a (laAs/GalnAs/AlGaAs RCLED with onesilver (Ag) mirror and one distributed Bragg

reflector (DBR).
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Fignre 4: Optical emission spectra at. T = 300K of a con-

ventional AlGaAs/GaAs LED (dashed line) and of a Al-
GaAs/GaAs/GalnAs RCLED (solid line).
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Figure 5 Light-intensity-versus-current curve of an
RCLED. The left ordinate shows tlie power butt-coupled
into a 62.5 pm core graded-index multi-mode fiber. The
right ordinate shows tlie far-field intensity in tlie normal
direction.
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of such lasersl®]. For RCLEDs. tlie required reflectivi-
ties are mu:h lower, typically 85-95% for the light-exit
reflector and 95-99% for tlie back-side niirror. Fabrica-
tion and manufacturing requirements for RCLEDs will
be therefore relaxed as compared to VCSELs. Second,
in RCLEDs the re-absorption probability of photons in
the active area. «Lactive 1S much lower than the pho-
ton transmission probability through the exit reflector,
(1 — Ry). This condition ensures that. at all pump
tevels and operating temperatures, the self absorption
of the cavity does not appreciably quench the cavity
resonance, and therefore the output power. This lack
of self-abso-ption is generally not met by VCSELs!,
which resulfs in very small spontaneous rinission inten-
sities for VOSELs pumped below threshold[].

In summary, we have presented a novel concept for
a light-emitting diode which consists of a pn-junction
diode and a Fabry-Pérot micro-cavity. The fundamen-
tal optical mode of tlie cavity IS in resonance with
the emissio1 wavelength of the active medinm. The
resonant-cavity light-emitting diotle offers several at-
tractive feasures such as a high spectral purity of tlie
emission and an enhanced integrated intensity of the
emission as compared t0 conventional LEDs. Experi-
mental resu ts demonstrate that linewidths of RCLEDs
are ten times narrower thall those of conventional
LEDs. Chiomatic dispersion is therefore reduced in
RCLED-based communication systems. These features
make the device attractive for short and medium dis-
tance optical communication systems and will allow for
lower drive :urrents. higher bit rates, and longer trans-

mission distances.
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