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Temperature and Modulation Characteristics of
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Abstract—Resonant-cavity light-emitting diodes (RCLED) are
novel, high-efficiency light-emitting diodes which employ optical
microcavities. These diodes have higher intensities and higher
spectral purity as compared to conventional LED’s. Analytical
formulas are derived for the enhancement of the spontaneous
emission along the optical axis of the cavity. The design rules
for high-efficiency operation of RCLED’s are established. The
temperature dependence of the emission intensity is analyzed
in the range 20-80° and it is described by an exponential
dependence with a characteristic temperature of 112 K. The
modulation characteristics of RCLED’s exhibit 3 dB frequencies
of 580 MHz. Eye diagrams at transmission rates of 622 Mb/s are
wide open indicating the suitability of RCLED’s for high-speed
data transmission.

I. INTRODUCTION

HE spontaneous emission of an optically active ma-

terial can be changed by placing the material inside
a microcavity whose fundamental optical mode is resonant
with the natural emission wavelength of the optically active
material. Such cavity structures were first proposed by Purcel
[1] for emission frequencies in the microwave regime. The
optically active materials that were used in microcavity struc-
tures include dyes [2], rare-carth elements [3], semiconductors
[4], and polymers [5]. The changes in spontaneous emission
characteristics found in microcavity structures include the
spontaneous emission lifetime [6], the spectral purity [7], and
the intensity of the emission along the optical axis of the
microcavity [8]-[11].

The modification of the spontaneous emission characteris-
tics of microcavity structures can be used in light-emitting
diodes (LED’s) to enhance their optical properties. Such
resonant-cavity light-emitting structures were first proposed
and demonstrated in 1992 [12]. The structure of a GaAs-
based RCLED emitting through the substrate is shown in
Fig. 1. The cavity of the RCLED is formed by an epitaxially
grown distributed Bragg reflector (DBR) and an evaporated
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Fig. 1. Structure of a substrate-emitting GaAs-based
light-emitting diode (RCLED) emitting at 930 nm.

resonant-cavity

silver (Ag) reflector which also serves as a nonalloyed ohmic
contact to the top p*-doped semiconductor layer. The DBR is
designed to have a lower reflectivity than the Ag reflector
in order to couple the light out of the cavity through the
GaAs substrate. The GalnAs quantum well active region has
an emission wavelength of 900-950 nm, where the GaAs
substrate is transparent. Most of the light emitted by the active
region exits the semiconductor through the GaAs substrate
which is coated by a ZrO, antireflection film. Further details
of the device structure will be given below.

Light-emitting diodes have many advantages over semicon-
ductor lasers including: i) higher reliability, ii) lower cost, and
iii) siraplicity of fabrication. These advantages make LED’s
the devices of choice for short and medium distance (<5
km), medium bit-rate (<1 Gb/s) optical fiber communication
system:s.

We first discuss the physics causing the changes of the
spontaneous emission from an optically active medium located
inside a microcavity and we will derive analytical formulas
for the emission enhancement. The spontaneous radiative
transition rate in an optically active, homogeneous medium
is given by [13]

1

Wspont = T;ont
0
= / Wspontp(l/é) dve (1
Jo
where Ws(ﬁ)ont is the spontaneous transition rate into the optical

mode £, and p(vg) is the optical mode density. Assuming
that tke optical medium is homogeneous, the spontaneous
emission lifetime, Tspont, is the inverse of the spontaneous
emission rate. However, if the optical mode density in the
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Fig. 2. (a) Optical mode density of a one-dimensional planar microcavity
(solid line) and of a homogeneous one-dimensional space. (b) Theoretical
shape of the luminescence spectrum of bulk semiconductors.

device depends on the spatial direction, as in the case of a
cavity structure, then the emission rate given in (1) depends
on the direction. Equation (1) can be applied to some small
range of solid angle along a certain direction, for example
the direction perpendicular to the reflectors of a Fabry—Perot
cavity. The spontaneous emission rate into the optical mode

2, Ws(ﬁ)ont, contains the dipole matrix element of the two
electronic states involved in the transition [13]. Thus, Wi

spont
will not be changed by placing the optically active medium

inside an optical cavity. However, the optical mode density,
p(ve), is strongly modified by the cavity.

We next compare the optical mode density in free space to
the optical mode density in a microcavity. For simplicity, we
restrict our consideration to the one-dimensional case, i.e., to
the case of a coplanar Fabry—Perot microcavity. Furthermore,
we restrict our consideration to the optical emission along
the optical axis of the cavity. In a one-dimensional (1-D)
homogeneous medium, the density of optical modes per unit
length per unit frequency is given by

2
plv) = = @)

where n is the refractive index of the medium. Equation (2) can
be derived using a similar formalism used for the derivation
of the mode density in free space [13]. Equation (2) shows
that the one-dimensional optical mode density is a constant,
as shown in Fig. 2(a).

In planar microcavities, the optical modes are discrete and
the frequency of these modes are integer multiples of the
fundamental mode frequency. The fundamental mode is the
optical mode with the lowest frequency, vp. For a cavity
with two metallic reflectors (no distributed refiectors) and a
zero or 7 phase shift of the optical wave upon reflection, the
fundamental frequency is given by vy = ¢/2nL. where c is
the velocity of light in vacuum and L. is the length of the
cavity. If the cavity length L. equals one or a few multiples
of one half of the emission wavelength of the optically active
medium, the cavity is termed a resonant microcavity.

The optical mode density of a planar microcavity is
schematically shown in Fig. 2(a). The fundamental and first
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excited mode occurs at the frequency vy and 21y, respectively.
The spectral width of the optical modes can be derived
from the photon lifetime in the cavity and the Heisenberg
uncertainty principle. The spectral width of an optical mode,
Av, is given by

VFSR
Ay =
YTTF

Yo
=7 (3)
where vpsr is the free spectral range of the Fabry—Perot
cavity as shown in Fig. 2, and F is the finesse of the cavity.
Equivalently, the spectral width of the mode can be expressed

as

v
Av AX
=Q 4)

where Q is the cavity quality factor. The finesse of a cavity
is given by

1/4
F — W(Rl Rz) (5)
1—+Ri Ry

where R; and R, are the reflectivities of the two reflectors
forming the cavity. The cavity @ is related to the finesse by

2L,

@= A

where L. is the cavity length and )\ is the wavelength of
the cavity mode of interest. The peaks of the optical mode
density in a cavity occur at the frequencies vy, 2vg, 3vp, - - -,
as shown in Fig. 2.

We next determine the peak value of the optical mode
density at the frequency of the fundamental mode, i.e., p(vp).
The peak mode density can be derived by integration of the
mode density in the vicinity of vy over frequency and the
cavity length L., which yields the number of optical modes.
Integration over the fundamental mode of the cavity yields

L. vo+turg/2 Vo
/ / p(v)dLdv = p(rg) yal L.=1. ()
JO Jvg—vg/2

The result of (7) yields unity, because the integration is carried
out over one optical mode. The peak optical mode density is
then given by

F (©)

plo) = 225 ®
Comparison of (2) with (8) shows a significant enhancement
of the emission rate at the resonance frequency of the cavity
where the optical mode density of a 1-D microcavity is a factor
of F larger than that of a 1-D homogeneous medium. Because
the emission rate at a given frequency is directly proportional
to the optical mode density [see (1)], the emission rate at the
resonance wavelength will be enhanced by the finesse of the
cavity. Thus the emission rate enhancement at the resonance,
G., is given by

Ger F
_ i By (9a)
C1-VR Ry

This equation represents the average emission rate enhance-
ment out of both reflectors. To find the enhancement out a
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single direction, we multiply the enhancement given by (9a)
by the fraction of the light exiting the mirror with reflectivity
Ry divided by the average loss of the two mirrors for one
round trip in the cavity. For large R; and Ry, this gives for
the enhancement of the emission exiting F;

Q. ~ 2(1 - Ry)
2~ R1 — RQ
L 1-R
“1-VR Ry
__’TI’(Rl R2)1/4(1 —Rl) (9b)
T (1-=VRiRy?
This equation represents the emission rate enhancement out of
a single reflector with reflectivity R;. The result of (9a) and
(9b) can be also obtained by quantum-theoretical calculations
[14]. However, (9a) and (9b) do not take into account the
standing wave effect, that is, the distribution of the optically
active material within the cavity.
The exact expression for G, valid for all combinations of
reflectivities R; and R is given by [6]

G = & 0V = R) 7o
N 2 (1 — VvV R] Rz)z T

where R; is the reflectivity of the light-exit mirror and there-
fore R; < R,. Equation (10) takes into account the standing
wave effect, which provides an additional enhancement if
the optically active medium is located at the antinode of the
standing optical wave of the cavity. The antinode enhancement
factor £ has a value of 2, if the active region is located exactly
at an antinode of the standing wave inside the cavity. The
value of £ is unity, if the active region is smeared out over
many periods of the standing wave. Finally £ = 0, if the
active material is located at a node. Equation (10) also takes
into account changes in the spontaneous emission lifetime.
For planar microcavities, the ratio of the spontaneous lifetime
with cavity, 7.qv, and the lifetime without cavity, 7, is about
Teaw/T = 0.9 [6]. Note that (10) gives an enhancement factor
which is by (1 + /R2)?/[x(R; R2)*/*] ~ (4/x) higher than
that given in (9b). This discrepancy is due to the approximation
made in (7).

The total enhancement integrated over all wavelengths,
rather than the enhancement at the resonance wavelength, is
relevant for many practical devices. Exactly on resonance, the
emission is enhanced along the axis of the cavity. However,
sufficiently far off resonance, the emission is suppressed.
Because the natural emission spectrum of the active medium
(without cavity) may be much broader than the cavity res-
onance, it is, a priori, not clear if the integrated emission
is enhanced at all. To calculate the wavelength-integrated
enhancement, the spectral width of the cavity resonance and
the spectral width of the natural emission spectrum must be
determined. The former can be calculated from the uncertainty
relation and it is given by (3).

The theoretical width of the emission spectrum of bulk
semiconductors is 1.867 [15], where k is the Boltzmann con-
stant and T is the absolute temperature. At room temperature,
1.8kT corresponds to an emission linewidth of A}, = 31

a

o

(10)
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nm assuming an emission wavelength of 900 nm. For a
cavity resonance width of 5-10 nm, one part of the spectrum
is strongly enhanced, whereas the rest of the spectrum is
suppressed. The integrated enhancement ratio (or suppression
ratio) can be calculated analytically by assuming a Gaussian
natural emission spectrum which is, at room temperature,
much larger than the width of the cavity resonance. The
integrated enhancement ratio (or suppression ratio) is then
given by [8]

Gint = GV In 2 %

The value of G;,: can be quite different for different types of
optically active materials. Narrow atomic emission spectra can
be enhanced by several orders of magnitude [4]. On the other
hand, materials having broad emission spectra such as dyes
or polymers [2] may not exhibit any integrated enhancement
at all.

We next calculate the wavelength-integrated enhancement
for the RCLED structure discussed in this publication by
using (10) and (11). With the reflectivities By = 90% and
Rs = 97%, an antinode enhancement factor of { = 1.5
and 7.4,/T = 1, one obtains a peak enhancement factor of
G. = 68 by using (10), and a finesse of F' = 46 by using
(5). Insertion of this value into (11), using a cavity resonance
bandwidth of AX = 6.5 nm [8], and the theoretical 300 K
natural emission linewidth of AX = 31 nm, one obtains an
integrated enhancement factor of Gine = 21. Experimental
enhancement factors of five have been demonstrated [8] which
is lowar than the theoretical value. The discrepancy is in part
due to a broader natural emission linewidth which exceeds the
theoretical value of 1.8k7T.

The spontaneous emission spectrum of a bulk semicon-
ductor is shown in Fig. 2(b). For optimum performance of
RCLED’s, the cavity must be in resonance with the natural
emission spectrum, as shown in Fig. 2. Note that additional
broadening mechanisms, such as alloy broadening will broaden
the natural emission spectrum over its theoretical value of
1.8kT. Quantum-well structures have an inherently narrower
spectrum (0.7kT), due to the step-function-like density of
states. Low temperatures and excitonic effects can further
narrow the natural emission linewidth. Thus, even higher
enhancements are expected for low temperatures and quantum
well active regions.

Resonant-cavity LED’s have been reported for emission
wavelengths in the 850-950 nm range [7], [8], [12], [16],
and in the visible spectral range [17], [18]. For the visible
RCLED’s, the emission band was 4.8 nm wide with a peak
emission at 670 nm. AllnP/(AlGa)InP distributed Bragg re-
flectors (DBR) were used as bottom and top reflectors [17],
[18].

(1)

II. EXPERIMENTAL

The epitaxial layers used in this study were grown by
molecular-beam epitaxy on (001) oriented NT-type GaAs
substrztes. The epitaxial layer sequence consist of a 9 pair
AlAs (783 A)/GaAs (655 A) DBR doped at Np = 3 x 10*®
cm ™2 followed by the lower confinement region consisting
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of Alg40GaggoAs linearly graded to GaAs over a thickness of
960 A. The bottom half of the graded confinement region is
doped at Np = 1 x 10™® ecm™ 3. The active region consists of
a 100 A thick undoped GaAs layer followed by 3 undoped
GapssIng 14As (80 A) quantum wells separated by 100 A
undoped GaAs layer. The last GalnAs quantum well is clad
by a 100 A thick undoped GaAs layer. The upper confinement
region is linearly graded from GaAs to Alg.40Gag.soAs over
1000 A. The top half of the upper confinement region is p-
type doped at Ny = 5 x 10*7 em~3. The p-type confinement
region is clad by 250 A Alg 4GaggoAs (N = 1 x 10%9
em ™). A 300 A thick GaAs contact layer (N4 = 3 x 10%°
cm3) completes the epitaxial growth.

After epitaxial growth, the wafers are mapped by photo-
luminescence and reflectivity measurements. The wafers are
processed by first depositing borosilica glass on the p-side
of the wafer. After thinning the wafer to 125 pm, cubic
zirconia is deposited on the substrate side of the wafer as
an antireflection coating. The n-type metallization consists of
AuGe/Ni/Au annealed at 380 °C for 30 sec. Circular 175 pm
diameter cubic zirconia windows serve as light-exit regions
on the substrate side. The p-type contact consists of 2000 A
Ag followed by 500 A Au, and a Ti/Au metallization for wire
bonding. The Ag serves as a nonalloyed p-type ohmic contact
as well as a reflector.

Room-temperature electroluminescence measurements were
carried out using phase-sensitive “lock-in” detection and a Si
photodetector. Optical power measurements were performed
by using a HP 8153A optical power meter with a Si-detector
head. The light collection solid angle of the power mea-
surements was +10° x +10° about the optical axis of the
cavity. For the high-speed measurements, the light emanat-
ing from RCLED’s was butt coupled into a 62.5 um core
diameter step-index multimode optical fiber. The modulated
light was detected by a high-speed optoelectronic converter
(BCP, Model 310) and a Tektronix sampling oscilloscope (Tek
7704A). The devices were modulated with a pulse generator
HP 8131A and an Anritsu bit pattern generator for “eye-
diagram” measurements.

III. RCLED DESIGN PARAMETERS

We next summarize several design rules for RCLED’s.
This summary will also provide further insight in the funda-
mental operating principles of RCLED’s and the differences
of these devices from vertical-cavity surface-emitting lasers
(VCSEL’s). The first design criterion for RCLED’s is that
the reflectivity of the light-exit reflector, Ry, should be much
lower than the reflectivity of the back reflector, i.e.,

Ry < Ro. 12)

This condition implies that light exits the device mainly
through the reflector with reflectivity R;. This condition is
required for communication LED applications (where all light
should be emitted into the core of a multimode fiber) as well
as for display LED’s (where all light should be emitted to
the observer). For the RCLED’s discussed here, the back
reflector is a silver mirror. On GaAs, silver reflectors have
typical reflectivities of 96-97%. Thus, the DBR front mirror
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(see Fig. 1) is designed to have a reflectivity less than 96%.

The second design criterion calls for a short cavity length
L. In order to derive this criterion, the integrated enhancement
is rewritten by insertion of (4), (6), and (10) into (11). One
obtains

In2 X X 2(1-Ry) Teaw
Gt =\ S T AN 2— R Ry 7 3)
where )\ is the operating wavelength in the cavity and Ao is
the operating wavelength in air. Assuming that the operating
wavelength Ao and the natural linewidth of the active medium
(in air), A),, are given quantities, (13) shows that a short
cavity length L. maximizes the integrated intensity. The
shortest possible cavity length is obtained, if the fundamental
mode of the cavity is in resonance with the emission from the
active medium. The cavity length is also reduced by using a
DBR with a short penetration depth, i.e., a DBR consisting of
two materials with a large difference in the refractive index.
Note that (10) also shows that the active medium should be
placed in the antinode position of the optical standing wave
in the cavity which yields ¢ = 2.

The third design criterion discussed here is the minimization
of self-absorption in the active region. This criterion can
be stated as follows: the reabsorption probability of photons
emitted from the active region into the cavity mode should be
much smaller than the escape probability of photons through
one of the reflectors. Assuming Ro = 1, this criterion can be
written as

2%al < (1 R) (14)

where « and £ are the absorption coefficient and the length
of the active area, respectively. If the criterion of (14) were
not fulfilled, photons in the fundamental cavity mode would
be reabsorbed by the active region. Subsequently, re-emission
could occur to the side, i.e., not into the cavity mode. Thus,
if the condition of (14) is not fulfilled, the emission intensity
of a microcavity is lowered rather than enhanced.

Whereas the condition of (14) is fulfilled in RCLED’s,
it is clearly not fulfilled in vertical-cavity surface-emitting
lasers (VCSEL’s). We have therefore compared the sponta-
neous emission intensities of RCLED’s and VCSEL'’s. In this
comparison, the VCSEL was pumped below the threshold
current. The spontaneous emission spectra of an RCLED
and a VCSEL driven by an injection current of 2 mA are
shown in Fig. 3. The threshold current of the VCSEL is 7
mA. The VCSEL has an AlGaAs/GaAs quantum-well active
region emitting at 850 nm. Both reflectors of the VCSEL
are AlGaAs/AlAs DBR’s. Fig. 3 reveals that the emission
intensity of the VCSEL in the spontaneous regime is more
than a factor of ten lower than the emission intensity from the
RCLED. VCSEL’s do not fuifill (14): Because the magnitude
of the maximum gain in semiconductors is always lower than
the magnitude of the absorption coefficient in an unpumped
semiconductor (|g| < |a]), VCSEL’s could not lase if the
condition of (14) were met. Thus, the spontaneous emission
intensity in VCSEL’s is low and must be low in order to
enable the device to lase.

Fig. 3 also reveals that the emission spectral linewidth of
VCSEL’s is narrower than that of RCLED’s. The higher
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Fig. 3. Spontancous electroluminescence spectrum of a vertical-cavity sur-
face-emitting laser (VCSEL) emitting at 850 nm and of a resonant-cavity
light-emitting diode (RCLED) emitting at 930 nm. The drive currents for
both devices are 2 mA. The VCSEL spectrum is multiplied by a factor of ten.
The threshold current of the VCSEL is 7 mA.

spectral purity is due to the higher values of R; and Ry which
in turn are required in VCSEL’s to enable the devices to lase.

The fulfillment of (14) by RCLED’s also implies that
these devices cannot lase. As stated above, it is always
(lg] < lal). As a consequence, the mirror loss (1 — R;) is
always larger than the maximum achievable round-trip gain
(2£g¢). The fundamental inability of RCLED’s to lase has
been experimentally verified by pulsed injecting currents in
excess of 1000 mA without evidence for lasing. The spectral
stability of RCLED’s is demonstrated in Fig. 4 which shows
the electroluminescence spectra for injection currents of 5 and
10 mA. The spectral shape of the emission is very stable and
nearly identical for the two injection currents. The stability
of the emission spectrum is found for direct currents ranging
from 0.5-50 mA as well as for pulsed currents.

The arguments used above imply that the spontaneous emis-
sion into the fundamental cavity mode in VCSEL structures is
very low due to reabsorption of photons by the active region. A
reduction of the threshold current by increasing the reflectivity
will be accompanied by a further decrease of the spontaneous
emission below the threshold current. We therefore conclude
that the so-called zero-threshold laser [19], [20] cannot be
realized by planar microcavity structures.

IV. TEMPERATURE-DEPENDENCE
OF RCLED CHARACTERISTICS

The emission intensity of RCLED’s depends, as in conven-
tional LED’s, on the temperature. Several materials parameters
depend on temperature including the energy gap of the semi-
conductor active region. The gap energy of semiconductors
decreases with increasing temperature and the temperature
dependence of the energy gap can be calculated by

aT?

T+p

For GaAs, the parameters are given by E,(0K) = 1.519 eV,
a = 541 x 107* eV/K and § = 204 K. In the temperature
range 20°C < T < 100°C, the dependence of E, on T is
approximately linear. Thus, the luminescence signal of the
active area shifts to longer wavelengths as the temperature
is increased.

Second, the resonance of the Fabry—Perot cavity shifts with
temperature, due to i) the dependence of the refractive index on

E, = E,(0K) — (15)
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Fig. 4. Electroluminescence spectrum of an RCLED emitting at 930 nm at
drive currents of 5 and 10 mA.

temperature, and ii) the change of the layer thicknesses caused
by thermal expansion. Generally, the modes of semiconductor
Fabry—Perot cavities shift to longer wavelengths as the temper-
ature is increased. However, the shift of the cavity resonance
mode is much smaller than the shift of the peak wavelength
emittzd from the active semiconductor material [21].

Assume that the peak of the natural emission spectrum and
the cavity resonance are matched at room temperature. Thus,
considering the two different temperature dependences of the
gap energy and the cavity mode, the natural emission spectrum
and the cavity mode will be off resonance at temperatures other
than room temperature. A decrease in the optical intensity is
therefore expected for T > 300 K.

A decrease of the RCLED optical output power is also
expected due to a decreasing radiative efficiency at higher
temperatures. This well-known decrease is due to the tem-
perature dependence of nonradiative Shockley—Read recom-
bination processes and due to the temperature dependence of
nonradiative Auger recombination processes.

The intensity-versus-current characteristics of an RCLED
is shown in Fig. 5 for temperatures ranging from 21-80 °C.
At room temperature, the emission wavelength of the device
is 930 nm and the peak of the natural emission spectrum is
matcaed to the Fabry—Perot resonance. The light output shown
in Fig. 5 decreases as the device is heated to 80 °C. At this
temperature, the light output is 62% of the room-temperature
value.

Also shown in Fig. 5 is the calculated intensity of the
perfect isotropic emitter. This hypothetical planar device is
assumed to have a 100% internal quantum efficiency, and
an antireflection coating providing zero reflectivity at all
wavelengths. The emission pattern within the active material
of this hypothetical device is assumed to be isotropic. The
light intensity emitted by the ideal isotropic emitter has been
calculated for emission normal to the planar semiconductor
surface [8]. Fig. 5 reveals that the measured intensity of the
RCLED exceeds the calculated emission intensity of the ideal
isotropic emitter.

The intensity of the RCLED at 7.5 mA is shown in Fig. 6
as a function of temperature. The temperature dependence of
the intensity can be expressed by the exponential dependence

I = Ioé—T/Tl (16)
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“ideal isotropic emitter.”

100 20°C__40°C 60 80°C
90
80 - e
70 -
T oop 7
g sof- / .
o}
o 4} T, =112K -
3
< 30} .
>
[=
2
20 - .
w I=le /T
z
(RCLED @ 7.5 mA)
10 Lt . L , ! \ 1 IR
280 300 320 340 360

TEMPERATURE T (K)

Fig. 6. Electroluminescence intensity of an RCLED at a drive current of 7.5
mA as a function of temperature. The temperature dependence is described
by an exponential function with a characteristic temperature of 77 = 112 K.

where Iy is a reference intensity. The dependence given
in (16) is frequently called the T)-law, in analogy to the
Ty-law in lasers. The semilogarithmic plot of the intensity
versus temperature allows the evaluation of the characteristic
temperature 77. Evaluation of the data shown in Fig. 6 yields
a characteristic temperature of 77 = 112 K.

Note that the GalnAs/GaAs quantum wells are relatively
shallow. We expect that by using the deeper GalnAs/AlGaAs
quantum wells, the free-carrier confinement and the values for
Ty can be further improved.

The current-voltage curves of the RCLED for the two
temperatures 20 and 80 °C are shown in Fig. 7. The threshold
voltage decreases by a small amount (2230 mV) at 80 °C when
compared to the 20 °C value. This decrease is consistent with
the decrease of the gap energy.

The current-voltage characteristic displays a leakage current
of approximately 1.4 mA at the threshold voltage (1.3 V). The
device structure is planar and has no mesa. We assume that
the leakage current is due to current flow from the top contact
through the top p-layer to the chip edge. At the chip edge,
the structure of the semiconductor is strongly perturbed which
gives rise to the ohmic leakage component displayed in the
current-voltage curve. The leakage current is also evidenced
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Fig. 7. Current-voltage characteristics of an RCLED at room temperature
and at 80 °C.

by the “foot” in the intensity-versus-current curves shown
in Fig. 5. For voltages larger than 1.3 V, the pn-junction
below the p-type contact “turns on” and light is emitted from
the device. This interpretation is supported by Fig. 5 which
shows that no light is emitted for currents below 1.3 mA. The
magnitude of the leakage current can be strongly reduced by
mesa etching [8].

V. HIGH-SPEED CHARACTERISTICS

Application of RCLED’s in optical communication systems
requires that the diode can be modulated at high speed. The
modulation is generally achieved by a pulsed injection current.
A fundamental limit of the modulation speed is given by
the spontaneous recombination lifetime of free carriers. For
III-V semiconductors, this spontaneous lifetime is on the
order of 1 ns, which implies a maximum modulation rate of
approximately 1 Gb/s.

In RCLED’s, the spontaneous lifetime can be shorter than
the bulk lifetime due to the resonant-cavity effect. However,
the lifetime is the inverse emission rate integrated over all
spatial directions. Whereas the emission rate along the cavity
axis is strongly enhanced, the emission rates along the other
directions are not altered significantly. Therefore, the spon-
taneous lifetime in RCLED’s is reduced by about 10% [22].
The RCLED’s discussed here employ quantum well active
regions. The lifetime of quantum-well structures is reduced as
compared to bulk semiconductors due to the larger overlap of
the electron and hole wave furiction in quantum well structures.
It is consequently expected that RCLED’s can be modulated
at higher speeds than conventional bulk LED’s.

The rise time and the fall time of the optical signal of an
RCLED is shown in Fig. 8(a) and (b), respectively. The times
include the time constant of the pulse generator, the RCLED,
the detector, detector amplifier circuit, and the oscilloscope.
However, the time constant of the RCLED is the longest and
hence the dominant time constant. Thus, the time constants
shown in Fig. 8 are upper limits to the true time constants of
the RCLED. ‘

Fig. 8 reveals that the rise time and fall time of the RCLED
are 2.4 ns and 1.1 ns, respectively. The rise time is more
than twice as long as the fall time of the RCLED. The bias
values for the “on” and “off” state of the RCLED are 1.4 V
and O V, respectively. We explain the strong asymmetry of
the rise and fall time as follows. Upon application of the “on”
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Fig. 8. Detected optical signal emitted by an RCLED driven by a
square-shaped pulse.

voltage to the RCLED, free carriers will accumulate inside the
quantum well. The steady-state emission intensity is achieved
after a time on the order of the spontaneous lifetime. We next
consider the transition to the “off” state of the diode. When
the injection current is reduced to zero, and the free carriers
in the quantum well would recombine radiatively, it would
again take the spontaneous recombination lifetime until the
emission intensity has dropped to the 1/e value. However,
at zero bias (which is the “off” value of the voltage) the
band diagram of the active region is highly sloped due to
the built-in electric field of the pn junction. As a result, the
free carriers are swept out of the quantum wells into the
neutral regions of the semiconductor. This sweep-out time
can be much shorter than the spontaneous lifetime. Thus, the
fall time is determined not by the spontaneous recombination
lifetime but by the shorter sweep-out time. Considering the
magnitude of the built-in electric field and the carrier mobility,
we estimate the sweep-out time to be in the ps range.

To further clarify the origin of the difference in rise and
fall time, the bias of the “off” state has been varied. The
results of this measurement are shown in Fig. 9. The fall time
displays a pronounced dependence on the voltage swing. The
fall time is shortest for the largest voltage swing, i.e., if the
“off” state voltages is zero. This dependence is consistent with
the sweep-out model outlined above. The dependence of the
fall time on the bias cannot be explained by a simple RC time
constant where R and C are independent of voltage. Such an
RC limitation would not exhibit the voltage dependence shown
in Fig. 9.

The 3 dB frequency of the RCLED’s has been determined
by measuring the frequency at which the detector signal
decreases to one half of the low-frequency value. A small
nonlinearity of the detector was corrected for in the measure-
ment. A 3 dB frequency of 490 MHz has been measured for
the RCLED. The rise and fall times of this device are shown
in Fig. 8. Comparison of the 3 dB frequencies for different
RCLED structures revealed that the highest 3 dB frequencies
were attained with devices having a thick SiO; isolation layer
on the p-type side of the device (see Fig. 1 for illustration)
and a small area of the bonding pad on the p-type side of
the device. We expect that the 3 dB frequency can be further
enhanced by reducing the parasitic bond pad capacitance.
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Fig. 10. Eye diagram of the detected optical signal emitted by an RCLED.
The data rate is 622 Mb/s.

The 3 dB frequency can be also increased by pulse-shaping.
The square-wave-shaped drive voltage can be pulse-shaped by
placinz a parallel RC circuit in series with the diode. The R
value of this circuit is chosen to equal the resistance of the
diode. Fig. 7 reveals that the diode resistance is about 20 {2 at
a drive current of 10 mA. The capacitance of the circuit was
chosen to be 100 pF. The RC time constant of this circuit is
then 7 = RC = 2.5 ns which coincides with the RCLED rise
time. 13y using the RC circuit in series with the RCLED, the
3 dB frequency of the RCLED increased to 580 MHz.

Eye diagram measurements were performed to assess the
suitability of RCLED’s for high-speed data transmission. The
eye diagram at a data rate of 622 Mb/s is shown in Fig. 10.
This data rate is used in the well-known “synchronous optical
network” (SONET) standard. The “eye” shown in Fig. 10 is
wide cpen indicating that a low bit error rate data transmission
is possible at that frequency by using RCLED’s. The “on” and
“off” pulse-generator voltages of the diode were 1.4 and 1.1
V, respectively. A pulse shaping RC circuit with R = 20
and C = 100 pF was used for the measurement. We expect
that minimizing parasitic elements (e.g., bond pad capacitance)
and by the employment of a simple pulse shaping circuit, data
transmission rates of 1 Gb/s will be attainable.

This bias values for the “on” and “off” state of the RCLED
used in the eye diagram measurements are 1.4 and 1.1 V,
respectively. These values were read off the display of the
pulse generator. The display voltage applies to loads of 50 2.
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The differential resistance of the diode in the “on” state is 25
Q. A 25 () resistor was put in series to the diode in order to
match the impedance to the 50 2 coaxial line. That is, for
voltages exceeding the diode threshold voltage, the load has a
differential resistance of dV/dl = 50 (1. We have calculated
the true voltage at the diode to be 1.6 and 1.45 V for a pulse
generator display voltage of 1.4 and 1.1 V, respectively. Note
that for loads with dc resistances V/I > 502, the voltages at
the load exceed the voltage displayed by the pulse generator.

We finally note that the spectral linewidth of the RCLED
reduces the chromatic dispersion of silica fibers at the operat-
ing wavelength of 930 nm. The reduced chromatic dispersion
allows for either higher data rates or for longer transmission
distances for stepped-index and graded-index multimode fibers
[23].

VI. CONCLUSIONS

In conclusion, the fundamental characteristics of RCLED’s
have been analyzed. The optical mode density in a one-
dimensional cavity is strongly modified when compared to
the one-dimensional mode density in homogeneous space.
As a consequence, the optical characteristics of RCLED’s
are changed including the spectral purity, far field, bright-
ness, and spontaneous recombination rate. Analytical formulas
were derived for the on-axis spectral enhancement and the
wavelength-integrated enhancement. The design criteria for
optimum performance of RCLED’s were summarized and the
differences between RCLED’s and VCSEL’s were analyzed.
The spontaneous emission intensity of an RCLED was shown
to be more than one order of magnitude higher than that
of a VCSEL at the same injection current. The temperature
dependence of the light output of RCLED’s was studied. The
temperature dependence is expressed in terms of a 7Tj-law
where the characteristic temperature 77 has a value of 112
K. High-speed measurements on RCLED’s reveal that the
rise time is determined by the spontaneous emission lifetime
of carriers in the quantum well. The shorter fall time is
determined by the time required to sweep the carriers out of the
quantum wells. This time is much shorter than the spontaneous
recombination time. A 3 dB frequency of 580 MHz was
demonstrated. High-speed measurements at 622 Mb/s reveal
a wide open eye diagram demonstrating that high-speed data
transmission capability of RCLED’s.
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