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Small-Signal Analysis of 1.3#m Microcavity
Light-Emitting Diodes
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Abstract—The modulation speed of 1.3:m microcavity light- which the experimental setup is introduced. Finally the results
emitting diodes (MCLED’s) has been measured using a small- achieved are presented and discussed. They show that the
signal modulation analysis. A speed of 260 MHz using a 2bm  yominant effect in the limitation of the bandwidth (BW) is

diameter sample at current density of 10 kA/cmi has been the lack of . fi t and not itv effect h
achieved. The carrier confinement has been calculated for several 1€ 1aCK OT carrier coninement and not any cavity errect suc

carrier densities in order to investigate the origin of the speed lim- @S photon recycling.
itation. By comparing the performance of the 1.3pm MCLED's
with that of the 990-nm devices we conclude that the limiting I

factor on the speed seems to be a lack of carrier confinement in . DEVICE STRUCTURE AND FABRICATION

the quantum wells and not a cavity effect. The components under test are LB substrate emitting
Index Terms—Communication systems, frequency response, MCLED'’S. Their structure is a planarscale Fabry—Perot cav-
light-emitting diodes, microcavity, quantum-well devices. ity containing three Ip75Gay.25ASy.sPo.2/INP quantum wells

(QW'’s), grown by metal-organic chemical vapor deposition.
The epitaxial growth was performed in two steps on an n-
type InP substrate allowing precise positioning of the QW'’s
LANAR microcavity light-emitting diodes (MCLED's) with respect to the cavity resonance. In the first growth step,
are formed by a vertical Fabry—Perot cavity containing afhe n-doped distributed Bragg reflector (DBR) consisting of
active layer. In the “weak coupling” regime, the fundamentals-pairs of In.75Gay.25AS0.54Po.46—INP layers was grown at
mode of the confined dimension of the cavity correspong@tsw pressure. In the second step, the active layers and the p-
to the emission peak wavelength of the active medium. Thigoe layers were grown. Growth of the p-type layers under
interference effect selects the emitted mode, increases dtfospheric pressure permits a better incorporation of the Zn
power at the expense of the other modes and modifies disping. The top mirror is a 200-nm evaporated layer of Au
spatial distribution. Consequently, MCLED's feature an inwhich also acts as a p-type contact. A circular mesa was etched
crease of the extraction efficiency, of the directionality of thg ensure current confinement. The n-type contact consists of
emission and a narrowing of the emission spectrum [1]-[4]vo gold stripes on the bottom of the samples. An additional
These advantages over standard light emitting diodes makgireflection (AR) coating is added to minimize reflection at
the MCLED’s very attractive for applications such as lightinghe air/substrate interface. At room temperaturg.85devices
[5], interconnects [6], gas sensing [7], and for fiber-optishow a quantum efficiency of 5% at 1 mA and a maximum
communication ak = 0.65 ym [8] and fromA = 0.85t0 A = output power of 75QuW at 100 mA.
1.5 um [9], [10]. Though 1.3zm MCLED’s have already been
demonstrated [10]-[12] there has been no report to date of |,
their amplitude modulation (AM) speed, a parameter of special ) ]
importance in many applications At= 1.3 um. The purpose  Fi9- 1 shows the optical spectra of a 1A diameter
of this paper is to evaluate the modulation performance of t4gVice for three values of bias current: 1, 10, and 25 mA.
state-of-art 1.3:m MCLED's and to investigate whether theThe emission consists of a main peak centered at 1281.6 nm
use of a micro-cavity design introduces any limitations of th&ith a linewidth of approximately 18 nm and a secondary
operating speed compared to conventional LED’s. ReductiBfaK at 1225 nm. The main line shape is largely independent
of the speed could occur as a result of photon recycling,%h bias. The spectrum of the main line is shown on a linear
mechanism which has been inferred in MCLED operating 8f@/€ in the inset. It is clear at 25 mA there is an added
A = 990 nm [13]. We present the dependence of the smafipectral mo_dulatlon on the line with a separation between
signal bandwidth with bias current for a 181 MCLED. peaks of this submodulation of 3 nm, which corresponds to

Sample fabrication is described in the next paragraph, affdt optical thickness of approximately 190n in InP. This
implies that the substrate is acting as the spacer layer of a

Manuscript received April 14, 1999; revised August 2, 1999. This worzecondary Fabry—Perot.

I. INTRODUCTION

. EXPERIMENTAL RESULTS AND DISCUSSION
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Fig. 1. Optical spectra plotted on a logarithmic scale for a gibdiameter Fig. 3. 3-dB cutoff frequency as a function of current density for 25-, 40-,
sample at 1, 20, and 25 mA. In the inset the scale is linear, for a bias of 25 m#-, and 115:m samples. The inset shows the 3-dB cutoff frequency as a
function of current density for 20-, 40-, 70-, and B& samples emitting at
990 nm. In both plots, the solid line represents bimolecular recombination,
-35 il L L L L having a slope of 0.5.

115um

404
-451 - For small diameter samples (<70n) the bandwidth is inde-
L pendent of the current density at low value. For larger samples
in the range of 80—-200 A/ctn a square-root law dependence
is observed, characteristic of the bimolecular recombination
process.

Above this range of current densities, the behavior of all
r samples deviates from that expected, presenting subsquare
= law dependence. To understand this behavior, it is worth
L considering the optical spectra presented in Fig. 1. With in-
- T T . T creasing current, a sidelobe appears at 1225 nm, caused
10 10 " 10 by the radiative recombination of carriers within the DBR
and/or barrier layers. Thus, an increase in bias does not
Fig. 2. Frequency response spectfd) (and fits () for four different necessarily result in an increase of the carrier density within
MCLED diameters, each at a bias of 10 mA. the QW's, which is needed for a reduction of the carrier

lifetime. To quantify the proportion of recombination within

by a 62.5xm diameter fiber butt-coupled to the substratéhe QW to that in the barriers and the DBR layers, the
The MCLED response is detected by a 6-GHz bandwidfallowing procedure is followed. To reach a BW of 200
photodiode. A 20-dB amplifier within the photodiode and aMHz, for example, two current densities are identified, one
external 8-dB amplifier of 0.1-3-GHz bandwidth also amplifgalculated from the bimolecular process (solid line) and the
the electrical signal. This detected signal is returned to tegher one from the measurement. Experimentally a current
input of the network analyzer. Acquisition is made usingensity of 2240 Alcrh is measured, whereas if the process
a resolution bandwidth of 3.7 kHz and 16 averages, whiatas purely bimolecular with all carriers recombining in the
allows a minimum detection power of less than 4 nW. wells, a current density of approximately 740 Afciwould

A small signal analysis based on the rate equation applieél required. The ratio between these densities, assuming
to the case of MCLED’s shows that the AM response of thgnly radiative recombination, is the proportion of carriers
MCLED can be described by the expression of a first-ordeggcombining in the QW’s. This implies in the above case that
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low-pass filter transfer function only 33% of carriers are recombining in the QW when the
injected current density is 2240 A/@mAt higher densities
H(f) = & (1) it is seen that the carrier confinement gets worse, dropping
\? to around 10% at a density of 10 kA/émThe origin of the
1+ <f) leakage can be thermal, Auger processes and band-filling. At

high densities, Auger recombination may increase the speed,
wheref. is the frequency at 3 dB. Typical measured frequen@s it is an additional recombination channel, however it may
response spectra are shown in Fig. 2, for different size devicatso increase the carrier leakage (and thus reduce the speed)
For each of these experimental data curves, a fit based ondg to the generation of high-energy electrons or holes that
has been carried out, giving accurate valueg{¢b) and f.. then escape from the well. The exact balancing between
Fig. 3 presents the bandwidth of samples defined by thetBese simultaneous effects on modulation speed has not been
dB cutoff frequency versus current density for several samplesalculated.
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Below 80 A/cn?, the behavior of the smaller sample doethe bandwidth with increasing current density. A bandwidth of
not present any obvious reduction of the 3-dB frequency wi60 MHz has been achieved using a;2%-diameter sample
current density, like that of the bigger samples. At low biaat 10 kA/cn?. It seems that the onset of band filling of the
densities and low frequency, the value of the diode impedan@&V's is achieved at low densities, around 200 AfcrAt
is high, but as the frequency is increased the impedarfuigher densities the carriers are not so well confined to the
drops to a quasi-steady value. This characteristic at low bia$g®/ regions. A small signal bandwidth of 1-GHz would be
implies that the modulation power injected into the devicgossible at a current density of 10 kA/&nif ideal carrier
will not be constant as a function of frequency. Thus theonfinement was achieved. Small signal bandwidths in excess
impedance of the diode and not the recombination rate d6 1 GHz have been attained in MCLED’s with good carrier
found to determine the measured 3-dB value [14]. At higtonfinement emitting at 990 nm.

current densities, the impedance is low and fairly constant
as a function of frequency, thus the modulation power of the
sample is constant. The transfer function is then similar to thih
of a low-pass filter as it is determined by the recombinatio
time of the carriers and not by an impedance effect. The inset
of Fig. 3 shows the bandwidth of several diameter sample(?
emitting at 990 nm versus current density; the structur
of these samples is described in [13]. The current density
dependence of the AM response presents some similariti%?
with that of the 1.3xm. We first observe a decrease of the
3-dB frequency due to some spurious impedance effects in the
junctions explained previously. Above this minimum value,
the bandwidth gets larger, with the increase of the current
density following a square root dependence characteristic df
a radiative recombination. A bandwidth of 1 GHz has been
reached in these samples without saturation [15]. In both 1.36]
and 990-nm MCLED’s the band-filling inherent to the nature
of the intrinsic material is present. However, it is clear thagy
it does not drastically affect the performance of the 990-nm
samples so we can conclude it does not play a key role ifé]
the bandwidth limitation of the 1.3m components. InGaAsP
material is much more susceptible to Auger recombination
than InGaAs one and particularly at high carrier density. Thé
bandgap energies of wells and barriers of the inBsamples
are 0.85 and 1.35 eV, respectively. The energy of 0.85 &4
released during an electron—hole recombination event can be
used by carriers in the well to be excited to higher energy
levels in the band. If these energy levels are higher than 1.83!
eV, carriers could escape from the well and recombine in the
DBR layers and/or the barriers. From the above considerations
it seems mostly likely that the bandwidth limitation in our1?!
samples are mainly due to a lack of carrier confinement. Efforts
have to be made to improve this confinement through the use
of new active material such as GalnNA's QW'’s or Gaas
guantum dots.
[14]
[VV. CONCLUSION

We have presented a small-signal analysis of MCLED’[§5]

emitting atA = 1.3 um. These samples showed an increase of
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