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Superluminescence in InAsSb circular-ring-mode light-emitting
diodes for CO gas detection
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We report on the superluminescence of an InAsSb light-emitting diode, operating ain#.6
suitable for carbon monoxide gas detection. The source is based on an optical whigpering
circulating mode which is generated near the edges of the mesa and which is responsible for the
superluminescence. A pulsed optical output power in excess of 2.2 mW at room temperature has
been measured, making these emitters suitable for use in cost-effective instruments for the
environmental monitoring of carbon monoxide at 4u®. © 2000 American Institute of Physics.
[S0003-695(00)04151-9

The midinfrared(2—5 um) spectral range contains the for the LPE growth of the LED structures ontetype InAs
strong fundamental molecular absorption bands of a numbdd00) substrates. These were 14 rarb4 mm square with a
of combustible and atmospheric pollutant gases. Currentlycarrier concentration of % 10'¥cm 3 and were obtained
infrared gas detection techniques based on optical absorptidrom Wafer Technology Ltd. The LED structure, which has
are becoming increasingly popular as they are the only oneseen described in detail previously elsewhemmnsists of
which are truly gas specific and therefore reliable for gagwo cladding layers of N—InAsSbP and P-InAsSbP and an
sensor instrumentatior? Consequently, there has been undoped active region of InfgsSh, 1, sandwiched between
much research interest aimed at providing monochromatichem. Because the InfgsSh 11 ternary active region mate-
sources suitable for gas analysis and detection, such thatral has a large lattice mismatch with respect to the InAs
number of midinfrared light-emitting diod¢&EDs) operat-  substrate layer, a buffer layer, with an intermediate compo-
ing at different target wavelengths have been realfz8d.  sition of InAs, o.Shy o and having a 0.41% positive mis-

Nonradiative recombination is a significant problem inmatch to the InAs substrate layer, was introduced between
narrow gap IlI-V semiconductor light sources and both Au-the substrate and the N-type InAsSbP layer in order to reduce
ger and Shockley—Read—Hall recombination processes cafislocations and to relieve strain caused by the lattice mis-
limit the internal quantum efficiency and output power. Until match.
now, this has prevented the practical application of these The buffer layer was heavily dopéd type) with Te up
LEDs in gas sensor instrumentation. Previously, we reportegh 4x 10'8cm2 and was 4um in thickness. The quaternary
on the fabrication of a LED for CO detection with an optical cladding layers were doped tox110'”cm 2 n type and 2
output power of 5QuW (Ref. 7) and subsequently, by using x107cm™ p type, respectively. The resulting epitaxial
a rare earth gettering technidue purify the active region, structures were processed using conventional photolithogra-
an improved device with a pulsed output power in excess ophy, but two different types of LED chips were fabricated for
1 mW has been achievédThe increase in optical output comparison. For the first typeED I) mesa diodes were
power in our recent investigations has come about largelyapricated from the patterned epitaxial wafers by dry plasma
through a careful reduction of the residual carrier concentragtching using Chl:H, to produce round mesas 420m in
tion in the active region of mesa etched LEDs with a CentfaHiameter(emitting area 1.3810 3cnPd). The mesa surface
dot contact. In this letter, we report on the fabrication of awas then passivated usingsSi. A Nomarski microscope
superluminescent LED with a ring contact which produces ghotograph of a typical mesa etchddED 1) chip produced
circular waveguide due to current crowding effects. A whis-jn this way is shown in Fig. 1. For the second type of device
pering gallery mode is generated as injection is increaseq| Ep ||) square chips of dimensions 450 % 450.m (with
resulting in superluminescence and a 300 K LED with aNemitting area 1.9410 3cn?) were defined, again using
optical output power in excess of 2.2 mW at 4. photolithography, and were etched out, but this time using

The LEDs were all fabricated from |1V double hetero- \yet chemical etching and without forming a mesa structure.
structures grown by liquid phase epitalyPE). A conven-  The ohmic top contact which was employed was the same
tional horizontal, multiwell graphite sliding boat was usedfqor poth types of devices and was produced in the form of a
ring contact which was 300m in diameter and 3@m wide.
¥Electronic mail: a.krier@lancaster.ac.uk The corresponding back contact was deposited over the en-
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FIG. 1. Nomarski microscope photograph of LED I. FIG. 3. Light—current characteristics measured from the 2 different LEDs.

LED | is a mesa etched LED chip with a diameter of 42, LED Il is
) ) 450X 450 um square. Both LEDs were fabricated with a ring contact 300
tire rear surface of the chip. Each of the contacts was depog:m in diameter. The characteristics were measured at room temperature at

ited by thermal evaporation of Au:Zn allé&yAu on thep currents from 0.2 to 3.0 A in the pulsed regime lwi 1 kHzfrequency
side and Au:Te alloyAu on then side of the diode, respec- YS9 & 0-2% duty cycl€.0 us pulses
tively. Once the LED chips had been prepared, they were
mounted onto standard TO49 packages using Ag epoxy. Beheir decreasing linewidth with increasing current. The half-
fore testing, they were also equipped with a small paraboligvidth (FWHM) of the line at 15 mA is 880 nm whereas at
reflector which was attached to the TO-49 header in order ta00 mA it is only 580 nm. The ratio of these halfwidths is
help focus the LED output in the forward direction. The full 1 51. This spectral behavior shows that the device under con-
width at half maximum(FWHM) of the resulting output sideration is a superluminescent diode. LED Il also exhibited
beam obtained with this arrangemeifitr each LED typ¢  some line narrowing in the electroluminescence spectrum but
was about 12°. Since the LED chip was effectively placed athe ratio of the halfwidths under the same drive conditions
the focus of a parabola, the output beam was focused to @as only 1.17. The dip near 42m is due to C@ absorption
small spot(<1 mm diam) at a distance about 40 mm away, from the atmosphere. The optical output power was also
which is near optimal for many gas sensor instrument applimeasured for the two different devices with a pulse duration
cations. of 2 us at a repetition rate of 1 kHz in the current range from
Figure 2 shows the electroluminescence emission specti@2 to 3 A. The resulting optical output—current relationships
of the mesa etched LED | measured with increasing driveare compared in Fig. 3. Both the curves have a linear portion
current. The distinctive feature of these spectral curves iy the current range from 0.2 to 1 A. The corresponding
slopes were determined to be 1.05 for LED | and 0.88 for
1.00 . . . Y n r LED II. A value of the slope of the light—current character-
istic which is greater than 1 is further evidence for superlu-
minescence in LED I.
The above results demonstrate that LED | operates as a
075 F J superluminescent diode unlike LED II. The LED | device
has a ring contact with external and internal diameters much
larger than the active layer thickness. The conductivity of the
upper gold ring contact and the heavily doped layer (and
certainly the lower contagtare at least two orders of mag-

o8 > nitude higher than the conductivity of the active layer. One
can estimate the resulting current density distribution in the
active layer by considering, as a model, a conductive layer

025 b ] between an infinite metal plate and a metal ffighe cur-

rent density distribution on the lower plate is given (oyits
1 are chosen so that the layer width is a unit of length and the
coefficient before the integral is equal tg 1
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FIG. 2. The room-temperature electroluminescence emission spectrum ob- 1

tained from LED I, measured at increasing drive currents: 15(oukve 1), ) . )
50 mA (curve 2, and 100 mA(curve 3 at 560 Hz using a 50% duty cycle. Wherer; andr, are the internal and external radii of the ring,
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4o two dimensional solution which yields Bessel function solu-
tions for the radial field distribution. The effective cavity
length of 27R imposed by the periodic boundary condition
on the circulating wave results in the WG eigenmode condi-
tion: 2rRn=mA for large integem, whereR is the mesa
radius, n is the refractive index, and the mode spacing is
simply given byA\g=\?/27Rn. This enables us to esti-
mate a WG mode spacing of 4.6 nm which was too small for
us to resolve with our low resolution spectrometer as is evi-
dent from the spectra of Fig. 2. Lasing is inhibited by ®e
spoiling effect of the rough circumference of the mesa. But,
higher order modes are less affected since their intensity
R maxima reside further away from the perimeter, while the
FIG. 4. Current density distribution in the lower plane obtained from Eq.ring contact suppresses the modes in the central area of the
(1). (The contact internal diameter in our units is 60 and the external diamdevice. Although the parabolic reflector collects light emitted
eter is 80) at low angles, further measurements showed that light was
emitted from both the surface and the edges of the mesa.

R is the distance from the center of the ring to the point of [N summary, we have observed superluminescence in the
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Observaﬁon, an(E is the Comp'ete e|||pt|c integral; midinfl’al’ed at 46,(Lm from a mesa etChed LED. Spectl’a|
line narrowing was observed and the optical output power of
/2 . .
E(x)=f (1—xsir? 6)Y2d . these diodes was found to be more than two times greater
0 than that of analogous diodes of a different configuration.

A plot of the resulting current density distribution is ghﬁ sgperlrl:.m;]nescetrt](.:g \t/vats (rj]ueh todopt|cg| respnant I:”node
shown in Fig. 4 and from which current crowding in the ehavior which we attribute to igh order whispering gatlery
Ewodes, previously not reported in LEDs operating at wave-

p-type material under the ring electrode is evident. Becaus h | 4 Thi it ts th ibilit
of the increased carrier concentration the refractive index i& 9> as long as Am. This result suggests the possibility

reduced! and a circular ring waveguide arises between theOf creating a whispering gallery mode semiconductor laser

ring and the edge of the mesa. The resulting refractive indey("Orklng at room temperature in the spectral range @R

profile is also shown schematically in Fig. 4. Consequently,  The authors wish to thank EPSRC for the award of a
the optical gain is locally higher near the edge of the mesgjsiting fellowship for V.V.S. One of the author§A.M.)
than in the rest of sample. This is of course the same for bot{y,guid like to thank the Ministry of Science of the Russian

LED I and LED II. However, the optical output power dif- Federation for partial support of this work through the pro-
ference between LED | and LED Il is due to the fact that thegram “Optics and Laser Physics.”
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