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Light-emitting diodes with 31% external quantum efficiency
by outcoupling of lateral waveguide modes
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The external quantum efficiency of light-emitting diode&Ds) is usually limited by total internal
reflection at the semiconductor—air interface. This problem can be overcome by a combination of
light scattering at a textured top surface and reflection on a backside mirror. With this design, we
achieve 22% external quantum efficiency. One of the main loss mechanisms in such nonresonant
cavity (NRC) light-emitting diodes is coupling into an internal waveguide. Texturing the surface of
this waveguide allows the partial extraction of the confined light. In this way, we demonstrate an
increase in the external quantum efficiency of NRC-LEDs to 31%.1999 American Institute of
Physics[S0003-695(099)03916-9

Light-emitting diodedLEDs) have a wide range of pos- external quantum efficiency by the extraction of light from
sible applications ranging from illumination purposes to op-these waveguides.
tical communication systems. The efficiency of LEDs has The sample was grown by molecular beam epitaxy
important consequences on such applications. Due to th@VIBE) on a GaAs substrate. The layer structure consists of
large difference in the refractive index, the angle of totalan AlAs sacrificial layer for epitaxial lift-off, followed by an
internal reflection at the semiconductor—air interface is only800 nm thickn-doped A} »:Ga, 75As layer, a 120 nm thick
16°. For conventional surface-emitting LEDs, even with in-active GaAs layer, a 130 nm thick and weakbydoped
ternal efficiencies close to 100%, the external quantum effiAl, .Ga,,As spacer layer, a 130 nm thick-doped
ciency is thus limited to values around 2%. A promising Al odGa, o,AS layer for oxidation, and a &m thick p-doped
approach to overcome this problem was proposed in 1973A|0_25Gao_75As top layer. In the first processing step a 60
and consists of roughening one LED surface and applying @&m diam device mesa is defined by wet chemical etching
back mirror. Light, which is internally reflected at the top stopping in the spacer layer. Then, the AlGa, o,As layer is
surface, is scattered at the rough surface and thus changesdgidized in wet N at temperatures around 380 °C for 10
angle of propagation. After reflection at the back mirror, itmin, resulting in a current aperture with a diameter between
gets a second chance to escape from the semiconductor mes and 30um depending on the oxidation temperature. A
terial. A technological method to realize such a nonresonarecond wet chemical etching step down to theoped
cavity (NRC) is to make use of epitaxial lift-off and consecu- AlGaAs layer defines 6@m diam holes for the AuGe/Ni/Au
tive Van der Waals bonding onto a mirror in order to obtainn contact, which are placed at a distance of 68 from the
a thin-film LED. This approach was first demonstrated bydevice mesa edge. After applying a polyimide isolation layer
Schnitzeret al. in 19932 and lithographically opening it on the top of the device mesa,

Another important issue in the design of LEDs is 10 the top contact is defined such that it makes contact to the
avoid the generation of light underneath the top contact. Ijevice only on top of the oxidized area and that it extends
order to achieve this independently of the current level, weyyer the edge of the device mesa to form a probing pad. The
have implemented a current aperture fabricated by wet thegolyimide is then removed from the complete surface, except
mal oxidation of AlGaAs in our LEDs. Using this design, we ynder the probing pad. The LEDs processed up to this stage
could obtain record external efficiencies for low device gre ysed as reference devices and further referred to as “con-
currents? The maximum external quantum efficiency ob- ventional LEDs." For all other device types, a back mirror is
tained on such structures is around 20%, which is still clearlyépp”ed by epitaxial lift-off and consecutive Van der Waals
below the expected internal quantum efficiency. This is dugonding onto a polyimide-coated Au mirror evaporated onto
to various kinds of loss mechanisms. One of the optical 10Sg sj wafer. The resulting flat devices with a back mirror are
mechanisms is absorption, either within the LED structurégain characterized as a reference. For the final NRC-LEDs,
itself, or in the back mirror. Another reason is the formationg face texturing is performed in addition to the application
of lateral waveguides within the active and cladding layers ofyt the mirror. For surface texturing, a densely packed mono-
the device. In this letter, we describe the enhancement of thl%yer of randomly distributed 400 nm polystyrene spheres is

formed on a water surface and transferred onto the satple.
3Electronic mail: windisch@imec.be In order to introduce a spacing in between the spheres, their
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FIG. 1. Scanning electron microgragBEM) photograph of the textured
surface on and around the mesa after removal of the spheres. The oxidized
AlGaAs layer is clearly visible.
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size is reduced to approximately 300 nm in oxygen plasma.

This layer is used as a mask for chemically assisted ion-beam SN wl

etching to an etch depth of 170 nm. Finally, the spheres are 0.001 0.01 0.1 1

removed from the sample. Figure 1 shows the surface textur- ® current [mA]

ing across and ar(_)und the device mesa. In Contras_t’ a SGCOE%. 3. Performance of the four types of LE}g) log—log plot of the total

set of NRC-LEDs is only textured on top of the device mesalight output vs injection current an¢b) external quantum efficiency vs

with the surface around the device being protected by phownjection current.

toresist during the process of surface texturing. Figure 2

shows the resulting four types of LEDs under operation.
The output power of the LEDs is measured in a

calibrated setup. Figure @) shows the measured light out-

put powerP, as a function of the device currehfor the

four different types of devices. The external quantum effi-

ciency is shown in Fig. ®). It is defined as

area of the current aperture is approximately doubled, as ex-
pected from the presence of a back mirror. The remainder of
the increase in the light output is due to light coupled out at
the mesa edge, which is visible as a bright ring in Fign)2
This is caused by the light propagating in the waveguide
formed between the top surface and the oxidized AlGaAs
P opt/ Ephot layer. This light can be coupled out after consecutive reflec-
= T (1) tions at the 55° mesa edge and the back mirror. When the top
of the mesa is textured, the light is coupled out efficiently
with Egpe=1.42 €V andq being the elementary charge. The wjithin the area of the device mesa. Such a NRC-LED, which
conventional LEDs reach the expected external efficiency ofs shown in Fig. 2c), reaches an external quantum efficiency
slightly less than 2%. The application of a back mirror with- of 2294 By texturing not only the mesa top, but also the
out surface texturing improves the light output by a factor ofgyrface around the device, the efficiency increases to as
5. An analysis of the local intensity distribution shown in mch as 31%, as shown in FigibB. Figure Zd) shows that
Figs. 2a) and 2b) reveals that the light output within the s s due to the outcoupling of light from the surface around
the device, which, in contrast to the LED only textured on
top of the mesdFig. 2(c)], appears bright. Typical photon
trajectories are drawn schematically in Figcy
In order to quantify the fraction of light emitted around
the device, the intensity distribution has been measured with
a charge-coupled devi¢€CD) camera. The result is shown
in Fig. 4(a). Due to the limited dynamic range of the CCD
camera, the curves of Fig(a are obtained by superimpos-
ing two sets of data. The intensity distribution on top of the
device mesa is measured directly. For the area around the
device mesa, the same measurement is performed with a
higher drive current. The symbols in Fig(a} represent the
intensity averaged over ¥10um? spots measured at vary-
ing radial distances from the device center. It is scaled to
the appropriate total light output, assuming a current-
independent intensity distribution. The decay of the emission
FIG. 2. CCD images of the four types of LED@) planar device without  in the area around the device mesa can be fitted by a function
back mirror(“conventional LEDs"), (b) planar device with back mirrofc) proportional to (1If) Xexp(-r/ry). The extension of the

NRC-LED textured on top of the mesa with back mirror, &ddNRC-LED : : : :
textured everywhere with back mirror. The device currents wergA%or curves in Fig. 4a) beyond the device edge, ie., for

the flat devicega) and (b) and 22uA for the textured device&) and (d), >30um, represents this fit for each of the devices. The light

respectively. output for the NRC-LED textured only on top of the device
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T T T ] The intensity emitted within a circular area of radius
T e e o can be obtained by the integration of the radial intensity
distribution after multiplication by. The result normalized
to the external quantum efficiency of the respective device is
shown in Fig. 4b). It shows that within the area of the de-
vice mesa, the amount of extracted light is almost identical
: e ] for both types of NRC-LEDs. As expected, the improvement
0.001 Py 1 1 - of the external efficiency from 22% to 31% originates from
the light emitted around the device mesa. This has a conse-
guence for the emission spectrum. The light in the wave-
guide has a longer path length within the active GaAs layer.
Thus, it is expected that the part of the light emitted at pho-
ton energies above the GaAs band-gapis mostly reab-
sorbed. Recycling of the absorbed photons is unlikely, since
: in the area around the current aperture the carrier density is
5 /- 800 840 880 920 small, and thus, the radiative recombination efficiency is
: : wavelength [nm]

: ' L L low. Hence, only photons with an energy bel@&y can be
extracted efficiently outside the device mesa. This results in
an effective shift of the emission spectrum of these LEDs to
longer wavelengths, as shown in the inset of Figp) 4

We have presented highly efficient nonresonant cavity
LEDs with a maximum external quantum efficiency of 31%
obtained by the outcoupling of guided modes. We conclude
that the light from guided modes can be efficiently extracted
FIG. 4. (a) Intensity distribution of the two types of NRC-LEDs with mirror.  from planar waveguides by the application of a random sur-

(b) Integrated areal intensity as a function of the radius. The inset shows th xturina. Thi hni houl [ li le for
spectrum of both device type¢c) Schematic drawing of the completely face textu 9- s technique shou d also be app cable fo

textured sample including typical photon trajectories. The scale of this drawOther types of LEDs like microcavity LEDs.

ing is identical to the axis scale i@ and (b).
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