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Abstract—The enhancement in external quantum efficiency of a
red light-emitting diode (LED) from photonic crystal (PhC) hole
patterns was investigated. A red LED was chosen because its epi-
taxial layers are relatively free from defects as compared to GaN-
based LEDs. The peak emission wavelength was 642 nm, and a
triangular-lattice PhC was designed with a hole diameter to lat-
tice distance ratio of 0.5. The lattice distance to wavelength ratio
(a/A) was varied from 0.2 to 4.6 in order to evaluate the enhance-
ment in the external quantum efficiency. An improvement in effi-
ciency greater than 75% was obtained for a /A between 0.6 and
2.0. This improvement of the optical characteristics occurred with
unchanged electrical properties.

Index Terms—Light-emitting diode (LED), photonic crystal
(PhC).

1. INTRODUCTION

IGH brightness (HB) light-emitting diodes (LEDs) have

been successfully applied to a variety of applications
in mobile electronics, flat panel displays, automobiles, traffic
signals, large outdoor displays, and general lighting. However,
tremendous efforts are still underway to replace conventional
incandescent or fluorescent light bulbs with HB LEDs. High
efficiency HB LED light sources could provide for a reduction
in global energy needs. If HB LEDs with efficiency greater than
150 Im/W can be economically manufactured, it is believed
that the energy consumption due to general lighting in the U.S.
will be reduced by more than 60% [1].

Despite these promises, the development of high efficiency HB
LEDs has been limited because of poor external quantum effi-
ciency, low internal quantum efficiency caused by defects in the
epitaxy, and device parasitics [2]-[4]. Among these issues, the
external quantum efficiency has been considered to be the most
crucial. Because the critical angle of the total internal reflection
is low (GaAs = 18.4° and GaN = 23°), only a small fraction of
light generated in the active region of the LED can escape into the
surrounding air [5]. Therefore, the external quantum efficiency
wouldbereducedtoafew percenteveniftheinternal quantumeffi-
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ciency were close to 100%. Among many approaches considered
for increasing the external quantum efficiency [6]-[8], surface
roughening has been regarded as one of the simpler methods.
The largest reported improvement in wall-plug efficiency was
60% using a microroughened top surface, although the rough-
ened surface morphology was irregular and uncontrolled [8]. It
hasbeen suggested from a theoretical calculation that the external
quantum efficiency of an LED slab could be enhanced by factor
of three through the incorporation of a photonic crystal (PhC)
pattern due to the existence of a photonic bandgap [9]. Because
of this, PhC LEDs are now being actively researched [10]-[14].
In an optical pumping experiment, the external quantum effi-
ciency was improved by factors of 10—15 through a combination
of spontaneous emission enhancement from a PhC effect and
Bragg scattering [10]. Without a slab-like structure or signifi-
cant vertical confinement by other means, the use of the photonic
bandgap effect to enhance the spontaneous emission may prove
difficult to manufacture in high volumes at low cost. It has been
argued that Bragg-like scattering due to a surface grating effect
by etched holes is responsible for the improved photon extrac-
tion in an infrared LED [11]. In previous studies for GaN-based
LEDs, a 35% enhancement of wall-plug efficiency from a PhC
surface structure could not be isolated because of inconsistent
current—voltage (/-V') characteristics [12]-[14]. This phenom-
enon was attributed to leakage current paths caused by defects
in the epitaxial layers.

In this letter, an experiment is designed to measure the en-
hancement in the external quantum efficiency due to etched
PhC holes while ensuring that changes to the electrical prop-
erties of the device are minimized. To achieve this, four aspects
were considered. First, a red LED based on mature AlGaAs al-
loys was chosen to avoid epitaxy defect issues. Second, a small
LED size (40 x 40 ;m?) was chosen with a ring pattern elec-
trode to ensure the contact was isolated from the PhC. Third,
no transparent electrode was deposited (which could influence
current spreading). Finally, the PhC lattice distance (a) to wave-
length () ratio—hereafter referred to as the lattice parameter
(a/\)—was varied from 0.2 to 4.6. The PhC hole diameter to
lattice distance ratio was fixed at 0.5. Large lattice parameters
are of particular interest because if the PhC hole diameters are
on the order of a micron, electron-beam lithography would not
be necessary, and conventional photolithography, which is com-
patible with low-cost manufacture, could be applied to define a
PhC structure.

II. FABRICATION

A conventional red LED was made following a typical
fabrication procedure on a GaAs substrate. The epitaxial
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structure was composed of a 4-pm-thick bottom Te-doped
n-Alg 9Gag 1 As current-spreading layer, an InGaP-based active
region consisting of 20 quantum wells and lattice-matched
to GaAs, a 4-um-thick top C-doped p-Algo9Gap1As cur-
rent-spreading layer, and a 4-nm-thick C-doped p-GaAs top
contact layer, all grown by metal-organic chemical vapor
deposition on a Si-doped n-GaAs substrate. A backside
n-GaAs compatible electrode consisting of AuGe-Ni-Au
(50 nm/20 nm/200 nm) was deposited by electron beam evap-
oration. Top ring contacts were then formed by evaporation
of Ti-Au (20 nm/200 nm) and a standard lithography liftoff
process. After the contacts had been defined, SiO, was de-
posited by plasma-enhanced chemical vapor deposition at
300 °C and used as a mask for defining mesa structures. The
mesas, which serve to isolate devices, were etched by induc-
tively coupled plasma reactive ion etching (ICP-RIE) using a
SiCly—Ar gas with an etch rate of 250 nm/min for 20 min.
After removing the mesa mask, SiO, was deposited again to
serve as a mask for defining the PhC patterns. The triangular-lat-
tice PhCs were patterned by electron-beam lithography. These
holes were then etched into the top p-doped Alg.9Gag 1 As layer
using ICP-RIE etching for 10 min, corresponding to a nominal
etch depth of 2.5 pm. Note that with smaller lattice parameter, a
smaller hole diameter is obtained. Due to etching nonuniformity
(RIE lag), these smaller diameter holes are etched at a slower
rate [15]. The LEDs were tested after removing the PhC mask.

III. RESULTS

Electrical characteristics and emission spectra measurements
of the conventional (unetched control) and PhC LEDs were
measured at room temperature. A 1-cm? Si photodetector with
responsivity 0.335 A/W (at A = 642 nm) was placed 3 mm
from the top of the LED to collect as much light output as
possible. Although light from the sides of LEDs was lost, this
method was determined to be reproducible and thus accurate
enough to compare the light output intensities between the
conventional and PhC LEDs.

Fig. 1(a) shows pictures of a red PhC LED. The size of
the mesa is 40 x 40 um2, and the actual emission window is
20 x 20 pm?. The optical microscope image shows the PhC
pattern with a lattice parameter a/\ = 4.6. The light output
is shown in Fig. 1(b) from the PhC (upper) and conventional
(lower) red LEDs. As apparent in Fig. 1(b), the total light output
of the red PhC LEDs is increased by at least 60% compared
to conventional red LEDs. The average measured differential
efficiency of the conventional LEDs is 10 ¢W/mA, and the
measured differential efficiencies of the PhC LEDs range from
13 to 22 W /mA. Because emission out the side and bottom of
the device is not collected by the photodetector, these measured
efficiencies do not reflect the total output of the LED, but are
useful for relative comparison.

Previous work has shown that in the case of GaN-based PhC
LEDs, there was a ~30% variance in -V characteristics be-
tween PhC and conventional LEDs due to nonradiative carrier
leakage paths [14]. However, this is not observed in GaAs-based
red PhC LEDs. Fig. 2(a) shows the I-V characteristics both
from the PhC and conventional red LEDs. The enlarged portion
of Fig. 2(a) for one device is shown in Fig. 2(b). It is difficult to

1877

(@)

(b) r PhC RED LED
flalh)=02~48
03
s
E 0.2 |
E
2
" !
01
RED LED
0
0 5 10 15 20 25

Current (mA)

Fig. 1. (a) Optical microscopic image of the PhC LED, with inset showing the
same device under operation; (b) light output—current (L—I) characteristics of
PhC and conventional red LEDs.
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Fig. 2. (a) I-V characteristics of PhC and conventional LEDs. (b) Enlarged
portion of (a) and emission spectra of PhC and conventional LED.

distinguish between I-V characteristics of the PhC red LEDs
from conventional LEDs. The inset of Fig. 2(b) illustrates the
emission spectra of the PhC and conventional LED. Figs. 1(a)
and 2 show that the enhancement in the external quantum effi-
ciency is predominantly caused by the PhC holes and that little
effect from nonradiative carrier leakage is apparent.

The enhancement in the external quantum efficiency of the
PhC red LEDs is shown in Fig. 3. This enhancement factor is
defined as (7pnc — MRet) /MRet> Where nppc is the differential
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Fig. 3. Behavior of the enhancement in the external quantum efficiency as a
function of the lattice parameter.

quantum efficiency (as measured from the origin) of the var-
ious PhC red LEDs, and nrer is the differential quantum effi-
ciency (similarly measured) of the corresponding unetched con-
trol LED. Enhancement values between 30% and 120% are ob-
served, with enhancement exceeding 75% for a/)\ between 0.6
and 2.0. This improvement is higher than that of a micro-rough-
ened top surface LED. According to a photonic band calcula-
tion of the two-dimensional slab [10], a photonic bandgap ex-
ists for a/\ between 0.3 and 0.5. When the lattice parameter is
0.2 ~ 2.0, the behavior of the enhancement is due to the Bragg
scattering effect [11]. Enhancement is not expected to reduce
to 0% for small lattice parameters until the hole size becomes
negligible relative to the wavelength of operation (a/\ < 0.1).
Holes this small are difficult to fabricate, and consequently, not
fabricated or tested in this study. Enhancement is not expected
to reduce to 0% for large lattice parameters either, due to the
presence of increased scattering regardless of hole size.

IV. CONCLUSION

Red PhC LEDs with a lattice parameter a/A from 0.2 to 4.6
were fabricated and an enhancement in the external quantum ef-
ficiency was observed. The external quantum efficiency of PhC
LEDs was improved by 30% to 120%, with efficiency exceeding
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75% for a/ A between 0.6 and 2.0. This improvement in extrac-
tion is consistent with Bragg scattering from the PhC. Future
work will focus on the hole etch depth dependence on device
performance.
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