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We present results on enhancement of 460 nm blue and 340 nm UV optical power output in
III-nitride light emitting diodes~LEDs! using photonic crystals~PCs! under current injection.
Triangular arrays of the PCs with diameter/periodicity of 300/700 nm were patterned using
electron-beam lithography and inductively coupled plasma dry etching. The total power at 20 mA
of 3003300mm2 unpackaged LED chips revealed an increase by 63% and 95% for the blue and
UV LEDs, respectively, as a result of the PC formation. Possible ways for further improving
enhancement of light extraction using PCs are discussed. ©2004 American Institute of Physics.
@DOI: 10.1063/1.1644050#

Solid-state light emitting diodes~LEDs! with high exter-
nal efficiency are currently in high demand for a variety of
applications including flat panel displays, printers, optical
interconnects in computers, and general lighting. High effi-
cient UV emitters are particularly sought for applications in-
cluding chemical and biological agent detection and medical
uses. However, while the internal quantum efficiency~QE!
of visible LEDs is close to 100%; most of the light is lost to
guided modes in the semiconductor materials and only about
1/(4n2) of the light emitted radiates through the top and
bottom.1 The need for improvement of extraction efficiency
in LEDs is exceptionally great, especially for deep UV LEDs
(l,340 nm) based on III-nitride wide band gap semicon-
ductors, which presently have very low QE. Much effort has
been exerted in improving LED QE including the use of
photon recycling schemes and novel geometrical designs
aimed at enlarging escape cones of emitted light.2–4 Our
group has also previously developed interconnected micro-
disk LED architecture as a method of enhancing extraction
efficiency.5

The enhancement of external efficiency of LEDs using
photonic crystals~PCs! has been studied mainly in the IR
wavelength regions. These have been carried out using opti-
cal pumping on semiconductor materials not yet fabricated
into electrically pumped LED devices and therefore lacked
electrical data, which are essential in characterizing
LEDs.6–9 Multiple scattering of photons by lattices of peri-
odically varying refractive indices in PCs acts to form pho-
tonic band gaps~PBGs! in which propagation of certain
wavelengths of the electromagnetic waves are prohibited.
Ideal PBG is achieved by periodicity in three dimensions but
for extraction of light in LEDs, it is sufficient to eliminate
light propagation only in the horizontal plane with the use of
two-dimensional~2D! PCs. For this purpose, triangular ar-
rays of holes are typically etched into the semiconductor ma-
terials. Very little work in PCs involving the III-nitride ma-
terials in the blue/green and UV wavelengths has been
reported due in part to the difficulty in fabrication associated

with the required nanometer scale periodicity. We recently
reported a 20-fold enhancement of light extraction using op-
tical pumping in the nitride materials at 475 nm.10 In this
letter, we report the enhancement of extraction efficiency us-
ing PCs in III-nitride blue~460 nm! and UV ~340 nm! LEDs
under current injection. The optical output power at 20 mA
of 3003300mm2 unpackaged LED chips revealed an in-
crease by 63% and 95% for the blue and UV LEDs, respec-
tively, as a result of the PC formation. Our results mark a
significant advance in the utilization of PCs for light extrac-
tion in nitride LEDs under current injection.

The III-nitride materials used were grown by metalor-
ganic chemical vapor deposition~MOCVD! on sapphire sub-
strates. Figures 1~a! and 1~b! shows the schematic diagrams
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FIG. 1. Schematic diagrams of~a! 460 nm blue and~b! 340 nm UV LED
structures.
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of our 460 nm blue and 340 nm UV LED structures, respec-
tively. The active region for the blue LEDs was an
In0.2Ga0.8N/GaN single quantum well~SQW! while for UV
LEDs this was an Al0.11In0.03Ga0.86N/Al0.2In0.03Ga0.77N
SQW. Out of these materials, conventional broad area LEDs
of 3003300mm2 were fabricated by standard photolithogra-
phy and inductively coupled plasma~ICP! dry etching. Ad-
ditional patterns consisting of 2003200mm2 square and
ring-shaped LEDs of inner/outer diameters of 80/140 and
90/180mm were fabricated from the UV materials. Further
details of the fabrication procedures are described
elsewhere.11 I –V, L – I , and electroluminescence~EL! mea-
surements on specific LEDs were taken before and after the
fabrication of PCs for comparison. The PCs with triangular
lattice patterns of circular holes with diameter/periodicity of
300/700 nm were fabricated using electron-beam~e-beam!
lithography and ICP dry etching as described in more detail
elsewhere.10 Figures 2~a! and 2~b! shows the typical EL data
for the 460 nm blue and 340 nm UV LEDs, respectively. The
EL spectral shape~peak position and linewidth! is not altered
by the formation of PCs. The inset in Fig. 2~b! shows the
scanning electron microscopy~SEM! image of the nitride
PCs after the triangular array of holes were etched in the
nitride LEDs. Atomic force microscopy scan~data not
shown! of the PCs was performed and showed that the
etched depth was 200–250 nm, indicating penetration
through thep-type layers of the LED materials.

In Fig. 3~a!, optical microscopy images of
3003300mm2 blue LED without~left! and with~right! PCs
are shown, both under 1 mA electrical current injection. The

images were taken under the same camera settings for accu-
rate comparison. The middle part in the right picture of Fig.
3~a! with less brightness corresponds to a damaged area re-
sulting from alignment error during e-beam writing of the
PCs. Figures 3~b! and 3~c!, respectively, shows optical mi-
croscopy images of 340 nm UV square and ring LEDs. The
ring-LEDs have inner/outer diameters of 80/140mm. The
LEDs patterned with PCs become much brighter under the
same current injection. TheI –V andL – I characteristics for
square (3003300mm2) blue LEDs are shown in Figs. 4~a!
and 4~b!, while those for UV LEDs are shown in Figs. 4~c!
and 4~d!. The forward voltage (VF) shows an increase from
4.0 to 4.2 V for blue LEDs@Fig. 4~a!# while that for UV
LEDs shows decrease by a much larger value from 7.6 to 6.0
V @Fig. 4~c!# following patterning of PCs. The slight increase
in VF for blue LEDs is attributable to reduction in total ac-
tive area andp-type contact region. The reason for the much
larger drop inVF for UV LEDs is unclear but may be related
to the enhanced current density as well as improved current
spreading as a result of fabrication of the PCs. The optical
power shown in Figs. 4~b! and 4~d! was obtained by averag-
ing the values measured from the top and bottom sides of the
unpackaged LED chips. At 20 mA, the optical power of the
460 nm blue LED increased from 1.37 to 2.24 mW as a
result of PC formation corresponding to an increase in opti-

FIG. 2. ~a! and ~b! Typical EL data from 460 nm blue and 340 nm UV
LEDs, respectively. The inset in~b! shows the SEM image of the nitride PCs
after the triangular array of holes were etched in the nitride LEDs.

FIG. 3. ~Color! ~a! Optical microscopy images of 3003300mm2 blue LED
without ~left! and with ~right! PCs, both under 1 mA electrical current in-
jection. ~b! and ~c! show optical microscopy images of 340 nm UV square
and ring LEDs, respectively. The ring-LEDs have inner/outer diameters of
80/140mm.
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cal power by 63%. For the 340 nm UV LEDs, the optical
power increased from 44.5 to 86.6mW, corresponding to
about 95% increase in intensity. It should be pointed out that
while the optical power level is still low for the UV LEDs
studied here, comparison is being made on the overall inten-
sity enhancement using PCs. Most recently, our MOCVD
growth endeavors have since yielded UV LED materials with
improved qualities and higher optical power output~exceed-
ing 1 mW at 120 mA dc at 300 nm!.12

Enhancement of light extraction using 2D PCs is
achieved in two possible ways. First, if the lattice dimensions
of the PCs are tuned correctly~;l/2!, PBG is created as a
result of multiple scattering of photons by lattices of periodi-
cally varying refractive indices. Light generated in the band
gap region can only radiate outward since lateral propagation
of guided modes are prohibited in the band gap, thus improv-
ing extraction efficiency.13,14The second possibility is due to
the fact that refractive index periodicity creates a cutoff fre-
quency for the guided modes. Modes above the cutoff fre-
quency are leaky and couple to free space, again improving
output efficiency.6,7 The PCs offer a short length where light
escapes before being dissipated by parasitic absorption. In
contrast, random scattering from a randomly textured surface
may improve LED output efficiency but is subject to para-
sitic absorption.

PBG is normally characterized by its midgap ratio

(Dv/v0) whereDv is the frequency range spread out by the
PBG andv0 is the frequency at the middle of the gap~mid-
gap!. The midgap ratio is typically small, of the order of
20%. The midgap frequency for triangular air columns in
GaN with dielectric constant«'8.9 is estimated to be at a
normalized frequency (a/l5va/2pc) of 0.5.9,14 The nor-
malized frequency corresponding to our PCs structure (a
5700 nm) is about 1.5/2.1 for the 460/340 nm wavelengths.
This implies that photon modes in our structure lie above the
cutoff frequency of the guided modes. Therefore, enhance-
ment in our LEDs is mainly due to coupling to leaky modes
as discussed earlier. We believe that further enhancement in
extraction efficiency in III-nitride LEDs using PCs will be
realized with additional improvement in the design and pro-
cessing of the LEDs particularly in the following areas:~a!
increasing etch depth to ensure penetration into the active
layers,~b! fabricating PCs with reduced diameter/periodicity
to target the midgap region of the PBG, and~c! minimizing
the loss of charged carriers which occurs in etching-induced
defects by separating the current injection region from light
extraction region, and~d! design of LED configuration to
take advantages of PCs and current spreading.

In summary, we have achieved a power enhancement by
63% and 95% for blue~460 nm! and UV ~340 nm! light
extraction in III-nitride LEDs under current injection using
PCs. Triangular lattice PCs with diameter/periodicity of 300/
700 nm were patterned using electron-beam lithography and
ICP dry etching. Our results shows significant achievement
in the use of PCs to realize enhanced power output in fabri-
cated LEDs.
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FIG. 4. TheI –V andL – I characteristics of square (3003300mm2) LEDs.
~a! and~b! are results for 460 nm blue LEDs, while~c! and~d! are results for
340 nm UV LEDs. The optical power shown in~b! and ~d! is obtained by
averaging the values measured from the top and bottom side of the unpack-
aged bare LED chips. For 460 nm blue LEDs, the forward voltage (VF)
shows an increase by about 0.2 V and the optical power enhanced by 63% at
20 mA following patterning of PCs. For 340 nm UV LEDs, The forward
voltage (VF) shows a decrease by about 1.6 V following patterning of PCs
while the power shows an enhancement by 95% at 20 mA. While the optical
power level is still low for the UV LEDs studied here, comparison is being
made on the overall intensity enhancement using PCs. Most recently, our
MOCVD growth endeavors have since yielded UV LED materials with
improved qualities and higher optical power output~exceeding 1 mW at 120
mA dc at 300 nm! ~see Ref. 12!.
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