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We investigate the use of photonic crystals for light extraction from high-brightness thin-film
AlGaInP light-emitting diodes with different etch depths, lattice constants, and two types of lattices
�hexagonal and Archimedean�. Both simulations and experimental results show that the extraction
of high order modes with a low effective index neff is most efficient. The highest external quantum
efficiency without encapsulation is 19% with an Archimedean A7 lattice with reciprocal lattice
constant G=1.5 k0, which is 47% better than an unstructured reference device. © 2008 American
Institute of Physics. �DOI: 10.1063/1.2963030�

Total internal reflection at the semiconductor-air inter-
face results in poor light extraction efficiency from light-
emitting diodes �LEDs�. Photonic crystals �PhC� have al-
ready been applied to extract the guided light.1 Following
initial concentration on infrared PhC-LEDs,2,3 recent devel-
opments have focussed on GaN-based LEDs.4–6 Further-
more, quasicrystals, such as Archimedean lattices, have
also been implemented to allow for omnidirectional light
extraction.3 It is still uncertain, however, whether PhC-LEDs
can outperform state-of-the-art LEDs in terms of external
quantum efficiency �QE. Here, we investigate the use of
PhCs for light extraction from high efficiency thin-film
LEDs in the AlGaInP material system emitting at 650 nm
and compare the experimental results with simulations.

The PhC diffracts guided modes with in-plane wave vec-
tor ki= �neff,i�k0 �1� �neff,i��nQW� as seen in Fig. 2�a� accord-
ing to Bragg’s law

neff,d�kx,ky� = neff,i�kx,ky� +G/k0, �1�

where neff is the effective index of the mode, G is a recipro-
cal lattice vector of the PhC, and k0 is the vacuum wavenum-
ber. Diffracted modes with 0� �neff,d��1 are extracted to air
with the farfield angle �=sin−1�neff,d�. Hence, a mismatch
�= �neff,i−G /k0��1 is allowed for first order diffraction to
air but the extraction efficiency for large � is low as it is
proportional to �1−�2.7 Since guided modes in AlGaInP
have neff� �1,3.4�, the optimal reciprocal lattice constant
must be sought in the range 1�G /k0�3.4.

Our LEDs were grown by metal-organic vapor phase
epitaxy on a GaAs substrate and processed according to the
scheme described elsewhere.8 The vertical refractive index
structure of the LED can be seen in Fig. 1. It has a combined
transparent conductive oxide/Au mirror and p contact. The
active region consists of five GaInP quantum wells �QWs�
with �Al0.5Ga0.5�0.5In0.5P barriers embedded between 400 nm
thick AlInP electrical confinement layers. A 3.8 �m thick
n-Al0.6Ga0.4As current spreading layer ensures sufficient cur-
rent spreading onto the 250�250 �m2 chip. The PhCs were
defined on 400 nm thick ZEP-520A resist by e-beam lithog-

raphy and subsequently etched with chlorine-based chemi-
cally assisted ion beam etching into the n-Al0.6Ga0.4As cur-
rent spreading layer using only the ZEP resist as a mask. Two
sets of samples were etched to an etch depth of 200 and
800 nm, respectively. We fabricated hexagonal lattices and
Archimedean A7 lattices with reciprocal lattice constant G
between 1.5 k0 and 3.4 k0, corresponding to lattice constants
between 490 and 224 nm, respectively �Figs. 2�b� and 2�c��.
The PhC-LEDs and unpatterned reference LEDs were
mounted on TO18 headers for characterization. The total flux
from the fabricated LEDs was measured in an integrating
sphere. The PhC enhancement at 10 mA drive current was
given by dividing the PhC-LED intensity with an unpat-
terned reference LED intensity and is plotted in Fig. 2�d�.

The experimental extraction efficiency dependence on G
can be compared with a model based on coupled mode
theory, where we treat the PhC as a perturbation of the un-
patterned LED. Hence, we assume that the internal emission
pattern is similar to the emission pattern in an unpatterned
LED, where the PhC region has an effective refractive index
nPhC. The diffracted intensity from mode n to mode m is
given by
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FIG. 1. �Color online� Vertical refractive index profile of the characterized
LED �black thick line� and normalized guided mode intensity profiles. The
high intensity type I mode is confined to the MQW region. Type II modes
are evanescent in the PhC region whereas type III modes can propagate in
the PhC region.
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Id�n → m� � In��	̃mn�2�
mn�2, �2�

where In is the spontaneous emission into the nth mode,
��	̃mn�2 is the Fourier amplitude of the reciprocal lattice vec-
tor G that couples mode n to m, and 
mn represents the cou-
pling strength and is calculated as


mn = �
PhC

E
m
*�z� · En�z�dz . �3�

The diffracted intensity into air is given by summing up
all diffraction events for radiating modes with neff�1. The
strength of this model7 is that the real undisturbed mode
distribution is taken into account as well as all diffraction
orders. Naturally, the validity of this perturbative approach
decreases as the PhC etch depth increases, which is also
evident from the comparison of experimental and simulated
diffraction efficiencies presented in Fig. 2�d�. There is good
agreement for 200 nm etch depth, but less so for 800 nm.
For the 200 nm curve �solid line�, maximum diffraction to
air is obtained for G=1.6. This can be understood by consid-
ering the vertical guided mode intensity profile for different
types of modes in the LED �Fig 1�. A few modes with neff
�nAlInP are resonant in the waveguide created by the high
index multiple QW �MQW� region surrounded by the lower
index AlInP electrical confinement layers. These so called
type I modes have a very high intensity but they are hardly

affected by the distant PhC and so will only extract weakly.
A second type �II� of modes with nPhC�neff�nMQW are
guided within the whole LED. These modes also interact
only weakly with the PhC since they are evanescent within
the PhC. A third range of modes �III� with 1�neff�nPhC
interacts more strongly with the PhC. The simulation shows
that this third type of modes is the most promising to extract
due to its high coupling strength with the PhC, which ex-
plains the maximum extraction efficiency observed for
G /k0	neff=1.6, as this effective index falls within the range
of type III modes.

Spectrally resolved farfield patterns �Fig. 3� were col-
lected with a scan step of 1° and 0.9° angular resolution. The
farfields were normalized with the integrated emission spec-
trum and divided by a lambertian emission profile to visual-
ize the PhC effect for all wavelengths and angles. In addition
to the Fabry–Pérot resonances evidenced by the broad
“boomerang”-shaped lines, the PhC-LED farfields have steep
diffraction lines �Figs. 3�a� and 3�b�� that correspond to ex-
tracted guided modes. In the farfield pattern from a hexago-
nal PhC-LED with G=3.4 k0 �Fig. 3�a��, two strong lines can
be also observed near the top of the graph, around 670 nm.
These lines disappear for wavelengths shorter than �peak
=658 nm, indicating that these modes are reabsorbed in the
active region much faster than they are extracted by the PhC.
These lines should therefore correspond to type I modes and
this is confirmed by the good agreement with the diffraction
line �inserted dashed line� from the type I mode with highest

FIG. 2. �Color online� �a� Diffraction of incident in-plane k vectors ki to kd

by the reciprocal lattice vector G=2.5. Both modes cannot be extracted by
the same PhC. ��b� and �c�� Scanning electron microscope images of LED
surfaces with a hexagonal PhC and an Archimedean A7 lattice. �d� Experi-
mental PhC enhancements for hexagonal �filled� and A7 �open� lattices with
200 nm �circles� and 800 nm �squares� etch depth together with simulated
diffraction intensity in a.u. for 200 nm �solid line� and 800 nm etch depth
�dashed line�.

FIG. 3. �Color online� �a� Normalized spectral resolved farfields for hex-
agonal PhC-LEDs in the 
M direction �a� G=3.4 k0. The calculated type I
mode with highest intensity has been inserted �dashed line�. �b� G=1.7 k0.
Strong diffraction of type III modes at all wavelengths. NB The �-� repre-
sentation used here is similar to the commonly used �-k representation for
guided modes.
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intensity calculated with a one-dimensional mode solver. Ex-
tracted type II and type III modes on the other hand, suffer
less from reabsorption, since they have a lower overlap with
the active region and the diffraction lines can be observed
over the whole spectrum �Fig. 3�b��. The slope of the diffrac-
tion lines shows that the extraction angle is almost indepen-
dent of the wavelength within the emission spectrum, which
highlights the fact that the diffraction strength is not sensitive
to wavelength shifts that can be induced by heating or high
current densities.

The highest PhC extraction enhancement at 10 mA com-
pared to an unstructured reference is 47% for a 800 nm deep
A7 lattice with G=1.5 k0. Hexagonal and A7 PhCs do gen-
erally have very similar enhancement factors, as shown in
Fig. 2�d�. This was also observed in Ref. 9, suggesting that
the total extraction efficiency is not enhanced by the A7 lat-
tice despite its omnidirectional diffraction properties. The ex-
ternal quantum efficiency for this PhC-LED is 19% without
encapsulation.

For comparison, the extraction efficiency for an unpat-
terned LED calculated with the formalism given in Ref. 10 is
just �extr=3.5%. The measured �QE=�int�extr is 13%, how-
ever, where �int�100% is the internal quantum efficiency.
This significant discrepancy between simulation and experi-
ment can only be explained by photon recycling. In fact,
simulations have shown that the light extraction efficiency
can indeed be enhanced by a factor of this magnitude when
�int is close to 100%.

11 The mechanism for this almost four-
fold enhancement is the reabsorption of preferentially guided
modes in the active MQW region followed by re-emission
into any mode. Hence, photon recycling redistributes the
mode intensity such that more light is emitted into the light
extraction cone. Type I modes are absorbed most strongly
due to their high overlap with the MQW region but recycling
also occurs for type II and type III modes.

Even though the extraction enhancement of 47% facili-
tated by the PhC is significant, much higher enhancements
have been reported by other researchers, e.g., values �100%
�Ref. 12� have already been achieved. These high values
have been reported for AlGaInP LEDs with absorbing GaAs
substrates and small emission windows, however, i.e., the
high relative enhancement was obtained for devices with low
absolute efficiency. Our results, in contrast, highlight the fact
that significant enhancements can also be achieved for de-
vices with high absolute efficiency.

Compared to surface roughening,13,14 our enhancement
values are also lower. Surface roughening effectively scatters
incident light randomly into all directions. Hence, a fraction

of the light is extracted regardless of the effective index of
the incident light. In contrast, the PhC extracts a limited
mode range with high efficiency but the remaining modes are
not extracted at all �Fig. 2�a��. In principle, this enables the
extraction of light into a limited extraction cone, i.e., the
creation of a more directional beam. Therefore, a much thin-
ner device with a tailored mode distribution4 is expected to
show higher PhC enhancements.

In summary, we have fabricated and characterized Al-
GaInP thin-film LEDs with 200 and 800 nm deep hexagonal
and Archimedean A7 PhCs with different lattice constants.
Spectral farfield measurements show the multimode extrac-
tion and that the extraction angle of a single mode is almost
constant over the spectral emission width. The highest ex-
traction enhancement of 47% is obtained for extraction of
high-order type III modes, which is in agreement with simu-
lations based on coupled mode theory. The main achieve-
ment reported here is the demonstration of high PhC-based
extraction enhancement combined with a high absolute ex-
ternal quantum efficiency.
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