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High Extraction Efficiency of Spontaneous Emission from Slabs of Photonic Crystals
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A thin slab of two-dimensional photonic crystal is shown to alter drastically the radiation pattern
of spontaneous emission. More specifically, by eliminating all guided modes at the transition
frequencies, spontaneous emission can be coupled entirely to free space modes, resulting in a
greatly enhanced extraction efficiency. Such structures might provide a solution to the long-standing
problem of poor light extraction from high refractive-index semiconductors in light-emitting diodes.
[S0031-9007(97)03094-9]
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Spontaneous emission arises from the intricate interp
between a radiating system and its surrounding enviro
ment [1,2]. A prominent example of this interplay ca
be seen in a photonic crystal, where spontaneous em
sion can be enhanced, attenuated, or even suppresse
changing the density of electromagnetic states at the tr
sition frequency [3–6], or by changing the orbital angu
lar momentum of the emitted photon [7]. The ability t
control spontaneous emission could have profound con
quences on many optoelectronics devices [8].

One device that could potentially benefit from th
control is the light-emitting diode (LED), which spon
taneously emits radiation from ap-n junction. In the
past thirty years, various approaches have been propo
to enhance the extraction efficiency of LED’s [9–12
Many of these approaches rely on clever geometrical o
tical designs to either enlarge the escape cone of phot
using a hemispherical dome [9], or to enable multip
entry of photons into the escape cone using photon re
cling [10] or surface roughness [11]. These approach
however, do not alter directly the spontaneous emiss
properties of the devices. The first attempt to increa
LED efficiency by direct modification of spontaneou
emission was made using a Fabry-Perot type microcav
[12]. However, these resonant cavity LED’s could n
provide enhancement over the entire emission spectru
but rather only when at resonance. In this Letter, w
present a different approach to the modification of spo
taneous emission which leads to significant enhancem
over a very wide range of frequencies. Furthermore,
no resonance or photon recycling is involved, the ph
ton lifetime is shorter, which has the effect of reducin
the absorption loss and increasing the response sp
In particular, we study the effect of a two-dimension
photonic-crystal slab on the spatial distribution of spo
taneous emission from a dipole moment. We show th
nearly all the emitted light can be extracted from such
dielectric geometry.
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We begin by using a simple model for the LED which
consists of placing a point dipole source inside a uniform
high-index dielectric slab. For concreteness, we choose
slab of thickness0.5a, wherea is an arbitrary length unit
to be defined later, and a refractive index of 3.5, typica
for high-index semiconducting materials, such as GaAs,
a wavelength of1.55 mm. The schematic diagram of the
setup is shown in Fig. 1(a). The emitted radiation from
the dipole source will either couple to the guided mode
of the dielectric slab or to radiation modes.

FIG. 1. (a) Schematic diagram of a uniform dielectric slab
(b) Dispersion relation of the structure shown in (a) for TE-like
guided modes. The gray area corresponds to the continuu
of extended (nonguided) modes. The solid circles correspon
to TE guided modes with even symmetry with respect to th
x-y symmetry plane, while the open circles correspond to TE
guided modes with odd symmetry. (c) Output efficiency along
the z direction as a function of frequency.
© 1997 The American Physical Society
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The dispersion relations of the guided modes are com
puted using a conjugate gradient plane-wave expans
method [13]. The first four TE guided mode bands ar
plotted in Fig. 1(b). These modes are characterized by
electric field lying within and parallel to the slab. The
continuum of radiation modes is shown in gray abov
the light cone. We focus our attention on the TE guide
modes since light emitted from a quantum well “sand
wiched” between two dielectric layers would have a sim
lar polarization. The first and third TE bands have eve
symmetry with respect to the mirror plane parallel to th
slab [solid circles in Figs. 1(b) and 1(c)], while the othe
two have odd symmetry (empty circles).

We define the extraction efficiency as the fraction o
emitted flux through the top and bottom surfaces of th
slab to the total emitted flux. In general, we would expe
the extraction efficiency to increase with the densit
of radiation modes, and decrease with the density
guided modes. To calculate the efficiency, we use
three-dimensional finite-difference time-domain metho
described in Ref. [14] with Mur’s absorbing boundary
conditions [15]. A point dipole source polarized in the
x-y plane is inserted at the center of the dielectric sla
and is excited with a Gaussian profile in time. Th
extraction efficiency is shown in Fig. 1(c) as a function o
frequency. The results are obtained by a discrete Four
transform [16] which allows us to compute the efficienc
at different frequencies in a single simulation run.

For the most part, the extraction efficiency is wel
below 10%. At low frequencies the density of radiation
modes increases more rapidly than that of the sing
guided mode. Consequently the extraction efficienc
initially increases with frequency, eventually reaching
maximum of 19% at0.58cya. The drop in efficiency
above0.58cya arises from the appearance of an addition
guided mode which “traps” the emitted radiation an
hinders light extraction from the slab. A similar drop is
not observed at the cutoff frequency of the second band
Fig. 1(b) since the dipole source cannot couple to ban
with odd symmetry.

The existence of guided modes in the slab impedes t
extraction of light. In the case shown in Fig. 1(a) wher
the slab is surrounded by air, guided modes exist at eve
frequency [17]. By introducing a strong two-dimensiona
variation of the refractive index into the slab, we hop
to create a frequency range for which no guided mod
can exist. In this frequency range, all the spontaneous
emitted power will couple to free space modes and w
radiate out of the slab.

We choose to introduce an index variation by pa
terning a triangular lattice of air holes into the dielec
tric slab. The holes are chosen to have a diameter
0.45a, where a is the lattice constant of the triangular
array. For the purpose of calculating the extraction effi
ciency, we choose a slab with a finite number of hole
as shown in Fig. 2(a). The triangular lattice is a natur
choice since, in the case of a slab withinfinite thickness,
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FIG. 2. (a) Schematic diagram of the computational ce
containing a finite number of air holes inside a dielectr
slab on a triangular lattice. (b) Dispersion relation of th
structure shown in (a) for the case of an infinite number of a
holes. The gray area corresponds to the continuum of exten
(nonguided) modes. The solid circles correspond to TE-li
guided modes, while the open circles correspond to TM-li
guided modes. (c) Output efficiency as a function of frequenc
for the case shown in (a).

a large in-plane band gap appears for both TE and T
polarizations [18,19].

The photonic band diagram for a corresponding sl
with an infinite array of holes is plotted in Fig. 2(b)
The gray region above the light line corresponds to t
continuum of extended modes. Below the light line, w
show the bands for every guided mode in the structu
The periodicity has a dual effect on the guided mode
it opens a gap, and also sets an upper frequency lim
A gap can be seen between the first and second TE-
bands, and between the second and third TM-like ban
[20]. The first two TE-like bands are even with respe
to the mirror plane parallel to the slab. The gap for th
TE-like modes extends from0.37cya to 0.53cya (size of
36%, which is defined as the gap width over the midg
frequency), while the gap for the TM-like modes extend
from 0.47cya to 0.56cya (size of 17%). Above0.66cya,
all the modes are extended; the periodicity causes ev
mode above the cutoff to be Bragg scattered into t
continuum.

We study the extraction efficiency for a dipole placed
the structure shown in Fig. 2(a). The dipole is located
the center of the slab, and is aligned along they direction.
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Again, only even TE-like modes will be able to couple
to the emitted radiation. Results are shown in Fig. 2(c
At the band edge of the lowest band, the extractio
efficiency jumps sharply from less than 15% to more tha
70%. The efficiency remains close to 70% inside th
entire gap region. A dip occurs around0.55cya, which
coincides with the upper edge of the gap. Above th
second band, there are no TE-like guided modes. T
efficiency oscillates around an average value of 70% wi
the occasional peak close to 90%.

We plot in Figs. 3(a) and 3(b) the power distribution
of the electric field radiating from the dipole. The powe
is shown for two different frequencies, namely,0.44cya
which lies inside the gap [Fig. 3(a)] and0.76cya, which
falls inside the continuum of extended modes [Fig. 3(b)
In both cases, a large fraction of the power is radiated in
free space, as expected.

Although both cases display large extraction efficien
cies, the radiation patterns reveal important difference
In the case shown in Fig. 3(a), radiation appears to orig
nate predominantly from the center of the array, while i
Fig. 3(b) radiation appears to be more spread out. Th
difference is attributed to the nature of the eigenmodes
the absence of the dipole. Modes inside the gap do n
propagate along the slab, thus emitted light goes direc

FIG. 3. Spatial distribution of the electric-field power den
sity radiating from a dipole in the triangular lattice. The
power density is shown for frequencies (a)f ­ 0.44cya and
(b) f ­ 0.76cya.
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into free space. On the other hand, modes above the lig
line possess large components in both the slab and fre
space. Emitted light, therefore, can propagate along th
slab and then couple out, resulting in a more complex
radiation pattern.

As we have shown in Fig. 2, light can be extracted from
a dielectric slab with high efficiency using less than three
periods of the triangular array in any direction around the
dipole. Since only a finite number of holes is introduced
into the slab, some radiation is able to escape along th
slab. The radiation intensity decays away from the source
up to the edge of the array, and couples to guided mode
and remains trapped inside the slab. By increasing th
number of holes, one should be able to achieve eve
higher extraction efficiencies. One expects efficiencie
approaching 100% in structures with a large numbe
of holes.

For completeness, we also study the emission propertie
in an array of short dielectric posts. This configuration is
analogous to the one described above, except that whe
there was dielectric now there is air, and vice versa. Th
posts have a radius of0.15a, a height of0.5a, a dielectric
constant of 12.096, and are arranged on a honeycom
lattice. A schematic diagram of the structure is shown in

FIG. 4. (a) Schematic diagram of the computational cell
containing a finite number of short dielectric posts on a
honeycomb lattice. (b) Dispersion relation of the structure
shown in (a) for the case of an infinite number of posts.
The gray area corresponds to the continuum of extende
(nonguided) modes. The solid circles correspond to TE-like
guided modes, while the open circles correspond to TM-like
guided modes. (c) Output efficiency as a function of frequency
for the case shown in (a).
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Fig. 4(a). As was the case for the triangular lattice of a
holes, the honeycomb lattice of dielectric posts genera
a complete in-plane band gap for both polarizations wh
the posts haveinfinite length [5]. However, it turns out
that the gap lies above the cutoff frequency for the guid
modes (i.e., above the light line). The band structure
shown in Fig. 4(b) for the case of rods with finite length
There is no gap for the guided modes in this structu
The output efficiency is shown in Fig. 4(c). As expecte
there is no spectral region with high extraction efficienc
below the light cone. Above the light cone, however, th
efficiency jumps above 80%, with a peak at 94%.

In conclusion, we demonstrate that efficient light ex
traction from a dielectric slab can be achieved with a tw
dimensional photonic crystal. We present results for tw
different frequency regimes, namely, below and above t
light cone where, in the former case, a gap is creat
between the guided modes. We also discuss the diff
ences in the physical mechanisms and radiation patte
between these two regimes.

This work is supported by the MRSEC Program of th
NSF under Award No. DMR-9400334.
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