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Highly directive light sources using two-dimensional photonic crystal slabs
Anne-Laure Fehrembach, Stefan Enoch, and Anne Sentenaca)
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~Received 15 June 2001; accepted for publication 11 October 2001!

We have designed a microcavity with periodic microstructure that extracts nearly all the power
emitted by a luminescent source and confines 80% of the energy radiated in the superstrate in a cone
of half width 0.2° about the normal of the device. ©2001 American Institute of Physics.
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Generating light sources is a subject of intense activ
Several ways for improving these devices are explored:
creasing the spontaneous emission rate, improving the
version of emitted power into useful radiation, and contr
ling the angular directivity of the light. The latte
requirement also proves useful in ameliorating the per
mances of biosensors, in which detectors usually see lu
nescent molecules under a limited solid angle. Many mic
cavities from Fabry–Pe´rot stacks to three-dimensional~3D!
geometries such as microspheres, micropillars, and
bridges, have been studied to modify the emission rate
confining the light to small volumes.1,2 3D photonic crystals,
namely photonic band-gap~PBG! materials, have also bee
suggested3 for this purpose. Easier to fabricate, tw
dimensional ~2D! periodically patterned dielectric plana
waveguides, i.e., mode band-gap~MBG! materials, which
allow control of guided waves in two space directions a
partially confine the light in the third direction with the tot
internal reflection process, are also under study.4 In most
light-emitting diodes~LEDs! the emitting part is a thin-film
material whose index of refraction is quite larger than
surrounding media. A large fraction~close to 90%! of the
emitted power is trapped in the structure through the gui
waves and by total internal reflection. This problem is oft
resolved by introducing surface roughness on the LE
which scatters back in free space the nonradiative waves
that over 30% of the light can escape from the semicond
tor surface.5 A better extraction efficiency combined with a
increase of the spontaneous emission rate can be obtaine
enclosing the emissive layer in a microcavity that forces
source to emit preferentially into modes that can couple
useful radiation. In planar microcavities such as Bragg
flecting mirrors based on a multilayer stack, up to 32% of
power is extracted while the remainder is carried mostly
the guided waves of the stack.6 Prohibiting the propagation
of lateral modes can overcome this limitation.1,7 Another so-
lution, using MBG-type structures, consists of favoring t
coupling of the source to surface waves or guided waves
then Bragg scattering them in free space.4,8–10Experimental
and numerical studies of these microcavities show a str
enhancement in the useful emission intensity due to a m
better extraction rate and a higher spontaneous emis
rate.4 The issue of the directivity of the light source h
received less attention. Indeed, it seems difficult to impro
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it with microcavities allowing a high confinement of the fie
since the lateral dimension of the emitting surfaces is usu
of the order of the wavelength. On the other hand, exten
cavities such as Fabry–Pe´rot stacks, while able to confine th
radiated power into a cone of small aperture, are plag
with a relatively small extraction efficiency.6 Last, the prom-
ising MBG-type cavities present a complicated radiation p
tern that is not satisfactory as it stands.9,11 In this letter, we
design a MBG microcavity from which all the power pro
vided by the source can be theoretically extracted, and
concentrates most of the radiated energy in an arbitra
small solid angle about its normal.

To study the radiation pattern of the device, we use
well-proven model based on an entirely classical formali
in which the emitter is considered to be a forced elec
dipole oscillating at frequencyv located in a complex
structure.12 The calculation of the emission, in the superstra
or substrate, of the active microcavity is performed by invo
ing the reciprocity theorem.13 The latter states that, in the fa
field of the active device, the electric field atR5Rû5R(ui

1uzẑ), E1(R)5E(û)exp(ivR/c)/R, radiated by a dipole lo-
cated at originO @see Fig. 1~a!#, can be obtained from field
E2(O) that exists when the same structure, without source
illuminated by a plane wave with the incident wave vec
directed along (ui2uzẑ). The radiated power in the directio
of observationû per unit solid angle, is proportional to
uE(û)u2. The reciprocity theorem is a powerful tool that a
lows one to interpret the radiation pattern of an active dev
by referring to the properties of the passive structure wh
have usually been more studied. All the numerical resu
were obtained with a 2D grating code, based on the sca
ing matrix approach and a Fourier modal method, as
scribed in Ref. 14. The scattering matrix relates any incid

FIG. 1. ~a! Geometry of the planar cavity. The thickness of the film ish
50.06l0 , wherel0 is the wavelength of radiation of the source in vacuu
Index of refraction of the filmn253.5, of the substraten151.5, and of the
superstraten51. ~b! Power radiated in the superstrate by a dipole direc
along the 0X axis located on the film: in the planew50° ~solid line!, w
590° ~dash line!.
0 © 2001 American Institute of Physics
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



It
th
-

in
ve
a

e
de
n
g

ed
st

i
of
in

re
de
si
r

rr

ic
ra
ve
c

s
e
n
n

n
e
di

e
a-

dge

-
ting
de-
ond-
. In

y

a
y to
r
e

can
gly

of
e

d in
the

-
itter
er
rical
-
aper
ters

of
The
ave
al

e in

the
uc-

al
0%

ar

e
p

the

4281Appl. Phys. Lett., Vol. 79, No. 26, 24 December 2001 Fehrembach, Enoch, and Sentenac
plane wave impinging on the structure~from the substrate
and the superstrate! to the outgoing diffracted plane waves.
permits the calculation of the field inside the structure,
dispersion relation of modes,15 and the efficiencies of grat
ings.

We start from the simple multilayer system, depicted
Fig. 1~a!, consisting of a semi-infinite substrate of refracti
indexn151.5 covered by a layer of dielectric material with
high refractive index,n253.5 ~typically, a semiconductor
such as GaAs!. The superstrate is vacuum with index 1. W
now place a luminescent source on the film. To mo
quantum-well sources, we consider solely dipole mome
lying in theXYplane.7 The emitted light is distributed amon
the radiative continuum that gets out of the structure~above
and below! and the nonradiative part, including the guid
modes, that remains trapped in the layer. The angular di
bution of the intensity emitted in the superstrate is shown
Fig. 1~b!. The lobe is strongly divergent for both planes
observation. The total radiated power in free space, obta
by integrating the emission over 4p strad is two times
smaller than that obtained with a source located in f
space. This is due to the loss of power carried by the gui
modes and also by the inhibition of the spontaneous emis
induced by the destructive interferences between the
flected fields that drive the emitter.12

The first issue is to control the guided modes that ca
an important fraction of the emitted power,6 and thus dimin-
ish the device efficiency. It is well known that a period
perturbation of the planar waveguide, namely, a Bragg g
ing, may impede the propagation of guided waves in a gi
direction. Yet, blocking all the modes, whatever their dire
tion, in the frequency domainW of the luminescent source, i
more difficult. It is achieved in Ref. 7 with a triangular lattic
of air holes in a symmetrical dielectric slab. Here, we co
sider an asymmetrical planar waveguide that supports o
one TE mode inW described by its dispersion relatio
kg(v). We pattern the guiding layer with a triangular lattic
of hexagonal dips. More precisely, the structure is perio
with period d along two vectorsx̂, ŷ of the XY plane that
verify x̂• ŷ5cos(p/3), as depicted in Fig. 2~a!. Then, the
electric field of the TE-like mode can be cast in the form

FIG. 2. ~a! Hexagonal cell of air holes etched in the film of the plan
microcavity of Fig. 1~a!. The lattice constant isd50.35l0 . The holes are
hexagonal and inscribed in a disk of diameterd/). ~b! Reciprocal lattice of
the periodically patterned thin film~i.e., mode band-gap material! and the
reduced Brillouin zone.~c! Dispersion relation of the TE-like mode in th
MBG. The cutoff frequency for the TM-like modes is well above the ga
The frequencyv0 , at the lower boundary of the gap, is the frequency of
source.
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E~r ,z,t !5exp~ i r•Km2 ivt ! (
KPS

EK~z!exp~r•K !, ~1!

where Km is the mode wave vector that is limited to th
Brillouin zone; r is the in-plane component of the observ
tion point r5xx̂1yŷ; and K5(2p/d)(na1mb), with
(n, m) relative integers, is a vector of reciprocal spaceS
whose basis (a, b) satisfiesa• x̂51, a• ŷ50, b• x̂50, b• ŷ
51. For small corrugations, the dispersion relationKm(v)
follows that of the unperturbed waveguide except at the e
of the Brillouin zone, i.e., when one can findK so that
uKm1K u is close touKmu @this occurs at frequenciesv when
kg(v) reachesp/d#. Indeed, in this region, the grating trig
gers the excitation of several guided waves propaga
along different directions. The coupling between these
generate modes introduces a frequency band gap corresp
ing to a change in the energy associated to each mode
Fig. 2 we plot the dispersion relationKm(v) when the ex-
tremity of Km follows the reduced Brillouin-zone boundar
GJXG, described byGX5pa/d, GJ52p(b/312a/3)/d,
which accounts for the symmetry of the crystal. To obtain
total band gap for the TE-like mode, it has been necessar
etch hexagonal air holes, inscribed in a disk of diametef
5d/), throughout the film down to the substrate. If th
frequency of the source lies in the gap, no emitted power
be lost in the guided modes and the extraction rate is stron
enhanced.7 On the other hand, the angular distribution
emitted light is not controlled and the directivity of th
source is not improved.

Rather than blocking the modes, it has been suggeste
Refs. 8–10 to recover them. Studies have shown that
field associated to guided waves in a multilayer6 or to guided
Bloch waves in a MBG,16 can be very important as com
pared to that of the continuum spectrum. Hence, the em
may couple to them preferentially. To recover the pow
trapped in the guided waves, one can use a hemisphe
dome with a higher permittivity than the film. A similar re
sult can be obtained, with a more repeatable and che
technology, thanks to a cross-grating coupler that scat
back in free space the guided waves and the continuum
the nonradiative plane waves provided by the source.
period of the cross grating is chosen so that whatever w
vectork in theOXYplane, there exists at least one reciproc
lattice vectorK , which satisfies,uk1K u<v/c. The power
carried by the now leaky, guided modes escapes the devic
free space along the directions (u, w) given by9

FIG. 3. Schematic top view in real space of the MBG of Fig. 2~a! and of the
grating coupler that outcouples the guided waves in free space along
normal to the device. The microcavity is a combination of these two str
tures, it is periodic with periodd85d). The disks represent hexagon
holes that are drilled through the guiding layer. The black holes are 2
smaller than the gray ones.

.
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v

c
sinu~coswX̂1sinwŶ!5Km1K . ~2!

The radiated pattern then presents peaks of emissivity a
several arcs or portions of cones.9,11 The height and filling
factor of the grating influence the thickness~or angular di-
vergence! of the arcs by increasing or diminishing the lea
age of the modes.9 These devices are interesting from
extraction point of view, but the angular distribution of th
emitted light is still not satisfactory and it remains difficult
collect light from the arcs.

To concentrate the energy about the normal of the de
while extracting 100% of the emitted power, we propose
improve this last technique by using the ability of 2D ph
tonic crystal to modify the dispersion relation of the mod
Indeed, the presence of arcs in the spatial distribution of
emitted light is directly linked to the fact that the guide
modes are excited by the source in any direction of theXY
plane. If one is able to design a planar structure that supp
guided modes in a small angular domain only, then, the g
ing coupler will be able to scatter back the light in a ve
directive manner. To impede the propagation of the guid
waves in most directions, we can use a MBG that open
total band gap for the modes. At frequencies close to
edge of the gap, the propagation of the modes is allow
only in certain directions of the reciprocal Brillouin zone.
the example presented in Fig. 2, whenv5v0 , at the low
edge of the gap, the periodic structure supports one mod
the reduced Brillouin zone, with wave vectorKm5GJ
~whereGJ is a reciprocal space vector going fromG to J!,
uKmu5p/d, and its five symmetrical partners in the com
plete representation shown in Fig. 3~a!. Note that these
guided modes are not leaky. To recover them in free sp
we need to introduce a cross-grating coupler. We caref
chose its period and cell in such a way that the light trap
in the modes is scattered back in the normal direction to
device. Following Eq.~2!, we see that the reciprocal lattic
of the new periodic structure should includeK 85GJ and all
its hexagonal symmetrical images. Hence, we alter the
hexagonal crystal with lattice constantd depicted in Fig. 2 so
that it becomes periodic with periodd85d) and ap/3 ro-
tated hexagonal cell. It amounts to changing slightly
shape of one hole over three, as shown in Fig. 3~b!. The

FIG. 4. Power radiated in the superstrate, in the planew50° by a source
placed on the modified MBG presented in Fig. 3~b!. The dipole moment is
directed along the 0X axis ~dash line! and 0Y axis ~solid line!. The radiated
power is roughly isotropic.
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modification of this motif is responsible for the leakage
the modes, and thus for the spatial extentL of the electric
field in the structure. It monitors the angular divergencedu
of the emitted light in free space withdu;l/L, wherel is
the wavelength of radiation. The typical length of the micr
cavity that is necessary to extract most of the power from
guided modes should be of the order ofL. The bigger is the
perturbation, the more divergent is the emitted beam and
lesser periods are needed to extract all the energy. The
cate interplay between light extraction and light absorpt
rates will limit, in practice, the angular resolution of th
source~see Boroditskyet al. in Ref. 4!.

In Fig. 4, we plot the angular distribution of the emitte
light in the superstrate from a source placed in the alte
MBG, depicted in Fig. 3~b!, where one hexagonal hole ove
three is 20% smaller than the regular motif. The solid a
dash lines correspond to dipole moments oriented alonX̂
andŶ, respectively. In both cases, we observe a very imp
tant peak of emissivity along the normal to the sample c
responding to the excitation of the mode. The average of
emitted intensity in the superstrate over all the orientations
the source shows that about 80% of the energy is now c
centrated in a cone of half width 0.2°. The radiated powe
the superstrate represents 25% of the total emitted inten
but it is nine times bigger than that obtained from the pla
microcavity ~while the total radiated power is 3.5 times th
of the planar microcavity!. Note that a larger emission en
hancement could be expected with sources located in
middle of the film rather than at the upper boundary since
Bloch mode intensity is higher there.

By introducing periodical defects in a thin film of 2D
photonic crystal, we have designed a very directive lig
source with high extraction rate that could be manufactu
with the present nanotechnology.
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