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Abstract: We investigate the physics of spontaneous emission in a
photonic crystal (PhC) made of GaN rods with embedded InGaN quantum
wells, formed on a thick GaN layer. Although the PhC lies on a higher-
index medium, we evidence the existence of unexpected quasi-guided
Bloch modes which are strongly localized in the PhC region and possess a
long lifetime. These modes determine the behavior of spontaneous emission
such as the emission diagram and Purcell effect, as would happen in the
usual case of emission in a PhC membrane.
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1. Introduction

Spontaneous emission in the presence of a light con ning structure has been extensively studied
in photonic crystals (PhCs),[1, 2, 3, 4, 5] notably in the case of emission in a PhC membrane
displaying a photonic band gap and its derived structures (defect cavities or waveguides created
by missing holes in such membranes). Membranes provide a "textbook” system where ef cient
light con nement is obtained by the PhC and by refractive index guiding in the vertical direc-
tion. Periodic membranes as well as point and line defects have been studied in this respect. For
real-world device applications however, current injection is necessary and leads to less ideal
structures. In the eld of high-ef ciency light emitters for instance, PhCs can be considered for
enhanced light extraction in a geometry where the substrate is retained.

GaN-based materials constitute an important material for solid-state light emitters, and nu-
merous implementations of PhC-assisted light emitting diodes have been demonstrated [6, 7, 8].
Etch-induced damage to the material remains a concern in this case as it can scavenge carriers
and spoil the overall ef ciency. However, Kellet al. recently demonstrated that suitable an-
nealing can heal such damage, even when the PhC is etitfredjhthe InGaN active region
[9]. The resulting structure is rather unusual: it consists of a GaN/air PhC lying on a thick GaN
buffer, grown on a sapphire substrate. In this case, one can expect rather strong effects on spon-
taneous emission because the source is embedded in the PhC. On the other hand, the absence
of vertical index con nement makes the modal distribution much more complex so that it is
challenging to predict trends for the amount of overall light extraction enhancement.

In this article, we explore some properties of spontaneous emission in such structures. In
particular, we show that con nement in the vertical direction is more effective than could be
anticipated, making it clear that part of the underlying physics is two-dimensional, while pro-
viding a clear extraction enhancement in the vertical (third) direction.

2. Light emission in PhC membranes

In this section, we rst briey review the well-known case of spontaneous emission in a
monomode PhC membrane. This simple situation will serve as a basis for the analysis of emis-
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sion diagrams in more complex structures. This will be justi ed by our nal ndings, nhamely
that emission in the structure of interest retains a strong two-dimensional character.

2.1. Low-frequency behavior

In a textured membrane, a rst heuristic regime occurs at low frequencies, where the reciprocal
lattice vectorsG are so large compared tg, = n /c ( n being an average membrane
effective index) that they cannot bring guided modes into the small airkcpre  / c. Hence,
guided modes undergo the photonic crystal perturbation on their own, while direct emission
to the air is essentially unchang&dor only perturbatively affected. We shall rst discuss

in the following the emission in this regime to enlighten the distinctive features of vertical
con nement and in-plane structure of a photonic crystal membrane.

Let us consider a symmetric, monomode PhC membrane possessing a band gap for TE in-
plane polarization. In this work, we will consider light emitters which are delocalized in the
horizontal direction, such as excitons in a quantum well - this is in contrast to the usual point
dipole sources used to model quantum dot emitters. The reason for this is twofold: we are
interested in InGaN/GaN quantum wells, and the delocalized nature of excitons saves us from
dealing with the emitter’s in-plane location in the PhC, thus simplifying the discussion.

As mentioned above, spontaneous emission can occur through two well-separated channels:
light which is directly propagative in air (corresponding to waveveckors kg) and guided

light in the fundamental E mode? Therefore, the Purcell factor can be written as:

Fp= Fair + Fguided (1)

WhereF,r andFgyigeq are the Purcell factors to air and to the guided modes. Each Purcell
factor represents the modi cation of the photonic density of states (DOS) in the corresponding
channel, with respect to the free-space value (Refs. [14, 15, 16, 17] see also Ref. [18] for a
source in a low-index medium):

_  guided _ guided

Fquided = " 278 /3 (2)

Where:

dk 2
guideo( )= —|d.Ap| 3)
nosal |
The sum index runs over the guided modes of the membrane, and each integral is taken
over the fermi surfac8, of the corresponding guided modkis the dipole moment arél , the
vector potential of the guided mode. In the present case, there is only one TE guided mode.
In the vicinity of the photonic gap, the DOS of air modeg;f) undergoes weak variations
while the guided DOS (guided is strongly affected by the term . Therefore, taking the air
DOS as constant, the Purcell factor takes the simple form:

3
Fp= 8 2 air t  guided( ) (4)

IMore precisely, we consider sets of in-plane dipole forming a dipole sheet , each elementary dipole corresponding
to an exciton and emittinoncoherentlyat a givenk . Because of this incoherent sum, the dipole moment is modeled as
pexfik -r) rathertharp gexpi(k + G)-r) asin Refs. [10, 11, 12]. A more rigorous discussion of the quantization
of excitons in a PhC can be found in Ref. [13]

2A TM mode is also present, but for the case we consider (a dipole sheet with in-plane polarization located at
the center of a symmetric membrane) no light is emitted in this mode for symmetry reasons, which simpli es our
discussion.
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For illustration, we consider a GaM £ 2.5) membrane of thickness3a etched by a trian-
gular lattice PhC (lattice constaat lling factor f = 0.4). The band structure of the TE guided
mode and the corresponding guided DOS, computed by the RCWA method [19], are shown in
Fig. 1.

Fig. 1. (Left) Band structure of a GaN PhC membrane. Blue: band structure of the fun-
damental TE Bloch mode. Red: Corresponding DQ&qes Magenta: air cone. (Right)
Corresponding Fermi surfaces at frequen@és=0.15, 0.2, 0.25, 0.3, 0.33, 0.34, 0.35,
0.36, 0.37 (from center to edge of the reduced Brillouin zone). Magenta dashed circle: air
cone.

As can be seen, the guided DOS shows a peak close to the gap/haptist: this logarithmic
singularity corresponds to a photonic version of the Van Hove singularity. When approaching
the gap at th& point, g,igeq tends to a constant value before vanishing at the gap frequency
Ugap. Indeed, close to thi€ point the dispersion is parabolic, yielding a constant DOS according
to Eq. 3S in the same way as usual electronic quantum wells whose dispersion relation reads
E(k) k?around a singular point of k-space (usually thpoint).

To con rm this simple approach to spontaneous emission, we compute the emission dia-
gram[10, 11, 12] for a light source at various frequencies around the gap (Fig. 2). Each diagram
is normalized [12], so that integration over its full surface yields the total Purcell fegtorhe
partial Purcell factor$sir andFy,ideq are thus obtained by integrating the emission diagrams
inside and outside the light cone respectively.

As can be seerFgiged follows guided While Fyir remains roughly constant. Figure 2 also
details the emission diagramwat 0.35, close to the gap at poiKkt Light emission occurs into
the continuum of modes in air and into the Bloch modes, whose isofrequency contours form,
as expected, small rounded triangles aroundtipmints. These triangles eventually change to
circles even closer to th€ gap.

From this discussion, we conclude that the properties of a light source in a PhC membrane
are mainly dictated by coupling to the corresponding Bloch mode. This also shows up in the
emission diagram of the source, which follows the Fermi surface of the Bloch mode. This trend
is valid because we look at "monomode” guidance in the vertical direction so that the z-pro le
of the mode is not an issu& the dipole overlap with the mode pro & is close to constant.

2.2. Higher frequency behavior

Let us now discuss the extension to higher frequencies, focusing on extraction of Bloch modes
to air. The reciprocal lattice vecto@are now of the same order&y = n /¢, sothatBloch
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Fig. 2. (Left) Red dots: Purcell factdfy,igeq for the guided Bloch mode. Blue line:
guided 2 (the guided DOS normalized by the frequency) is seen to coincide with the

Purcell factor in this simple case. Black dots: Purcell faégr for emission to air - emis-

sion in the air continuum is nearly constant and not affected by the PhC (the dashed black

line is a guide to the eye). Note that the total Purcell faB{igeq+ Fair is usually smaller

than one (except close enough to the Van Hove singularity). This is because the calcula-

tion is normalized td=p = 1 for emission in bulk GaN, and on average the dipole in the

membrane "feels” a dielectric with an index lower than that of bulk GaN. (Right) Emission

diagram of a quantum well in a GaN PhC membrane, at a frequerc{.35. This dia-

gram displays the power emitted (in log scale) as a function of diredtiandky are the

components of the in-plangaveector of photons in units d§. The white circle is the air

cone, and the white hexagon the rst Brillouin Zone. The emission diagram is composed

of direct emission into the air continuum, and of emission into the Bloch mode following

the mode’s isofrequencies.

modes can now be folded well inside the rst Brillouin zone and become leaky modes which
are extracted to air. Conversely the air cémpe= /¢ can approach the boundaries of the rst
Brillouin zone or even exceed them. The result is that the previously smooth continuum of air
modes is now scarred with grating anomalies (or Wood anomalies) due to guided modes.[20]
These possibly strong scars in the continuum of air modes make the situation more complex.
However, Bloch modes retain a well-de ned isofrequency wavevector locus in spite of this
coupling.

The precise isofrequency shapes which can be expected for a Bloch mode above the funda-
mental gap are depicted qualitatively in a free-photon picture (assuming a Bloch mode with
effective indexngss = 1.6) in Fig. 3. Let us detail the behavior of this generic dispersion rela-
tion. Extraction of the Bloch mode to air alon@/ arises just above the red frequency line (at
a/ 0.42). At this stage, the isofrequency contours are made of circles which form small tri-
angles aroun& points (Fig. 3b). The apexes of the triangles are however inverted with respect
to those of Fig. 2 because we are now in the air band rather than the dielectric band. A trend of
constant photonic DOS is also manifested in this region, by the same argument as for the top of
the dielectric band.

As the frequency grows, so do these rounded triangles. Importantly, the light circle also
grows with frequency. In this intermediate case (green line on Fig. 3) some fraction of the
rounded triangles is extracted to air, but another part is still in the uncoupled area. At a frequency

al =1/ 3= 0.58 (blue line) the light circle touches the Brillouin zone edge. This means
that the only non-extracted areas are those around K points. Fortunately, the rounded triangles
now tend to be large enough to approach the M points and avoid K points: they are then always
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Fig. 3. (a) Generic quasi-free photon band structure alavigand KM for photons of
effective indexngst = 1.6. Diffraction to air rst becomes possible alongVl around a
frequencyu = 0.42 (red dashed line). At higher frequencies 0.54 andu= 0.58 (green

and blue dashed lines respectively) a larger part of the band structure is located above the
light line. (b) Corresponding isofrequencies and air cones for these three frequencies (red
u= 0.42, greeru= 0.54, blueu= 0.58). The 'h= 1.6" circles are the isofrequencies (i.e.
wavewector locus) fong ¢t = 1.6, and their foldings by the reciprocal lattice. The air circles
correspond taw ¢ = 1. Diffraction is possible when an isofrequency is folded inside the
corresponding air circle. (c) Zoom on (b) detailing the fate of the mode: the red frequency
is never extracted, the green frequency is partly unextracted. The blue frequency is almost
completely extracted, while keeping the air-circle at the smallest possible diameter.

extracted.

Let us however comment on the nature of this extraction process: we are dealing with a
guided mode decorated by Bloch harmonics, but whose main hari§oracrying most of the
powersS is the actual guided mode (corresponding to the circle centered aramBigure 3b).

Thus in practice, the near perfect theoretical light extraction has to be weighted by the strength
of the outcoupling versus other experimentally competing photon scavenging processes (scat-
tering, absorption...).

Again, we illustrate this qualitative description with a numerical simulation. We consider
here a GaN membrane of thicknestched by a triangular lattice PhC (lattice constant
lling factor f = 0.5). Figure 4 presents the emission diagram of a source located in the middle
of this membrane, at a frequengy 0.6.
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Fig. 4. PhC membrane emission diagram. (Left) Emission diagram of a quantum well in a
GaN PhC membrane (the emitted power is in log sdalandky in units ofkg). The small

full circle is the air coner{= 1), and the large dashed circle corresponds to the average
index of the membranen{;s = 1.9): emission is strongly suppressed beyond this circle.
The sharp features correspond to emission in Bloch modes. (Right) Emission diagram with
the isofrequency contours of a free-photon modlg (= 1.6) superimposed as red lines.
The full red circle is the dispersion of a guided mode wight = 1.6, and the dashed
circles correspond to periodization by the reciprocal lattice, e.g. to the harmonics of the
Bloch mode.

The main characteristics of the emission diagram correspond to the above discussion. One
can still distinguish a background of emission into the air continuum, and sharp features corre-
sponding to the Bloch mode. We note that emission into the air continuum now extends beyond
the air cone: this is because the grating allows outcoupling of light kyithaiel > ko to the
continuum. The Bloch mode’s dispersion is close to that of a free photomwith= 1.6, and
we observe the expected rounded triangles arounH theints. However, photonic interaction
between the harmonics opens anticrossings (e.g. mini-stop bands) in the free photon dispersion
so that some parts of the folded circles vanish.

This closes our discussion of emission in a PhC membrane.

3. Light emission diagram in partially-etched multimode structures

Let us now come to a more realistic structure: a sapphire substratel(7), a Jum thick

GaN layer, a 400nm thick PhC (triangular lattice of circuB@aN rods in an air matrixwith a

lling factor f = 0.5 and a period a=200nm), and an air superstrate. We consider a reduced fre-
guencyu = 0.58. Investigation of such a structure is prompted by the recent reports of ef cient
luminescence of similar, partially-etched GaN/InGaN samples (Ref. [9]).

In contrast to the simple case of the previous section, the radiative channels available for
spontaneous emission are now less obvious. Clearly, the continuum of "air modes” must still be
present - as well as a continuum of modes in the sapphire substrate. In addition, the unetched
region of the GaN layer constitutes a thick waveguide supporting humerous Bloch modes -
which can be propagative or evanescent in the PhC region, depending on their effective index
Neff. Such Bloch modes were observed experimentally in Ref. [21]. Figure 5 sketches this
tentative distribution of radiative channels. Intuitively, one may argue that light emission will
be broadly averaged over these numerous channels.
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Fig. 5. Radiative channels in the structure. Dashed arrows: corresponding in-plane
wavewectorsk . (a) Continuum of air modes, with < kg (b) Continuum of sapphire modes
with K < nsapphirko (€) Bloch mode propagative in the GaN and PhC region (d) Bloch
mode of largek , evanescent in the PhC region.

In contrast to this intuitive view, Fig. 6 displays the result of an emission diagram calculation
in such a structure: it appears that most of the light emission actually occurs in a strongly
peaked, "egg-shaped” feature. This feature clearly possesses a dispersion reminiscent of the
Fermi surfaces described in the previous section. It is localized around fiwnts, which
is indicative of partial band gaps around tiedirections. The intensity of this feature in the
emission diagram suggests the existence of a strong resonance in the PhC region, located around
a gap at the K point. In addition, the sharpness of this resonance manifests its rather long

lifetime.

Fig. 6. (Left) Emission diagram fa; = 1.45. The green lines correspond to the boundary

of the rst Brillouin zone. The isofrequency of the Bloch mode localized in the PhC region

is superimposed as a blue dashed line: it follows exactly the emission peak of the diagram.
(Right) Modulus of the electric eld|E]) alongz for the localized Bloch mode, in theK
direction. Blue line: fundamental harmonic. Magenta line: second-largest harmonic. The
average index pro le is represented by the black line.

This resonance can actually be computed directly as a Bloch mode of the structure, provided
one allows proper (leaky) boundary conditions. The result of this calculation is shown on Fig. 6.
As expected, the Fermi surface of this mode precisely follows the sharp feature of the emission
diagram. Quite surprisingly, the mode is strongly localized vertically in the PhC region of the
structure (Fig. 6) - although this region lies on a GaN layerigherindex.
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Another unexpected element is the lifetime of this mode. Its wavevector (aldhes k
6+ 0.02. This corresponds to an effective indeys; 1.6, smaller even than the index of
sapphire: therefore, one could expect this mode to spread within the GaN buffer layer and leak
quickly to the sapphire substrate. In contradiction with this view, the imaginary p#rt of
rather low: it corresponds to a decay lendithecay 20a, indicating that the mode spends a
rather long time in the PhC region before leaking to the GaN and sapphire. Let us stress that
we are considering the effective index associated withfinedamentaharmonic G = 0) of
the mode, which carries most of its power. Typically for a leaky mode, other harmonics cause
moderate diffraction losses and have a small;. However, the current mode is unexpected
because it has a long lifetime, although even the fundamental harmonic can leak to the substrate.
Let us now study the mechanisms responsible for the existence of this atypical mode.

4. Quasi-guided Bloch modes in PhC without vertical index conbnement
4.1. Quasi-guided modes in a low index layer

To understand the origin of this Bloch mode, let us rst come back to the very simple case of
a low-index (1) layer sandwiched between air and a high-index (naterial. Of course, the

layer does not support any guided mode. However, let us consider a light beam propagating
at a given angle inside the layer (above the critical angle with air for simplicity): this beam
undergoes total re ection at the air interface, and partial Fresnel re ection with coef cient

at the low/high index interface. If is large enought can be close to 1 and the beam can
bounce many times before leaking to the high index material. Thus, we are led to introduce
quasi-guided mode®GM) in the low-index layer. The resonance condition is ful lled when

the phase of the beam is matched after a round trip in the layer. If we denotgyaandk; the

in-plane and vertical wavevectors of the mode, this correspondgls to:
ke= T (5)
This imposes the following values far and :

kip= mkeS(/L)? , cos =

2Lnqu ()

In a round-trip in the PhC layer, light travels a distant¢a? 1 in the x direction and the
amplitude loss i$1S r), which yields the following imaginary part for the in-plane wavevector:

In(Sr)
2Ltan 0

k vanishes as /2, both because 1 and because the beam travels a larger distance
before impinging on the interface.

To illustrate this, let us consider a layer of thickness 2 and index 1.9, sandwiched between
air and a substrate of index 2% this corresponds to our earlier structure, where the PhC is
replaced by a homogeneous layer with the same average index (Fig. 7). According to Eqgs.(6-7)
this layer supports a QGM propagating at an angke 77° and with a loss ratk = 0.027.

A numerical solution of the Helmholtz equation in the structure con rms the existence of this
resonance and yields= 78° andk = 0.025, thus supporting our description of this QGM.
Let us note that the low loss of the QGM is made possible by its nearly-glancing angle of
propagatiors or equivalently, by its high effective inderefs = 1.86, very close to the index

of the layem= 1.9.

k=5

3The beam also undergoes a phase shift @it the low/high index interface, and another phase shift at the low
index/air interface which is very close tofor such glancing angles. The resulting ghift therefore cancels out.
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Fig. 7. (Left) Geometry of the structure. (Right) Blue line: pro le of the electric ] of

the 1D QGM (withng ¢ = 1.86), obtained by solving numerically the Helmholtz equation.
Red line:|E| for the fundamental harmonic of corresponding Bloch QGM (taking scattering
by the PhC into account), propagating witly ; = 1.6. The pro le of both modes is nearly
identical despite the difference in effective index, evidencing that the mode’s pro le is
imposed by phase matching in the vertical direction.

This resonance is the basis on which the Bloch mode observed earlier is built. It is a simple
Fabry-Perot resonance, but whose large propagation angle yields a very low loss. Although such
resonances have attracted little attention in the past, they can readily be observed experimen-
tally, for instance when light is emitted inside a low-index material on a high index substrate.
Let us also note that analogous electronic resonances have been investigated recently in Ag
guantum wells, and are characterized by an energy above the quantum well barrier.[22]

4.2. Quasi-guided Bloch modes in a periodic low index layer

Let us now investigate the effect of periodicity on such a QGM. To this effect, we use a
simple coupled-wave model with two waves, where a 1D QEMcan couple to a counter-
propagating harmoni&®> through a reciprocal vect@s. In this simple case, Maxwell’s equa-
tions becomé:

2 0 1 ET _ k?+ K2 E*
1 o E° 7 (kSG%+K  E°

Here, ¢ is the dielectric constant of the propagation medikmandk; are the in-plane and
vertical wavevectors of the mod&. is the reciprocal vector coupling the waves, andthe
strength of the coupling.

This system can of course be solved numerically. Let us also look for an analytical solution.
We callk 1p the in-plane wavevector in the absence of coupling (given by Eq. 6)kard
G/ 2+ K the in-plane wavevector in the presence of coupling. To obtain a simple analytical
solution, let us assume that, at a given frequency, the vertical wavekegdtostill imposed by
the phase matching condition and is therefore unchanged by the presence of the coupling, i.e.:

(8)

K= o 2SK (9)

The vertical pro les of the guided and Bloch QGM are compared on Fig. 7: they are nearly
similar, supporting this hypothesis. The solution of Eq. 8 under this assumption is:

4With c= 1, implying =k =2/ .
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y y - 2 - -
G*+ 2k, SGHAS G2+ k2 SGH4) +4 4 254K, S G 4)?

K2 =
2

(10)
To study the properties of Eqg. 10, let us neglect the small losses of the mode and assume
thatk 1p is real. In this case, we are dealing with a simple second-order equation with real

parameter and three regions of interest appear for the sokifion

K, SGY4<S 2| 4 K?>0,K R,K<0 (dielectric band)
S Y 4I< K pSGY4a< 2|4 K< 0,K iR (gap) (11)
4| < K2, SGY4 K2>0,K RK>0 (air band)

Where the sign oK has been deduced from its asymptotic behavidre recover the well-
known opening of a band gaplat= G/ 2. The band located below the band gap is bent 'down’,
corresponding to a higher effective index (i.e. a stronger localization of the mode in the dielec-
tric) and is therefore termatielectric bandLikewise, the band above the band gap corresponds
to localizationin the air and is called ta@ band These results are exempli ed on Fig. 8, where
the parameters correspond to a PhC membrane of GaN rods in aif with.5 and only two
coupled waves (air superstrate, GaN substrate).

Notably, it appears that although the coupling signi cantly modi es the effective index close
to the Bragg condition, it has little impact on the loss coef cient (except in the gap region
of course) because losses are dominated by the leakage of the fundamental harmonic, whose
vertical phase-matching condition (Eqg. 9) is not modi ed by the coupling.

The nature of our quasi-guided Bloch mode (QGBM) can thus be understood as follows: the
1-dimensional QGM supported in the low-index region gets preferentially localized in air due
to the scattering of the PhC. This lowers its effective index, while keeping the loss coef cient
low. The resulting Bloch mode thus displays low losses at an 'anomalously low’ effective index,
i.e. in spite of its ability to leak in the GaN buffer and the sapphire substrate.

Let us note that, while we ignored the presence of the sapphire substrate when justifying
the existence of this mode, our arguments still hold in its presSrakhough additional smalll
re ections at the GaN/sapphire interface may somehow modify the loss coef cient of the mode.

5. Purcell effect and emission distribution in partially-etched multimode structures

Having accounted for the existence of this atypical QGBM, we now come back to the struc-
ture under investigation and study spontaneous emission in more details. Figure 9 displays the
Purcell factor of a light source as a function of its vertical position in the structure. For compari-
son, the Purcell factor in a 1D 'average index’ case (e.g. considering the PhC as a homogeneous
layer of index n = 1.9) is also indicated.

As can be seen, the actual Purcell factor departs signi cantly from the 1D approximation
when the source is inside the PhC and couples to the PhC modes. Outside of the PhC on the
other handf closely follows the 1D result, indicating that the PhC modes do not alter sponta-
neous emission signi cantly.

So far, we only focused on the 'fundamental’ QGBM stemming from the fundamental QGM
of the 1D structure. However, several QGM can be supported by a low-index layer depending

5Namely,K < 0 when 0 andK > 0 when
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Fig. 8. Propagation properties of the uncoupled 1D QGM (thin blue line), and the coupled
QGBM (red thick line: numerical result, green dashed line: analytical solution of Eq 10).
As can be seen, the analytical solution is in general very close to the numerical solution.
(Top left) Dispersion relation. The coupling causes a gap opening at G/2 (dashed vertical
line). (Top right) Loss coef cienk . In the presence of coupling, is high in the gap

due to re ection. Outside of the gap, losses are dictated by the leakage of the fundamental
harmonic and barely modi ed by the coupling. (Bottom left) Effective inaexs. Below

the gap, the mode localizes in the dielectric apg increases with respect to the 1D value.
Above the gap on the other hand, the mode localizes in aingnddecreases. Notice the

rigid shift of ng caused by the coupling at high frequency: its asymptotic value ismot

butn 1S 4/ n 2 (Bottom right) Corresponding angle of propagation.

on its thickness, as sketched on Fig. 10. Their resonance conditions, and the corresponding eld
pro les, are characterized by:

kP = pT EP cogkP2) (12)

In our case, four QGBM should be supported by the PhC region (using the cutoff condition
ko < kz < 1.9kg). Of course, they are not expected to be as well-de ned as the fundamental
QGBM (because of their much higher loss coef cient). However, the rather strong oscillations
of Fp in Fig. 9 suggest that spontaneous emission is in uenced by coupling to these GGBM.

6This effect is more pronounced than in the 1D case, where emission to the continua of air and sapphire dominate
emission, and the oscillations due to the QGM are weak.
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Fig. 9. Purcell factor as a function of the source’s positigin the structure. Magenta

line with dots: actual Purcell factd¥,. The strong oscillations df, are due to coupling

to the QGBM. Dashed line: 'average index’ result. Oscillationdgfare weak in this
approximation, because spontaneous emission is dominated by emission to the sapphire
and air continua. Red line: tbhy Eq. 13.

Fig. 10. (Left) Generalization of the QGM to higher-order quasi-guided resonances in
the PhC region. Here, the rst and second resonances are depicted. (Right) QGM in a
GaN/PhC/GaN structure: the mode is trapped in the low-index region, and constitutes an
easily injectable photonic crystal membrane.

In order to account for this, we suggest a very simpli ed approach where the PhC layer is
considered as a simple FabregsBf cavity supporting four modes. In this case, the sponta-
neous emission rate at positianin the cavity ins simply proportional to the coupling to each
mode[23]:

Fo(zs) sin(kbzs)? (13)
p
Figure 9 displays the result of this heuristic approach. Remarkably, the t is reasonable:
the amplitude of the oscillations &, are on the right order. This suggests that spontaneous
emission is indeed strongly dominated by emission into the four QGBM. The positions of the
rst and last maxima, however, are not well reproduced: this can be expected since these peaks
are due to coupling to the fourth QGBM, for which Eq. 13 is least valid.
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6. Conclusion

We have studied the behavior of spontaneous emission in a PhC lying on a high-index substrate.
In spite of the apparent lack of vertical con nement, it turns out that such a system still supports
Bloch modes which are strongly localized vertically in the PhC. These modes are ef ciently
coupled to the light source in the PhC and therefore in uence the properties of emission such
as the emission diagram and the Purcell effect. Their existence and peculiar properties are well
explained by a single coupled-wave model starting from a quasi-guided FaboyfBSonance

in a 1D multilayer system. Let us stress that, although for a source plane outside of the PhC
spontaneous emission is well explained by a 1D model, inside the PhC spontaneous emission
is strongly modulated, manifesting a remarkable Bloch wave con nement.

To conclude this article, we give some perspectives on the possible use of such resonance
for practical applications. Diffractive lters, for instance, may make use of such a resonance
(in contrast to the common view that optical con nement by a substrate is necessary to obtain
sharp Fano resonances in a lter, as in Ref. [20]). Besides, the existence of these modes holds
even if GaN is present on both sides of the PhC region, instead of an air superstrate (the mode’s
losses are simply doubled). Such a structure, depicted in Fig. 10, may for instance be obtained
by epitaxial regrowth and coalescence after the formation of the PhC structure. While such a
growth mode is challenging, the resulting structure would be advantageous for current injection:
a p-electrode can be formed in the coalesced material, thus circumventing the usual dif culty
of contacting the surface of the PhC. Thus, we obtain a photonic structure which keeps some
properties of a PhC membrane (such as a vertically-localized mode with band gaps, which
collects most of the light emission) but is easy to inject, in contrast to usual membranes. Such
a structure may be considered for a PhC-based laser: current injection is easy, the mode is
naturally con ned vertically in the low-index region and its in-plane dispersion can be tailored
through the parameters of the PhC.
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