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Omnidirectional and compact guided light extraction from Archimedean
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We address the issue of extracting light from a waveguide towards air in a compact way for
randomly oriented guided waves. The goal is to enhance the extraction efficiency of light-emitting
diodes while retaining planar processing. For incidence-angle-independent extraction, preferred
lattice designs appear to possess a ring-shaped Fourier transform. We demonstrate this property for
an Archimedean lattice. This system is the outer part of a resonant-cavity light-emitting diode. Data
suggest that-40% extraction efficiency is at hand in a planar top-emitting device retaining its
substrate. ©2003 American Institute of Physic§DOI: 10.1063/1.1600831

Photonic crystalfPC9 exhibit band gaps or peculiar the order, Ii.+~0.3. The spread in incidence angle in a LED
photon dispersions.In two-dimensions2D), most realiza-  is more challenging as the wave vectgralong the groove
tions have been based on triangular lattices of hbleses-  has to be conserved, most of the guided waves, having an
tigation of quasicrystals has been prompted by the promisi-plane azimuth> 6, .«=sin *(1/ne;)~0.3 rad are not ex-
of larger band gap$;® fractal density-of-statebpor localized ~ tracted at al[Fig. 1(b)]. 2D PCs do not solve completely the
resonance$ Quasiperiodicity has only found actual applica- issue: triangular PGS suffer from a similar limitation as
tions in one dimensioflD) in nonlinear optic$,and not yet  their small period {-\/2n¢4) provides at best a second ex-
in 2D. We propose here to use these complex 2D lattices foifaction window for largef’s [see later Fig. @)], except for
omnidirectional light outcoupling off a planar waveguide, in €mission from unpractical micron-sized cavitiés? where
view of semiconductor solid-state lighting. In light-emitting confinement relaxek, conservation.

diodes(LEDs), extraction of guided light has been tackled ~ We start from a microcavity-LED-type multilayer stack
using random latticésor triangular 2D PCs in their “air 1N Which light emission occurs in a GaAs layer. The use of
band™® or by “reshaping” the in-plane allowed directiods, Nigh index contrast GaASAIO ," Bragg mirrors[*AlO

These solutions affect compactness or brightness, or requiff refractive index~1.6 is obtained by lateral oxidation of
substrate removal. high-Al content AlGaAs layer, Fig. (3)] leads to a high

“ T . . 15
The extraction of guided waves through diffraction is a vfer;[:cal (gxtlrafcu'on ﬁfflClency,lupztooa rec.ord Or: ng/i'
tricky problem: extracting around normal incidencenano- Of the 719% left in this example, 26% go into the substrate

chromatic, collimatedjuided light having a propagation con- thr%u%h Iezky modet{I(;Eb Of[hT'\gaind 45;%’ go into the
stantk; (effective indexngs=kc/w with usual notationsis guided mode supported by the S cavity.

easily achieved by a 1D lattice with grooves normal to the . Our_goal IS thus_ 1o extract as much as possible of the
beam and periodicitg~a,=2m/k, (atfirst-order for extrac- guided light reservoir before it is, e.g., laterally reabsorbed.

tion), all the more if one frustrates the second-order Braggour guess is that extracting latticésL) suited to our scope

backreflection by detunin§Fig. 1(a)]. Extraction to air is

allowed by the absence &f conservation in a thin film, and @ F ok (b) |
its amplitude maximized by a proper choice of hole shape X | 00 [ﬂ k=wic
(the form factor in diffraction theody Unlike this simple e | Ky ¢ =] ~

situation, extraction from a LED demands acceptance for \ K=2w/al] K= 2n/a |

both spread in emission wavelength and incidence angles.
Spectral deviationd\w steer the air bearfchange ofk; in
Fig. 1(@)] but the acceptancéw/w to remain extracted is of

% .
k= Nsub w/c 2 1 2 2

K= Netr oo/c y
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FIG. 2. Geometry of experiment&) side view;(b) top view micrograph;
the white arrow is the trench while the black one is the photonic crystal
scheme of the experiment seen from top.

possess a “round,” ring-like Fourier transfore(k,). We
implemented such lattices, specifically Archimedean tilihgs,
at the periphery of the emitting structure described earlier.
The ring-like reciprocal space map favors single pass extrage|. 3. (a)—(d) The three kinds of extracting lattices probed: quasi-1D lat-
tion and close to ultimate compacitgt few microns penetra- tice (a); triangular lattice(b); Archimedean lattices A7c) and A13(d); (e)
tion in the lattice crucial to high-brightness devices. The full Ewald constr_uctiqn for iight impinging on the Al_3 crystal, with the Fourier

i - . transform of its dielectric function shown as variable gray levels. Also plot-
piedlctlpn of a given EL is hO_W_ever a fu”_'ﬂEdged three_' ted are the air disc and guided wave circle; similar constructior{fjathe
dimensional(3D) electromagnetic issue. Taking a pragmatiCtriangular lattice of(b) and(g) for a generic large period lattice.
view, the broad angular acceptance of the GaAs/AiGttom
mirror minimizes radiation towards the substrate.

In our experiments, the stack is a GaAs"“cavity on
top of the mirror{Fig. 2@)], but being designed for photolu- For directional extraction measurements of each EL, ex-
minesc_ence _e>_<periments, it has only a peak 2_0% Vertica&itation is focused off-center by20 um (Fig. 4, when ex-
ext.ra.ct|on efﬂmgncy. The EL surrounds an g dl'am.eter. cited in their center, all EL display a uniform extractjoio
emitting zoneFig. 2(b)]. We focus at a chosen point in this e aqure the extraction efficiency, we convolve the intensity
B B a2 Lo 2o1) a polar angls by he unciong(r.o)
=0. _ 4 YRy _ _
InAs quantum dot$QDs) Iaye?s embeo?ded in the GaAs lay- t—e>_<p{ Lr R)- R ag)" 0% (b 4'Mm)-' The _spot cen

er is found directly from the captured pictufEig. 4(a)].

ers[Figs. 28 and 2c)]. QDs, deliberately grown with @ Than the angle of incidencalenotedd) and guided light

broad size distributior_i, emii from 900 to beyond our 1(?605athr’ are determinedFig. 4(b)]. The source extent intro-
nm detector cutoff. This vertical stack captures about 33% o uces a convolution which is far more severe on the closer

the QD_emission into its single TE guided que. The mOdaEide, not shown here. In this way, measurement of extraction
absorption length;-50 um, allows most of guided photons ¢, 0 from 0° to 60° is obtained from a single image capture,

to reach the periphery. Light imaged on a camera through the..,, 5t calibration problems. Finally, the data(¢) are
NA=0.4 lens is filered ak=1052 nm(AA=14 nm) to iso-

late the EL quasimonochromatic properties.

The EL probed here are mapped around theu0ring @ b, 0~ ()
[Fig. 2c)]: they have a “radial period’a, while their “azi- /vﬁ integration area
muthal period,”a,, increases by-0.5%-1% per row(we

guided mode circle

guided mode circle

nearest-neighbor-distancésIND) of 500 and 550 nm are
discussed here.

refer a, to the innermost ring valyeall ELs feature round i .
holes of diameted, and depth 150—300 nitaue to the dif-
ferent structures studied; the detailed impact on extraction \

efficiency is not known. We definkeas their air filling factor

(e.g.,f=md?/4a,a, in a rectangular lattioe We first tested a (3(:()) L -
quasi-1D rectangular latticEFig. 3(@] with a,=380 nm, <NV TN

and a,=220nm (no in-plane diffraction allowed d \ A

=140 nm, so thaf~20%. It illustrates directional extrac- kG 0

tion [Fig. 1(b)]. Next, we probed a triangular lattidéig. -

3(b)], (=0 is the'K crystal direction, with a perioda quasi 1 triangular Archimedean A7
=500 nm andf :.55%- Itillustrates a S|mple 2!3 CryStal; the FIG. 4. (a) Typical image analyzed(b) anglesa and in-plane incidence
largef translate into a rather reflective behavior and a shortngles; (c)—(e) polar plot thick lines of extraction profiled ., 8) for: (c)
propagation length in it. Finally, we implemented quasi-1D lattice;(d) triangular lattice;(e) Archimedean lattices A7. Thin

: g : : . ~smoother lines ind) and (e) are from the kinematic diffraction model of
Archimedean tilings A7 and A13, with cells as described InRef. 16. Radial scale fofc) is ten times that for(d) and (e) (for that

. 4 . H 3
Fig. 3(c);" the 12 equivalent second neighbors of the cell'Sparticular sample, hole size was optimum, unliké and () see Figs.

central atom in A13 made are clear in FigdB Results with  3(a)—3(c) for the different fill factors.
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corrected from a factor’/cosé, accounting for divergence sity directly emitted in the vertical direction from the excited

of guided waves and the oblique power flux effect. We ne-spot. This then leads to an EL extraction efficiency of the
glected absorption, a factor of 2 at most. order of 10%-* More knowledge and 3D simulations are

The extraction profiles.,(#) are shown in Figs. @)— needed to take full advantage of these Archimedean EL, the

4(e) on polar plots. Figure @) relates to the quasi-1D EL. Its main issues being the role of the underlying mirror in mini-
single peak width indicates an internal angle resolutigh ~ Mizing substrate radiation by forming a weak cavity with the
=15°. The capturing aperture NA0.4 accounts for sint  Semiconductor/air interface, the reduction of in-plane reflec-
(NA/ng)~*6° which adds to the 4um source extent at tion, and the overall brightness optimization.
r'=65um from the EL,[tan 1(4/65)~3.5°]. Figure 4d) As of today, the association of microcavity effects, with
gives | o, 0) for the 500 nm period triangular lattice, with overall efficiencies up to 29% and of Archimedean PC ex-
two strong diffraction peaks aroungl=38° (larger periods tractors can be foreseen to lead to over 40% efficiency in air
just give smalles). Finally, Fig. 4€) showsl o, 6) for A7 in a full planar process, and significantly more for devices
and NND=550 nm (A13 and NND=500 nm gives about With transparent substrates, as is the case for nitride and ad-
similar resulty. Peak angles in Figs.(d)—4(e) are well ac- Vvanced GaAllnP LEDs, as then the substrate radiation is not
counted by a basic kinematic diffraction motfeteating the  lost. It should be remarked in addition that as the diffraction
EL holes as point scatterers illuminated by a plane guide@ccurs over a few lattice periods only, the extractor has a
wave. high local brightness, similar to that of the central microcav-
In striking contrast to previous cases, the new latticesity area. In conclusion, we firmly conjecture that lattices with
e.g., A7 efficiently extract over a wide range of angle®ne  ring-like (k) distributions are unavoidable to optimally
could argue that this would be the case for any large perio@chieve the desired omnidirectional extraction in PC-assisted
EL, with a sufficiently small mesh ik space to be merged LEDs. Specifically, we used Archimedean lattices for this
within A6. The best answer is quantitative: Lgbe the areal purpose. Our data show that extraction of guided light from
scaling factor of the new EL¥=7 for A7, 13 for A13. A  different in-plane angles takes place evenly, with clear indi-
triangular EL with an enlarged period by the factpt’?  cations that this effect was not obtained to the expense of
would allow y times more channels for diffraction out of the extraction efficiency.
guide[similar to the difference between FigqfBand 3g)].
The emission into any of these channels would be divided by!see feature section in IEEE J. Quantum Elect&8).724 (2002.
v, and furthermore, most of them would radiate towards the”H. Benisty, M. Rattier, and S. Olivier, C.R. Physig8e89 (2002.

: ; 3P. L. Hagelstein and D. R. Denison, Opt. Léit, 708(1999.
substrate, not towards air, since related wavevectors Woulqs_ David, A, Chelnokov, and J.-M. Lourtioz, Opt. Le2, 1001(2000.

almost evenly sa_mpl_t; spacefFig. 3g)]. It is clegr that the sy, E. Zoorob, M. D. B. Charlton, G. J. Parker, J. J. Baumberg, and M. C.
extracted peaks in Fig.(d) are not weaker than in Fig(d), Netti, Nature(London 404, 740 (2000.
but more numerous. The reason for this can be traced to th(%;h':t- K_fauisy hB- \I/OEet'g' 107-6'(?1-93%&”'6% and R. M. De La Rue, IEEE
. . . . . otonics lechnol. Lety, .
rmg—hkg Founer_transforrm(_k) of the ArchlmeQearl Iattl_ce "E. Ozbay and B. Temelkuran, Appl. Phys. Le#0, 743 (1996.
dielectric magFig. 3(e)]: unlike a standard lattice in which &g p. Zhu, Y. Y. Zhu, and M. B. Ming, Scienc&78 843 (1997).
the strength of the peakthe atom form factor of x-ray dif-  °R. Windisch, P. Heremans, A. Knobloch, P. Kiesel, G. Hhg, B. Dutta,
fraction) oscillates and decays with the modulus lofthe ~, @nd G. Borghs, Appl. Phys. Lef4, 2256(1999.

eculiar arrangement of the Archimedean tilings cancels - Boroditsky, T. F. Krauss, R. Coccioll, R. Vrijen, R. Bhat, and E.
P 9 gs Cancels v, onovitch, Appl. Phys. Letf75, 1036(1999.
most of the unwanted channels and concentrates radiation #a -L. Fehrembach, S. Enoch, and A. Sentenac, Appl. Phys. 8t4280
desired ones on the ring &f. Let us discuss the A7 lattice  (2001).
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[Flg. 3(9)] We represent two concentric disks for the air and S. Fan, P. R. Villeneuve, and J. D. Joannopoulos, Phys. Rev.718:8294

; . . (1997
gwdgd moqe qrdesj and mak? the usual Ewald ConStrUCtlonSee, e.g., C. J. M. Smith, T. F. Krauss, H. Benisty, M. Rattier, C. Weis-
of kinematic diffraction. For thisy=7 example(6=0), two buch, U. Oesterle, and R. Hotglke Opt. Soc. Am. BL7, 2043(2000; C.

principal spots lie in the air disk, and the crucial point is that Reese, C. Becher, A. Imamoglu, E. Hu, B. D. Gerardot, and P. M. Petroff,
there will be always “principal” spotsi.e., reinforced by the ~ APPl- Phys. Lett.78, 2279(2003; T. Yoshie, J. Vuckovic, A. Scherer, H.

. . . . Chen, and D. Deppebid. 79, 4289(2002.
Archimedean structure factorin the air disk when ¢ M. Rattier, Ph.D. dissertation, Ecole Polytechnique, France, 2002.
changes. Compare to the triangular lattice, Fi@).3he re-  5M. Rattier, H. Benisty, R. Stanley, J.-F. Carlin, R. Houdde Oesterle, C.
ciprocal lattice vectors of A7 in the extracting windows to- J. M. Smith, C. Weisbuch, and T. F. Krauss, IEEE J. Sel. Top. Quantum

- Electron.8, 238(2002.
wards air or substrate are very few, numbered 1 afitlénd 16\We use for a kinematic diffraction model towards air the same approach as

‘_1), reSpe_Cti_Velyl hence an extraction eﬁ_iCienCy of guided i, the appendix A of the paper by Smitt al, J. Opt. Soc. Am. B . Here
light to air in the 50% range. Whether highgrwould be the field is scalar and propagates in the EL with an index2.1 (f
better is unclear, as denser lattice points will saturate the =55%). The scatterers are point likeo azimuthal form factor hence,
extraction efficiency at the ratio of the circle arcs for air and the integral of the mentioned appendix becomes a discrete sum over the
. . . __holes located ar; of th f Ak-r;) in diffracti

substrate diffraction. We can evaluate the absolute extraction%/eS lecated at; of the common forms expfAk-r;) in difiraction

.. . . . theory. Also, the degraded angular resolution is accounted for by a square
efficiency of the Archimedean lattice by comparing the g convolution overs, and an attenuation of Am~tis assumed when

angle-integrated intensity diffracted by the EL to the inten- penetrating the EL to account for depletion by radiation losses.
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