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Impact of Planar Microcavity Effects on
Light Extraction—Part Il: Selected Exact
Simulations and Role of Photon Recycling

H. Benisty, H. De Neve, and C. Weisbuch

Abstract—In this paper we use an exact calculation of dipole distributed Bragg reflectors (DBR’s) by [1, egs. (23)—(26),

emission modifications in an arbitrary multilayer structure to ob-  (28)] while [1, egs. (30), (31)] apply to the case of a different
tain the extraction efficiency from realistic planar microcavities. aperture requirement, e.g., for coupling to fibers.

Additional insights gained through this exact approach compared . - I . o
to the simplified one of Part | of this paper are first discussed in The price paid for this simplicity was to drop polarization

the case of a dielectric slab. We next optimize for the extraction €ffects, to consider reflectivity as a constant independent
purpose asymmetric cavities bounded by metal on one side and of wavelength and angle, to use at best piecewise constant
dielectric mirrors on the output side for any pair of material  reflectivities to depict DBR stopbands, to take isotropic sources
indices in a broad range ( = 1.4-4). The decrease of extraction jsiaqaq of electric dipoles, and to put aside antinode factors.

when taking into account relative linewidths of the source of a We t h to i lculati f listi
few percent is shown to be moderate, allowing the large enhance- € i here 1o Tigorous  calcuiations o more feallStc

ments of monochromatic light to be maintained in many useful Structures. The large number of parameters of any actual mi-
cases. The fractions of power emitted into guided modes, leaky crocavity emitter structure (many frequency-dependent com-

modes, etc., are detailed. The beneficial role of possible photonplex indices and thicknesses, antireflection coating, natural
recycling (reabsorption of emitted photons by the active layer) on spectrum versus injection level, etc., precludes exhaustive

extraction efficiency is evaluated using the fractions of power in tudi f di - f th - . ity light
guided and leaky modes. Extraction efficiencies in the 50% range S'UdIES (for a discussion of these issues in no-cavity light-

are predicted for optimized, hybrid, planar metal-semiconductor €mitting diodes (LED’s), see, e.g., [2], [3]). However, we
structures for a wide range of active materials and wavelengths. found that by choosing a structure for which optimization still

We show that exact calculations justify the simple model used preserves some versatility of performances, we could define a
in Part | evaluating the extraction efficiency of a microcavity- ;sefy| starting point to carry on selected parametric studies that
based light-emitting diode as1/m. where m. is the effective . . o .
cavity order. bring muph ad_dmonall m&ghtl over the gnalytlcal approach.
. o _ We briefly discuss in Section II-A a rigorous model based
Index Terms—Cavities, distributed feedback devices, Fabry— o the |ate 1970's work by Lukosz and others [4]-[6] that
Perot resonators, light-emitting diodes, light sources, microcavi- . . . .
ties, semiconductor device modeling. gives th_e output power radiated by elec_trlc_d|poles of arbitrary
orientations for each of the two polarizatiors(TE) and p
(TM) [7]. In Section II-B, we first apply this model to extrac-
|. ADDITIONAL INSIGHT FROM THE EXACT APPROACH tion of s-polarized (TE) light from a mere plane homogeneous
N PART | [1]' we used a scalar model and made a numb@ﬁb of hlgh indexn = 3. In particular, we illustrate through
of simplifying assumptions in order to clarify the mairthis exact approach concepts relevant to the balance between
trends of light extraction from microcavities in high-indexpower emitted in guided modes versus power in outside modes.
emitting materials. We showed why, through the number ¥¥e turn in Section II-C to general results (scaling issues)
competing Fabry—Perot (FP) modes, a small cavity order wig a typical asymmetric microcavity configuration analogous
essential to obtain sizable extraction enhancement. The min8], [9] generalized by allowing for any pair of realistic
analytical results in this respect are the following: [1, eqnaterial indices for the two materials taken to form the DBR
(8)] defines a microcavity regime with a “threshold” cavitymirrors and the cavity. In Section 1I-D, we first study how
orderm. for which a single mode is extracted as. < 2n2. Monochromatic extraction efficiency evolves upon detuning
The limit extraction in this regime ag = 1/m. is given by off the optimal wavelength. We next calculate extraction
[1, eq. (7)], and [1, eq. (15)] gives the modest top mirrggfficiency as a function of the source natural linewidth, which
reflectivity for which one obtains most of this extractiongpplies to the situation of many actual devices.
R =1- mc/n2_ These basic equations are translated to Section 1l is devoted to the welcome benefits of the
photon recycling mechanism possibly existing in many devices
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overall electrooptic conversion coefficient over the simple ‘ _ . / /
product of internal quantum efficiency by extraction efficiencys o °‘a'\j‘f,_"_v_e’ (Hetime™) Fo
[11], [13], [14]. It is a welcome effect in any emitter, pro-w

vided internal quantum efficiency is sufficient to sustain ag
many emission-absorption cycles as needed. We show hge0 '2 (@) extracted power
that, due to their superior intrinsic extraction performancg ™ power

when compared to bare structures, microcavities feature a 00L ‘ J2K4/4K e

6
sizeable improvement with much less demand on internal me=2nd /2 extracted

efficiencies, namely not beyond currently existing levels ig 1 et P
industrially grown materials. Section 1lI-C finally focuses org sl T ~ Nuided
results for specific existing and future LED material systerngs guided \\\p wer
among I11-V'’s [15]-[29] and II-VI's [30]-[33]. In many cases, ® 06y fraction N \
extraction efficiencies of the order of 50% seems possible..O g4 extracted
© Lpower
S 02|
[I. EXACT EXTRACTION FROM REALISTIC 5 - S | A
MICROCAVITIES WITHOUT PHOTON RECYCLING % 8/ f18 20
Fig. 1. (a) Power extracted and guided intavaves (TE) from centered
A. Exact Emission Pattern and Power Calculations horizontal dipoles in am = 3 slab depicted in the inset below as a function

] ] ) o of its reduced optical thickness. Total power accounts for lifetime effects. (b)
We apply in this paper an exact model of dipole emission Fxtraction efficiencyn = P,/(P, + Py).

a multilayer detailed elsewhere [7] to situations with realist.iﬁwough mode cutoffs and cavity orders [39]. In order to retain

reflectors and sources. This model partly relies on a Class'g%euristic viewpoint, we restrict ourselves to monochromatic

transfer-matrix description and gives results identical to othg_r polarized emission of a centered horizor(ta) dipole sheet

approac_hes_ [3.4]_[36] based, €.g., on d!pol_e coupll_ng to “(hset of Fig. 1) because: 1) its emission pattern is isotropic
ternally impinging modes. Its originality lies in the direct us see [7]); 2) Fresnel reflection coefficients gently increase
into the transfer-matrix formalism of additive source terms fq om 250/; to 100% from normal to grazing incidence, unlike
each in-plane Fourier cpmponem/t/ of electric field_[4]—[6], -polarized waves; and 3jk) dipoles emit 75% of,their
even those corresponding to waves evanescent in the so€r§®er into s-waves. Since our exact approach makes use of

"T"yer- This circumvents the explicit descrlptlon Of_ d|poles_ neT"jlﬁ'ormrcllized(s -+ p) emission, total emission enhancement or
field [37] and captures only the resulting far-field emissio

: . ISSI9% hibition (emitter lifetime modifications) applies here relative
pattern. It also offers the opportunity to quantify emissio Pes = 0.75, not unity. For simplicity, we call “power”

in ggided_ and leaky modes and environment-induced Iifetineﬁe normalized poweP’, per dipole which may deviate here
mod|f|cgt|ons. . . o . from 0.75 due to the effect of optical environment.

we f|r_st de_plct the case of-polarized emission of a h°f'? We calculated power extracted in all vacuum moéfess a
Z"”t"’!' d'POIe in a mere =3 slab, where we _en_hghten specnjcfu ction of reduced optical thicknesg/ A(= 2m.), as well as
contributions of the exact approach and gain insight on guid wer in all guided mode,, using anad hocthi;q damping

mod(_e behavior. Th|s_|s a usgful e_xample where We PUTPOSEN o (see [7]). These powers are plotted in Fig. 1(a) for order
restrict to a specific dipole orientation and a single polarlzauoH

. . o to the microcavity regime limit defined in [}, ~ 2n? =
The reason is that further calculations which include all cavi ;
L 8. It appears that, as stated, total power per dipble+ P,
parameters, polarizations, etc., do not lend themselves to t:g PP P P s)

- . ) . Smodulated, even in such a moderate cavity. The rigorous
heuristic point of view. We next turn to the main PUrpOSE, + - ction coefficienty = P,/(P, + F,) = P,/ Py, which
of this section, asymmetric DBR/cavity/metal structures ak'&enerally differs fromP_/P Of byo not rgnor_e th(:em tlog% except
to microcavity LED devices [8], [9], [36], where we explorefor nd/)\ < 1, is plotte(; onreFig. 1(b). Due to symmetry, only
scaling issues with the combined benefit from the approximagad guided r;mdesn —1,3,5,.-- (those with even pr’ofile
and exact aproach: for these asymmetric cavities, we examine . RS
how results from the (InGaAl)As testbed system [8], [9] maIn our notation) couple to dipoles.

Y Striking i i i i
. . - g increases im or P, arise each time a new FP
be elxtrapo.lated to any pract|cal. pa|r.of DBR indices. We al. ode appears at normal incidence. This increase starts before
detail the influence of natural linewidth. Results reported i

i . o sonance, when the Airy peak tail begins entering the escape
this part are intended as guidelines. They are not meant fhdow. It continues as the peak fits well inside the escape

account for all details of real systems such as exact injemi%i’ndow and the resonant outside angle becomes off-normal
dependent lineshape of LED's [8], optical constant dispersi ext, toward grazing outside incidence, it is more surprising

therma_l effects, epoxy packaging, etc._[3_8], that are tas at P, “saturates” instead of decreasing as the Airy peak
of device implementation, although their influence may b&arts getting out of the escape window. But this is due

approached using the concepts outlined in [1]. to the increased-reflectivities reaching 100% and allowing
to infinitely sharpen the Airy peak into a vanishing angular
B. Then = 3 Slab window, a feature absent in [1].
We start with a mere slab of index = 3 and thickness! Just after this situation, the FP mode turns to a new guided
surrounded by vacuum and vary its optical thicknegso scan mode (cutoff condition) and guided powgy, abruptly swells
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to the expense of outside power. Each such new guided
mode then goes through a maximum coupled power. This
behavior was pointed out a long time ago by Wittke for
spontaneous emission coupled to the fundamental guided mode
in double-heterostructure lasers [40], [20], [16]. This optimal
dipole-guided mode coupling results from a minimal extent of
field profile, hence a larger field amplitude per photon: the field
profile just above cutoff has extended tails that first shrink as
d keeps increasing, allowing the mode/slab overlap to increase
toward unity and field amplitude at the source to grow. Beyond 10" ' '
this situation, agl still increases, the width of the field profile
just follows this increase and coupling reduces again, naturally
making room for the next mode.

Note that extrema of,, F,, and P, + P, occur at differ-
ent points of this cycle, following the balance of enhance-
ment/inhibition of both categories of modes at a given optical
thickness. The strong modulation 6% and# at small orders
dampens at higher orders. On the right of the figure is the
microcavity regime limit: odd resonances occur nho more in
narrow conditions but through one-half of cavity orders. In
between, even modes are resonant and both resonances would
start to coalesce if even modes were coupled. The microcavity
threshold for a centered source is apparently doubled here
(m. ~ 4n?) because the symmetry halves the relevant optical
thickness.
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Before turning to DBR-based cavities, let us give a hint s . I# ) !
of total emission in(s 4+ p) modes of the abovéh) dipole: 75 20 40 60 80 90
there is also a succession pf(TM) modes much like the internal angle (degree)
case, with ong mode intercalated between eacimode for ()

such a S|mple cavity. Tails of (TM) modes Just above cut- Fig. 2. (a) Typical asymmetric microcavity LED structure with the schematic

off condition are far more extended thanTE) ones due t0 extracted mode profile. (b) Emitted power angular pattern (both polarizations)
the different field boundary condition. This results in a lowépr an horizontal dipole in the case of; = 3, 71, = 2 andnmet = 0.3 451

coupling to the fundamental (TM) mode as pointed out by ?onrdomfdgigdék in?t?f irg?r%if‘i‘::j?a'rs' Total internal reflection angles
Ho et al. [41] for excitons.
The same authors also noted a quite dramatic reduction
of the vertical (v) dipole emission in very thin layerép- asymmetric microcavities with a DBR on one side and an
polarized of course). They suggested important consequengbsorbing metal on the other side. We recognized in [1] the po-
for extraction of isotropic dipoles: since extraction of verticaential of this configuration: low cavity order and compatibility
dipoles is almost zero in microcavities due to th&ir’ # basic of the DBR mirror with epitaxial growth of heterostructures.
pattern, emission of vertical dipoles is a waste of power. Thusuch an investigation is all the more prompted by the recent
inhibition of overall emission from vertical dipoles (largersuccess achieved in this field [8], [9], [13], [42]-[46], and the
lifetimes) is undoubtedly beneficial to extraction. Whether large impact envisioned for LED devices.
can be achieved while enhancir{g) dipole emission will  To reduce the huge number of parameters of such a situation,
be discussed quantitatively below. Qualitatively and brieflyye assume that the source is not distributed, but unique,
the large differences betweefh) and (v) dipoles can be located at the second antinode of3ap/4 cavity, just aside
easily understood using image dipoles to capture the phdésem the DBR mirror (see Fig. 2) with normal incidence
of reflected waves: when the dipole is located at an antinod@minal wavelength\z. Such a short bare cavity gives of
the field from the vertical dipole image is out-of-phase igourse an upper estimate for extraction from larger ones. As
the horizontal emission plane, whereas in the convéfge for distributed sources, the extraction is essentially convolved
dipole case, it is of course in-phase, especially in the vertiday the mode profile, or equivalently by the position-dependent
direction. antinode factor¢, essentially a standing wave varying like
sin?(2kz). Extraction is thus at worst halved when sources
. . ) are evenly distributed across one or many half-wavelengths
C. Asymmetric Cavities with DBR and Metal: [4], [34], [36], [47]. Cavity and substrate share the DBR
The Monochromatic Optimum high index mediumy,;. We define as extracted all the power
We may now combine the physical understanding gainednitted in the substrate below critical angle with @i, =
in [1] with the accurate predictive power of the completé), neglecting substrate absorption and assuming a standard
calculation to explore the important issue of extraction fromantireflection coating at the substrate—air interface.
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For extraction in epoxyn.u = 1.5) [2], [38], indices of
all dielectrics have to be scaled accordingly. However, the
frequent use in applications of the epoxy dome as a lens to
shape the LED beam is better achieved with a divergence
of ~45° off-axis in epoxy. Then, from Snell's law, since
1.5x sin(45°) ~ 1, requiring 45 maximum incidence in
epoxy amounts to require extraction in vacuum. Our essential
MCLED parameters are: 1) the cavity index;; 2) the DBR
low index ny,; and 3) the lossy metal complex index;e.
Losses obviously limit extraction below the mode-counting
predictionn = 1/m. [1]. It turns out that for typical indices
of metals with good reflectivities such as gold and alloys in
the visible and near-infrared [48], the optimal extraction for
a perfectly monochromatic source corresponds to a moderate
degree of resonance, that is a reflectivity not far fréi't.
This is close to the boundary between regions A and D
of [1, Fig. 8]. This means that for typical spectral width
S = AX/X of a few percent (not above lin¥ in [1, Fig. 8]),
the monochromatic configuration is still very close to the
optimum. Here we takei,.. = 0.3 + 5¢, a realistic value
for noble metal-based contacts. 5
We actually optimize horizontal dipole monochromatic ex- low index
traction #;, fully taking lifetime effects into accountr, = (b)
P,/ Pt for horizontal dipoles), just as in the previousFig. 3. (a) Solid lines: contours of equal optimized extraction efficiency
subsection: for a given structure we scan (reduced) wavelen ?ﬁ\ a monochromatic horizonték ) dipole in the structure of Fig. 2(a) in the

,npi) plane; dotted lines bound regions of given optimal number of DBR
through resonance and detel’mlne eXtraCtIOl’] a.t the beSt Wa r pan’g)opt =1 pa|r 2 pa|rs 3 pa”'S etc. (b) Same for an |Sotr0p|c d|po|e

high index

high index

+ (v) dipoles

4

length. Optimization of the number of Bragg paf* follows, Lifetimes are taken into account. Note that in in the, ny;) plane, axis
resulting in a(A°P*, p°P) couple. Typical successive angu|alf0;a$/te2asge indexXr, + np;)/2 and index difference\n = (np; — nyo)
emission patterns at the best wavelength and incregsing
from 1 to p°P* are presented in Fig. 2(b) illustrating the FRAn = 1-—1.5. In this region, the number of papert falls
resonance build-up in the casg; = 3 andni,, = 2. Here, from 5-7 to 2. Then, due to the use of simple pairs, one clearly
beyondp°P* = 3 pairs only, metal losses become detrimentahisses the optimal reflectivity especially at each of et

We present in Fig. 3 two contour maps for a useful paoundaries where reflectivity is too high on one side and too
of the (ni,,nni) plane with contours of data found wherlow on the other side. The trend toward larger extraction at
optimizing extraction of the structure of Fig. 2(a). In maparger index contrasts not only saturates in the regign= 2,
(a) are delineated regions where the optimal number of layuiit becomes eventually inverted when the low index tends
pairs isp°Pt = 1,2, 3, - --. Solid contours show the optimizedtoward the outside oney,, = 1. This is contrary to the
monochromatic extractions, for the sole(h) dipole. These prediction of [1] where it was argued that a decreasenin
contour maps are to be compared to [1, Fig. 11] giving the reubsequent to a largeyn, translates into a larger extraction at
sults of the analytical approach for the same system. Let us figdten mirror losses. Reasons for this discrepancy are complex.
comment the smallAn region, close to the diagonal: in thiswe calculated that even in the absence of losses, extraction
region,p°P* is large and essentially scales lik¢An. This re- saturates for these large contrasts but that the decrease was
gion displays the steepest increase in extraction when startiqgparent as soon as very weak losses were present. Analysis
from An = 0 at fixedn,,;. The crude approximations of cavityof these results showed that complex polarization effects arise
orderm,. = n/2An, neglectingm, = 3/2, and the simplified whenn,, — 1. In particular, Brewster angles of TM modes
rule » = 1/m, imply that extraction grows linearly witthn  for the DBR low-index medium and the outside medium
in this region. It is thus seen that Fig. 3 reproduces well thecome identical. It is thus difficult to build a TM resonance
trends found in [1] in the same region. This confirms our claimt the desired oblique outside angles. Instead, TM resonance
that the analytical approach is relevant in the relatively smalhd extraction are favored toward normal incidence whereas
An limit (An < 1), and is useful to establish the scaling law3E extraction is best at grazing outside incidence (cf. the
of microcavity LED’s. For very small index steps howeverslab case), so that at no wavelength can both extractions be
namely whennAn <1/4, one leaves the single-extractedsimultaneously favored. The value bfi(n,,.:) also plays a
mode microcavity regime toward a “meso-cavity regimefole since it controls the fraction of field profile penetrating
evoked in [1, Appendix C]. Also, it is clearly interesting in thignto the metal layer when the mode is squeezed into a smaller
case to consider a short DBR assisted by the Fresnel reflectidfective cavity towardn;,, = 1. The full understanding of
at the DBR-air (epoxy) interface (see [1, Section II-F]).  these effects is, however, still unsatisfactory.

Turning to regions of larger index steps, a plateau in As for an isotropic emitter instead of a horizontét)
extraction is reached typically for index steps ranging fromipole, the map of Fig. 3(b) parallels that of Fig. 3(a), and also
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Fig. 4. (a) Sketch of the angular distribution of the various modes. (b)—(d) Smoothed contours(in,the,,) plane of the fractions of emitted power:
(b) in the metal(n = 0.3 + 57), (c) in guided modes, and (d) in leaky modes; the regions of given pair nupitér= 1, 2, 3, andp°?* >4 are
outlined because they correspond to abrupt variations of these fractions.

takes lifetime effects of théh) and(v) dipoles into account. consideration. Regions whepe?* = 1, 2, 3, and>4 are
Trends are as follows: extraction from the sole vertical dipolgelineated for this reason.
is generally negligible due to its underlyingn® # emission Trends for the guided mode fractigp = F,/ P are rather
pattern. For smallAn, lifetimes effects are weak, so thatdifferent from the naive expectation drawn from the solid angle
the intuitive averagep;s. = (2/3)n, with obvious notations, subtended by the cone beyor§, where the DBR causes
holds. total internal reflection. Only the smalin region (along the
But, for An ~ 1, and still more above, théh) emission dashed diagonal) displays the expected risg;irnvarying like
rate (inverse lifetime) increases whereas (therate vanishes. (An/n)Y2. But in a very wide region,f, is around 30%,
In these regionsy;,, thus recovers a value close #g, since reaching 50% only close ta), ~ 1.
emission of the vertical dipole tends to become a forbiddenThe fraction f;;, emitted in leaky modes displays comple-
channel. The peculiar choice of the source location, close neentary variations and rapidly decreases whenincreases,
the DBR, and the small bare cavity make this trend quites predicted in [1, Appendix C]. It also exhibits a steady
strong here. behavior in the intermediate regions Af, where it typically
Light not extracted goes into three categories: guided modasounts to 15%—-25% of the emitted power. But there is no
leaky modes and metal absorption, as sketched in Fig. 4(@@om for these modes when, — nq, = 1 in our definition
This latter takes place at angles of the escape cone, fed by shee their angular range is squeezed between ranges of guided
resonant outside mode bouncing inside the cavity. We mapd outside modes in this limit.
in Fig. 4(b)—(d) the fractions of total emitted powgt,; in Finally, the fractionf,,, of emitted power absorbed into the
these three categories at the optimum situation of Fig. 3(a)etal (here belowd.) is seen to vary from a few percent
taking lifetime effects into accouritF;.. # 1), as explained to ~15%. The (largest) normal incidence reflection loss is
for, e.g., extracted and guided power in the slab case, but wigpically 10% here(n... = 0.3+ 5¢) but concerns 20%—40%
both polarizations here. This is still a monochromatic casd emitted light (not guided, and on one side). The optimization
and (h) dipole. In these three maps, abrupt variations stel@ads to avoiding the large losses that would result from too
from the discretep°P* values of optimized structures undestrong reflectors and too many cavity round-trips: the
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values clearly decrease across the boundaries of diffréht at half-maximum (percent)

regions. Fig. 6. Wavelength-integrated extraction from a source of Gaussian natural

profile as a function of its relative spectral width at half-maximum for a system

; it ; . ith a given high indexu,; = 3 and the indicated low indices,, = 2.8,
D. Asymmetric Cavities with DBR and Metal: SpeCtraI Trend?.s, 2, 1.5, 1. The respective optimized number of layer pairs used in each

In any resonance problem, the two main parameters are thee are 10, 6, 3, 2, 1.
resonance position and its width. As for the resonance position,
a first “spectral” result of the optimization procedure is ththis latter at the edge of the microcavity regime. We assumed
detuning between the Bragg central wavelenggh and the a Gaussian spectral profile for the source as well as for the
optimized wavelength for extractiorh.,;: we start with the cavity extraction versus wavelength and refer to the width at
cavity resonant akp at normal incidence and find a negativeljhalf-maximum. It is seen that for the wavelength-integrated,
detuned optimal extraction wavelength,, < Ag. The results half of the maximum monochromatic extraction is preserved
correspond to the simple trend of [1, eq. (10)], i.e., a resonange to a natural spectral width largely in excess of 10% in all
in the middle of the escape windo(\,,:/Ap ~ 1-1/4n?), cases, about15% for the low indices, between 1.5 and 2.5,
strongly shifted only for small cavity indices. and about 20% fon;, = 1, which appears as a good solution

The most interesting aspect for the extraction issue figr emitters with very large spectral widths. Let us notice,
resonance linewidth. A typical plot of superposed fractiofsowever, that the limiting factor is the threshold relative width
n, fms Jie, 5 @s a function of reduced wavelengyAp is  Sesc = 1/2n2 found in [1, Appendix B]. Here, this threshold
shown in Fig. 5 for a cavity witmy; = 3 andn;, = 2. The width of 5.6% defines the shoulder position of the five curves
extraction resonance is clearly visible. The trends of lealof Fig. 6. The use of epoxy instead of air as the output medium
modes to increase at short wavelengths was explained in fdisesS.. to the much more comfortable value of 12.5%. This
Appendix C] as due to the resonant mode angle evolvitgaves the possibility to benefit from microcavities also for
beyond critical angled. and spanning through leaky moddong-wavelength strongly pumped light-emitting diodes where
angles. As for guided modes, we have qualitatively the samfiemay reach 15% (see Section V).
phenomenon due to a new mode as for the simple slabTo give a general map of the data of Fig. 6 is, however,
at A = 1.05\p, the resonant extracting mode is forbiddemot quite meaningful because it relies on the arbitrary choice
(below its cutoff). Toward shorter wavelengths, the cutoff adf a source profile, Gaussian here. One may define with
this mode is crossed\ =~ Ap) and the new resonant modemore generality a “relative wavelength shift tolerance’=
imposes a different power distribution favoring extractiolMA/A rather than a linewidth. It applies to the case of a
to the expense of guided modes. At wavelengths arourelatively narrow source whose central wavelength varies due
A = 0.9\g, the power in this new mode is directed towardo temperature, for example, or other physical effects. We
increasing angles and spans the swelling leaky modes. For stédfine this quantity as the range over which monochromatic
shorter wavelengthsy ~ 0.8\g, guided modes tend back toextraction is maintained over 50% of the optimal (monochro-
their level atA = 1.05XAg. matic) extraction, as suggested by the inset of Fig. 7, in

Cavities optimized for monochromatic extraction may newvhich a contour map of thesg values is given in the same
ertheless successfully extract a sizable range around thig,, n,;) plane as above. Of course, since we do not consider
optimized wavelength. In Fig. 6, we used a simple model teere wavelength-integrated quantities, this widthis quite
calculate the wavelength-integrated extraction of sources asaarower than the width of Fig. 6 above, typically by a factor
function of their natural own spectral widfy,.c. in the case 0.7. It varies fromS = 4%—-20% across the studied region.
of optimized cavities with an emitting medium index; = Results follow again the trends of Section Il, with a spectral
3 and various illustrative DBR low indices,, from 1 to 2.8, tolerance varying likeS... = 1/2n?, decreasing at large
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Fig. 7. Smoothed contours in theu,,ny;) plane showing the relative
wavelength shift tolerancé&\ A/ for which the extraction is maintained to
over 50% of its peak value (scheme of the inset). Again, regions whéte=

1, 2, 3, etc., are outlined.

Fig. 8. Extraction efficiency as a function of the internal efficiemey; in

an ideal case of recycling of all nonextracted light (scheme of the inset) on
a log-log scale for different values of the extraction per cycle #,.: the

values 2% and 4% are representative of a standard device whereas 20% and
40% are for a microcavity emitter.

indices. Spectral tolerance is also rather broader for large index

contrastAn > 1, due to the better phase behavior of the DBRechanism of recycling may push the overall extraction in the

mirror, as in Fig. 6. 50% range. To make this point more quantitative, we plotted in
Details of emission diagrams, study of other metal indicegig. 8 results of the simplest model one can devise to evaluate

optimization with spectral width, aperture, polarization corhow effective are the larger extractions per cycle attained with

straints, etc., will be discussed elsewhere. In the next secti@ficrocavities in relieving the demand on internal quantum

we deal with the photon recycling phenomena which mainbfficiency. In this model, as pictured in the inset, a fraction

concerns guided modes and leaky modes. denotedn®" of injected carriers does undergo radiative re-
combination (rectangle), with the remainder fractioa n*F
[ll. ENHANCEMENT FROM PHOTON RECYCLING AND undergoing nonradiative processes. In this simplified model,

EXTRACTION FOR SOME REAL SEMICONDUCTOR SYSTEMS photons can only escape (with probabilify= 7,.) or induce
new carriers by reabsorption (with probability- 7,,.), which
A. Interest of Photon Recycling with then undergo similar events, no photon being truly lost. It is
Microcavity-Based Sources trivial to sum the series and find that the effective extraction,
.ge the fractiorny.r of injected carriers converted into outside

It was recently demonstrated that in a very high-quali :
Hotons simply reads

semiconductor, the mechanism of photon recycling could le
to a dramatic overall extraction efficiency (72%) in spite QE

of the modest~2% bare extraction efficiency [14]. In this Dot = lpell aE (1)
mechanism, emitted light undergoes as many reabsorption and 1= (1 =mpe)n

reemission cycles as necessary in the active layer, of the orqlﬂ{s quantity is plotted in Fig. 8 on a log—log scale as a
of fifty cycles in the work mentioned [14] where the photo nction of ;@ for four values ofy,.: smaller onesg,, = 2%
randomly samples momentum phase space until a favora 4%, are typical of “bare” sygiems without ninzipérocavities
angle is found. It is, however, difficult to practically design ’ '

lectricall d device based on thi ¢ hereas larger onesy,. = 20% and 40%, are typical of
an electrically pumped device based on [his extreme exam Qtraction—optimized microcavity sources. It clearly appears
which requires material with an internal quantum efficien

Chat for the two smaller cases (open dots), reaching, @+

(radiative recombination probability) over 99.5% due to thgoo/0 requires very large quantum efficiencies, here over 98%

poor escape probability. pgr cycle. Sustai_ning S0 many cyclesaq{d 96%. The demand diminishes to a far more reasonable
reabsorption and reemission translates into a demand not

98Vel for microcavity-type emitters, where it amounts;tef® =

for a large internal radiative recombination quantum efficien%/l% and 83% (solid dots), much closer to typical quantum
of the active layer, but also for negligible losses at metalli '

ficiencies of industrially produced semiconductor layers (sa
interfaces (removed beneath a silica optical layer in [14]), forg%)0 0 yp yers (say,
. 7 7"80%—-90% [49]).

device large enough to accomodate the lateral spread intrinsic
to the “radiative diffusion” process, etc., notwithstanding a o ) )
low-speed penalty. B. Photon Recycling in Microcavity-Based Systems

By strongly enhancing the escape probability per cycle (theRecycling is to be considered for both guided and leaky
nominal extraction calculated above, which will be termechodes. Both modes experience some losses in the very emit-
heren,.), microcavities greatly relieve all these demands arithg layer, a loss mechanism that was not taken into account

lead to far more practical device designs where the beneficidlove chiefly because it leads to recycling.
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Besides, for guided modes, the absorption coefficient is 4
large only for thick unpumped active layer. It is relatively
low in the converse and common situation of thin or strongly
pumped layers near transparency: for an active layer consisting 4 5|
of a few quantum wells, the absorption coefficienbecomes ><
essentiallyl’« wherel is the mode confinement factor [16], 3
[20] and may be a few percent per quantum well. In this caseg
losses “per round trip” are very weak and could be safely§, 3
neglected in the above calculation @f.. <

Recycling can, however, be maintained at a large level
for guided modes even under such conditions if no other 2.5
mechanisms such as metal losses compete to dissipate the
optical power of guided modes. A lengthscale of the order of
tens of microns is typical of guided mode absorption length, 2
which justifies that they were neglected when studying the
one-step extraction mechanism.

In principle, it is possible to recycle as well some part of
leaky modes. But the picture for these modes is not so clear- 4
cut: for a metal bounded structure, leaky modes have a larger
interaction with the metal layer and are more prone to be
dissipated in the metal than guided modes. For dielectric DBR 3 5
mirrors on both sides, these modes could be irreversibly lost in
the semiconductor substrate unless the cavity stack is lift-off &
and deposited on a low-index (silica) substrate, which allows €
total reflexion of most of the leaky modes back into the cavity. 5,
Therefore, we can only rely on the single-pass reabsorption of€
leaky modes as a worst-case method of recycling.

If we want to compare this situation with that without
recycling, we can, to avoid too many details, limit ourselves
to the calculation of the effective extractiopg obtained for
100% internal quantum efficiency and for a known coefficient 2
for recycling of guided modes and leaky modes: assuming that
fractions Ag,iq and Aje.y Of the power emitted into guided
modes and leaky modes, respectively, are reabsorbed in the ()
active layer, it is straightforward to modify the above formul&i9- 9- Smoothed contours of extraction efficiency with recycling. (a) Eighty

. - . . . percent of guided modes and thirty percent of leaky modes are recycled. (b)
by noting that the reinjected light is a fractiofy Aguia +  only 50% of guided modes are recycled.
JuAleax Of total power, where we recall thg}, and fy;. are
the fractions of power emitted in the corresponding modes.

fraction recycled
guided modes | 80% |
leaky modes 30%

2.5 3 3.5 4
low index

@

fraction recycled
guided modes | 50%
leaky modes 0%

1

25}

3 3.5 4

low index

The sum of the series fof.g then reads brings up impressive performances, often over 60% extraction.
If such an efficient recycling can indeed be realized (and there

Nt = Mpe ) (2) is no major physical reason why it could not), it is likely that

1 — foAguid = firAleak the overall electron—photon efficiency of the device would still

In Fig. 9, we inject forn,. the extraction of optimized remain close to 50% even with the adverse factors mentioned
asymmetrié LED structurespcof Section 1I-C (monochromati bove. Finally, the (_1evice response time_is certainly slowed
case, horizontal dipole) to plot contour maps of the resulti vtvn by .the2 res\;//cllng pher:jplmen?n, I?]/p'tct?]l.ly by ﬂl]te .sam?
effective extractiom.g in the usual(n,, ny;) plane for two c ort;\s n (f )'t efrrt1ay ][ea 'y no 'C.?. a h.|shp_ena ytls r;lo
illustrative situations, chosen as monochromatic for simplicit hore than a factor ot two for microcavities, which Is eventually
in Fig. 9(a), a very favorable recycling is assumed, whe uch less than it would be starting from a low-extraction

] ' ' evice because less recycling is intrinsically needed. Because

Aguia = 0.8 and Ao = 0.3, i.e., most of the guided mode%_ ; A T
g L s ~_ high-speed LED’s also raise the linewidth and injection-level
are recycled, and in Fig. 9(b) a more pessimistic casg, = issues, the rest of this discussion is in Section IlI-C.

0.5 and Ay, = 0.0 (no recycling of leaky modes). Again,
this yields an upper estimate since factors such as radiative o ] ) )
quantum efficiency, excitation of vertical dipoles, and finits- Results for Existing LED Materials Systems and Discussion
linewidth are neglected. In this section, we select a few among the main opto-
The results show that even in the pessimistic assumptionadéctronic semiconductors that can be used for LED’s and
Fig. 9(b), moderate index steps are sufficient to reach effectigiscuss what extraction performances can be expected at room
extractions close to 40%, and larger steps ensure 50% arotewperature (RT) in view of their indices, linewidth, etc. A
ny = 3. Of course, the optimistic assumption of Fig. 9(afirst broad classification concerns the natural linewidth. The
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TABLE |
SOoME EXISTING SEMICONDUCTOR SYSTEMS FORLED'S, THEIR BANDAGAP ENERGIES (WAVELENGTHS), INDICES OF EMITTER, INDEX DIFFERENCE OFDBR'’S, AND
RELATIVE SPECTRAL WIDTH AT RoOM TEMPERATURE SOME TIMES FOR VARIOUS SuB-CASES WITH THE REFERENCE FORSPECTRAL DATA

System Short  Direct bandgap Emitter index — Index Relative natural Reference
name range difference spectral width for S
V) An S=AAA
(Ga,ALIn)N II-N 26-33 2.840.1 0.4 4 % at 450 nm [24]
(>3% at 380 nm,
7% at 515 nm)
(Ga,AlLIn)P 1II-P 20-22 3.240.1 0.3 ~3% 28]
(Ga,AlIn)As HI-As 12-18 3.540.2 0.5 ~4.5 % at 850 nm| [15,19]
(>3% at 660nm)
(Ga,AlIn)As/Alox | TII-As 1.2-1.8 3.5+0.2 1.8 ~4.5 % at 850 nm| see above
Al203
1.3 pmternarieson| 1.3 pm  0.85 — 1.05. 34 0.19 ~ 8% [53]
InP
1.55 um InGaAsP | 1.55 um 0.80 3.35 0.26 ~ 9% extrapolated
quaternaries on InP from above
case.
(Zn,Cd,Mg)(S,Se) | 500 nm 2.4-2.6 2.8 0.15 ~25% S=2.5 KT/Eg
500 nm JI is used
(ZnSe)
HgCdTe mid 4 um 0.40 2.8 0.11 ~ 30 % [50]
infrared alloys MCT

naive approximation based on a mere Boltzmann distributibreated for microcavity prospects as the AllnGaP materials in
of injected carriers in ideal band§,~ 2kT/E,, is often too a first approach.
crude for real structures that feature rather broader linewidth.The long-wavelength phosphide-based quaternaries grown
However, it is clear that long-wavelength systems (1.3 amch InP (1.3 and 1.5%m) [16]-[18], of importance for fiber-
1.55,m and beyond) typically feature linewidths close to 10%ased and eye-safe applications, offer less obvious prospects,
which exceed by as much as a factor of two the threshdd@cause they combine low refractive index contrast (=
relative width S... = 1/2n? found in [1, Appendix B]. Then 0.2-0.25) and linewidths of 80-120 nm: these latter broaden
extraction roughly falls below the monochromatic optimalith increasing injection level, which is often used to improve
value by the same factaf/S... (see the example of Fig. 6,the LED’s speed parameters, as discussed below.
where Ses. IS 5.5%). ZnSe-based II-VI's [30]-[33] have been included as poten-
Table Il summarizes typical indices, index steps (see refdial green sources, although the recent successes of nitrides
ences below), bandgap energy, and natural linewidth of eleather jeopardize them. It is not clear whether their linewidth
troluminescence at RT of a number of llI-V and II-VI semiat 500 nm could be an advantage in this competition. As
conductor systems ranging from the ultraviolet-blue wavéar as 1I-VI are concerned, we also included HgCdTe-based
length range to the midinfrared range. Let us discuss briefgr-infrared emitters£4 m) [50]. In the proposed systems,
linewidth issues in each system. the index difference comes from the need of lattice-matched
Starting with the 1lI-V nitrides [21]-[26], we find that growth within 1% or so.
the linewidth is good (2.6%) for the UV electroluminescence Fig. 10(a) gives in the same order their monochromatic ex-
(380 nm), but appreciably degrades for blue emissiod% traction for isotropic dipole, [cf. maps of Fig. 3(b)] compared
at 450 nm), (our choice for this system) and still more fao the far mirror no-loss casg; ~ 1/2n?). Fig. 10(b) gives
green emission (7% at 510 nm). The next IlI-V systeragain this no-cavity reference but takes into account natural
is AllnGaP, for which very efficient transparent-substratinewidth as in Fig. 6, which translates into lower extraction
LED’s already exist, called “high-brightness LED’s,” althoughhan the monochromatic optimum. In the two left bars of each
light is extracted by the sides of the chip [28], [9]. Theresystem, an isotropic dipole was assumed.
electroluminescence is narrowest (2%) at 550 nm thanks to thén the two right bars, a horizonték) dipole, yielding intrin-
absence of doping but degrades to 3% at 625 nm, for the mesfally more extraction, was chosen. It is predominant in the
luminous red LED’s, for which doping is needed. The moslectron—heavy-hole recombination of many IlI-V quantum-
classical 1lI-V system is (GaAl)As, [15]-[18], [20]. Addition well materials [9], [16], [51]. The two estimates are: 1)
of indium in the wells allows up to 1sm wavelengths. We without recycling and 2) with 70% recycling of guided modes
retained the parameters of the important near-infrared range fdfc.. = 0; Azia = 0.7), an assumption intermediate be
free-space applications (850-900 nm typically, where chetapeen the estimates (a) and (b) of Fig. 9.
Si photodiodes are best) for which the large index contrastThe results of Fig. 10 are intended as guidelines since the
of AlAs—GaAs (An = 0.5) is retained. The linewidtht is particular cavity size, metal losses, etc., do not necessarily cor-
typically 4%-5%, close to the limib.. in air. The case of respond tightly to realistic configurations due to technological
670-nm LED’s based on AlGaAs, with a linewidth = 3% factors others than the considered lattice-matching issue. But
[19], makes use of Al-rich AlGa . As ternaries. These sufferthe choice of, e.g., losses and cavity size is an intermediate one,
from a lower index contragtAn = 0.3) and can therefore be useful as a starting point. Namely, not much can be gained in
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_ also suffer in terms of total extraction from the fundamental

o| I farmimor,nocavity | rmonochromatic, | limits of planar microcavity resonators as discussed in [1,
E77) isotropic, microcavity |sotrop|c d|p0|e . . .

,,,,,,,,,,,,,,,,,,,,,,,,,,,, ] Section II-E] and Section II-D here: for a relative spec-

_____ tral width exceedingl/2n?, only a part of the spectrum
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, is resonantly extracted, leading to a decreased wavelength-
‘ integrated extraction performance. The cavity’s own spectral
B . width, Fig. 7, is a basic measure of this phenomenon, a more
exact result being the full spectral profile pictured in Fig. 5.
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ol Il of ol ool mi oy O I We 'r_‘5|5teq gbove on the impact Of. epoxy packaging in
DN P WA LA L3km 15um S0mm dum relieving this index-limited cavity linewidth. But the natural
nm 203 - . . . .
(7nSe) spectral narrowing of extracted light from microcavity LED’s
(a) (RCLED’s [36], [52]-[54]) is indeed welcome for the specific
- t needs of optical fiber links, where it increases the transmission
[ far mirror, no cavity room temperature - . " . . .
F7 isotrapic, micrazmity spontaneous | range by reducing thell|m|.t|ng chromatic dispersion [36], [5&">].
[ horizontal, microcavity emission Thus, for these applications, one should at least consider
50 - B horizontal, microcavity, recycled (Aguid=0.7; Aleak=0) the monochromatic extraction, which easily reaches the
""""""""""" (*) better performances for | 20%-30% range, making electrooptic conversion coefficients
.. ..narrower spectrum . . __ " . N
closer to those of lasers. The relevant figure of merit for this

30|---

application is rather the ratio of extraction to relative spectral
width, i.e.,n(A/AM). It is far more improved than integrated
extraction due to the strong wavelength selectivity achieved by
x I e an ideal cavity observed within the typical numerical aperture
(450 nm) Al203 xLoMer of a fiber(sin # ~ 0.2) which readsA)/\ ~ sin® #/2n2, and

(b) is typically a few tenths of a percent for an ideal resonator.
) ) ) A last discussion is required to take into account speed
Fig. 10. Compared extraction performances. (a) Comparison of extraction . ts. First. itis cl that l | d the d
for the various systems of Table Il with a cavity and with just a faF?qu'remen S. FIrst, 1tis clear that recycling S_OV\_/S own the _e'
mirror (factor of two over bare extraction) at the best wavelength and fatice response by an amount equal to the gain in the extraction

isotropic dipole. (b) Extraction taking into account the spectral width gif (2), not a Iarge factor in general. This means that in spite of
room temperature for, respectively, isotropic dipole, the horizontal dipole,

and the horizontal dipole with recycling of 70% of guided modes only. Theh apparent lower cutoff frequency, the absolute differential
far-mirror extraction has been kept for reference. For the long-wavelenggfficiency AP/AT at frequencyw above the cutoff frequency
systems labelek), narrow spectra are often desired, which, compared to ”(%ingle response time) is not much modified by recycling, at
no-cavity case, would lead to better performances. . . . -
least in the region of response-time limited performance where
AP/AI varies likew™!. The frequency response curve of a

terms of cavity size. As for metal losses, they typically amounevice is increased by recycling only below this cutoff but
to 10% of emitted power. Although metallic reflection tendines up with the response of a no-recycling system above this
to improve toward the infrared, technological requirements drequency. Hence, in spite of an apparent lower cutoff, there is
contacts may lead to the use of quite poor metallic systenms penalty in having some recycling at high speed. Next, let us
with large absorption as well as some roughness. This woulbcuss the possible compromise that arise between linewidth
lead to consider a DBR, or a hybrid DBR-metal stack amd bandwidth if speeds close to the gigabit per second rate
the back mirror. At the other end of the spectrum, at bluere required: then, strong pumping of the diode structure is
wavelengths, this may also be the case due to the large lossesential to reach high filling factors in the bands and reduce
of any metal in this case. the spontaneous emission lifetime. This band filling has two

Also, packaging in epoxy would give increased figures. leffects: it brings the active layers closer to transparency and
particular, it raises the threshold linewidfy;. which can be reduces correspondingly the recycling phenomenon. At the
well extracted from the range 4%—7% to the range 9%-148ame time, it broadens the emitted spectrum, up to values
which is crucial to long-wavelength emitting diodesd & as large as 0.2 eV if no special care is taken. This broad
1.3 m and beyond), all the more if they are strongly pumpedtinewidth limits the benefit of microcavities by exceeding in
This has to be studied separately, since fiber-coupling is ofterany configurations the limit = S.... To optimize a device,
an additional issue in these systems. In general, an applicatiinis critical in such cases that band engineering is carried
wise evaluation depends on the chosen photometric figurecnft to produce a large speed (large filling factor, basically),
merit, a choice which cannot be easily generalized. Hens®ithout excessive broadening. This optimization is analogous
we chose extraction to air (and to a lesser extent brightness,that made to optimize gain with minimal carrier density
see [1, Section II-E]) as a testbed of crucial figures of merits laser structures (SCH, GRINSCH) and can be based on
to illustrate the potential of microcavities in improving lightthe wealth of models devised for existing structures. The
emitters. coupling of such an electronic modeling of LED’s with the

It clearly appears in Fig. 10 that the index difference of thgresent extraction modeling is probably required to attain
DBR side is the crucial parameter in determining performantee best linewidth/bandwidth compromise in these demanding
improvements. The long-wavelength systems labeled (th conditions.

10} -

extraction efficiency (%)
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