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Quantitative analysis of directional spontaneous emission spectra from light sources
in photonic crystals
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We have performed angle-resolved measurements of spontaneous-emission spectra from laser dyes and
guantum dots in opal and inverse opal photonic crystals. Pronounced directional dependencies of the emission
spectra are observed: angular ranges of strongly reduced emission adjoin with angular ranges of enhanced
emission. It appears that emission from embedded light sources is affected both by the periodicity and by the
structural imperfections of the crystals: the photons are Bragg diffracted by lattice planes and scattered by
unavoidable structural disorder. Using a model comprising diffuse light transport and photonic band structure,
we quantitatively explain the directional emission spectra. This work provides detailed understanding of the
transport of spontaneously emitted light in real photonic crystals, which is essential in the interpretation of
guantum optics in photonic-band-gap crystals and for applications wherein directional emission and total
emission power are controlled.
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I. INTRODUCTION emission power experimen{d] and time-resolved lifetime

. . . .experimentd10]. While lifetime experiments provide a di-
Photonic crystals attract much attention both in academi ct measurement of decay rates, it is important to quantita-

and in industry because they offer exciting ways of manipUsjy ey jnterpret concomitant emission spectra, for instance, to
!atmg pho_tons{l]. Periodic variations of the refractive index onfirm that light sources inside the crystal are probed. Cw
in photonic crystals on a length scale of the wavelength o xperiments, on the other hand, rely on a comparison of

Iight cause optigal Bragg diffraction and organize the phOtor.\émgle-integrated spectra with a homogeneous medium. In the
dispersion relation in bands, analogous to electron bands iRer case a complete understanding of all angle-dependent

Eeméconductors_[Z—ﬁ]_. hFLequency W'”dgwsf' called Stop offects that is, Bragg diffraction on the propagation of light
ands, appear in which there are no modes for certain propgs ¢ cia|, In this paper such a quantitative analysis is pre-
gation directions. Photonic structures already serve as a ba§@nted

for controlling the propagation of light. Of even greater in-
terest are three-dimension@&D) photonic crystals which of-
fer the opportunity of a photonic band gaBBG—a fre-

In contrast to decay rates, emission spectra of sources
embedded in photonic crystals are strongly directional

: _ 11-14. Particular frequency ranges of the spectra are sup-
quency range where no modes exist at all. The existence of[ g d y rang P P

in the densi f oh ; des lead ) .~ 'fressed in certain directions forming stop bands, whose cen-
gap in the density of photonic modes leads to interestingy,, frequencies and widths are described by the photon dis-

quantum-optical phenomena such as spontaneous em'SS'BBrsion relation. Besides Bragg diffraction, which is an effect

inh(i?ition Iand ”g:[ Iocagli;atio(;[Z—G]_ ¢ . of the order of the periodic structure, light propagating inside
_ Control overthe radiative decay rate of spontaneous emisys - girycture also experiences disorder:  polydispersity,
sion is of keen interest for applications, and therefore em'sfoughness and misarrangements of the building bIgtRs

sion properties of sources such as atoms, dyes, and qUantufjis’ nayoidable disorder affects the interference-induced

do}; arel 'mﬁnsglely mves_tlgated. Accolrdln% tlo Flerr?j'_’sproperties of photonic crystals. Previous work on the effect
golden rule, this decay rate Is proportional to the local radiag¢ gisorder on spontaneous emission includes the realization

tive density of stated DOS) that counts the number of elec- that disorder determines the depth of stop bafi15.

tr_(f)_malgnen_c modfesr\]/vherem photlons3c|§n bhe emitted at a ISPQUrthermore, the first observations of enhanced emission in
cific location of the source. In photonic —crystals y, o range of first- and second-order stop bands were also

gron?junced .varriatiotr)ls of thefLDOS with rl:r.eﬂuefncy.are P'€yelated to disorder-induced redistribution of emitted photons
icted even in the absence of a PBIG8], which give rise to &18]. While the propagation of light from external light

angle-independent variations of the total emission. Recentl ources has been studied in great ddt9-21, a quantita-
LDOS effects on spontaneous emission have been exper i

S : five explanation of the behavior of light emission from inter-
mentally demonstrated: Using inverse opal photonic crystal

derabl o £ 1th e ] b al sources has lacked sofar.
considerable variations of the emission rates in large band- pere e present strongly frequency-dependent angular
widths were obtained in both continuous-wagmv) total-

distributions of spontaneous emission from a laser dye in
polystyrene opals and from quantum dots in titania inverse
opals in the frequency range around the first-order Bragg
*Electronic address: i.nikolaev@amolf.nl diffraction (L-gap. We compare the data to a theoretical

TURL: www.photonicbandgaps.com model that unifies effects of structural disorder and photonic
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crystal propertieg21]. Angle-dependent internal reflection e,
due to the photonic gaps plays a key role in our model. The |
theory quantitatively explains both the enhancement and the

reduction of light along certain propagation directions that
were observed experimentally. The excellent agreement con-
firms that the propagation of light in a photonic crystal is
well understood for frequencies around theyap. Further- Ly I .
more, we show that by analyzing the exit emission distribu- L, G111
tions, one can reveal stop bands in the quantum-dot spectra.
Such an analysis should be carefully performed before any — F Top View
quantum-optical experiments since it unambiguously proves
the effect of the photonic crystal on emission. We finally Spectrometer | pMmT
discuss the applicability of photonic crystals for improve-
ment of the emission efficiency of light sources. FIG. 1. (Color online@ Scheme of the experimental setup. The
pump beam is focused onto the sample at incident afgley the
Il. EXPERIMENTAL DETAILS objective O; (f=7.3 cm, numerical aperture 0)03.uminescence
within a cone centered at detection anglerelative to the surface
A. Samples normal is collected by the lens; (f=12 cm and imaged on the

We have studied emission from dyes in polystyrene opal§pectrometer slit by the lens (f=12 cm). A color filter F prevents
and from quantum dots in titania inverse opals. The polystyscattered pump light from entering the prism spectrometer. The
rene opals are fcc crystals of close-packed polystyrenéngle 0e is varied by_ rotating the rotation stage, which carries the
spheres prepared from a colloidal suspension by Seh-@ample holder, the fiber, and the objecti®g whereas the incident
assembly. The titania inverse opals are fcc structures dt"91€f is kept fixed.
close-packed air spheres in a solid matrix of T.iDetails of
the preparation and characterization of the opals and inverddeaches within the first few crystal layers. However, our
opals can be found in Reff22]. We have studied four poly- experimental results were found to be almost independent of
styrene samples with lattice parameteas178+3 and the amount of bleaching, thus indicating that emitters in the
365+5 nm and eight titania samples with lattice parameter§ulk of the photonic crystals provide the dominating contri-
a=370, 420, 500, 580, and 650+10 nm. All samples havedution to the measured emission intensity.
typical dimensions of X2x0.2 mn? and contain high- The titania inverse opals were infiltrated for 24 h with a
quality domains with diameters larger than pf. These colloidal suspension of ZnSe-coated CdSe quantum dots
domains have flat faces normal to the 111 crystal axis, which26,27 in a mixture of 50% chloroform and 50% butanol.
is evident from scanning electron microscope images. Théfterward the samples were rinsed in chloroform and dried.
other crystalline axes are randomly oriented. The concentration of the infiltrating solution was 1@nol/I.

The polystyrene opals were doped with the laser dyéVe used the same estimation in order to get the maximum
Rhodamine 6GR6G) by soaking them for 30 min in a dilute number of quantum dots per unit cell in the inverse opals.
solution (1078 mol/l) of the dye in ethanol. Afterward the For samples with the largest lattice parameaer650 nm,
samples were rinsed in ethanol and dried to remove the dy&is concentration is 15 quantum dots per unit cell and is
from the sample surface. To estimate an upper bound to theufficiently low to avoid energy-transfer processes and reab-
density of the dye, we assume that the infiltrating solutionsorption. In order to minimize oxidation and contamination
completely fills the air voids in the opals, and that, in theof the quantum dots, the inverse opals were infiltrated with
process of drying, the dye molecules distribute uniformly onthe quantum dots in a nitrogen-purged glove box and held in
the surfaces of the spheres inside the opals. Knowing th@ sealed chamber under a 1.7 mbar nitrogen atmosphere dur-
volume of the air voids in each unit cell of the op&ls26a®) ing the optical measurements. No bleaching at the surface
and the dye concentration, we arrive at no more than ten dy@yers could be performed for the quantum dots, however a
molecules per unit-cell inner surfade3] (for opals with ~ detailed analysis of the angular emission detee below
lattice parametea=365 nn). While this surface density in- demonstrates that light emission from the quantum dots from
creases linearly with the lattice paramegethe average dis- the bulk dominates.
tance between the dye molecules remains more than two or-
ders of magnitude away from the typical intermolecular
distances where reabsorption and energy-transfer processes
could play a rolg24]. Before emission experiments, we per-  Figure 1 shows the experimental setup used to measure
formed a selective bleachiig5] of the dye at the surface of emission from light sources inside photonic crystals. The
opal photonic crystals in order to ensure that the emission isources inside the crystal are excited by a cw Ar-ion laser
recorded only from the bulk of the crystal, and not from the(A=497 nm with the power at the sample around A0V. At
crystal surfacd13]. The whole surface was illuminated for this pump power, we do not observe any effects of bleaching
up to 1 h by an intense laser beam at the Bragg angle for thef the dye during the emission experiments. To focus the
pump frequency. At this angle the pump intensity decreasegump beam on the sample surface a fiber-coupled micro-
exponentially with depth, which implies that the dye scope objective is used. The beam is focused to a spot of

B. Experimental setup
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about 30um in diameter at an incident anglg, relative to  compare to a model of diffuse light transmission through
the surface normal, usuallg,~25°. In order to acquire opaque medid29-31 extended to photonic crysta[21].
emission spectra as a function of the detection adglela- Based on the diffusion theory, the intensity of lighi, ue)

tive to the surface normal, the sample is mounted on a rotawith frequencyw that exits the sample at external angles
tion stage. The surface normal is parallel to the 111 reciprobetween ,=cos*(u.) and cos'(u.+due) relative to the
cal lattice vectorG,;;. In order to illuminate the same area surface normal is equal to

irrespective of 6,, the fiber-coupled objective(O,) is _

mounted on the same rotation stage as the sample. In this W, pe)dpte = o @) P(@, pe)dpte. (1)
way, the angle of incidencé, between the pump beam and Here I ,,(w) is the total spontaneous emission power that is
the surface normal is kept constant. The advantage over préne spectrum of the light sources integrated over the exit
vious experiments, where the sample was rotated with reanglesd,. For sources with a low quantum efficiency or with
spect to both the pump and detection beams, is that the afhhomogeneously broadened spectig(w) is proportional

solute intensity of the angle-dependent spectra can bg the LDOS[9]. The distributionP(w, u,) is defined as
reliably compared. The position of the pump spot on the

sample is monitored with a microscope. The emitted light is ni 1+R(w) 3

collected within a cone of 15° full width around the angle P(w, pe) = Heo| = * oM [1-Rlo,u)], (2)
imaged on the slit of the spectrometer with 4 nm resolution, i \1-R(w)

and detected by the photomultiplier tuRMT). The angle-  wheren, and n, are average refractive indices outside and
resolved spectra are usually measured at the detection angl@side the samplg32], respectivelyu, and u; are related by
from 0° to 75° at intervals of 15°. The measured spectra argnell's law. R(w,u;) is an angle-dependent internal-
corretcted for th?_ darl; (t';oubnt Pfdthe P('jWT-tTffT?hShapeS of :hf?eflection coefficient that yields an angle-averaged internal-
spectra are confirmed to be independent of the pump inten- ; =y

sity, and the emitted intensity is linear with the pump powerr.}eﬂectlon coefficient(w):

E( )= 3Cy(w) + 2Cy(w) 3)
[ll. DIFFUSE LIGHT TRANSPORT IN PHOTONIC @ 3Cy(w) = 2Cy(w) + 2
CRYSTALS
1
A. Escape function Chw) = f R(w, wi) pd ;. (4)
0

In real photonic structures, defects in the arrangement of
the building blocks are always present and cause rando
multiple scattering of light. This means that all light emitted
in such photonic structures becomes diffuse on length scal
equal to the transport mean free pathvhich is often much
smaller than the thickness of the sample~or example, our

"Brom the diffusion theornR(w) determines the so-called ex-
érapolation length that sets the boundary conditions of the
tiffuse intensity[29-31. The normalized functiofP(w, )
describes the distribution of emission intensity over the es-

opals and inverse opals have mean free paths of aboSPe angles and will be called the “escape function.” In ab-

15 um [28], whereas the thickness of the samples is about°"ce of reflection gﬁect;, t_he escape -funct|on tends to the
well-known Lambertian distribution of diffuse surfaces.

200 um. Thus, even though photons generated inside a pho- In random media such as powders or macroporous

tonic crystal are diffracted by the crystal structure, this effect : ! . .

is smeared out by the random multiple scattering while th sponges the internal-reflection COfoIC'Iﬁ(Tw,/.Li) 'S bargly

photons propagate through the bulk towards the crystal Su?_requgncy depenqe[\$3], and propagaﬂoq through the mter.-
face is well described by Fresnel reflection model assuming

face. Only at distances from the surfazesmaller thanl, fractive index. Th lar d d fth
where the photons emanate ballistically toward the crystaI?‘n average retractive index. 1he angular aependence ot the
scape functiorP(w,us) agrees well with experiments on

air interface after a last scattering event, the effect of Brag d 4id430.31. For hiahlv di . h )

diffraction is not destroyed by the scattering. Hence the dif- aln %m me Ié[h 3. orl '9 dyl |spersnée P _obtomr:: crys- |

fuse emission acquires a directional dependence only when S, however, t gFresne mode! cannot describe the Interna
reflection since light escaping from a deptkll from the

exits the crystal21]. i .
We consider the ratio of the mean free patto the at- crystal surface is Bragg attenuated for angles and frequencies
inside a stop band. We model the strong angle- and

tenuation length for Bragg diffractiong in order to estimate . . . .
the attenuation of emission caused by Bragg diffraction, aérequency-dependent internal refle9t|0n with photonic b_and
structures. At a particular frequeneay where a stop band is

d in Ref[15]. Si th f this | . - E :
proposed in Ref[15]. Since the mean free pathis larger present, the internal reflectivitR(w ,u;) blocks the emis-

than the Bragg attenuation len typically 1/Lg~2-5
99 ot (typically |/Lg sion in the directions of the stop bafalrange ofu;’s related

[28]), an attenuation in the stop band equal tolL}AH . :
=50% to 80% is predicted, which is in agreement with ourlo @ by the photonic E)and structyrand therefore reduces
the escape functioR(w, 1), [cf. EQ.(2)]. The presence of

observations. As will be discussed later, the stop-band at il
tenuations are obtained directly from reflectivity measurethe stop band raises the angle-integrated reflectRiwy"),
ments; therefore, the mean free patis not an explicit pa-  which enhances the escape functR{", u,) for angles out-
rameter in our theoretical model. side the stop band. Thus, the escape function is strongly non-

In the present work we investigate directional properties.ambertian in a photonic crystal, showing clear suppressions
of light emitted by sources from 3D photonic crystals andor enhancements.
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FIG. 2. (Color online (a) Photonic band structure for polystyrene opdlsue) dashed curvds center frequency of the stop band vs
detection angle, according to Bragg’s lai(red) solid curve, and the frequency range of R6G emission for opals with lattice parameters
a=178 and 365 nn{hatched regions between tlierange dash-dot-dotted lines and thigreen dash-dotted lines, respectivélyb)
Normal-incidence reflectivity as a function of frequency for polystyrene opals with a lattice paraa®6b6 nm and refractive-index
contrastm=1.59. (Blue) circles are measured values, ttidack solid curve is a fit with the modified Gaussian reflectivity p¢gk. (5)],
the (red dashed curve is a fit with a Gaussian reflectivity peak.

B. Internal-reflection coefficient low 16000 cm' for these particular samples witta
=365 nm, a deviation from the model is observed. We at-
tribute this deviation to Fresnel reflection, which is important
only in the low-frequency limit and therefore is not relevant
for the escape function of photonic samples. The width
d&wc(ui) hardly varies withy; within the range of the dye

In order to model the internal-reflection coefficient
R(w, &;), we have taken into consideration calculated photo
nic band structures. Figure(@® shows the photonic band
structure for polystyrene opals calculated along ltheand
LK lines in reciprocal space in the frequency range around <" ° o :
the first-order stop gafL-gap that is due to optical Bragg €MiSSion; t_herefore it is taken to be constant in our model.
diffraction by (111) planes parallel to the sample surface. | "€ magnitude of the internal-reflection coefficieRf(wi)
The emission spectrum of R6G is in the low-frequency Iimitdecr?f‘Ses withy; because at larger internal angle
relative to the stop bands of opals with a lattice parameteF €0S (1) the path length for the light to become Bragg
a=178 nm[region confined by théorange dash-dot-dotted gttenuated increases with, and this increases the prob_abll-
lines]. Consequently, this sample is effectively homogeneoudl Of scattering az<Lg. The value ofA;(x) at p=1 is
for the emission frequencies, and therefore it can serve astgken from the normal-incidence reflectivity experiments.
reliable reference. For these nonphotonic crystals we usebnus, we haved;(ui)=Aq(ui=1)u; and A(u=1)=0.7 [see
the Fresnel model in order to describe the internal reflectionfig. 2(b)].

In F|g z(a) one can also see the frequency gap between the Emitted ||ght that is scattered within a diStanb@<Z

two lowest bands[(blue) dashed curvds which obeys < toward the exit interface can also be redirected by Bragg
Bragg'’s law[solid (red) curve] within the frequency range of diffraction by the sets of111) planes, which are oriented at
R6G emission for the opals with a lattice parameter ¢,=70.5° to the(111) planes and the surface normal. The
=365 nm[region confined by thégreen dash-dotted linds internal-reflection coefficien®,(w, ;) for Bragg diffraction
Therefore, the angular dependence of _the center freq_uency 89 (115 lattice planes is modeled similarly tB(w, w).

the L gap s modeled with the solidred curve, i.e., Taking into account that we measure emission from many
wc(p)=wc(pi=1)/ . To investigate the frequency depen- ,4om1y oriented crystal domains in azimuthal directions,
dence of the reflectivity, we have performed reflectivity ex- o reflectivity Ry(w, 6) is averaged over the azimuthal

periment; on the samples using external incident plansngles¢ between thd.K and LU lines in reciprocal space
waves, since this technique reveals the center frequenc"fﬁelding ’

and the widths of stop band0,34. Figure Zb) shows a

normal-incidence reflectivity spectrum measured from an 3 (™3 [w- wc(6,¢)]

opal with the lattice parameter=365 nm{[(blue) circles]. Ro(w, 6) =—J A6, p)ex T AT de.
The reflectivity peak is not fitted well with a Gaussidred o [Awc(6)]

dashed curve As an improved model, we propose a modi- (6)

fied GaussiafFig. 2(b), solid (black) curvel: ) _
The magnitude Ay(6i,¢) is modeled as Ay(6, )

[0 - wc(u)]* =A,(70.5°,09c0g6-70.59cod ) Wwith A,70.5°,09
C 2Aoc(m) | ) =0.7. The total-internal-reflection coefficieR{w, ;) is cal-
culated as a sum of th;(w, u;) and Ry(w,cog6,—70.5°))
whereA;(w;) is the magnitude of the internal-reflection co- modified Gaussian peaks. We expect this model of the angle-
efficient and Awc(w;) is the width parameter. This peak and frequency-dependent internal reflectivity to capture the
shape is seen to fit the measurements well for frequenciesssential frequency dependence of the first-order photonic
>16 000 cm*. At frequencies below the stop band, i.e., be-stop bands in polystyrene opals.

Ry(w, ui) = Ag () ex
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FIG. 3. (Color onling Emission spectra of R6G in polystyrene opals with lattice paramate®$§5(a) and 178 nm(b). The (black solid
curves are obtained #@=0°, the(red) dashed curves &,=30°, the(green dotted curves afi,=37.5°, and thé€blue) dash-dotted curves at
0,=60°. The(magenta short-dashed curve ifa) indicates the total emission spectrigy(w).

In the case of the titania inverse opals we apply the same Before studying spontaneous emission from photonic
escape model to explain our experimental data. However, isamples we have verified the applicability of the above-
calculating the internal-reflection coefficieRtw, «;), Bragg ~ mentioned model of diffuse light transport on the nonphoto-
diffraction from other lattice planes must also be included.hic, reference samples. We use Fresnel reflection to describe
This difference compared to polystyrene opals appears sindge angular-dependent internal-reflection coefficient, taking
titania inverse opals are more strongly photonic and the mean average refractive index,=1.44, which is derived from
surements were performed at higher reduced frequencidbe polystyrene filling fractionp~74% in opals and the re-
(a/\=wal 27c). Moreover, the resulting stop bands occur atfractive index of polystyrena=1.59. We record the intensity
lower detection angles, in these crystals than in the poly- at the maximum of the emission spectrum as a function of
styrene opals, as a consequence of the lower average refrdbe exit angled, relative to the measurement @t=0°. The
tive index. Therefore Bragg’s law is not a sufficient approxi- relative intensityl () is compared to the escape function
mation and is not used to model the angular dependence &f(6e) in Fig. 4. While the expected decrease with angle is
the stop bands in the titania inverse opals. Instead, the futhbserved, it is clear that the calculated intensity differs sys-
band structure model is employed, in which we take intotematically from the measured data. This deviation appears
account multiple Bragg wave couplirid5,36. For the in-  to be caused by an angle-dependent detection efficiency as a
verse opals, this model was already successfully tested amsult of an increase witld, of the projection of the spec-

diffuse transmission experimerita1]. trometer slit on the sample. Correcting the measured
intensity |(w,ue) for the detection efficiencyD(w.) (see
IV. RESULTS AND DISCUSSION the Appendix yields the corrected intensityl(w,ue)

=l(w, ue)/D(we) displayed as stars in Fig. 4. The agreement

between the corrected intensity and the calculated escape
Reflectivity measurements at normal incidence of polysty{function is excellent. With the proper account of the detec-

rene opalgFig. 2(b)] reveal that the relative width of the

A. Spontaneous emission of R6G in polystyrene opals

first-order stop band idw/w=~0.075. For opals with a lat- 1.0
tice parametea=365 nm this means a stop band in the range

16 100—-17 300 cit for light escaping the crystal normally

to the surface. The dye R6G emits in the range of

15000-20 000 cit, and hence we expect to observe 05 =
direction-dependent emission of the dye from the opals with § <
a=365 nm. Figure @) displays the emission spectra at se- e - raw intensities

lected detection angles for such doped opals. It is clearly - escape function

seen that the shapes of the spectra are affected by the photo- * - corrected intensities

nic crystal. The emission is suppressed by the crystabfor 0'0(', 30 60 900'0
=0° in the spectral range from 16 000 to 17 500" &nWith External angle 6_[deg]

increasing angle, the low-frequency parts of the emission

recover, gnd the suppressed emission range shifts to hlg_her FIG. 4. (Color onling Angular distribution of the R6G emission
frequencies, as eXPeCted from Bragg's law for a photonigrom a polystyrene opal with a lattice paramegsr178 nm. The
stop band from a single set of lattice planes. In contrast, théhjack pentagons indicate the intensity measured at the spectral
shape of the spectra from an opal with a lattice parametehaximum(w=17 860 cm or A=560 nm; the (blue) solid curve is
a=178 nm remains unchangéiig. 3b)]. The sample is not  the calculated escape function with Fresnel internal-reflection coef-
photonic for the frequency range considered: the frequenciefient. Measured intensities corrected for the detection efficiency of
of R6G emission lie far below the first-order stop band in thethe setup are displayed #@sed stars. All data are normalized at
opal with this lattice parameter. 0.=0°.
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FIG. 5. (Color online R6G emission from polystyrene opal with
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FIG. 6. (Color onling Intensity ratiosl(6,)/1y corrected for
the lens apertur€), as a function of the exit anglé, for a poly-
styrene opal with a lattice paramet@r 365 nm for frequencies

lattice parametea=365 nm. The scatter plots represent the mea-=15 000, 16 500, 17 400, and 18 350¢n{(blue) inverted tri-
sured spectra corrected for the angular aperture of the collectingngles,(black squares,(red circles, and(green triangleg. The

lens O, and divided by the total emission spectrugy(w). The

corresponding curves represent the calculated escape distributions

calculated escape functions are plotted with solid curves. Théfor reduced frequenciesva/27c=0.55, 0.6, 0.64, and 0.67,

(black) solid curve and squares are f6g=0°, (red dashed curve

and triangles are for,=30°, (greern inverted triangles and solid
curve are forg,=45°, and(blue) circles with dash-dotted curve are
for 6,=60°.

respectively.

cmt along directions that do not coincide with the stop band
is reflected in our model foP(w, we) [EQ. (2)] as an in&rease

tion efficiency, the angular distribution of emission escapingof the angle-averaged internal-reflection coeffici®itv).
the reference samples is thus fully understood. In all experiThe good agreement between experiments and theory con-
mental data presented in the remainder of this paper the dgrms a qualitative attribution of such enhancements to dif-

tection efficiency has been included.

fuse escape effecfd8]. Moreover it unambiguously demon-

In the case of the photonic samples the exit distribution oktrates that our experimental observation of the emission

emission strongly depends on the frequeacgs mentioned
above: P(w, )=l (w, 6x)/l;x{w). The total emission spec-
trum l,(w) is determined by discretely summing the angle-
resolved spectré.(w, 6,) weighted by 2r sin(6,)d6, to ap-
proximate the integration overm2solid angle. The spectra
from Fig. 3a) divided by the total emission spectruig(w)
are plotted in Fig. 5symbolg together with the calculated
escape functioP(w, 6,) (curves. We observe a good agree-

enhancement is not due to Bragg standing wave effects pro-
posed in Ref[35], but is related to diffusion of light.

In Fig. 6 we compare the experimentally determined in-
tensity distributiongsymbolg for several fixed frequencies
with the calculated oneésolid curve$ as functions of the
exit angle 6,. The experimental values d?(6,) were ob-
tained by dividing the emissioh(6,) by the total emission
spectruml,,; and correcting for the angular aperture of the

ment between our experiment and theory. The escape funeollecting lens), . For the frequencyw=15 000 cm?, below

tion hardly varies with frequency in the low-frequency re-
gion <15 600 cm?, while it still depends on the detection

the stop band, the distribution follows the Lambertian distri-
bution and is similar to the exit distribution from the non-

direction. In contrast, at higher frequencies strong variationghotonic sampleéFig. 4). For the frequencies above the red

are seen compared to the low-frequency range. At the ex
angle §,=0°, the escape function is significantly reduced in
the spectral range from 16 000 to 17 500 ¢rby the stop
band centered ab=16 700 cm' due to internal Bragg dif-
fraction, which is described by the tefh-R(w, x;)] in EQ.

#dge of the stop band we observe strongly non-Lambertian
behavior. For the frequenay=16 500 cm* emission is sup-
pressed relative to the Lambertian distribution in the range of
the exit angles fromd,=0° to 20°. This range moves to
larger exit angles for the frequenay=17 400 cm? in quali-

(2). The change of the center frequency as well as the deative agreement with Bragg’s law. Far=18 300 cm* the
crease in the attenuation of emission inside the stop bansuppression observed aroufig=40° is preceded by a con-

with increasing exit angl®, are well described in our model
by the frequency- and angular-dependent internal-reflectio
coefficientR(w, ;). At 6.=60°, the stop band has moved out
of the spectral range of R6G.

siderable increase of emission in the angle range 0° to 20°. A
gualitative explanation of this effect is as follows. Some es-
cape directions are blocked by internal Bragg diffraction, and
diffusion eventually distributes this back-reflected light along

Figure 5 also shows a peculiar feature: the frequencyhe remaining directions. Thus, light is more likely to exit the
ranges where the emission is inhibited along certain direcerystal along these allowed directions. From Figs. 5 and 6 we

tions adjoin with the ranges where emissioningreased

conclude that the escape function is in excellent agreement

along the same directions. Such an increase appears at thwth the measured angle-dependent spectra. To the best of

blue side of the stop band @=0° and 30°, and at the red
side of the stop band af,=45° and 60°. This enhanced

our knowledge, the current work provides the first quantita-
tive modeling of spontaneous emission spectra in 3D photo-

escape probability in the frequency range 16 000—19 50@ic crystals.
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Wavelength [nm] trum. In contrast, a strong angular dependence of the emis-
714 625 556 sion intensity is apparent in Fig. 7. As a consequence, effects
4000 — : - of Bragg diffraction are most convincingly observed by re-

cording the angular dependencies at the spectral maxima of
the emission spectra.

In Fig. 8@ we present escape distributions from titania
inverse opals with lattice parameteas 370 and 420 nm at
frequency w=16 300 cm?, and with a lattice parametex
=500 nm atw=15 870 cm®. Both measuredsymbols and
calculatedcurves values are shown. For the crystal with the
lattice parametea=370 nm, for which the center frequency
of the quantum-dot spectrum lies below the stop band, the
: , : escape function follows the Lambertian distribution. A large
14000 16000 1?000 deviation from the Lambertian distribution is observed for

s the quantum dot emission from the crystals with the other
Frequency [Cm ] two lattice parameters. In the crystals wilr420 nm, the

FIG. 7. (Color onling Emission spectra of CdSe quantum dots em|s§|on IS ftm”g'Y r-educed in the range of thg angles from
in a titania inverse opal with a lattice parametsr500 nm. The 6e=0° to 35 ',and it is enhanced at h'gher ,ex't gngles. For
(black solid curve is obtained a8,=0°, the(red) dashed curve at the crystals witta=500 nm, the suppression is shifted to the
f,=15°, the(green dash-dotted curve af,=25°, and the(blug ~ range of f.=20° to 45°, as expected for photonic gaps at

3000+

2000+

Intensity [counts/sec]
g

short-dashed curve #,=50°. higher reduced frequendya/\=wa/2c), and in excellent
agreement with our theoretical predictions. The stop-band
B. Spontaneous emission from quantum dots in titania ranges are notlt_:eably Wld_er than that in the_ case of the poly-
inverse opals styrene opalgFig. 6), which is due to a wider frequency

o ) . range of the stop band in the titania inverse opals. To the best

Titania inverse opals possess a larger relative width of thef our knowledge, this is the first demonstration of photonic
first-order stop bandAw/w=~0.16 than the polystyrene crystal bands in the emission spectra of confined excitons in
opals owing to their inverse structure and high refractive-quantum dots.
index contrastm=2.7). The concomitant large modifications  Figure &b) shows the photonic band structure for a titania
of the LDOS makes the inverse opals very attractive for coninverse opal. The hatched regions indicate the stop band
trol of propagation and spontaneous emission of l[§ht0.  caused by Bragg diffraction by111) lattice planes. In the
Figure 7 shows emission spectra of CdSe quantum dots in @ngular range frond,=35° to 55°, multiple Bragg wave cou-
titania inverse opal with lattice parametr 500 nm for se-  pling from (111) and (200 diffracted waves takes place
lected detection angleg.. No significant changes in the [15,36. The horizontal bars represent the reduced center fre-
spectral shapes due to internal Bragg diffraction are obguencies of the quantum dot emission from the inverse opals
served, because the relative spectral width of the lightvith the lattice parameters=370, 420, 500, 580, and
sources (Aw/w<0.06 is considerably smaller than the 650 nm. The colors of the bars indicate the measured values
width of the stop band of the photonic crystal. This showsof the escape functiorP(w, ;). For reduced frequencies
that the escape distributioR(w, 6,) does not vary signifi- around the stop bands, it is seen that inhibited escape prob-
cantly within the frequency range of the quantum dot specability appears in the angular ranges of the stop bands,

3#5 ' = 2=3700m |3 g 1 R ' P(w.6,)
_-\ ® a=420nm N 10 : 28
=~ A 2a=500mm| —~ @ -
RN o 3 2.5

o — 097 1

”_, > 2.1

= 8 0.8 1 17

P 9 ‘

53—4 o 0.7 1.3

~ Q0 0.9
L 06 biE

0 30 60
External angle 6_[deg] External angle 6_ [deg]

FIG. 8. (Color) (a) Escape distribution as a function of the exit anglefor titania inverse opals with lattice parameters370 and
420 nm atw=16390 cm® (A=610 nm, black squares and red circles, respectiveipd with a lattice parametea=500 nm atw
=15870 cm! (\=630 nm, green triangl@sThe corresponding curves represent the calculated distributimnBhotonic band structure for
the inverse opal¢black dotted curves The hatched regions indicate the stop band caused by Bragg diffractiddi bylattice planes. The
horizontal bars represent the reduced center frequencies of the quantum-dot emission from the crystals with lattice fhcitostéostop
a=370, 420, 500, 580, and 650 nm. The colors of the bars indicate the values of the escape R(uctigyh obtained from the measure-
ments at exit angles shown by the black stars.
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50 " PS opal | averaged reflectivity is larger, in agreement with our obser-
’ - .
40, /= = .-TiO, inv. opal vations. , , N N
] A closer consideration of the reflectivity coefficients can
T 30 ! ; serve to optimize the spontaneous emission yield of light
(=) 7 1 . .
= ; \ sources(atoms, dyes, or quantum dptembedded inside
3 20/ / \ thick photonic crystalg§L >1). Such an optimization can be
1 LI achieved either via the excitation of the sources, via their
10 / Vg o 7 emission, or both. First, the excitation efficiency can be in-
. s creased by realizing that increased escape probability also
0 implies an increased probability for excitation light to enter a

0.6 0.8 1.0 1.2 . : -~
photonic crystal. Thus, by tuning an excitation beam to fre-
Frequency [va/2nc] quencies and angles of high escape, the combined action of
diffusion and Bragg diffraction retains relatively more exci-
tation light inside the sample, thus increasing the probability

for spontaneous emission of the embedded light sources.

model, in which only the first-order Bragg diffraction is taken into Second, spontaneously emitted radiation is efficiently chan-

tR(w) determines th h t of th babi eled out of the sample along particular directions. This oc-
account(w) determines the enhancement of the escape probablie, s when the lattice parameter of the photonic crystal is
ity outside a stop-band direction.

chosen such that the emission frequencies are in the range of

whereas enhanced escape is found outside the stop bandshancedi(w). A clear example of enhanced escape is ap-
Hence, the photonic crystals are seen to “funnel” light alongparent in Fig. 5 a#,=0° near 18 000 cqt. In the ultimate
certain allowed directions. case of a photonic band gap, it has even been predicted that
For experiments on quantum-dot emission in photonighe diffuse emission is extremely directional; see R2d].
crystals, the good agreement between the experimentally olfhird, one can envision situations wheveth excitation and

tained escape distributions and the calculated ones confiregnission are enhanced: in Fig(b8 enhanced escape prob-
that the light emanating from inside the crystals is diffuse. Itability occurs both atwa/2mc~0.8 and 6,=0° and at

also confirms that the observed emission is dominated bya/27c~ 0.7 andf,=50°. Thus, by tuning the excitation to
sources inside the bulk of the crystal. We can exclude thage former condition and the emission to the latter, the spon-
light sources on the sample surface contribute significantlytaneous emission yield is expected to be enhanced by at least

their emission would give rise to an angle-independent coma factor of 2. Further improvements should be feasible in
ponent of the intensity that is not observed. Furthermore =

. . . o IPhotonic crystals with even larg®&.

observation of stop bands in emission spectra is important
for successful lifetime experiments or other quantum-optical
studies of light sources in photonic crystals. The stop bands
are evidence that the emission from the light sources is
strongly coupled to the photonic crystals, and are a prereg- )
uisite for time-resolved experiments of changes in the emis- Ve have presented experimental data on angular-resolved
sion decay rate caused by a modified LD{18]. emission from light sources embedded in efﬂmgnt 3D _pho—

Based on the close accordance of the experiments witfPnic crystals. The experiments were compared in detail to a
the model, we can extract the angle-averaged internafecently developgd model of Ilght transport in real photonlc
reflection coefficienlﬁ(w) Figure 9 shows thaﬁ(w) is as cryst_als t_hat are influenced by dlsqrde_r. Our model is based
larae as 50% for the tit Co | d up to 20% f on diffusion of light due to scatteringdisordej combined

9 o for the titania iNverse opals and up 1o 2U% T0f, angle- and frequency-dependent internal reflections
the polystyrene opals. The internal-reflection coefficient var

) 0 v with f . trast to the f ‘den. Good quantitative agreement between experiment and
Ies strongly with frequency in contrast o the Trequency-y,aqry confirms that the details of the emission spectra are

independen®R in random media. The coefficient increasesdetermined by the intricate interplay of order and disorder.
with solid angle for Bragg reflection, starting from the low- properties of the stop bands, such as their frequency range,
frequency edge of the gap. For the opals, the maximuR ~ magnitude, and angular dependence, are extracted from the
occurs at the high-frequency edge of thegap, where the experiment by analyzing the emission escape function. The
reflecting stop bands extend over the largest solid g8l enhancedescape probability for emission along directions
For the inverse opals, the maximuRoccurs at higher re- outside the stop bands is explained by the angle-averaged
duced frequencies in the range of multiple Bragg wave couinternal-reflection coefficieriR(w). The diffuse and angular-
pling (wa/2mc~0.85 [15]. The shoulder near 1.0 is attrib- dependent nature of light escaping from the photonic crystals
uted to the inclusion of200) reflection condition in our proves that the light comes from emitténsidethe crystals.
model. In a more elaborate escape model with additionaBy measuring the escape functions of the quantum-dot emis-
diffraction conditions, we may expect additional peaks in thesion from the titania inverse opals, we have revealed clear
angle-averaged reflection coefficient at even higher frequerstop bands in the quantum-dot emission spectra, confirming
cies. Since the inverse opals interact stronger with light thathat the confined excitons experience optical confinement.
the opals, their stop bands are wider and hence the anglehe quantitative agreement between experiment and theory

FIG. 9. (Color onling The angle-averaged internal reflectivity

E(w) for the polystyrene opalf(black solid curvgd and for the
titania inverse opalf(red) dashed curvkaccording to the diffusion

V. CONCLUSIONS
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demonstrates that light propagation and spontaneous emis-
sion in real 3D photonic crystals is well understood.
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FIG. 10. (Color online Real-space cartoon of the projection of
the spectrometer slistriped rectangleon the sample surface over-
lapped with the emission splue). The quarter of the slit projec-
APPENDIX: MODEL OF DETECTION EFFICIENCY OF tion [(red) dashed rectang]énas one of the corners in the emission-
EMISSION SET-UP spot center. The width of the projecti¢alongx) increases at larger

The aim of this appendix is to explain the difference be-Oletection anglege.

tween the calculated escape distribution and the measured

intensity illustrated in Fig. 4. This difference appears because B(we) Xme) (Yo

the width of the projection of the collection optitthe spec- (ke = B(ie=1)’ Blxe) :f f I(x,y)dx dy.
trometer slif on the sample increases with the angleThe ¢ 0 0

sample surface is placed in the focus of the collecting lens (AL)

L,, the spectrometer slit is in the focus of the imaging lepns

(cf. Fig. 1). The only emission collected emanates from theWe take into account that the integration runs over a quarter
region confined by the slit projection on the sample surfaceof the slit, asx(ue) =Xo/ te is the half-width of the slit pro-
see Fig. 10. This means that the spectrometer collects lighéction, andx, andy, are the half-width and the half-height
from a larger region on the surface at larger detection anglesf the slit projection aju,=cog6,)=1, respectively. Typical
and that the measured angle-dependent intensity should khalues ofx, andy, in the experiments are 56m and 1 mm.
corrected for the detection efficiency of the setup. The detedt is assumed that the intensity of diffuse light on the sample
tion efficiency is modeled as a ratD(ue) of the intensity  surface around the pump beam variesl@3s|2/(12+r2),
B(ue) collected from the surface region within the slit pro- wherer?=x?+y? is the distance from the axis of the pump
jection (Fig. 10 at detection angl@,=cos(u.) to the in-  beam along the sample surface, &msithe mean free path of
tensity B(u.=1) collected at normal angle: light in the sample.
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