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Abstract

We report experimental and theoretical results on the photoluminescence of CdTeSe nanocrys-

tals, embedded in a silica opaline structure by infiltration of a highly diluted solution. Strong

modification of emission diagrams of embedded nanocrystals have been observed in good agree-

ment with theoretical models. At macroscopic scale, we measured the difference of lifetime between

an opal infiltrated with nanocrystals with emission wavelength in the pseudogap and an opal with

smaller balls size for which the nanocrystal emission wavelength is outside the pseudogap. The

photonic bandgap effect leads a lifetime increase of the order of 10%. These lifetime variations are

shown to be in good agreement with the calculated local density of states modification due to the

pseudogap.
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I. INTRODUCTION

Photonic crystals are characterized by a periodic dielectric constant at wavelength scale,

creating photonic energy bands where light propagation is forbidden. The emission of light

sources embedded inside a photonic crystal can be strongly affected by these bandgaps:

according to Fermi’s golden rule, the spontaneous emission rate is proportional to the

photonic local density of states (LDOS), which describes the interaction between emitters

and the local field in the sample. As the photonic local density of states is strongly

dependant on the material structure, photonic crystals are used for tailoring the emission

of embedded light sources. This active field of research leads to applications ranging from

quantum information processing [1], to light emitting devices (miniature lasers) [2] or solar

cells [3].

Most devices use 2-dimensions (2D) photonic crystals, consisting in a lattice of holes etched

in a high index transparent material. In the weak coupling regime, emission of single

quantum dots in 2D photonic crystals has been improved, as well for their photolumines-

cence intensity [4] as for the polarization of emission [5]. In the strong coupling regime

[6], achieved with InAs quantum dots embedded in a GaAs photonic crystal membrane,

vacuum Rabi splitting [7] and emission of indistinguishable single photons [1] have been

demonstrated. All these devices have been realized by electron lithography, requiring

heavy technological equipments. Alternatively to this top-down approach, impregnation of

2D photonic crystals with solutions of collöıdal nanocrystals is a versatile way to couple

emitters to photonic structures and to allow enhancement of spontaneous emission [8, 9].

3-dimensions (3D) photonic crystals take advantage of the spontaneous self organization of

spherical colloidal particles. Indeed, various techniques provide a low-cost and relatively

easy protocol to obtain synthetic opals. It has been shown that the quality of opaline

structures strongly depends on synthesis techniques [10]. Just as in 2D photonic crystals,

the spontaneous emission of optical sources embedded in direct and inverted opals is

affected by the crystal structure and can be inferred by the local density of states [11].

However, the modification of spontaneous emission lifetime by 3D silica opals is reported

to be weak since the refractive index contrast is low [12]. Larger effects require a higher

refractive contrast and a complete photonic band gap which can be obtained in inverted

opals [13–15]. For colloidal CdSe nanocrystals infiltrated in titania inverse opals, lifetime
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reductions up to 30% have been reported [16]. Nevertheless, good quality inverse opals

over large scale are still difficult to synthesize and most experimental studies on coupling

emitters to 3D photonic crystals have been achieved in opals exhibiting a pseudo-band gap

(infiltrated with nanocrystals [17–22] or molecules [14, 23–25]).

Even incomplete, the photonic bandgap affects both the luminescence spectrum of the

emitter and its spontaneous lifetime. Nevertheless, disorder in opal structures can hide

or limit these phenomena. To get rid of the disorder, experiments have to be performed

at a scale smaller than the typical size of the opal for which it can be considered as a

monocrystal. The use of a microscope can reveal the quality of the opals at a micronic

scale by selection of a high quality opal zone [17, 25]. At this scale, stop-band effect on

nanocrystals luminescence spectra [26], single nanocrystal emission modification [17] and

sligth effects on luminescence lifetime [25] have been reported. Nevertheless the pseudo gap

effect is averaged over the whole numerical aperture of the microscope objective, and the dip

in fluorescence spectrum due to the gap disappears for a large aperture [23]. Therefore, the

use of a microscope limits the possibilities to study angle-resolved luminescent properties

and does not reveal the quality of the opal over a large scale (mm) which is essential for

applications.

The aim of this work is to study at macroscopic scale the coupling of colloidal CdTeSe

nanocrystals to artificial direct opals. In the first part, we present the preparation and

optical characterization of opaline structures. The second section presents the modification of

nanocrystals emission diagrams. In a third section, a lifetime modification due the photonic

bandgap is evidenced and interpreted by LDOS calculations.

II. OPALS CHARACTERIZATION

Two opals, which will be called respectively A and B, were prepared by sedimentation

of 400 nm and 270 nm diameter silica balls in suspension in water, with a post selection

of the 0.5 mm thick upper part of the deposit. The balls got organized spontaneously as

a face-centered-cubic (fcc) structure, the highest density plane (111) being along the slab

plane. The samples were then dried at 150°C, and annealed at 600°C during 5 hours in

free atmosphere. Robust 5x5x0.5 mm3 samples were obtained (≈ 2000 layers) [27, 28].
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FIG. 1: Photonic band structure of the fcc lattice calculated with effective index neff=1.29

as a function of reduced frequency a/λ (where a is the primitive cell parameter a =
√

2D,

with D the diameter of the balls), for wave vectors between the high symmetry points X,

U, L, Γ, K and W of the Brillouin zone.

Figure 1 presents the opal band diagram calculated numerically by a direct computation

of the eigenstates and eigenvalues of Maxwell’s equations (using a planewave basis) [29],

showing a photonic pseudogap at the L point of the photonic Brillouin zone.

The two opals were optically characterized by specular reflection, from which the diameter

of the balls and the effective refracting index of the medium were inferred. The samples were

illuminated with a fibered and collimated halogen source covering the whole 350-820nm

spectral range, and the reflected light was collected by a second optical fiber symmetric to

the first one. The fibers were mounted on rotating stages allowing a precise selection of

the incident and collection angles. The light spot on the opal had a size of 4 mm2( at 20°
incidence ) and the distances between the sample and the optical fibers were 10 cm.

As the first bandgap of the direct opal is not complete, light propagation in this frequency

range is allowed for certain directions and prohibited for others. An important reflectivity

is awaited for the wavelengths for which the phase difference induced by reflections on two

consecutive (111) planes of the face-centered cubic lattice is a multiple of 2π. This condition

is fulfilled for an incidence angle corresponding to the Bragg angle which can be expressed
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FIG. 2: Reflectivity spectrum of opals (a) A and (b) B for various incidence angles. (on

figure (b) squares indicate the position of the second peaks). Red line: CdTeSe

nanocrystals luminescence spectrum in decane, (c) Comparison of the experimental results

with Bragg’s law (Eq.1). opal A: DA = 391nm, neff
A =1.29, opal B: DB = 269nm

neff
B = 1.34

as [30]:

λmax = 2
√

(2/3)D
√

(n2
eff − sin2(φ)) (1)

where D is the diameter of the balls, φ is the incidence angle relative to the normal

of the (111) plane and neff is the effective refractive index of the medium with neff =
√

αεsilica + (1− α)ε0, and α is the filling factor (α = 0.74 for close packed structures).

Figures 2 (a) and (b) present the spectra obtained by specular reflection on the two opals

for non polarized light at different incidence angles. The wavelengths for which the specular

reflectivity is maximum are plotted according to the angle of incidence for the two opals.

An adjustment with Bragg’s law (fig. 2c) yields with a precision of 5% for the two samples

the balls diameters DA = 391 nm and DB = 269 nm and the effective indices neff
A = 1.29

and neff
B = 1.34. The diameters are in good agreement with the measurements performed
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FIG. 3: Photonic band structure (solid line) calculated along the LU and UX line

expressed as a function of incidence angle for 269nm balls size opal. The circles indicate

the experimental peaks associated with (111) and (200) planes.

with an atomic force microscope. The measured effective indices correspond to a silica index

nsilica
B = 1.44 for the smaller balls, and nsilica

A = 1.39 for the larger balls. The difference

between these two values may be attributed to a more porous silica structure in larger balls

[31].

At an angle φ larger than 50°, a second peak can be distinguished on the reflection

spectra on figure 2(b). This peak unlike the first one shifts toward higher wavelengths

for increased incident angles, as described in PMMA-sphere opals [32]. The interpretation

of this phenomenon requires exact band structure calculations. On figure 3 the photonic

band structure calculated along the LU and UX lines inside the first Brillouin zone (for

neff
B = 1.34) is superimposed on the experimental peaks of specular reflection spectra as a

function of the external incidence angle φ, which is related by Snell’s law sin(φ) = neff
B sin(θ)

to the internal angle θ with the L direction normal to the (111) plane. At the U point

(corresponding to an external angle φ of 50.2°), a second pseudo-gap can be attributed to

the constructive interference reflections on the planes (200).

III. MODIFICATION OF NANOCRYSTALS EMISSION SPECTRA

We focus first on emission spectra modifications of nanocrystals embedded in the opal. We

use a nanomolar solution of CdTeSe nanocrystals [33] diluted in decane of index ndecane =

1.41, a value close to the measured silica index for large balls size(nsilica
B = 1.39). The
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FIG. 4: (a) Luminescence spectra of infiltrated nanocrystals in opal A sample at different

collection angles. (b) Diagrams of radiation in polar representation at 700 nm of CdTeSe

nanocrystals in opal A (black line) compared to nanocrystals in opal A infiltrated with

decane (purple line) and in opal B (orange). (c) Diagrams of radiation of infiltrated

CdSeTe nanocrystals in opal A at different wavelengths normalized with respect to the

corresponding reference diagrams in the decane infiltrated opal.

luminescence spectrum of the solution is centered at 685 nm and presents a Full Width Half

Maximum (FWHM) of 60 nm (see fig. 2). These nanocrystals exibit a good photostability.

Their decay time (45ns in decane) is longer than for standard CdSe nanocrystals.

Both opals are infiltrated with 1µL of this solution and become translucent, demonstrating

that the solution spread all over the opal: the decane infiltrated opal is equivalent to an

homogeneous medium with an effective index of 1.39. As a consequence, the nanocrystals

are distributed randomly in the whole volume of the sample, with much less than one

nanocrystal per void. Indeed, this low density of emitters prevents nanocrystals aggregation

and interactions among them, and the optical properties of the opal are not modified : after

15 min, the decane solution is totally evaporated, and specular reflection spectra realized on

the infiltrated opal are identical to the ones realized prior to infiltration.

The infiltrated nanocrystals are then excited at a wavelength of 337.1 nm by a pulsed

nitrogen laser (0.6 ns pulse width). Their luminescence is collected by an optical fiber
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mounted on a rotary stage and located at a distance of 10 cm from the surface. In this setup,

for an illumination spot of 1mm2 size on the opal surface, the detection angle resolution is

approximately 1°. The emission is analyzed with a spectrometer coupled to a nitrogen-

cooled Si Charged-Coupled Device (CCD) detector. This setup has a wavelength resolution

of 0.3 nm/point. The experimental specular spectra of opal A infiltrated with nanocrystals

are plotted in figure 4(a) for different collection angles. As the FWHM of quantum dots

luminescence spectrum is of the same order as the stop band FWMH, the incidence angle

dependent gap does not induce a dip on luminescence spectra but induces a shift of the peak

wavelength (see fig. 4(a) ). Depending of the angle of collection, the central wavelength of

the emission line is shifted from 685nm to 670nm for incidence angles from 0° to 45°. In

figure 4(b), the radiation diagrams at 700nm is plotted as a function of the angle of detection

φ. A reduction of luminescence is observed at 45°. In order to confirm the influence of the

crystalline structure, the infiltrated opal A is filled with a solution of decane, removing the

gap. The dip in the emission diagram of nanocrystals disappears for the decane filled sample,

as expected for an homogeneous medium (fig. 4(b)).

On figure 4(b), we also plot the emission diagram at 700nm for opal B. No dip appears

and the emission diagram is similar to the diagram of the opal A filled with decane. For

this opal, the gap at 0° incidence is at 589nm (see fig. 2(b)) so that emission at 700nm is

well above the bandgap. In this part of the band structure the sample is equivalent to an

homogeneous medium (see fig. 1 for a/λ = 0.54 < 0.62), so that this opal, like the decane

infiltrated opal, can serve as a reference for which no bandgap effect is expected.

In figure 4(c), we plot for different wavelengths the radiation diagrams normalized with

respect to the corresponding reference diagrams in the decane infiltrated opal. For each

wavelength, the luminescence reduction is observed for specific angles. In figure 5, these

specific wavelengths for which quantum dots luminescence is reduced, are plotted as a func-

tion of the external angle φ. The curve is fitted by Bragg’s law, like the central wavelength

photonic bandgap measured previously by specular reflection (fig. 2). These results are a

clear demonstration of the modification of nanocrystals spontaneous emission diagrams by

the photonic bandgap.
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FIG. 5: Comparison of the experimental results with Bragg’s law for opal A. Red line:

nanocrystals in decane luminescence spectra. The red circles indicate the position of the

minima on the diagrams of radiation. The black squares are the positions of the reflection

maxima. The dotted line is a fit of the reflexion maxima by Bragg’s law with parameters

DA = 391nm and neff
A = 1.29.

IV. MODIFICATION OF NANOCRYSTALS EMISSION LIFETIME

Let us now consider the influence of the photonic crystal on the nanocrystals emission

decay rate. We experimentally compare the lifetime of nanocrystals embedded in opals

A (DA = 391nm) and B (DB = 269nm). Their gaps are respectively located at 824nm

and 589nm at 0° incidence. We performed the experiments at 700nm by selecting spec-

trally through a monochromator the emission of the nanocrystals. For this wavelength, the

nanocrystal emission is located inside the gap for opal A and outside the gap for opal B. The

samples are kept in vacuum to prevent nanocrystal oxydation, since we observed a lifetime

decrease of a few nanoseconds over tens of minutes when the experiment was performed in

air. The decay curves are measured by a photomultiplier coupled to an oscilloscope. The

time constant of the setup is of one nanosecond. In the following, the fiber is normal to the

surface. Each measurement was performed at six different locations on both opals.

The decay analysis has to be very careful because the expected lifetime modification is

rather weak for low index contrast opals as reported in the literature [12, 25]. As seen

on figure 6, opals exhibit self-luminescence under 337nm excitation wavelength, but this

luminescence decay is much faster than the nanocrystals one. It can be seen on the emission
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FIG. 6: Decays measured at 700nm for 381nm balls size opal. (1) Luminescence decay of

nanocrystals infiltrated in the opal A (green line), (2) nanocrystals in opal B (black line),

(3) nanocrystals in the opal A infiltrated with decane (blue line). (4) Red line:

self-luminescence of the opal. The fits using the log-normal distribution are plotted in

black. The inset presents the luminescence spectrum in opal A at 0° collection.

spectrum (inset on fig. 6) that, for such pulsed excitation, the self luminescence is more than

10 times less intense than the nanocrystals emission. If, for times shorter than 10 ns, the fast

self-luminescence of silica balls influences the decay curves, after 10 ns it can be considered

as negligible. The nanocrystal luminescence lifetimes are therefore calculated by fitting the

decay curves for times between 10ns and 320ns. We fit the non-exponential decay curves

with a continuous log-normal distribution of decay rates as suggested in reference [34] and

used with success in references [15] and [25]:

I(t) = I(0)

∫ ∞

γ=0

Φ(γ)e−γtdγ (2)

with a log-normal distribution function of the form:

Φ(γ) = A exp(− ln2(γ/γMF )

w2
) (3)

where γMF is the most-frequent decay rate corresponding to the maximum of Φ(γ), and

w is a dimensionless width parameter. The decays are fitted on more than two decades (see

fig.6) with only two free parameters γMF and w by a least squares fit with 1/y weighting of

the data (y being the data value I(t)).
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The figure7 presents the most frequent decays γMF measured in the opals A and B on six

different positions.

The mean value of decay rates with their standard deviation are summaries in table I.

TABLE I: Mean most frequent decay rate
〈
γMF

〉
and width parameter 〈w〉 of the

distribution for opals A and B, at 700nm detection wavelength with their standard

deviations σ(w) and σ(γ). The percentage of decay rate variations of opal A with respect

to opal B are given in the fourth column.

opal A opal B difference

DA = 269nm DB = 391nm
〈
γMF

〉
0.0222ns−1 0.0192ns−1 −12.8%

σ(γMF ) 0.0002ns−1 0.0002ns−1 1.1%

〈w〉 0.65 0.48

σ(w) 0.03 0.05
〈
γMF

〉
/neff 0.0172ns−1 0.0150ns−1 −9.4±1.2%

We calculate the relative difference (γMF
A − γMF

B )/γMF
B by considering all possible pairs

of positions on opals A and B and averaging over the corresponding 36 values. We obtain

a fluorescence inhibition of 12.8% for the nanocrystals embedded in opal A with respect to
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the nanocrystals in opal B, with a standard deviation of 1.1%.

In order to explain this lifetime modification, the variation of the local density of states

at the emitter positions has been calculated. According to Fermi’s golden rule, the excited

state of an emitting dipole decays exponentially to the ground state with a decay constant:

γ =
2π

~2

∑

n,
→
k∈BZ

| →µ .
→

E→
k

(
→
r )|2δ(ω − ω

n,
→
k
) (4)

where
→
µ is the dipole moment, and

→
E→

k
(r) , a plane wave function, is the electric field of

mode
→
k . n refers to the number of the band. The non radiative decay channels can be

neglected [35]. The dipole moment
→
µ is assumed to be constant and randomly oriented in

space. The decay rate when averaged over all orientations becomes:

γ =
2π

3~2
| →µ |2

∑

n,
→
k∈BZ

|E→
k
(
→
r )|2δ(ω − ω

n,
→
k
) =

2π

3~2
| →µ |2ρ(ω,

→
r ) (5)

ρ(ω,
→
r ) is the photon LDOS and is strongly dependent on the index modification at

wavelength scale.

Starting from the band diagrams, the distribution of electromagnetic field is calculated

in the first Brillouin zone by the standard plane-wave expansion method, and the LDOS

inside the opal is inferred [12]. To improve the numerical accuracy, we used a linear interpo-

lation technique as implemented within the abinit package [36] to obtain a stable numerical

result with a small number of k points in the Brillouin zone: we used 7106 k points in the

first Brillouin zone (equivalent to 79507 equally spaced k points). The primitive cell was
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divided into 32x32x32 segments, giving a resolution of 36nm considering 391nm balls size.

For numerical reasons, the sharp transition between the silica and air dielectric constants

lead to diverging results and had to be replaced by a smoother one, of thickness equal to

3x36=108nm (see fig. 8a).

The calculation of LDOS were performed with a silica index of 1.39 for opal A and 1.44

for opal B (values deduced from Bragg’s fit in section II). As seen on figure 8b, the LDOS

variation in opal A ρ(ω,
→
r ) over the cell is high and can become larger than 80% between

voids and inner silica balls. As a consequence, in the simulations, the exact localization

of the nanocrystals is critical, as their total diameter (core+ligands) is close to 10nm. We

assume that nanocrystals are randomly located in the three pixels interface between air and

silica, and we calculate the average LDOS (<LDOS>= < ρ(ω,
→
r ) >) for the opal A over this

intermediate region for which the dielectric constant varies between 1.1 and 1.9 (between

1.1 and 2 for opal B).

Apart from bandgap effects, our experimental lifetime difference might be explained just

by the small effective index difference between opals A (neff
A = 1.29) and B (neff

B = 1.34),

as the decay rate in a homogeneous medium is proportional to the medium index. In order
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to distinguish the index-difference effect (neff
A /neff

B = 0.962) from the pure bandgap effect,

we write:
γA

γB

=
neff

A

neff
B

× g (6)

where g is the pseudogap effect which is analysed in this paper:

g =
ρA/neff

A

ρB/neff
B

(7)

On figure 9, we plot 〈ρ(ω)〉 /neff as the function of the emission wave number 1/λ, for

opals A and B and for a homogeneous medium.

We can distinguished three different regimes on these curves.

For a wave number 1/λ < 1.21µm−1 we are below the gap of both opals and both LDOS

can be described by the LDOS of a homogeneous medium (which scales as λ−3). The small

difference between the calculated LDOS and the λ−3 curve is attributed to noise of numerical

origin and provides an estimate of the corresponding error (2%).

For 1/λ between 1.21 and 1.70µm−1, opal B still behaves like a homogeneous medium, but

the LDOS of opal A is modified due to the presence of the photonic pseudogap. Like in the

previous section, the opal B can be used as a reference in order to evidence the pseudogap

effects in opal A in this spectral range.

When 1/λ is above 1.70µm−1, photonic effect are expected on both opals.

From the value of these curves at λ = 700nm, we calculate the theoretical pseudogap-

related ratio between opal A and the homogeneous medium: g=0.93 (with the previously

mentioned numerical error 0.02).

By averaging over all experimental 36 values of g, we find the experimental pseudogap-

related decay difference between opals A and B : g − 1 = 9.4% (see figure 7 and table I)

with a standard deviation of 1.2%. This result is in good agreement with the g−1 = 7±2%

theoretical value obtained from the above LDOS calculation, and within the experimental

and numerical margins of error.

One might want to performed a comparison between nanocrystals in opal A and nanocrys-

tals in opal A filled with decane, since it was taken as the reference in the previous section.

Experimental pseudogap effect ratio g=0.98 was measured, in comparison with a theoreti-

cal value of 0.93. In this case, the difference between experimental and theoretical values
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is slightly outside our margin of error and suggests that other effects could be included in

lifetime modification calculations. Such conclusion was given in reference [12] to explain

larger variations of lifetime compared with LDOS predictions for molecules embedded in

colloidal photonic crystals. For single nanocrystals on glass coverslips, large decay rate fluc-

tuations have been reported and attributed to the opening of non-radiative decay channels

due to defects at the sample surface [37]. Other effects like local field electronic environment

corrections may cause lifetime modification as considered in reference [38].

V. CONCLUSIONS

Opals prepared by sedimentation techniques and infiltrated by colloidal CdTeSe semi-

conductor nanocrystals have demonstrated a sufficient quality at a macroscopic scale to

induce a modification of both the spectrum and lifetime of the nanocrystals emission. The

dependence of the intensity with the collection angle is large and its dependence on detec-

tion wavelength has been described by Bragg’s law. The emission lifetime was compared in

an opal presenting a pseudogap effect at the emission wavelength and a reference opal for

which emission is outside the gap. An experimental variation of 12.8% was measured and

attributed to effective index difference between the opals (known to be 3.8% from reflec-

tion experiments) and the pseudogap effect (for which we deduce an experimental value of

9.4%). These results are close to the theoretical value of 7% obtained from numerical LDOS

calculations.

A more significant influence of the photonic bandgap on the lifetime would require a larger

index contrast, or an inverse opal for which complete photonic bandgap can be achieved.

The insertion of a defect [39, 40] inside opals, inducing a large modification of the LDOS,

is a promising alternative to monitor the lifetime of nanocrystals embedded in 3D photonic

crystals.
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