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1. Introduction

Widespread application of colloidal semiconductor nanocrystals (NCs) [1] in light emitting
devices is guaranteed by their low production cost, broadly variable emission frequency and
relatively long lifetime. In order to exploit the advantages of NCs, the light sources should
be equipped with non-dissipative photon management structures with the aim to form the
spectrum of the source, to manage the emission diagram and to arrange the radiative
recombination of electron excitations in the most purpose-efficient way. Obviously, the
electrically biased light sources are the most application relevant [2], but developing the
principles of photon management architectures can be performed with systems operating
with photoexcitation of the NC emission.

One of the most awaiting realisations of the photon management in light sources is based on
the photonic crystals (PhC). The radiation in such sources is controlled through modification
of the electromagnetic vacuum [3,4,5]. The pre-condition of such control is the modulation
of the photon density of states (DOS) that allows either accelerate or suppress the radiation
rate of light emitters in a pre-defined spectral range. The development of PhC-based sources
begun with investigation of the spectra and directionality changes of the emission from
embedded sources. Nowadays the main aim is to design special defect states that are
capable of purposive shaping the emission characteristics.

In PhC-based devices the emitter should be coupled to the outside world only via PhC
eigenmodes in order to gain a full control upon emission characteristics. This can be
achieved by immersing the emitter in the PhC interior. At the early stage it became clear that
the fabrication of the 3-dimensional PhCs for the visible range of the spectrum took a long
time due to complexity of required nanofabrication [6,7,8]. Meanwhile the nature offers an
easy affordable solution - the opal crystals [9,10], the play of colours of which is based on
principles of PhCs. Opals consist of face centred cubic packed lattice of silica spheres [11],
i.e., the dielectric permittivity inside the opal is periodically modulated in all three
dimensions. The interference of light waves that are scattered in the opal lattice results then
in formation of directions, which are forbidden for propagation, if the wavelength is
comparable to the lattice constant.
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66 Nanocrystals

This phenomenon can be formalised in terms of the photonic energy band structure that
looks similar to the electron energy band structure of solids. This energy band structure
represents the dispersion of propagating modes in the energy-wavevector space. The
spectral intervals without propagating modes are called the photonic bandgaps (PBG).
Obviously, the complete absence of modes can be achieved only in infinitely large PhC with
high refractive index contrast between scatterers and surrounding medium, hence, in reality
it is more important to differentiate PhCs with omnidirectional and directional PBG. So far,
no omnidirectional PBG was demonstrated in the visible due to the absence of dielectrics
with high enough index of refraction [12], but this requirement can be fulfilled in the near-
infrared with, e.g., Si or Ge-based inverted opals.

In the visible we ought to deal with directional bandgap crystals. This means that the
internal light source, the emission of which is simultaneously coupled to the all available
modes of a PhC, will not be blocked completely at any single frequency. Thus, there are two
fractions of the energy flow - the one that is modified by the interaction with the structure
and the other that leaks unaffected from the crystal. The aim of designing the photon
management architectures is to tailor the fraction under control in the purposive way and to
maximise the modified fraction of light flow.

The attractiveness of opals for emission manipulation was immediately realised by
researches and the very first publications that considered the opal as a PhC were aimed
primarily at the emission modification [13,14]. Certainly, the bulk opals in use were
structurally very imperfect and the in-void synthesised emitters were randomly distributed
over the PhC volume. However, even in such conditions it became possible to establish
some links between PBG and emission characteristics. Since that time the tremendous
progress was achieved triggered by the invention of artificial opal films of high structural
quality [15]. Another crucial development in late 90s was the infiltration of the opals with
colloidal NCs as a method that allows to preserve the crystal quality and the refractive index
contrast of the opal-based PhC [16]. Nowadays semiconductor NCs are conveniently used in
studies of the PhC light sources [17].

The opals discussed in this chapter are the PhC with the directional PBG. We will consider
the photoluminescence (PL) from opal-embedded NCs possessing the emission band in the
visible under continuous wave (cw) excitation of moderate power. Any time-resolved
characteristics and optical non-linearities are outside the scope of our discussion. The aim of
this chapter is to demonstrate what kind of emission modification one can achieve with NC
that are evenly distributed over the opal-based PhC volume or placed in close vicinity to the
PhC surface. We will describe several tests that allow to identify the emission changes and
estimate the order of magnitude of these changes.

2. General properties of light sources in photonic crystals

Let us introduce some definitions. In the free space the number of electromagnetic (EM)
3

3—2V3 . Correspondingly, the mode density is
e

field modes with frequency w< @, is N(w)=

47’0’
k14

and the emission rate is I' =U/hw « ®D(w) . Using the Golden Fermi rule and following [18]

D(w) =

d]:[[ (@) and D(w) o ®° (Fig.1). The dipole emission power is U = ‘3‘2 D(w)
w
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we consider the 2-level system with the transition frequency @, that interacts with EM field
of vacuum. The rate of radiative recombination from an excited |e) to a ground |g) state

can be written taking into account the field quantization as

27
| Z?,;z <g,1,;n e,vac>

The summation is taken over all one photon states ‘1]—{ n> that satisfy the energy

2

c? o l%(;co) 5((012” — @) 0.1)

conservation law. 2-level atom is located at x, and its dipole operator is d.

® @
Fig. 1. (a) The spectrum of the optical mode density in a free space. (b) The same spectrum in
a PhC with complete omnidirectional PBG. The defect mode is shown at the mid-frequency
of the bandgap.

In the PhC this general expression is reduced to the density of modes D(®). Let us expand

the operator of electric field over the Bloch modes Ein(x) with quasimomentum k and

number 7 .
A ha)~ — -
E(x)=Y. | —"(Ein(x)a; , +hc) (0.2)
I;,n 280V k’
where &I; LT is the photon annihilation operator in the mode lz,n, and the mode field is
normalised to crystal volume
£ |1-42
1 | dxe(x)‘E;},n(x)‘ =1 (0.3)
Vs
Then the emission rate is
rafd?
| :7/0()%“»‘00) (0.4)

where p(xo,u,,) - is the projection of the local density of states (LDOS).

- = - 2
us Ein(x0)| 8, - @), (0.5)

k,n

- - 1
P(xO,uaa’o) = ;Z
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A

d

where the matrix element of dipole transition d = < g e> and u is the unit vector along
d direction. It is apparent from (0.4) that the photon emission rate is proportional to the
density of photonic modes and the square of the electric field, in particular, the spontaneous
emission is suppressed in the interval of low mode density. The full density of modes is the
the local density of radiating states that is averaged over the dipole orientation in the unit

cell. This is why the PBG in a full DOS D(®) = 2(02 S(w* - a)if ,) leads to the PBG in the local
k.n ’

DOS independently on the emitter orientation.

LDOS differs from DOS by taking into account the distribution of the mode intensity in the
primitive lattice cell [19]. In fact, the dipole can add a photon to the emission flux if not only
the state is available in the field but also the field magnitude differs from zero in the dipole
site. Depending on the dipole positioning in the unit cell of a PhC the LDOS changes and,
accordingly, changes the emission rate. For example, the air modes at the upper PBG edge
possess the field maximum in the regions of “light” dielectric. Hence, in order to maximise
the outcome, the emitter should be positioned in the middle of the PhC voids. If this emitter
finds itself in the point of the zero LDOS, only the weak spontaneous emission will be
possible even in the non-zero total DOS. At the PBG edges the spontaneous emission can be
enhanced, because of higher LDOS. But in the infinitely large PhC obeying the spherical
symmetry (the case that cannot be realised experimentally) the Fermi Golden rule fails
because of the DOS discontinuity. In the case of finite size PhC such discontinuity is
replaced by van Hove singularity and disappears in the case of directional PBG.

In order to consider the stimulated emission one has to introduce the impurity atoms with

certain volume density o(r) that experience the polarization & by the PhC field and

possess the inverse population of their energy levels Ima <0. Polarization of impurity

atoms that is excited in point (r,7) by the mode E/%Tn ) can be expressed as

>

PO (r,1) = aa(?)Eﬁ '(exp(-io™; | +0) (0.6)

In self consisted approach it is necessary to include the polarization wave T’S) (r,1) that is
induced by the field F(l)(;,t) S
Py (50) = ao(FE (1) (0.7)

—

(2)
The polarization P (7,¢) induces the electric wave

-

EVGay= 15 2 PED exp(-io+ ) (0.8) (0.9)
the full self consisted stimulated field is expanded in the series

- =)~ (D) - .
E{)(r)= 20 E" (0 =Ey  (exp(B; | - (i) +5)) (0.10)
]:
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On the one hand, the enhancement factor of stimulated emission per unit length
o'l

B, < 1/v, (k,n) is inversely proportional to the group velocity Vg (k,n) = along, e.g.,

z
. T 7
m@;amm)

the Z direction. On the other hand, A; = 20 o)
: vy (k,n

, where the effective density of

—(T) —
impurities normalised to the mode intensity £ E—C ;(r) is

-1 - -
£, () dr (0.17)

Fkm == o)
V

Finally, the stimulated emission Est(r,t) = Eg}; () exp(f; - (ia)l%Tn) +0)t) acquires the

enhancement in the range of slow waves.

It is worth noting the more elaborated approach to the dynamics of emission in PhC. For
example, the strongest modification experiences the emitter whose emission band is located
at the edge of the complete PBG due to strong DOS anomaly [20]. The emitter with
transition frequency deeply inside PBG will emit photon, but this photon has no chance to
propagate and will be absorbed by the same emitter. S. John named this situation as the
»dressed” atom [21]. If the transition frequency falls close to the edge, the emission
dynamics will be different from the free space emission owing to limited number of modes.
This last case bears multiple quantum optics consequences, e.g. laser-like collective emission
[22] due to non-Markovian interaction (the interaction that depends on its history) between
the atom and the field.

In the case of directional PBG in finite size PhCs the effect of PBG upon the spontaneous
emission becomes much less pronounced, first of all, because of the shallow variation of the
DOS spectrum in the PBG [23]. Hence, such crystals can be used, primarily, to design PhCs
with pre-defined emission indicatrix and for directional enhancement or suppression of the
emission in a pre-defined spectral range.

For the inefficient light sources with low quantum efficiency 7 <<1, the overall relaxation
rate

T = Dar(1+7+0(7%)) (0.12)
is defined by the non-radiative transitions I . Then, the emitter power

must be proportional the radiative emission rate and correspondingly, to the LDOS as well
as the pumping power P. This case is applicable to all experiments described below. It
should be emphasised that the power emitted in the narrow homogeneous emission band is
proportional to LDOS only if the emission bandwidth is much narrower compared to the
spectral interval of the LDOS variation. In the opposite case, namely the emitter with the
broad inhomogeneous bandwidth, the LDOS spectrum should be acquired. One way to
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obtain the LDOS spectrum is to compare the emission of two samples, one PhC-based and
one non-PBG reference that possess the same channel of non-radiative recombination [24]:

Ipne _ Pronc o Traarne _ K D, aapinc (@) (0.14)
I ref Pref l—‘raa! ref D rad .ref (a))

This is the true spectrum only in the case of quadratic DOS spectrum in the reference sample
and the emitter localisation in the PhC along the constant LDOS surface. In the opposite and
more frequent case of the broad distribution of emitters over the unit cell volume, this
method produces the correct estimate of specific extrema in LDOS spectrum.

3. Experimental technique

The opal crystals used for impregnation with colloidal NC are the thin film crystals
prepared by either sedimentation or by crystallization in the moving meniscus. This
technology is well established and documented [15]. The current improvement of
crystallization methods aims at eliminating the cracks of the film [25] and better crystallinity
[26]. Typical example of the opal film is shown in Fig.2. The symmetry of the opal lattice is
very close to the face centred cubic (fcc) symmetry (Fig.3). Opal possess the open porosity
that allows embedding the semiconductor NCs in voids between touching spheres
(Fig.3a,b). In order to describe the light propagation in the PhC it is convenient to use the
lattice representation in the reciprocal space (Fig.3c). If the optical data are collected along
the normal to the opal film, this direction corresponds to the I'L directions in the 1st
Brillouin zone. The dashed line on the surface of the Brillouin zone is the line along which
the data were obtained along the oblique direction to the film normal.

Fig. 2. Scanning electron microscope images. Top view (left panel) shows the (111) plane of
fcc lattice at the film surface and the film cracks on the right hand side and side view (right)

shows the film cross-section. The opal film is crystallised in the moving meniscus from
PMMA spheres of 368 nm in diameter.

Transmission/reflectance spectra of the opal films were measured under white light
illumination from a tungsten lamp. The transmitted/reflected light was collected within a
solid angle of approximately 20 along different directions with respect to the [111] axis.
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The energy band structure of the opal film was calculated under assumption of the fcc
lattice symmetry (Fig.3d). This diagram relatively closely corresponds to the PBG structure
revealed by the transmission spectra of the opal film measured at different angles of light
propagation (Fig.3e). Bragg law approximation allows to associate the most pronounced
resonances in these transmission spectra with diffraction at crystal planes.

PL measurements were performed under continuous wave (cw) excitation from an Ar+ gas
laser (Fig.4). Typically, the beam was focused in 0.1 mm in diameter spot. Two schemes
were used for PL excitation/collection - the back window, in which the PL is collected from
the sample side that is opposite with respect to illuminated side, and the front window, in
which the PL signal was measured from the same illuminated side of the sample (Fig.5). The

PL was typically collected from a solid angle Q =5 . PL spectra were recorded, when the PL
intensity becomes stable after each change of the excitation power. In order to trace the
anisotropy of the emission, PL spectra were measured at different angles § with respect to
the [111] axis of the opal lattice. In the case of an array of randomly oriented dipoles smaller
than the wavelength, the averaging over the sample volume results in an isotropic light
source. In this case, the distortion of the spherical wavefront of an isotropic PhC-embedded
emitter is a direct consequence of the PBG. In what follows, we will refer to the fraction of
the wavefront that is blocked for propagation by the first bandgap as the Bragg cone.

1
L-;\[220}>/
_mn/

A (nm)

20 40 60 80
o (degrees)

Fig. 3. (a, b) Schematics of the fcc lattice fragment. The {111} family of planes is represented
by a tetrahedron. The interstitial voids between touching spheres are clearly seen. (c)
Brillouin zone of the fcc lattice. Letters show the main symmetry points. Numbers at arrows
name the directions in the reciprocal space in correspondence to the lattice axes in the real
space. (d) The energy band structure of the opal crystal assembled from PMMA spheres of
368 nm in diameter (see Fig.2). The ellipse marks the typical range of this diagram, which is
relevant to the discussion in this chapter. () Example of experimental transmission spectra
of the opal film from 368 nm spheres measured under s-polarised light [27]. Numbers are
the Miller indices of fcc crystal planes, the diffraction at which corresponds to the
transmission minima (compare to panel (d)).
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Fig. 4. (a) Schematics of the PL typical measurement set-up - cw excitation and lock-in-
based registration detection. (b) Improved excitation conditions to allow constant size of
illuminated spot to be preserved while changing the detection angle.
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Fig. 5. Schematics of PL measurements in transmission (a) and in reflectance mode (b).

4. Directional suppression of CdTe nanocrystal emission in thin opal film

The opal films for this experiment were prepared from 1% aqueous colloidal solution of
latex spheres of D=240 nm in diameter dried on glass slides (1 cm?). Films crystallize in the
randomised fcc lattice, which has the [111] axis as the growth direction. Subsequently, films
with a thickness of 20-30 um were sintered for 2 h at 100cC. CdTe core-shell NCs were
synthesized as described elsewhere [28]. A polymer shell was used to prevent the
agglomeration of colloidal particles. Infiltration of CdTe colloidal NCs into an opal film was
performed by dipping the latter in 0.02 M (referring to Te) CdTe NC aqueous colloidal
suspension for 1 min. As a result of electrical charging of these polymer shells, the CdTe
NCs are attached to the surface of latex spheres (Fig.6a).

PL

\A 4

Fig. 6. (a) Schematics of NC CdTe layout in the octahedral opal void. (b) Characteristic
length scales that are relevant to the formation of the emission spectrum of opal-embedded
NC. (c) The spatial distribution of emission from a point source located inside the opal

lattice. View along [111] axis (€=0?). Black holes are the Bragg cones. Courtesy of D.
Chigrin.
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The transmission spectrum of the opal film demonstrates the minimum centred at 2.23 eV
(Fig.7a), which manifests the directional (111) bandgap. The position of this minimum
corresponds to the Bragg diffraction resonance at the stack of (111) planes in the fcc lattice
(Fig.3b) hwp =27c/(2xnyy x0.816D), where ney is the effective index of refraction obtained

from the effective medium approximation to the opal lattice and c is the light velocity. The
relative bandwidth of the transmission minimum AE/Eg~0.067 exceeds by 20% the

gapwidth calculated for ideally packed opal [29], which is an indication of lattice disorder.
Impregnation of the opal with CdTe NCs leads to the “red” shift of this minimum by 0.05 eV
due to increase of the refractive index and the transmission reduction at #iw >2.5 eV, ie.,

above the absorption edge of CdTe NCs. The CdTe fraction can be estimated from this shift
as 1 to 2 volume % (for different samples) or up to 4% of the void volume. Important, that
impregnating the opal with NCs does not destroy the optical quality of the opal-based PhC.

The spectral position of the transmission minimum changes rapidly with changing the
incidence angle of the light beam with respect to the film normal according to the Bragg law.
Due to the destructive influence of opal crystal defects the transmission attenuation in (111)

resonance gradually decreases with the angle increase 6 > 70 (Fig.3e) [26].

The relatively narrow linewidth of the NC emission (Fig.7b) compared to the PBG width
would not allow for tracing the emission change at different overlaps with the PBG. But the
PL bandwidth of NC in the opal appears much broader due to NC interaction with the inner
opal surface. Moreover, the PL bandwidth in the CdTe-opal was broadened due to partial
degradation of the NC luminescence after intense laser light illumination. On a later stage
the excitation power was kept below 6 mW to avoid further degradation of NC emission.
The PL spectrum of CdTe-opal collected at &= 70° represents the emission of CdTe NCs in
the latex opal without influence of the directional PBG (Fig.7b).

1

s opal 1_0,CdTg‘y 10l CdTe-opal 1.0t
£ = @ 2 0.8+
7] =} [0 [0
g CdTe- c "é’ "é’
= 2 3 1 — 0.67
3 05 3 3
2 01 2 o 05 o 04}
© @ 2 2
g z opal © w
) 3 £ £ 0.2¢
(@ o g - (b 2 ® (c)| 2 (d)
20 22 24 26 0050 24 28 20 22 24 26 005022 24 26
energy (eV) energy (eV) energy (eV) energy (eV)

Fig. 7. (a) Transmission spectra at 6 =0°of the latex opal assembled from spheres of
D =240um and the opal impregnated with NC CdTe. (b) PL spectrum of NC in water

suspension (dashed line) in comparison to PL spectra of the bare opal (thin line) and CdTe-

opal (thick line) obtained at €=70° under excitation by 351 nm line of Ar+-laser with
1.9 mW power in a spot of 0.1 mm in diameter and collected from a 5° wide solid angle. The
PL intensity of bare opal is >100 times weaker in magnitude compared to that of CdTe-opal.
(c) PL spectra of CdTe-opal at different angles of collection. (d) Comparison of the CdTe-

opal PL spectrum obtained at 6 =0° (curve 1) and the reconstructed spectra obtained by

multiplication the transmission spectrum and PL spectrum at 6 =70° (2) and the same as (2)
but with the account taken for the fraction of non-modified emission (3).
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If the bandgap is present, the emission flow is PBG-blocked along the Bragg cones (Fig.6c)
and the central frequency of the PL minimum coincides with the transmission dip. The
angle dependence of PL spectra is clearly seen from comparison of spectra collected at
0= 0° and 30° (Fig.7c). This angle dispersion of PL minimum follows that of the transmission

minimum. In particular, in the Brillouin zone, the 8 =30° corresponds to the shift along the
LU line from the I'L towards I'U direction (Fig.3c).

One can notice that the intensity contrast for the PL dip is reduced by a factor of two
compared to the 6-fold reduction in the transmission minimum. To understand this we have
to separate the measured emission flux in the ballistic and the diffuse components. The
diffuse background is comprised by photons, which experience scattering at lattice defects
[30]. In thin film opals the mean free path of photons, I*, is about 15 pm that is shorter the
film thickness (Fig.6b), i.e. scrambling of trajectories of photons emitted at the distance from
the film edge [>I* is expected at any detection angle. Moreover, the scattering results in
progressively shallower dip at higher angles of detection due to the longer light path.
Another source of unstructured emission is the near-surface emission that comes without
attenuation and fills in the PBG minimum. In the bulk opals the latter contribution can be
eliminated by bleaching the emitters in the near-surface zone [31], whereas in the thin film
opals one can use the photonic hetero-crystal approach (see section 8).

The unstructured contribution to the PL spectrum can be quantitatively estimated using the

spectrum of unmodified emission at @ =70° and the transmission spectrum at 6 =0°[32].
The result of Ip; (6 =0)=1p;(70)xT(0) is shown by curve 2 in Fig.7d, which overestimates

the emission suppression. More accurate fit (curve 3) can be obtained taking into account
the diffuse light /p;(0=0)=31p;(70)xT(0)+0.25/p;(70). This consideration proves the

substantial diffuse fraction in the light detected along the PBG direction.
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Fig. 8. (a) PL spectra of CdTe-opal with ~1 vol.% (1) and ~2 vol.% (2) CdTe fraction at

0 =0°. (b) Relative PL intensity spectra of CdTe-opal at low (1) and high (2) CdTe fraction
in comparison to transmission spectrum. (c) Input-output characteristics of PL intensity

acquired at =30 and hw=2.5,2.3and2eV (squares, circles and triangles, respectively).
Points -experiment, lines - two-parametric approximation, numbers - fit parameters /, and

Py, respectively.

Next test was made to check if the NC-opal spectrum depends on the NC concentration.
Obviously, only low volume concentration was explored, because with high fraction of NC
the PBG properties of the samples will be altered dramatically due to changing the refractive
index contrast and the uneven NC distribution over the opal voids. Fig.8a demonstrates the
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almost 2-fold increase of the PL intensity followed the doubling of NC concentration.
Moreover, the PBG attenuation in the relative PL spectrum remains almost the same
(Fig.8b). It is worth noting that obtaining the relative PL spectrum, as it was suggested in
early works [33,34], is the very useful method for revealing the PBG effect upon the
emission of PhC-coupled light sources especially in the case of complex spectra and weak
attenuations.

5. Stimulation of CdTe nanocrystal emission in thin opal film

In the case of an externally pumped emitter inside a PhC of finite size, the field of the
photonic mode becomes a superposition of the outgoing waves and the waves reflected
from the PhC boundary. For the PBG frequencies the light intensity decays exponentially
with distance z into the photonic crystal. Such photonic mode has the form of a standing
wave with an envelope function that decays exponentially as exp (-y z) , where vy is the
extinction coefficient. Thus, this mode in an opal film is a standing wave formed by
interfering evanescent Bloch states inside the crystal and a plane wave in the vacuum.

For a microscopic emitter in the PhC the amplitude of the external field will depend on the
distance from the boundary of the PC and will be determined by (i) the strength of the light
attenuation in the photonic crystal and (ii) the position of the emitter relative to the nodes
and antinodes of the standing evanescent Bloch wave (LDOS). Note that attenuation of light
always leads to a decrease of the field and also of the emission rate while the position of the
emitter relative to the standing wave of the field can decrease (in the node) or increase (in
the antinode) the emission rate. The experimental results show the intensity suppression in
the PBG frequency range. As was shown, within the PBG the PL is composed of light
emitted at different distances from the PhC boundary. It can be concluded from the
transmission spectra that the attenuation length corresponding to the centre of the band gap
is about 10 pm (6 pm for an ideal structure) [35]. Thus, only ~1/3 of the 30 um thick opal
film contributes to the PL intensity observed externally (~1/5 for the ideal lattice). These
estimates are in good agreement with the measured relative PL intensity, shown in Fig.7b,
which exhibits a decrease of PL intensity by a factor of five.

The PL intensity of the NC-opal as a function of the excitation power can be represented by
input-output characteristics (Fig.8c). These characteristics exhibit saturation with increasing
excitation power for all explored frequencies and can be fitted to the expression

IPL = 10(1 — eXp(—P/Po)) ’ (015)

where P is the excitation power. In this fit the pre-factor Iy is the power radiated by a
saturated emitter and the parameter Py in the emission saturation threshold. Since these
parameters acquire unique values for a given frequency and angle of detection, they can be
represented in a spectral form. The [(h®) spectrum at 70° is a monotonous function of

frequency (Fig.9c). It is measured in PL intensity units and closely resembles the PL
spectrum. The parameter Fy(fiw) is given in excitation power units and corresponds to the

projected excitation leading to a complete saturation of the input-output curve.
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Fig. 9. Spectra of parameters /, (open circles) and F, (circles) at three detection angles

6 =0,30,70° . PL spectra are shown by lines for comparison.

The I,(fiw) spectra at = 0° and 30° follow the canvas for that at 8= 70° with the exception

of the clearly resolved minimum superimposed on the monotonous background (Fig.8a,b).
Moreover, [,(hiw) spectra closely resemble the PL spectra. By contrast, the spectra of the

saturation threshold Fy(hw) at €= 0° and 30° have their maxima in the bandgap. In
particular, £y peak is located at the low frequency edge of the bandgap, covers the whole
bandgap range and follows the bandgap angular dispersion. The £, magnitude is nearly

doubled in the gap along the [111] axis, but its resolution becomes worse with increasing
detection angle. Such degradation correlates the decrease of ballistic component in the
detected emission flow because, neglecting mode re-coupling at the opal-air boundary, the
emitter in the ballistic limit radiates in the same mode as detected outside the PhC.

Positioning of emitting NCs along the “heavy” dielectric boundary aligns them with the EM
field distribution in the unit cell of the opal that ensures sampling by all NCs the same
LDOS. In the case of a saturated emitter and in the presence of an effective non-radiative
recombination channel, the radiated power is proportional to the spontaneous emission rate
to a given mode (0.13). Therefore, the /y(7®,0) is an estimate of the spontaneous emission

rate spectrum along a given direction. The good correlation between /y(%®) and the PL

spectrum for a given direction (Fig.9) suggests that the spontaneous emission is the
dominating process in the radiative relaxation in the opal-embedded NCs.

Py measures the range of the emission response to the pump power increase. For a given
number of NCs, it depends on several factors. One is the probability of an electron transition
between two bands in a NC band structure that is constant in this experiment. Another is
the population of these bands. The others are the probability of coupling the emitted photon
to the optical mode reservoir of the PhC and the balance between radiative and non-
radiative relaxation. At 8= 70° the Fy(hw) is dominated by processes in the electronic

system of the CdTe NCs (Fig.9c).

The weak variation of the saturation threshold across the emission band corresponds to a
uniform density of electrons as a function of energy. Such distribution is the result of non-
resonant excitation and fast non-radiative relaxation of the electronic excitations. The CdTe
NCs in the opal suffer the surface effects that have an extremely strong influence on the
electronic structure. In particular a wide "impurity" band is formed due to the surface states
(which can be Tamm-like states, surface defects, and impurity atoms localized at the
surfaces). Relaxation of electrons and holes within this large energy band has essentially a
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hopping character [36,37,38], that provides quite a uniform energy distribution of carriers
within the band. Roughly speaking, an electron jumps from one localized state to another
with almost the same probability for the states of similar or markedly different energies.
Due to Auger processes [39], which are extremely efficient near surfaces, the hopping
relaxation is likely to happen. Thus the fact that there is similar character of the dependence
of the PL intensity on the pumping for the frequencies below and above the PBG indicate
that the energy distribution of carriers is almost pumping-independent in provided
experimental conditions.

In turn, the sublinear character of the input-output characteristics suggests that the rate of
non-radiative recombination grows super-linearly with the increase of carrier concentration
n. This is typical for some processes, e.g., the Auger recombination rate is proportional to 12
[3°]. We can roughly estimate the influence of non-radiative recombination and variation of
radiative lifetime on the dependence of PL intensity on pumping. Assuming for simplicity,
that PL intensity is proportional to the carrier concentration n and can be characterized by
“mean radiative lifetime” Tt (the rate of radiative recombination is n/1), we obtain that at the
equilibrium On /0t = 0 the excitation is equal to the relaxation

pP= g +T0(n) (0.16)

Within the PBG, the PL intensity is influenced by the increase of radiative lifetime 1. We
may then ask how does such increase will modify the dependence of I on P in the system
with spontaneous recombination and a super-linear dependence of I',,(n) on carrier

concentration? Taking the derivative of the pumping P in eq. (0.16) with respect to the PL
intensity I and noting that / = n /7, we obtain

o°rP Ol vp ol 1
=14+7—= —3FNR

R or _— = (0.17)
dn/T) on or 4 T

on

Taking into account that OI',,(n)/dn > 0, we find that the increase of radiative lifetime t

leads to a slower growth of the PL intensity with increased pumping. In other words, the
saturation threshold for a frequency within the PBG has to be less than that for a frequency
outside the PBG. But this conclusion contradicts the observed PBG-related peak of P,(fuw)

(Fig.9). To resolve this conflict one has to assume the presence of the amplified spontaneous
emission in addition to the spontaneous one. The acceleration of the emission rate is a
consequence of applying resonant conditions upon the emitter at a certain frequency. In
what follows we will discuss two realizations of resonant modes in opal PhCs, bearing in
mind that the modes of the allowed band are propagating ones, whereas the modes of the
Bragg cone are the leakage modes of a PBG resonator. Nevertheless, since these resonance
conditions are intrinsic to the PhC, we can postulate the omnipresence of the emission
enhancement in the incomplete PBG.
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5.1. Coupling to slow propagating modes

One source of the emission amplification in PhC can be associated with slowly propagating
modes. The complex topology of iso-frequency surfaces in an incomplete PhC gives rise to
beam steering effects [40,41,42]. As a result, the actual direction of the energy flow inside a
PhC does not necessarily coincide with the mode wavevector k, i.e., photons emitted with
different wavevectors can propagate along the same direction. The iso-energy surface in k-
space of the opal lattice in the PBG range contains eight necks, two per each [111] axis
(Fig.6c, 10a) [43]. When this surface crosses the boundary of the 1st Brillouin zone (BZ), the
normal component of the group velocity vector v vanishes. This means that all eigenmodes,
the wavevectors of which end up at the intersection of the neck with the zone boundary,
have the v pointing along the BZ boundary. Due to the topology of the 1st BZ, some
eigenmodes with wavevectors along the [111] direction and group velocity pointing in the
[111] direction are expected. Because the direction of energy transport in a non-absorbing
PhC coincides with the group velocity vector, there should always be some energy flux in
the Bragg cone. In what follows, we will refer to modes with wavevectors parallel to the
group velocity vector, as type 1 modes and to other modes as type 2 modes [44].

Energy (eV)

1.8 20

Bragg stopband
> "

3d, 4th bands

Group velocity

(b) Normalized frequency
Fig. 10. (a) Iso-frequency (left) and group velocity (right) contours of opal at the frequency
within the Bragg bandgap. k and v are vectors of type 2 inhomogeneous waves pointing
along the [111] axis. (b) Group velocities of type 1 (solid curves) and type 2 (dash curves)
Bloch modes along the [111] direction. The group velocity is given in units of c.

Fig. 10b shows the calculated group velocities along the [111] axis for wavevectors of the
XULK section of the first Brillouin zone. Calculations were performed using the plane wave
expansion method [45], where the Hellmann-Feynman theorem was used to calculate the
group velocity vectors. The best fit to experimental data was obtained for the opal made of
243 nm diameter spheres of n, =1.6. It is instructive to separate contributions to the

energy flux from type 1 and type 2 eigenmodes. For frequencies below the Bragg bandgap,
the flux along the [111] direction is solely formed by type 1 modes of the 1st and 2nd photonic
bands. Within the PBG, only type 2 modes of the 1st and 2nd bands contribute to the flux.
Above the PBG, the flux is composed by the type 1 modes of the 34 and 4th bands as well as
by the type 2 modes of the 1st and 2nd bands. For sake of clarity, contributions of the latter
are omitted in Fig. 10b, because their frequencies are above the Bragg gap.

The group velocity vanishes at the low frequency bandgap edge in the ballistic limit of an
infinite PhC and then grows slowly with increasing frequency, comprising, in average, 1/10
of the group velocity absolute value outside a bandgap. Correspondingly, type 2 modes
traverse the opal slowly and interact with the pumped medium for longer time. In
agreement with this model, the slowing down of the group velocity towards the low
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frequency bandedge is the reason for the “red” shift of the Py-spectrum maximum with
respect to the pseudogap centre (Fig. 9a).

The relative number of type 2 modes is proportional to the ratio of the small solid angle in k-
space and the corresponding solid angle in real space:

N~>dQ,/dQ (0.18)

where the summation is taken over all contributions to the energy flux [43]. Since the type 2
modes originate at the necks of the dispersion surface, the ratio of the solid angles in (0.18) is
below 4% over the bandgap. Correspondingly, the contribution of the stimulated emission
to the total PL signal is small.

5.2. Coupling to defect modes

The available in the Bragg cone modes are the leakage modes of a PBG resonator. An
obvious example of a resonator inside the opal is a lattice defect with its mode in the PBG.
The quality factor of defect modes depends on the correlation between the localization
length /, and the opal film thickness ¢, the distance to the opal boundary, the detuning of

the resonant frequency from the PBG centre and the coupling of this resonance to similar
defect modes. The radiation coupled to the eigenmode of a single defect is localized in the
defect vicinity. In this case, the photon occupation number of this mode and the
corresponding strength of the EM field increases under the cw pumping. Consequently, the
radiated power acquires a super-linear component due to the backreaction of the emitted
radiation upon the radiative transition probability. In the directional PBG, this effect also
acquires the related anisotropy. In an opal with relatively high defect concentration, the
defect modes are coupled throughout the film and the resulting quality factor is diminished.
It is instructive to demonstrate the presence of amplified spontaneous emission simply by
plotting the ratio of PL spectra acquired at different excitation power. Such ratio spectra
show a peak that corresponds to a dip in transmission spectra indicating that PL intensity
grows faster with the increase of pumping inside PBG than outside. There is a shift of the
maximum in the ratio spectra to higher photon energy with the detuning of angle of
incidence from [111] (Fig.11).
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Fig. 11. The ratio of PL spectra acquired at excitation powers 2.54 and 0.49 mW vs.
transmission spectrum at #=0and20° in panels (a) and (b), respectively. The

measurements were performed at T=18K in order to reduce the non-radiative relaxation
probability.
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Faster growth of PL intensity inside the PBG is clearly seen also in Fig.12 (a, b). In Fig.12¢c
one can see that in the PBG spectral range the PL intensity increases much faster with more
intensive pumping than outside the PBG. Moreover, this effect gets stronger with the

increase of the absolute value of pumping, and this indicates that the functions 1" /17

possess more complicated dependence on excitation power than a simple power law [35].
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obtained at different levels of pumping intensities: 0.943 and 0.0176 mW; 0.49 and 0.
0.943mW; 2.54 and 0.49 mW. The peak magnitude increases with increasing the power for
the same power increment.

Thus apart from spontaneous emission, which is characterized by an increased radiative
lifetime, there is a competing process that is characterized by faster dependence on P within
the PBG. Let us check if the emission coupling into localized photon states of lattice defects
which are located in the PBG can bring such effect. In disordered media a light wave can be
localized due to multiple scattering [46,47], but such localization can be more easily
achieved introducing disorder in otherwise periodic media [6]. In the latter case, the
localization of light leads to the appearance of a non-zero density of photonic states in the
PBG [48,49]. The localized modes, contrary to the evanescent modes, can have large electric
field amplitude in the bulk of PhC, and, as a result, the radiative recombination time in such
modes is much smaller. Consequently, the recombination is channelled into the localized
modes which act as photon reservoirs. According to the Einstein principle, the radiative
recombination in a single localized mode can be written as

Ly =——+5(P)—— (0.19)
Tloc Tloc

where 7,,. is the spontaneous radiative recombination time and s is the number of photons

in the mode. The first and second terms in Eq.(0.19) is the spontaneous and stimulated
emission, respectively. In the bulk homogeneous medium at moderate excitations (in case of
lasers - below lasing threshold) the relation s <1 holds, and therefore the stimulated
emission can be neglected. In case of disordered PhC, the photon accumulation in the
localized modes can lead to substantial enhancement of stimulated emission. It is obvious
that the second term in Eq.(0.19) depends on the pumping power superlinearly. Thus, the
experimentally observed increase of parameter £, or the peak in ratio of PL intensities at
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different pumping intensities inside PBG can be explained by stimulated emission through
the localized modes.

On the other hand, when a light-amplifying material is inserted into a PC, each localized
state can be considered as the analogue of a laser mode. For laser modes the dependence of
the PL intensity on the pumping has an abrupt change at threshold. Each laser mode is
characterized by its own decay time (or Q-factor) and spatial distribution of the
electromagnetic field. In the case of localized defect modes, the spatial distribution of the
field can be altered by varying the pumping [50]. Therefore, the threshold intensity is
different for different modes. One can conclude that the dependence of the PL intensity
upon the pumping averaged over different modes should be some superlinear function, and
could explain the faster growth of /(P) within the PBG.

Another disorder-induced modification of the observed PL intensity is related to the
scattering of the radiation in the localized mode into a propagating mode. Such a process
makes possible the propagation of an emitted photon from the bulk of PhCs to the boundary
without attenuation. Consequently, it leads to an increase in the effective thickness of the
layer contributing to the detected PL intensity.

6. Emission indicatrix

The emission conditions for dipoles change as soon as the pseudogap overlaps with the
emission band (Fig.13a). In the first approximation, the spatial pattern of emission changes
according to the shift of the Bragg cone (Fig.6¢c). In the angle-resolved measurements, the PL
intensity for the given direction is proportional to the part of the total radiated power, which
is coupled to modes, whose group velocity is within the solid angle selected by the detector
aperture. Following procedure presented in [51], one can introduce the radiated power per
solid angle in a coordinate space dP/dQ). This power gives a rate at which the dipole
energy is transferred to modes with a group velocity pointing to the observation direction.
The fact that due to the beam steering phenomenon several eigenmodes with different wave

vectors, k,, can have parallel group velocity vectors, is taken into account by extra
summation, v, over all wave vectors for which v}, >0 holds. X is a unit vector of the

observation direction.

Dipole moments of NC are randomly distributed in space. Consequently, the radiative
power should be averaged over the all dipole moment orientations, hence, an ensemble of
NC is equivalent to the set of point sources producing an isotropic distribution of wave
vectors. An angular distribution of radiative power inside a PhC depends on the topology of
the iso-frequency surface of the crystal at the emission frequency. A schematic view of the
iso-frequency surface of an opal PhC is presented in Fig.13b for a frequency inside the Bragg
gap. To plot the iso-frequency surface, one should calculate a PBG structure for all wave

vectors within the irreducible Brillouin zone and then solve the equation @, =@, for a
given frequency ,. The iso-frequency surface at the Bragg PBG frequency of the opal

deviates from a sphere mostly along the [111] axes, where the Bragg gap openings are
located. In the vicinity to openings the iso-frequency surface forms a neck with the
alternating negative and positive Gaussian curvature separated by parabolic lines with
vanishing curvature. A small Gaussian curvature formally implies bunching of many Bloch

www.intechopen.com



82 Nanocrystals

eigenwaves with different wave vectors travelling in the same direction due to the crystal
anisotropy. Such concentration of radiated power along certain directions is a linear
phenomenon and called the photon focusing [52].
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Fig. 13. Fragment of the PBG diagram along I'LU cross-section. Frequency scale is adjusted
to the discussed sample. (b) Illustration of the 3-dimensional iso-frequency surface of the 1st
optical mode of an opal PhC for a frequency 2.2 eV inside the Bragg PBG inserted in the 1st
BZ of the fcc lattice. (c) Cross-section of the BZ with iso-frequency contours at frequencies
2.08, 2.2 and 2.27 eV (compare to the diagram in panel (a)).

In Fig.13c the iso-frequency contours are presented for three different frequencies. They cut
the Brillouin zone through the symmetry points X, U, L and I'. One can assume that the
experimentally measured far-field PL intensity represents the signal, which is averaged over
different Brillouin zone cross-sections due to lattice disorder.
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Fig. 14. Wave contours corresponded to frequencies 2.08, 2.2 and 2.27eV (a, b, ¢
respectively). Only the wave contours corresponded to the first and third bands are shown
in the diagrams (a, b and c), respectively. Light grey region in (b) is the Bragg cone
projection. A dashed circle is a wave contour in vacuum. Group velocity is plotted in the
units of the speed of light in vacuum.

As the frequency remains below the gap, an iso-frequency contour is continuous and almost
circular. The Gaussian curvature does not vanish for any wave vector. This implies a small
anisotropy in the energy flux inside the crystal. It order to obtain the wave contour in
coordinate space, one should plot a ray in the observation direction X starting from the
Vi

point source position and having the length of the group velocity . The calculation of

the group velocity was discussed earlier in relation to schematics in Fig.10. The wave
contour at 2.08 eV is single valued function of observation direction (Fig.14a). Fig.15 shows
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the angular distribution of the radiated power for the same frequency. The latter is nearly
isotropic and resembles, reasonably, the Lambert law (dashed line). To calculate the
radiated power, one should sum over all optical modes, which are available at the given
frequency.
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Fig. 15. Angular distribution of the radiated power for the same frequencies as in Fig.14. The
radiated power in free space (Lambert law) is shown by dashed line for comparison.

With the frequency increase up to the midpoint of the first PBG, the topology of the iso-
frequency contour abruptly changes. The gap developed along the I'L direction and the iso-
frequency contour becomes open (Fig.13c). This topological discontinuity results in a
complex contour with alternating regions of different Gaussian curvature. Vanishing
curvature leads to the folds of the wave contour (Fig. 14b). The folds in the wave contours
yield that two Bloch modes are travelling in any observation direction outside the gap.
Contributions from both modes should be taken into account, if the total radiated power is
calculated. In the middle panel of Fig.15 the strongly anisotropic angular distribution of the
radiative power corresponded to the 2.2 eV is presented, featuring zero intensity in the
direction of the gap, and infinitely high intensity spikes in directions of folds of the wave

contours occurring at, approximately, 6 ~+40° with respect to the [111] axis.

When the frequency crosses the upper boundary of the I'L Bragg gap, i.e. the gap along I'L
direction closes, the 3rd and the 4th photonic modes come in consideration. In the Fig. 14c a
wave contour of the 3rd band at 2.27 eV is depicted. It is single valued function elongated to
the [111] axis, which leads to the preferable energy flux in this direction. An angular
distribution of the radiative power at this frequency shows infinite intensity spikes at

0 ~+40° and a Gaussian-like lobe centred at 6=0° (Fig.15, right). An infinite intensity
corresponds to the points of vanishing Gaussian curvature of the 1st and the 2nd photonic
bands, while the central lobe is associated with the 3rd and the 4th bands.

Fig.16a shows experimentally obtained directionality diagrams in the vicinity to the Bragg
gap. In the first approximation, these patterns satisfy the iso-frequency profiles (Fig. 13c)
being the superposition of the isotropically distributed emission from a point source and the
Bragg cones of the fcc lattice (Fig.13b). The next iteration takes into account the light
focusing occurring due to uneven curvature of iso-frequency contours in a sense of
diagrams in Fig.15. In fact, the emission from a thin film opal consists of isotropic
unmodified (scattered and near-surface emission) and PBG-moulded ballistic components.
The isotropic light source provides the background, the intensity of which varies as cosé,
and the ballistic component carries the fingerprint of the Bragg gap. Summing the diagrams
of ballistic and diffuse components, the details of the experimentally obtained emission
indicatrix can be accurately explained [53] (Fig.16b).
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Fig. 16. (a) Directionality diagrams of the emission at specified frequencies across the PBG
spectral range. Dashed line shows Lambertian distribution of emitted power. (b)
Comparison of calculated and experimental emission directionality diagrams at

hao =2.27 eV . Simulation includes emission focusing along special directions in the vector

diagram. To match the experimental pattern a PBG-unaffected emission component has
been added to the simulated pattern as the cos@ background.

7. Emission of nanocrystals in inverted opals

Reduction of the volume fraction of “heavy” dielectric compared to that in opals assembled from
spheres favours the wider PBG opening [54]. The inverted opals prepared by impregnation of
the opal voids with another dielectric and subsequent removing the opal spheres offer such
enhancement of PhC performance. Therefore, it is reasonable to examine the luminescent
properties of the NC CdTe in the inverted opal. Usually, the semiconductors are used for opal
inversion. The close vicinity of NCs to the surface of semiconductor brings another complication
to the radiative energy relaxation due to energy transfer between the NCs and the
semiconductor. In this section we will consider both aspects of NC to PhC interaction.

TiO; inverted opals were prepared by templating in thin film opals. As a first step, opal
films consisting of approximately 15-20 monolayers of 300 nm diameter monodisperse
polymethyl methacrylate (PMMA) beads were prepared by slow-drying of a sphere
suspension on microscope slides. Then these films were dipped into a solution of TiCls in
HCl, followed by a moisture-promoted hydrolysis and heating at 160°C for 1 h. At this
stage, an interconnected TiO; framework is formed in the voids between the PMMA beads.
After dissolving the polymer beads in tetrahydrofurane, TiO, inverted opal films were
formed (Fig.17a). The reflectance spectra of the TiO, inverted opal display a pronounced
(111) diffraction resonance indicating a directional PBG. Its angular dispersion follows the
Bragg law (Fig.17b). The strong deviation from a diffraction on (111) planes occurs around
0= 40° due to the multiple wave diffraction at anticrossing of (111) and (200) resonance
dispersions [55]. The relative full width at half maximum (FWHM) of the reflectance peaks
is about 10 % (15% in transmission) compared to 5.6 % in opals [56]. Owing to a broader
gap, the spectral overlap of pseudogaps along different directions of the Bragg resonance in
TiO; opal is remarkably larger than in PMMA template. Simultaneously, the Bragg cones are
also larger. These factors are particularly important since increasing both, spectral and
spatial PBG dimensions is a pre-condition of stronger modification of emission of PhC-
embedded light sources.

To realize a PhC light source, a small amount of colloidal CdTe NCs stabilized by thin organic
shells was embedded into the replica pores by soaking the films in dilute aqueous colloidal
dispersions. CdTe NCs of 3 nm in diameter were used to fit the emission band to the Bragg
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PBG of TiO; inverted opal. After drying, the CdTe NCs remained attached to the inner surface
of the TiO; frame through electrostatic interaction with functional groups of thiol stabilizers.
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Fig. 17. (a) SEM image of inverted TiO,-opal. (b) Angle dispersion of the (111) resonance in

TiOz-opal (points) and its approximation by the Bragg law. The diameters of spheres and

the effective index of refraction extracted from the Bragg fit are shown.

PL spectra were measured at T = 300 and 18 K under cw excitation by the 457.9 and 351.1
nm lines of an Ar* laser. The excitation power was varied between 10> and 101 W. PL
spectra were recorded in the front window configuration thus allowing the emission to
traverse the film. The emission was collected within a 4° solid angle along the direction
defined by angle of 8 with respect to the [111] axis of the opal fcc lattice.

Under 457.9 nm excitation the PL spectrum at T = 300 K exhibits a band with a maximum at
2.38 eV and a FWHM of 0.26 eV. Under 351.1 nm excitation this band becomes broader and
shifts up to 2.44 eV. At T = 18 K this PL band shifts further to 2.47 eV, but its bandwidth is
~1.5 times narrower (Fig.18a). In fact, the low temperature PL band (curve 3) resembles that
observed in the NC suspension, where NCs are relatively isolated from the environment.
Such evolution of NC emission with changing the excitation conditions has been ascribed to
the NC-substrate interaction [57,58]. It is suggested that the TiO, template provides a
potential relief due to surface defects, which co-ordinates the deposition of NCs.
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Fig. 18. (a) PL spectra of the CdTe NC-TiO; inverted opal at 6 = 0° under 457.9 nm and 351.1
nm line excitation at T = 300 K (curves 1, 2, respectively) and at T =18 K (3). (b) Relative PL
spectrum (curve 1) of the CdTe NCs-TiO» opal obtained as the ratio of PL spectra at 6 = 0°
(2) and 70° (3) compared to transmission spectrum (4).

The TiO, framework itself has its electronic bandgap at about 3.1 eV thus facilitating the
absorption of the 351 nm radiation and enhancing the energy exchange with CdTe NCs. It is
further helped by the fact that the band edge emission from TiO; is above the spectral range
of CdTe PL band. On the other hand, the polymer shells of NCs reduce the energy exchange.
Nevertheless, defect states at TiO,-CdTe interface trap the photogenerated electron-hole
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pairs in polymer-capped NCs by, e.g., dissociation of excitons [59]. In turn, the radiative
recombination of trapped carriers leads to broadening of the observed PL band by an
amount comparable to the trap energy range. The narrowing of the NC PL band at low
temperature can be understood as the result of reducing the contribution of trapped excitons
to the emission flux due to increasing their lifetime. This observation emphasises that the
emission of CdTe NCs in TiOz-opal involves multiple-level relaxation of electronic
excitations i.e., this system cannot be treated as a two-level system.

The relative PL spectrum for £=0° contains the minimum, the position of which is in good
agreement with the (111) Bragg gap in the transmission spectrum. As the reference, the PL
spectrum of the same sample obtained at 6 = 70° was used (Fig. 18b). The slight dissimilarity of
pseudogaps in the transmission and relative PL spectra is due to (i) the difference in coupling
of externally (outside the PhC) and internally (inside it) generated light to eigenmodes of the
PhC and (ii) the unaffected near-surface emission coupled to free space modes.

The input-output characteristics of CdTe-TiOz-opal [60] are similar to that of the CdTe-opal
(section 5). The F, spectrum shows a maximum at the bandgap frequencies (Fig.18). This

maximum appears more pronounced under UV-excitation because it is no longer
overshadowed by the overlapping minimum, which is blue-shifted following the shift of the
PL maximum. A comparison of F,-spectra obtained at different angles of detection

demonstrates that the maximum follows the PBG dispersion and vanishes gradually at
larger angles 0 of detection, whereas the minimum remains unchanged. The difference with
the CdTe-opal sample (section 5) is almost 2-fold increase of the PBG width.
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Fig. 19. (a, b) Parameter Fj(fi@w) (dots) in comparison to transmission and PL spectra obtained

at =0 for excitation by (a) 351.1 and (b) 457,9 nm lines.

The interplay of the minima and maxima in F, spectra shows that (i) the minimum

corresponds to the faster saturation of spontaneous emission in the PL band maximum that
is determined by higher matrix element for electron transitions between excited and ground
states in the electronic band structure of the NC, whereas (ii) the maximum results from the
emission stimulation due to stronger NC to optical mode coupling provided either by slow
propagating modes or localized defect modes.

The drawback of studied inverted opal is higher amount of defects compared to the opal
template. These extra defects are added due to inhomogeneous infiltration of the opal voids and
uncontrollable lattice contraction due course of annealing. Moreover, the higher refractive index
contrast in the TiO opal replica compared to the opal template leads to stronger distortion of the
EM field distribution around the defect. This leads to emission losses, e.g., the emission initially
radiated to PhC eigenmodes experiences higher chance to be scattered in the Bragg cone [61] and

www.intechopen.com



Emission of semiconductor nanocrystals in photonic crystal environment 87

to be transported by defect modes. Since the stimulation takes place only for modes in the PBG
direction, this effect becomes buried in the diffuse radiation, leading to suppressing the £, peak

in the PBG interval. Hence, in spite of higher strength of the PBG effect in studied inverted opals,
the emission enhancement becomes counteracted by the influence of disorder.

8. Emission of nanocrystals in hetero-opals

The main idea behind PhC heterostructures is to bring two different PhC in contact (Fig.20a)
[62]. The obvious consequence of heterostructuring is the fingerprints of two [63] or more
PBG structures in the optical properties. Such a structure contains the interface, which
implies a sharp step in the spatial distribution of the EM field. In spite of the fact that the
geometrical “thickness” of the interface is less than the light wavelength, the transition
region is formed in the vicinity of the interface due to the EM field continuity and a need of
light coupling from modes of one PhC to modes of the other. In this region, which extends
over several lattice periods, one can expect special conditions for the light propagation [64].
Hetero-opals can be used for achieving a control upon the emission characteristics [65] if one
of the opals is infilled with light-emitting NC and used to control the NC-to-mode coupling
(opal-source) and another is used to shape the emission spectrum according to its PBG
(opal-filter). It appears that the properties of such hetero-opal differ from the linear
superposition of properties of the source and filter opals due to the interface interaction [66].
However, the light coupling at the interface remains so far largely unexplored issue [67].
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Fig. 20. (a) Band diagrams of the opal-source and the opal-filter in contact. (b) SEM image of
the hetero-opal assembled successively from two opal films crystallised from latex spheres

of 240 and 300 nm in diameter.

The examined hetero-opal was prepared using the successive assembling of opal films [68].
Opal films studied in this work were grown on glass or quartz slides by crystallization of
polystyrene (PS) beads ranging from 240 to 450 nm in diameter. Aqueous 1-5 vol.% colloidal
suspensions of PS beads were placed in a Teflon cylindrical cell (7 mm inner diameter) and
then the solvent was evaporated under moderate flow of warm air. Typical thickness of opal
films was 5-10 pm. The sintering at 90° for 1 h was applied to allow further treatment of films.

Sandwich-type hetero-opals were prepared by self-assembling the top opal film on the
surface of the bottom opal film, which was crystallized previously from beads of another
diameter. Fig. 20b shows SEM image of a hetero-opal with the bottom film consisting of
D=240 nm and the top film - D=300 nm beads. Here and below, we denote this structure as
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the 240/300 nm opal. The abrupt interface between films indicates that the formation of the
top film proceeds independently on the geometrical profile provided by the bottom one.

The layer-by-layer (LbL) deposition technique, which is based on alternating adsorption of
layers of oppositely charged species on the surface, was used for impregnation of opal films
with CdTe NCs. LbL technique was originally developed for positively and negatively
charged polyelectrolyte pairs [69] and then extended to the assembly of polymer-linked NCs
[70]. This method was successfully applied to a variety of substrate materials with flat and
highly curved surfaces [71]. Following LbL procedure, the substrate with an opal film was
immersed for 30 minutes in a 5 mg/ml aqueous solution of
poly(diallyldimethylammonium) chloride (positively charge polyelectrolyte), then
thoroughly washed and immersed for 30 minutes in a 10-* M aqueous solution of CdTe NCs
capped with thioglycolic acid and, thus, carried a negative charge at appropriate pH [72]. 0.2
M of NaCl was added to both solutions to facilitate a formation of smooth layers. Moderate
stirring was applied to solutions to accelerate the mass transfer. Because opal voids are
either of 0.41 or 0.23D in size and connected via 0.15D channels [11], both polyelectrolyte
molecules and CdTe NCs can easily access internal pores. We assume that the in-void
coating proceeds in the same manner as a deposition on the open surface. The LbL
procedure was repeated several times to increase the amount of deposited CdTe NCs. The
NC-polyelectrolyte layer formed on the opposite side of the slide was finally removed by
washing in acetone and ethanol.

The LbL deposition provides uniformity of the coating thickness and NC environment
(Fig.21a), as compared to a direct infiltration of NCs into opals. No leakage of NCs from the
bottom opal film back to water takes place during the deposition of the second film judging
from the absence of the luminescence of the background solution. Anchoring of NCs is also
required to prevent their diffusion to another film of a hetero-opal. The important condition
is the need for the emission spectrum of NC to overlap both PBGs in the hetero-opal.
Correspondingly, CdTe NC of 2 and 5 nm with respective emission bands centred at 2.29
and 2.08 eV were explored.

———————
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Fig. 21. (a) TEM image of 420 nm PS beads, which are LbL-coated by CdTe NCs in one
deposition circle. The NCs appear darker due to the higher contrast. (b) Layout of the PL
measurements. @ - the angle of incidence and the angle of detection, £2 - the solid angle of
the light collection.

A straightforward consequence of the PBG anisotropy in hetero-opals is the spectral and
spatial anisotropy of the PL of NCs embedded therein. In Fig. 22 the source and the filter PL
spectra are shown in comparison to transmission spectra at different angles of the light
detection to demonstrate the correlation between the emission minimum and the
corresponding Bragg gap. It is instructive to emphasize the different physical origin of this
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minimum in the source and the filter PL spectra. The directional minimum of the source PL
spectrum is a consequence of the lower mode number available for coupling with emitter
within the PBG bandwidth along a given direction. In contrast, the minimum in the filter PL
spectrum appears due to the back-reflection of the source radiation from a filter film within
the PBG bandwidth of the filter, which does not directly affect the LDOS in the source. In
other words, the origin of the filter PL minimum is the same as that of the transmission
minimum. The diffuse scattering of emitted photons at the interface and in the filter film can
be the reason for the absence of the source PBG minimum in the filter PL spectrum.
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Fig. 22. (a) Spectra of transmission of the 20 pm-thick 240/300 nm source-filter hetero-opal
obtained along different directions that are labelled by the angle. (b,c) Source and filter PL
spectra of a hetero-opal with 2 nm NC in the source film, respectively. Curves in the panels
are shifted vertically for clarity. Dotted line shows The PL spectrum obtained at 70° that is
used as a PBG-unaffected reference.

Transmission minima for the light propagating normally to the film planes are centred at
1.81 and 2.24 eV and the FWHM of these resonances is about 9% in transmission (Fig.22a).
The transmission minima in such hetero-opals can be traced down to 60° due to the limit
applied by enhanced scattering at the interface. The PL spectra of the source and filter films
demonstrate minima in agreement with transmission spectra (Fig.22a). The relative PL
spectra from the source and filter sides of the hetero-opal demonstrate two minima for the
larger NC. These minima can also be noticed in the PL spectra of smaller NC (Fig.23).
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Fig. 23. Relative PL spectra of the source (a, c) and filter (b, d) at different detection angles
for NC of 2 (a,b) and 5 nm (c,d) with PL bands centred at 2.29 and 2.08 eV, respectively.
Angles are indicated at curves. Dashed PL spectra are obtained at 70° All spectra are
normalised to achieve the same intensity at the “red” edge. Vertical dashed lines indicate the
position of “anomalous” minima.
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One minimum in relative source and filter spectra moves towards higher energies with
increase of the detection angle in accord with the “blue” shift of the (111) Bragg gap. The
relative midgap suppression of PL intensity at #=0c is about 50%. However, the second
minimum marked by a dashed line is a stationary one, which shows no shift with changing
the angle of detection (Fig. 23). Interestingly to note, that the emission attenuation in the
directional and stationary minima are comparable in the case of the 5 nm NCs, the PL
intensity of which is evenly distributed between filter and source PBG minima.
Experimental findings so far can be summarized as followed. (a) The emission from the
hetero-opal acquires the artificial anisotropy due to the difference of directional Bragg gaps.
Important, that this anisotropy is fully under control because the PBG frequencies in a bi-
layer opal directly relate to the sphere diameters. (b) The emission spectra acquire the
additional non-dispersive minimum, the position of which is correlated but does not
coincide with the directional minimum of another opal in a heterostructure. Since such effect
was not observed in single light emitting films, its appearance is reasonable to assigned to
the light coupling at the interface. The fact that the position of non-dispersive minima is not
sensitive to the change of the NC emission band supports this assumption. If so, the
spectrum transformation after internally generated light crossing the interface looks like
loosing the memory about the PBG directionality.

In order to illustrate this conclusion the angle diagrams of the emission intensity obtained
from the source and filter sides of the hetero-opal are compared in Fig.24. The diagrams of
the source change their shape like it was discussed with respect to the single light emitting
opal film (section 6, Fig.16), moreover, they are broader than the Lambertian diagram.
Oppositely, the diagrams of the filter are almost insensitive to changing the frequency and
appear much narrower compared to the Lambertian shape. Such phenomenon can be
considered as the emission focusing. Such focusing should be controlled by the difference in
opal film lattice parameters.
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Fig. 24. Emission indicatrices of the normalised to the maximum emission intensity at
different frequencies from (a) the opal source and (b) the opal filter in the vicinity to (111)
resonances in the 240/300 nm hetero-opal. Dashed line shows the Lambertian diagram.

One can raise a question concerning the mechanism of the emission flux formatting. On the
one hand, the absence of memory about the source PBG points to the diffuse character of
photon propagation. However, the scattering in the volume of the source (thickness ~14 um)
is not sufficient for complete randomising of the emission flow as demonstrated by the
source diagrams. In contrast, the light crossing of the hetero-interface is considered as the
sequence of scattering of the incident light, which is transported by the Bloch modes of the
source PhC, and following coupling of scattered light to the Bloch modes of the filter PhC
[64]. The interface scattering occurs due to the symmetry mismatch between two reservoirs
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of modes in these PhC lattices. Hence, a fraction of the source radiation propagates to the
detector as coupled to the filter eigenmodes and the other fraction - as the uncoupled
decaying modes. Therefore, the formatting of outgoing flux proceeds accordingly to the
interface coupling conditions, moreover, it is associated with light losses. On the other hand,
the light coupling is controlled by the iso-frequencies of two PhC in contact. Fig.25
illustrates this process. In particular, the light propagation from the source with a spherical
iso-frequency surface is allowed to all but the directions in the Bragg cones of the filter. With
the increase of the emission frequency above the PBG in filter and source crystals, the
corresponding iso-frequency surfaces acquire the complex profile leading to rapid variation
of the coupling conditions with the frequency.

Fig. 25. Schematics of the iso-frequency surfaces in two PhCs with slightly different lattice
parameters and the same effective refractive index. (a) Omnidirectional coupling at
frequencies below the 1st bandgap in both PhCs. (b) Directional coupling of the emission
generated in a source crystal at the frequency below its 1st bandgap to the filter film at the
frequency within its 1st bandgap. Shaded cones are the Bragg cones.

The intensity of scattered radiation increases in the source PBG interval with the increase of
the angle of light incidence at the interface [73], hence, progressively lower flux couples to
the filter. Since scattering equalises the angle distribution of the PL intensity over all
directions bringing its spectrum in agreement to the direction-independent DOS spectrum,
this is observed in the relative PL spectra of the filter as the anomalous non-dispersive
minimum. Thus, effectively, the moving filter PBG minimum squeezes the emission
diagram towards the stationary source-related minimum leading to the efficient
compressing the filter diagram.

It is instructive to represent the emission anisotropy as the filter-to-source intensity ratio
(the anisotropy factor). Such ratio shows a minimum in the filter (111) PBG and the
maximum in the source (111) PBG, the spectral separation of which depends on the lattice
parameters of the hetero-opal crystals (Fig.26). While this ratio quantifies the emission
anisotropy, it is not possible to pin down its absolute value because the substrate introduces
the asymmetry in emission outcoupling in a hetero-opal.
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Fig. 26. Anisotropy factor for the source-filter hetero-opals assembled from (a) 240/269 and
(b) 240/300 nm opals along the [111] direction.
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The shape of the anisotropy factor spectra changes dramatically with the increase of the
excitation power and the detection angle. Along the film normal, the minimum of
anisotropy factor for the filter remains unchanged along the pumping increase, whereas the
maximum for the source PBG monotonously decreases (Fig.27a). The reason of this effect is
the stimulated emission in the source (compare to Fig.12c) and the absence of amplification

in the filter opal. Along the detection angle increase this picture changes. At 8 =20 (i) the
extrema of the anisotropy parameter shift to higher frequencies according to PBG
dispersions, (ii) the filter minimum becomes also pumping-dependent and (iii) the transition

region between resonances becomes distorted. At =40 (i) the maximum of anisotropy
parameter in the source PBG is replaced with the maximum in between filter and source
PBGs and (ii) with the increased pumping the emission anisotropy reduces by three times in

its maximum. At #=70° the pumping dependence of anisotropy disappears and the
anisotropy spectrum becomes o« 1/1,, (how) (Fig.27d).
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Fig. 27. Evolution of the anisotropy parameter with the increase of the excitation power for
different detection angles. The excitation power is specified in the legend in panel (a). Panels
(a-d) correspond to the detection angles 0, 20, 40 and 70e.

. : : 20 0g 8
= \ o (a) > E
. | /0 - 0
A B ? 9 > ©
0.8} \ =2 =
= o« / \O\ l 15 15 2 =
© @ Q o [ (=]
S8 \ /O S S 2 =
- .« Satad s =
o = Q‘ >~ o
N o 04r o i 10 § g
- / ® 110 kel g
2 8@ ( =] £
S Loty g E\ [z
= o *;, =
o 00 L L L L L L L L 5 0 o
18 20 22 24 26 18 20 22 24 26 iy

Energy (eV) Energy (eV) Energy (eV)

Fig. 28. Spectra of the saturation threshold (circles) and the saturated emission intensity (open

circles) for the (a) source and (b) filter opals at 8 =0° . The ratio of the PL spectra obtained at
pumping powers 20 and 0.6 mW are shown by lines for comparison. The arrow in (a) indicates
the (111) source PBG. (c) Spectra of enhancement anisotropy parameter for different detection
angles. Up- and down-arrows shows PBG of the source and the filter, respectively.

Spectra of the emission anisotropy parameter obtained at 40° show that the emission
intensity passed through the interface in the spectral interval between filter and source PBGs
(centred at ~2.1 eV) becomes relatively lower with at the increase of the pumping power.
This observation reveals an important consequence of the interface coupling - the intensity
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of the source PL in this range increases much faster compared to that passed through the
filter. This non-linear effect can be associated with the increase of the light path in the gain
medium of the pumped source opal film. We mentioned that the transmittivity of the
interface is much lower for the oblique incident light because of increased interface
scattering with possible trapping of scattered light with PBG frequencies at the interface
[73]. Taking into account the emission spectrum having the maximum at ~2.05 eV, it is
possible to conclude that the scattered radiation is responsible for the source PL increase
and that this increase is correlated with the gain spectrum (Fig.23c).

The estimate of the emission rate changes made by using the emission saturation threshold
agrees the above picture. The peak in F,(7®) of the source opal coincide the source PBG,

whereas no clear features is observed in the spectrum of this parameter for the filter emission
(Fig.28a,b). Similarly the spectrum of the ratio of PL intensities measured under pumping of
different powers reasonable well corresponds to the F(fiw) spectrum (section 5.2). Then the

expression (1, /1) fiter / (I50/144) allows to quantify the spectrum of the anisotropy of

source

the emission stimulation (Fig.28c). Since the parameter of enhancement anisotropy is almost 1
for the 0=70°, where no PBG influence is expected, it produces the absolute value of
enhancement. At @ =0° and 20° one can see the 1.5 time enhancement in the source PBG and

the emission suppression in the filter PBG. This once again points to the influencing of the NC
emission by filter PBG. At higher angles the influence of PBG becomes indistinguishable
compared to the 2.5 times enhancement of the interface-trapped emission at 2.05 eV. It is worth
noting that the development of the latter band is detectable at lower angles as well, but its
magnitude is comparable to the PBG enhancement. Looking back to Fig. 27, this enhancement
is the reason for the corresponding peak of the anisotropy parameter.

9. Modification of nanocrystal emission by the local field of colloidal crystals

The control over the emission spectrum and directionality of light sources can be achieved
by tailoring their EM environment, as discussed earlier [3,4,7,6]. So far we considered the
emission of sources embedded in opals. Such configuration leads, in the first instance, to the
PBG-related suppression of spontaneous emission due to reduction of the mode density and
pushing emission flow away from the PBG direction. Simultaneously, the emission coupled
to the resonance modes in the same PBG interval experiences stimulation. At the PhC
surface the strong local fields are developed at PBG frequencies. The local field pattern of
colloidal crystals has been visualized using the near-field optical microscopy [74,75].
Although such field exponentially decays with increasing the distance from the PhC surface,
it can promote the emission from NC within the wavelength-scale distance [76]. If so, the
fraction of the enhanced emission will be added on top to the spontaneous emission of NC
in contrast to the case of the PhC-embedded NCs, when the stimulated emission is added on
top of the suppressed spontaneous emission (Fig.29a).

The idea of the spatially separated NC-PhC light source is shown in Fig.29b. In such
configuration the dipole transition probability of an oscillator placed in between a 2D PhC
and a dielectric substrate depends on the NC location with respect to nodes and antinodes
of the EM field, hence, the emission of a light source radiated in the near-field zone of the
PhC can be either enhanced or suppressed, but the enhancement effect prevails [77,78].
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The PBG emission enhancement should not be confused with traditional ways of increasing
the brightness of light emitting devices based on grating couplers and randomly textured
surfaces [79,80]. These techniques increase the external quantum efficiency by extracting
that fraction of emission, which is normally trapped in the structure due to the total internal
reflectance. With the increase of the refractive index contrast, such gratings can be
considered in terms of a slab 2D PhCs, in which the wave optics phenomena co-exist with
geometrical optics [81]. To date, the efficient out-coupling of radiation has been realized by
coupling the radiation to leaky guided modes with frequencies above the light cone in
emitters nanopatterned as 2D PhCs [82].

Fig. 29. Schematics of the emission spectrum modification for the light source inside a 3D
PhC (left) and at the PhC slab surface (right). Note the different origins of the transmission
minima. On the left it occurs due to diffraction at the stack of crystal planes. On the right it
occurs due to excitation of leaky guided modes at the PhC surface. (b) Schematics of the
structure consisted of a glass substrate with LbL-deposited CdTe NC and LB deposited
monolayer of silica spheres. (c) SEM image of a LB monolayer of 519 nm silica spheres on a
glass substrate. Inset: the SEM side view of LB monolayer.

From a technology point of view sandwiched NC-opal structures look simpler compared to
NC-impregnated opals. However, the light source should be thin enough to be
accommodated in the near-field zone of the PhC (Fig.20c) [83].

9.1. Transmission, diffraction and photoluminescence spectra of sandwich sources
Uniform thin films containing 2 nm CdTe NCs [84] were prepared by LbL assembly [85].
The following cyclic procedure was used: (i) dipping of the glass substrate into a solution (5
mg/ml in 0.2 M NaCl) of poly(diallyldimethylammonium chloride) (PDDA) for 10 min, (ii)
rinsing with water for 1 min; (iii) dipping into aqueous suspensions of the negatively
charged NCs (ca. 10¢ M) for 10 min; (iv) rinsing with water again for 1 min. Each cycle of
this procedure results in a ‘bilayer” consisting of a polymer/NC composite. 20 bi-layers were
deposited in order to increase the brightness of luminescence. The thickness of a 20 bi-layer
film is about 60 nm. Since the volume fraction of NCs is about 27%, the average RI of the PE-
CdTe film is about 1.9. In what follows these films are referred as NC films (NCFs).

Silica spheres of the nominal diameter D=519nm were hydrophobised with 3-
trimethoxysilylpropyl methacrylate. The Langmuir-Blodgett (LB) technique, with a low
barrier speed of 6 cm? min!, was used to compress sphere arrays in hexagonally packed
monolayers (1L) on the surface of doubly distilled deionised water and to transfer them to
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the substrate. Using this technique, the monolayer of spheres was deposited at a surface
pressure of 4mN/m [86] on to the LbL NCF substrate (inset, Fig.2). Subsequent monolayers
were deposited after drying the deposited ones. Both mono- and multiple-layers (up to five
layers (5L)) of the SiO, spheres were prepared. Monolayers of spheres form the LB colloidal
PhC possessing the PBG of (2+1)-dimensionality. Although no 3D lattice is formed due to
the lack of lateral alignment between monolayers, the LB crystal remains ordered within
each monolayer of spheres and as a periodic stack of monolayers [87,88].

The PL spectra of NCFs were excited by the 457.9 nm line of an Ar-ion laser. A laser spot
size of 5 mm in diameter was selected in order to mimic the emission from a large-area
display. The excitation conditions - the laser power and the spot size, were maintained
constant at all angles of the detection in order to eliminate excitation-related variation of the
PL spectra (Fig.4b). The light collection cone was restricted to 6° by an aperture between the
sample and collecting lens. Emission was collected in the forward direction by exciting the
NCF through the substrate and detecting after passing the PhC film and in the backward
direction - similarly excited but not traversed the PhC film.
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Fig. 30. (a) Transmission spectra of samples with different number, N, of sphere monolayers
along the LB crystal normal. Inset - relative light attenuation at the transmission minimum
as a function of N. The short wavelength minimum is the result of the resonance splitting in
symmetric and antisymmetric combinations. This splitting decreases along the increase of
the number of monolayers. (b) Normalized PL spectra of bare NCF (thin line) and 5L LB-

coated NCF (thick line) at #=0°. (c) Relative PL spectrum in comparison to far-field

transmission spectra obtained at angles @ =0” and 60° .

The s-polarized far-field transmission spectrum of the 1ML sample at §=0° on a glass
substrate (Fig.30a) shows the well-defined minimum of 0.08 relative FWHM centred at
548 nm, which provides 12% attenuation of the incident light. The central wavelength of this
minimum increases slightly with the increasing number of layers, N . For multiple layer
coatings, the transmission significantly decreases towards shorter wavelengths due to light
scattering at package irregularities. Transmission spectra of multilayers demonstrate the

increase of the relative attenuation A//l, with increasing N as Al/I,~N"’ (inset Fig.30a),
where [, is the extrapolated transmission in the absence of the minimum. This, practically,

linear dependence shows that the attenuation in the LB crystals is an additive function per
number of layers. Additional shallow minima were detected at, approximately, 444, 470 and
481 nm for the 1L, 2L and 5L samples, respectively (Fig.30a). The 2L and 5L samples also
possess the transmission minimum centred at 1093 nm due to the Bragg diffraction on a
stack of monolayers [87], which is not shown.

www.intechopen.com



96 Nanocrystals

Fig.31a,b shows the angular dispersion of the transmission minima in a 2L LB-NCF sample.

There are I, II, IIl, IV branches of minima, which are degenerate at 6 =0°. Calculated
dispersion of leaky guided modes in a 2D grating is superimposed on the transmission
pattern. The correspondence is observed only between I and (1,0) in s-polarised light and

between Il and (0,1) branches in p-polarised light.
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Fig. 31. (a, b) Transmission spectra of CdTe-1L-LB sample under s- and p-polarised light.
Rome numbers denote the transmission minima. Lines are calculated eigenmodes of 2D slab
PhC possessing the hexagonal lattice of scatterers and the effective refractive index of the
1ML of silica spheres. (c) The PL band of this sample.

The emission band of the NCF assembled from 2 nm NCs is centred at 540 nm (Fig.30b) and
possesses the 0.085 relative FWHM. At @ =0° the emission band of the 0.09 relative FWHM
of the 5L-LB NCF is centred at 533 nm. The blue shift of the emission band of the LB-NCF
sample with respect to that of the bare NCF is the result of the LB coating as was proved by
the multiplication of the PL spectrum of the bare NCF by the transmission spectrum of the
5L LB that reproduces such bandshift. The broadening of the PL band of LB-NCF sample
could be induced by the chemical modification of the NC surface during the course of the
LB film deposition. PL spectra of the LB-NCFs look similar for the different number of LB
monolayers. The relative PL spectrum [7(1)y_o/1(4)y_¢o shows the maximum centred at
555 nm, which coincides with the minimum of the transmission spectrum (Fig.30c). The

angle-resolved PL spectrum at @ = 60° was used as the reference (Fig.30c).
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Fig. 32. (a) Angle-resolved transmission spectra of 2L LB-NCF under s-polarized light.
Numbers show the angles of light incidence. (b) Angle-resolved relative PL spectra.
Numbers show the detection angles. Arrows indicate the correspondence between
transmission minima and PL bands. (c) Angle-resolved PL spectra of the uncoated NCF.
Numbers show the detection angles. (d). Diffraction spectra at angles « shown at curves.
Inset: Schematics of the light transmission and the first order diffraction in LB coating.
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The overlap of the PBG with PL band takes place at 0° <0 <20° (Fig.31). It is immediately
seen that the PBG effect upon the emission intensity is small. Over this range the maxima in
the relative PL spectra correlate the minima of the transmission spectra (Fig.32 a, b). It is
worth noting that the PBG-related modulation of the PL intensity is proportional to the
attenuation in the transmission minimum (Fig.32a,b). In the case of the uncoated NCF no
angular dependence of the PL spectrum was detected (Fig.32c)

9.2. Emission indicatrix
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Fig. 33. Angle diagrams of emission intensity (solid circles) at A =590,550and 510 nm in
comparison to transmission diagrams (open hexagons). These diagrams are compared to the
angle diagram of diffraction intensity at A =550 nm (stars) in panel (b) and the Lambert

diagram (line) in panel (c). Shaded areas show the emission power between 0 and 5° - S35,

(b) and 0 and 60° - SZ, (c). Arrows mark the angle position of transmission minima. Rome

numbers at arrows indicate the dispersion branch as indicated in Fig.31 a,b.

The PL angle diagrams, 7,(0), of a 2L-LB NCF obtained at wavelengths of 510, 550 and
590 nm are shown in Fig.6 together with corresponding transmission diagrams 7,(6). The
transmission diagrams show the minima superimposed on a smooth background. The

angular width of these minimum is less than +10° with respect to the mid-gap direction.
Comparison of emission and transmission diagrams reveals that the PL intensity peaks
along the direction of the transmission minimum [89]. This observation correlates with the
observation of the relative PL maxima at transmission minima (Fig.32 a,b). It is worth
noting that 7,(¢) does not follow the Lambert diagram 7, «ccosé (Fig.33c, 34a). To

quantify the radiation power emitted by the NCF, we calculated the total area under the

angle diagram S’ = J. 1,(0)d0 , where the angle interval A6 =60 (Fig.33c, 34a). Assuming
AG
the even azimuth distribution of the emission intensity and taking into account that the

emission intensity becomes sufficiently low at > 60°, the S$° is proportional to the power
radiated at a given wavelength. Integration of the S’ over the studied spectral range
estimates the total emitted flux.

In order to characterize the effect of PhC coating upon the emission directionality, the S5°

area was normalized to that under the Lambert-like diagram, Sf = I[ (4,6 =0%)cos0do ,
AO

www.intechopen.com



98 Nanocrystals

where the intensity /(4,60 =0°?) is taken from the experimental data and A# =60 . Deviation

of the ratio S¢°/S% spectrum of NCF-LB from that of bare NCF occurs in the PBG range: the

width of the PL indicatrix is reduced by 14% at PBG wavelengths compared to that outside
the PBG. Similar observations apply to samples with the 1L, 2L and 5L-thick crystals.

The quantity, S; , which is proportional to the emission flux propagating within the angular
cone A@ from 0° to 50 at a given wavelength along the film normal was calculated to map

the emission diagram distortion in the angle-wavelength plane. S; was then normalized to

5% to obtain the fraction S3/S’. The spectrum of S3/55 shows that the spectral band of
enhanced emission is centred at 555 nm as a counterpart of the transmission minimum
(Fig.34b). In contrast, the S3 /5" fraction for the bare NCF increases monotonically across

the same wavelength range.
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Fig. 34. (a) The definition of the 5°- and 60°-wide flux fractions - dashed and dotted lines,
correspondingly. Dots show the PL indicatrix at A =590 nm. Line is the Lambertian
indicatrix. (b) Spectra of the emission flux fraction propagating along the film normal within
a five degree wide cone for bare NCF (squares) and 2L-LB-NCF (circles) in comparison to
the transmission spectrum of the 2L-LB-NCF (line).

By increasing the principal angle of the 5c-wide probe section the enhancement band follows
the dispersion of the minimum of the far-field transmission spectra. This means that the
radiation enhancement occurs in the direction of the transmission minimum, as it follows
from comparison of Figs.35a and 32a. At higher angles, the enhancement becomes less
pronounced in response to the decreasing attenuation in the corresponding transmission
minimum. It is worth noting the resolution of other transmission minima is too poor to
generate a corresponding flux maximum.

The diffraction in the 2D grating that is conveniently used in lightning devices for extraction
of guided light [90,91]. For example, IML of SiO; spheres was able to diffract the beam of
4% bandwidth from the emission trapped in a glass plate between the light source and the
monolayer of spheres [92]. The diffraction spectra were measured in order to exclude the
diffraction outcoupling as the reason for the PL intensity increase. They were obtained

keeping the sum of the incidence and diffraction angle constant @+« =76 . The dispersion
of these resonances satisfies the expression

mAy = A(£sin@ tsina) (0.20)
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or, in particular, 4, = A(sin@ +sin(76° — 0)) , where the grating period is A =456 nm . This is

the half of the period a=+/3D of the trigonal lattice for the wave vector of incident light
propagating along the I'K direction in the Brillouin zone of the 2D hexagonal lattice with
the distance between centres of spheres of 526 nm. Such diffraction produces resonances at

shorter wavelengths at ¢ <20° compared to the eigenmodes of the 2D PhC (Fig.32d).
Moreover, the PhC-induced band in the relative PL spectra (squares in Fig.35b) follows the
dispersion branch I of transmission minima and does not satisfy the dispersion (0.20).
Therefore, the enhanced PL band cannot be explained by the diffraction at the grating. This
conclusion is also supported by comparison of the angle diagram of the intensity of the
diffracted beam at 4, =550 nm (crosses in Fig.33b) and the emission intensity diagram at the

same wavelength. Hence, we can abandon the mechanism [93,94,95] assigning the increase
of the PL intensity to diffractive outcoupling of the emission.
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Fig. 35. (a) Spectra of the 5°-wide emission flux fractions propagating along different
directions. (b) The transmission pattern of a 2L LB coating under s-polarized light. Squares and
circles represent the dispersion of the enhancement band in the forward- and backward-
measured relative PL spectra, respectively. Stars show the dispersion of peaks in radiation
directionality spectra of panel (a). Dispersion of diffraction (0.20) is shown by crosses.

Another mechanism, the diffraction of the second order, assumes interaction of counter-
propagating modes with the grating period that gives rise to the out-coupled beam with
Ay =2n,;A/m, where m>1. This beam propagates within a very narrow radiation cone

along the grating normal [96,97]. However, this diffraction was also not observed.

More adequate explanation takes into account the PBG structure of a 2D lattice of dielectric
spheres [98,99]. This model explains reasonably well the observed far-field transmission
spectra and their angular dependence. Moreover, this theory predicts considerable
broadening of the minima bandwidth due to light leakage to the substrate [100]. The
spectral position of the first bandgap in such PhC corresponds to the sphere diameter and
the next gap takes place at a wavelength, which is lower by a factor of 1.21. The observed
minima at 548 and 444 nm for 1L LB film are in good agreement with this model. As was
experimentally demonstrated, a 2D model remains valid for the description of the PBG
structure at wavelengths 4= D for LB colloidal multilayers [87].
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Dips in transmission spectra of LB films appear due to light losses for the excitation of

eigenmodes, which propagate in the LB film plane. At the PBG resonance, e.g. for 6 ~0° at
A/A =1, the local field is enhanced by one (in the case of a PhC on a substrate [99,101]) or
two orders of magnitude (for a PhC membrane [77]) due to large evanescent components of
the EM field. The strong local field on a scale of the PhC lattice constant speeds up the
radiative recombination rate as compared to that in bare NCF. The apparent independence
of the magnitude of the emission enhancement upon the number of monolayers in multiple-
layer LB films correlates with the surface-related nature of the observed effect.

With this picture in mind, the PL spectrum transformation can be explained as follows. In
the case of the bare NCF, the emission is coupled to the substrate and free space. In the
presence of an LB coating, the formation of “hot spots” of the local field at PBG wavelengths
at PhC surface leads to a higher emission rate of NCs at these spots. Since the relative PL
spectrum demonstrates a peak at PBG wavelengths, one can assume that the acceleration of
the emission rate in “hot” spots prevails over the rate decrease at “cold” spots.

The PBG origin of the enhancement leads to the emission directionality in agreement with
the angular dispersion of the PBG minimum. If NCs emit into eigenmodes of the PhC, then
the outcoupling of this radiation is the reciprocal process with respect to the coupling of
external radiation to PhC modes in a transmission experiment.

Interestingly, the emission indicatrix (Fig.33) in the studied case appears more sensitive to
the PBG directionality compared to the PL spectra (Fig.30b), but the maximum in the
directionality spectra agree the enhancement bands of the relative PL spectra (Fig.35b)

The strong argument in favour of the PBG-related enhancement mechanism is the
correlation between the relative LB-NCF PL enhancement bands measured in the backward
direction, for which the emission does not pass the LB crystal, and the minima in LB crystal
transmission spectra (Fig.36). The structure of the forward and backward relative PL
spectra and the dispersions of these bands are similar, i.e., enhancement reveals itself in
opposite directions simultaneously, although less efficient in the backward direction. This
property correlates the reciprocity of the LB-NCF sample transmission and the leakage
character of guided modes in the LB-NCF sample. These observations point to the fact that
the NCF forms an interacting unit with the LB PhC.
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Fig. 36. Normalized angle-resolved transmission (thin solid line) and relative PL spectra at 0
(@), 5 (b) and 10° (c) of a 2L LB-NCF observed in the backward direction through the glass
substrate (thick solid) and the forward direction through the LB crystal (dash-dotted lines).
Arrows indicate the centres of transmission minima.
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10. Summary

In this review we demonstrated different aspects of the PBG control on the emission of
semiconductor nanocrystals that is coupled to optical modes of colloidal crystal-based thin
film photonic crystals. We discussed (i) changes of the emission spectra and the emission
directionality, (ii) methods used to recognise and estimate the emission modification, (iii)
physical mechanisms behind the emission control and (iv) energy transfer between the
nanocrystals and the carcass of photonic crystals. This basic information allows to estimate
pros and contras of photonic crystal-integrated light sources and their prospects in the
design of future lightning devices.

The described experiments were limited to the emission control in the spectral range of the
lowest frequency directional bandgap, namely, the (111) bandgap in the opal crystals. The
directional nature of this bandgap reduces dramatically the strength of the PBG effect
because the light flow can escape the photonic crystal using remaining unblocked
propagation directions. Preparing inverted opals from high refractive index dielectrics can
at least partially lift up this problem due to smaller escape angle range.

Exploring the range of high order bandgaps is also in progress, but due to the nature of the
photonic bandgap diagram, the (111) gap in opals is the only true one in terms of the
absence of photon modes. All other high order bandgaps are, in fact, merely diffraction
resonances with contribution of slow propagating modes. This uncertainty blurs up the
physical mechanisms of emission modification. Obviously, in the case of inverted opals with
an omnidirectional bandgap the physical nature of the emission control can reveal itself in a
full extent, but such crystals were not yet reported for the visible for very fundamental
reasons.

We did not also address any works related to optimisation of the NC-to-PhC interaction for
following reasons. First, the PBG effect on emission of embedded sources strongly depends
on the ordering of the crystal lattice. In this sense the photonic crystals prepared by
nanolithography provide the precise control upon the light source positioning and overall
lattice regularity, but at the cost of time-consuming and expensive technologies and small
crystal volumes. Second, the design of light sources with specific functionality requires
corresponding structuring of the photonic crystal, e.g., formation of resonators. Third, the
optimisation usually exploits already established operation principles, but does not lead to
new phenomena. Instead, we concentrated the attention on photonic crystals prepared by
colloidal assembly because their combination with colloidal nanocrystals can benefit from
inexpensive technology of both components, while preserves all possibilities for emission
control offered by other realisations of photonic crystal-enhanced light sources. Overall,
along the progress in improving the colloidal crystal ordering and methods of their
structuring, this approach looks prospective for up-scaled production.
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