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Quantum Dot Thin Layers Templated on ZnO Inverse Opals**
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It is well known that nanostructuring materials in a complex
or ordered fashion can modify their fundamental properties.
This powerful route can also combine different materials and
be used to explore new properties of the resultant hetero-
structures, enhancing or hindering the individual properties of
the constituents. In particular, by nanostructuring light-emit-
ting materials one can modify their emission properties and
tailor their response in what has revealed to be a powerful
strategy to build up applications in photonics. In this way, pho-
tonic crystals (PCs)'? have turned out to be a promising tool
to engineer at will, or even inhibit, the emission of light. In
these systems, the refractive index is modulated periodically
in one, two, or three dimensions. This fact provokes the ap-
pearance of energy intervals, called photonic bandgaps
(PBG), for which the propagation of light is prevented. Con-
veniently used, this specific property of PCs is the origin of an
important number of fundamental phenomena that have been
the subject of study for the last two decades.’! Present and fu-
ture photonic technologies will make use of techniques such
as lithography,m holography,[S] direct laser writing,m and self-
assembly!” in order to fabricate periodically ordered nano-
structures able to shape and modify fundamental optical prop-
erties of the constituent materials. Among them, structures
such as artificial opals,®l self-assembled face-centered cubic
(fce) structures of dielectric microspheres, have revealed to be
a perfect playground in the field of PCs. Although as-grown,
these systems do not present a complete PBG (a stopgap in
all directions) and their symmetry and topology are fixed by
the growth process, there is, up to now, no other method of
fabrication that can provide the same large-scale fabrication,
high optical quality, and versatility of processing in one pack-
age. Therefore, the combination of luminescent materials with
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PCs, in particular with opals, is one of the open challenges
being addressed nowadays.

Light emitters such as organic dyes and semiconduc-
tors!'>* have been incorporated within the structure of artifi-
cial opals during the last few years. Very recently, partial inhi-
bition and enhancement of the spontaneous emission has
been shown in inverse titania opals doped with CdSe nano-
crystals (NCs), matching the first (incomplete) pseudogap
(pG).>! Among the materials for this purpose, ZnO appears
to be a very interesting one because of its remarkable proper-
ties as a conductor and transparency in the visible range of
the spectra. Recently, high-quality ZnO inverted opals grown
by chemical vapor deposition (CVD)[16] and atomic layer de-
position (ALD)!"” have been reported. Furthermore, the rela-
tively high ZnO refractive index provides enough dielectric
contrast in the inverted structure to open additional pGs in
the high-energy regime,"®! which have recently been used for
enabling laser emission.' Its ample range of transparency al-
lows ZnO to host emitters in a broad spectral range from the
IR to the UV with no hindrance derived from absorption. All
these reasons make ZnO an appropriate template material
where quantum dots (QD) can be conformally self-as-
sembled.

In this communication we present a large-area, high-quality,
new composite material obtained by structuring, in two steps
of hierarchical colloidal self-assembly, a ZnO inverted opal
with colloidal CdTe nanocrystals. We also provide experimen-
tal results of the photonic effect that the original ZnO tem-
plate produces on the spontaneous photoluminescence (PL)
from CdTe QDs embedded in the structure. In particular, we
chose the scarcely explored® high-energy photonic bands of
the ZnO inverted opal to show that the effect produced shows
up as inhibition and enhancement of the QDs emission.

Samples were prepared starting from large diameter
(700 nm) polystyrene (PS) spheres in order to place the de-
sired photonic features (high-energy gaps) matching the QD
emission band (around 640 nm for a QD with diameter
d=4 nm). The CdTe QDs were synthesized in water following
a previously described method by utilizing thioglycolic acid
(TGA) as stabilizer.?!l

Figure 1 schematically depicts the method used to fabricate
the composite material. Thin-film opals (Fig. 1a) were grown
using the vertical deposition method®! and were then infil-
trated (Fig. 1b) with ZnO following a modified CVD meth-
0d"®! that allows a controlled conformal infiltration with pre-
cision within a few nanometers. The structure was then
inverted (Fig. 1c) to obtain the ZnO template, eliminating the
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Figure 1. Schematic diagram of the method used to fabricate the com-
posite material: a) Growth of a PS opal. b) CVD infiltration of the PS ma-
trix with ZnO. c) Removal of the polymer matrix by calcination. d) CdTe
nanocrystals conformal infiltration by dip coating. e,f) Additional ZnO in-
filtration by CVD.
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polymer backbone by calcination. The CdTe QD infiltration
of the templates (Fig. 1d) was performed as follows: ZnO in-
verse opals were immersed in a dilute solution containing
CdTe nanocrystals and were vertically pulled with the help of
a stepper motor. This leads to a precise deposition of QDs on
the surface of the ZnO shells as shown schematically in Fig-
ure 1d. This process can be repeated as many times as needed.
We should remark on the fact that QDs are deposited both on
the inner and the outer ZnO surfaces. The inner growth is
possible because the spherical air cavities are connected by
windows produced at the contact points between the original
spheres, which remain open after calcination. The size of these
windows depends on the degree of sintering and the material
used, in this case ZnO, but typically they are around 10 % of
the diameter (70 nm in our case). This interior growth is pos-
sible while these windows remain open. Once the desired
amount of QDs is assembled, a thin layer of ZnO can be re-
grown to enclose them (Fig. 1e). Additional ZnO infiltrations
can be subsequently performed to obtain the desired photonic
effects in the final composite (Fig. 1f).

Transmission electron microscopy (TEM; Fig. 2) and opti-
cal spectroscopy (Fig. 3) were performed to characterize the
sample in addition to routine scanning electron microscopy.
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TEM and high-resolution TEM (HRTEM) images clearly
show the fcc structure of the composite and, upon increasing
the magnification, the ZnO grain size. Further increases in
magnification enables observation of the atomic planes of the
crystalline ZnO. The reflectance shows two peaks and trans-
mittance shows two dips related to the first and the second
pGs in the I'L direction. For the sphere diameters investigated
here, the PL emission band overlaps with the second pG of
the ZnO photonic matrix.

The infiltration of the photonic template with QDs has only
a small effect on the refractive index distribution, and hence
on the photonic properties of the structure. The optical prop-

Figure 2. TEM images at different magnifications show the fcc lattice giv-
ing rise to a,b) the photonic structure, c) the ZnO nanocrystals structure,
and d) the atomic lattice. The average diameter of ZnO grains can be es-
timated as 30 nm.

Transmittance
Reflectance
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Figure 3. Reflectance and transmittance of a ZnO inverted opal. First-

and second-order pGs in the I'L direction are evident. The PL band from
the QDs is represented by the dashed area.
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erties are so sensitive to these minor changes that they can be
used to monitor the process with high precision by measuring
the shift of the photonic features. Figure 4 shows the specular
reflectance, along the T'L direction (normal to the (111)
planes) versus energy in reduced units (a/A, where a is the lat-
tice parameter and 4 is the wavelength in vacuum) for a ZnO
inverse opal after several immersions in the QD solution. The
maxima in reflectance correspond to the high-energy pG that
shifts to lower energies after every coating step. By a se-
quence of several immersions it is possible to fill the ZnO
template with fine control over the filling fraction, thus tuning
the photonic bands to the desired specifications for optimal
performance. It is important to point out that this spectral dis-
placement depends on the concentration of the QD solution
employed. In order to study how the QD are deposited on the
surface of the ZnO shells we modeled this process assuming
that in each immersion a thin homogeneous layer of CdTe
conformal to the ZnO shells is grown. We have calculated!®!
the position of the mentioned photonic feature (high-energy
pG) as a function of the CdTe layer thickness and compared
the calculated results with the experimental spectral positions.
In Figure 4b, experimental and theoretical results are plotted
together showing a good agreement for a 0.5+0.1 nm CdTe
layer thickness on either side of the ZnO shell per immersion
for this particular dip-coating condition. The final thickness
after five immersions, 2.5 nm, is that of a close-packed mono-
layer.?! The actual surface on which QDs assemble is, how-
ever, extremely rough at the nanometer scale (Fig. 2) and, ac-
cordingly, the QDs are not close packed. Nevertheless, the
surface can be considered flat and smooth as far as the optical
properties in the visible range of the spectra are concerned,
because ZnO grains (typically 30 nm) are much smaller than
the wavelengths involved (around 600 nm), which, in the case
of dielectrics, can be considered negligible.

We have focused our study of the photonic prop-
erties of the new composite material on the high-
energy regime (a/A>1) where interesting phenom-
ena like slow light or anomalous refraction can
take effect and where a full PBG can emerge. Be-
sides, in this spectral range, as opposed to the low-
energy regime (first stopgap), the interplay be-
tween light and PBG environments has remained
relatively unexplored. The reason for this is that
very high quality samples are needed since, in this
regime, the wavelengths involved are smaller than
the lattice parameter. Therefore, the lattice is ex-

aln

plored on a very short range scale where the imper-
fections are exacerbated. This makes this energy 1
range particularly interesting to test the photonic 1.45 1

properties of the new composite.

For this purpose, we have used a band-engineer-
ing strategy,[25“26] designing composites with given
photonic properties by means of accurate infiltra-
tions. A careful balance of the QD infiltration and
the posterior ZnO coverage provides a means to
accurately match the luminescence to the photonic
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Figure 4. a) Spectral displacement of the second-order Bragg peak as a
consequence of the QD infiltration. b) Open symbols represent the ex-
perimental displacement of the reflectance peak associated with the pG
while the solid line represents the evolution of the pG assuming a CdTe
thin layer deposition of 0.5 nm (on either side) per immersion.

gaps. In Figure 5 we show the evolution of the relevant pho-
tonic bands for the ZnO/CdTe composite as the additional
ZnO layer is increased (following the scheme in Fig. 1f). The
open circles represent photonic bands to which light can not
couple because of symmetry restrictions and the solid lines
represent the bands that determine the gap.””’ The dashed
area represents the energy interval where QD emission takes
place and the shaded area is the effective gap. By varying the
degree of infiltration it is possible to tune this pG (see that
shaded areas shift with infiltration) sweeping across the whole
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Figure 5. Band structure of QD-containing ZnO inverse opals. a) The stage where a
1 nm layer of QDs is added to an inverse opal produced by synthesizing a 31 nm ZnO
layer (55 % of the pore) on the opal and inverting. In panel (b) an extra ZnO infiltra-
tion of 3 nm is added and in (c) a further 3 nm layer is grown. The PL band from the
QDs is represented by the dashed area and the effective gap by the shaded rectangles.
Lines represent the allowed states while dots represent uncoupled bands.
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luminescence band. In this simulation, Figure 5a depicts the
bands in the case of the initial structure: a 31 nm thick ZnO
shell (arising from the original opal after 6 CVD cycles and in-
version) coated with a 1 nm QD layer of equivalent thickness
as explained above (two dip-coating immersions). Figure 5b
shows the photonic bands from a structure derived from the
latter one by growing a 3 nm thick ZnO layer (a single cycle
of CVD) on the inner and outer surfaces of the QD decorated
shell. Finally, Figure Sc corresponds to the growth of a further
3 nm thick ZnO layer in an additional single CVD cycle. The
actual properties of these structures are discussed next.

The emission properties of the composites prepared were
measured and compared with those of the same sources with-
out a pG environment. To ensure that the standard PL was
free from any effects arising from the interaction of the QDs
and the ZnO template we used the PL emission from a pulver-
ized sample rather than a colloidal suspension of QDs. Grind-
ing destroys the photonic lattice and wipes out any pG effects.
This system, with no pG properties but the same QD density
and material properties as the original sample, is what we
shall call standard PL emission. Excitation was performed
with the 457.9 nm line from a continuous Ar™ laser. Figure 6
summarizes the results from three samples differing in the
amount of ZnO added (increasing from Figure 6a to c) after
the QDs were adhered to the initial template. In the upper
row of plots the reflectance peak is seen to shift to lower ener-
gies and broaden as we increase the ZnO content, similar to
the behavior of the calculated pG (dashed areas in the figure).
In the middle row, the emission spectra from the reference
(PLR; dash—dot lines) and composites (PLc; solid lines) are
plotted. Finally, the ratio of the luminescence intensities PL¢/
PLy are plotted in the bottom row in order to explicitly show
the effect.

In the stage represented by Figure 6a (which corresponds
to the state of the composite schematically drawn in Fig. 1d)
the gap overlaps the high-energy side of the PL spectrum.

MATERIALS

Emission in this energy interval is inhibited. The result is a
modified emission profile that presents a strong suppression
in the high frequencies and an enhancement of low ones com-
pared to the standard PL.

An additional infiltration of ZnO in the composite pro-
duces a red-shift of the photonic features. Figure 6b corre-
sponds, qualitatively, to the situation drawn in Figure le and
the corresponding photonic bands are those calculated in Fig-
ure 5b. The gap now overlaps with the central frequencies of
the PL band that are therefore inhibited. The dip in the plot
of the PL ratio red-shifts as the gap does.

In Figure 6¢ (which corresponds to the stage drawn in
Fig. 1f and to the bands in Fig. 5c) the gap overlaps with the
low energies of the PL band, tuning the inhibition to this side
of the peak and reinforcing the emission in the high energies.
We can see how in passing from Figure 6a to Figure 6¢c the
balance of suppression and enhancement is governed by tun-
ing the photonic bands, which in turn is controlled by the
amount of material added. We see that initially there is sup-
pression on the high-energy side and inhibition on the low,
whereas in the final stage the high energies are enhanced at
the expense of the low-energy range. Among possible mecha-
nisms for PL modifications,”! a process of electronic energy
transfer™ could explain the effect of enhancement attending
to the relatively high concentration of emitters inside the
composite.

One important feature we wish to point out is that the abso-
lute value of reflectance that is causing the enhancement/sup-
pression of the emission is only a few percent. This might not
only be caused by the fact that samples are just a few layers
thick; this gap, as opposed to the well-known fundamental pG
at the L point, produces small reflectivities even in infinitely
thick samples. In our analysis we are discounting those bands
that are present in the gap but cannot couple to incoming
plane waves. In reality, these bands might be actually coupling
through defects and lessening the effect. Related to that, we

must remark that the high-order pG appears at

A=605 nm, which is smaller than the original PS
sphere diameter (700 nm). This implies that this
pG is more sensitive to the presence of defects in
the sample than the first-order pG.

In conclusion, we report a novel structured com-
posite that integrates two very interesting materials,
ZnO and QDs, in a photonic crystal. The fabrication

is performed by an accurate infiltration in two hier-
archical steps of colloidal self-assembly. The method

of infiltrating a ZnO matrix with CdTe nanocrystals

Figure 6. Each vertical panel corresponds to a different stage of additional ZnO infil-
tration. Upper row: the calculated spectral position of the reflectance peak in the I'-L
direction (dashed area) is shown, with the experimental reflectance, as a function of
additional ZnO infiltration. The center row shows the comparison between the PL
emission in the photonic matrix (PLc, solid line) and the PL of the standard (PLg,
dashed line). Lower row: Plot of the ratio of PLc/PLg. Values lower than one signify in-
hibition whereas higher values signify enhancement of the emission.
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provides fine control over the pore-filling fraction
and we prove that the infiltration of nanoparticles
behaves, from a structure point of view, as a confor-
mal thin-layer infiltration. This is to our knowledge
the only way to control the infiltration of QDs. To
test our composite we provide experimental results
of the effect that the photonic matrix has on the
spontaneous emission of the PL in the high-energy
regime. We tune the CdTe QD emission to this re-
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gime of the ZnO template to profit from the wide range of infil-
tration produced by the large-size spheres. The presence of a
high-energy pG on the spontaneous emission has been experi-
mentally reported as an inhibition of frequencies contained in
the gap and enhancement of those which are not affected by the
gap. Finally, a further careful and progressive infiltration with
an extra amount of ZnO has proven useful to tune this photonic
effect through the PL emission spectrum. This novel procedure
to build a composite from a photonic template and quantum
dots in the same photonic matrix opens a route to different het-
erostructure materials with different types of nanoparticles.

Experimental

The opals were grown using a vertical deposition method [22] with
monodisperse spheres of PS with a diameter of 700 nm. ZnO was in-
filtrated in the samples with a modified CVD method [15] using a or-
ganometallic precursor (1.0m diethyl zinc solution in hexane), which
allows for fine control of shell thickness (less than 8 nm per cycle).
The sample was dried for 32 h at 92 °C, avoiding the melting point of
the polymer backbone. At this point the samples were calcined for
24 h at 450 °C, which was reached through a ramp of 1°Cmin™ in or-
der to remove PS spheres and to obtain inverted ZnO opals.

The molar ratio of Cd** jons to TGA was 1:1.3, which allowed the
synthesis of high-quality NCs possessing PL quantum yields of up to
50 % without any post-preparative treatment [30]. The quantum dots
infiltration was performed as follows: the photonic matrix was im-
mersed in a dilute solution of CdTe nanocrystals in doubly distilled
water with a concentration of 5.3 x10”m and was vertically pulled
with a step motor (Oriel Stepper-18515). A fine control over the pull-
ing velocity (0.2 um min™') was exerted until the sample was complete-
ly removed from the QD colloidal suspension. The sample was finally
heated for 3 h at 45 °C in order to completely dry it.

Photonic band diagrams corresponding to ZnO inverted opals and
the composite structure were obtained using numerical methods [23].
The refractive index of the ZnO (1.9) was measured in the spectral
range used by variable angle spectroscopic ellipsometry. The specific
calculations of the spectral displacement of the high-energy pG, as-
suming a CdTe thin-layer deposition, rapidly diverge from the experi-
mental results when the thickness departs from 0.5 nm per immersion.
This thickness is related to the initial concentration of the CdTe solu-
tion. With higher concentrations, the thickness needed to model the
infiltration increases accordingly.

TEM and HRTEM images were obtained with a JEOL JEM 2010
FEG-TEM operating at an acceleration voltage of 200 kV. Samples
for TEM were prepared by scratching a sample from the opal, sonicat-
ing in butyl alcohol, and depositing a drop of the dispersion on a cop-
per grid with carbon coated holey Formvar film. The goniometer was
used to tilt the sample in a suitable orientation.

Optical spectroscopy was performed with a Fourier transform IR
spectrometer (Bruker IFS-66/S) by recording the normal incidence
optical reflectance from visible to near-IR in regions of the samples
that were 15 layers thick.

PL measurements were taken at room temperature under 457.9 nm
Ar” laser line excitation focused onto the back surface of the sample
at non-normal incidence. The emitted light from the (111) face of the
composed structure was collected with a low-aperture lens (f/3.5) and
focused onto a spectrometer equipped with a photomultiplier tube.
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