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Quantum dot emitters in two-dimensional photonic crystals
of macroporous silicon
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We report on the incorporation of semiconductor quantum dots as internal emitters into
two-dimensional photonic crystals of macroporous silicon. For this purpose we prepared composite
nanotubes within the pores consisting of quantum dots embedded in a polymeric matrix. A spectral
modification of the emission by the surrounding photonic crystal is demonstrated for mercury
telluride quantum dots when the emission coincides with the photonic band gap of the Si photonic
crystal. © 2005 American Institute of Physics. �DOI: 10.1063/1.2081123�
Photonic band-gap materials have been studied exten-
sively in recent years. In particular, the modification or even
the inhibition of light emission from internal sources has
attracted considerable interest. Approaches based on specifi-
cally designed epitaxially grown quantum well systems are
widely used to realize internal emitters in two-dimensional
�2D� photonic crystals.1 In three dimensions photonic crystal
structures have been infiltrated with laser dyes or colloidal
quantum dot �QD� suspensions.2–4 Here we report on the
controlled incorporation of colloidal semiconductor QDs
�Refs. 5–8� into 2D photonic crystals consisting of
macroporous Si �Ref. 9� by preparing QD/polymer compos-
ite microtubes within their pores.

The integration of internal emitters into Si-based photo-
nic crystals was realized with implantation methods10 or self-
assembled QDs.11 The incorporation of internal emitters in
electrochemically etched macroporous silicon has not been
demonstrated yet. Furthermore, a spectral overlap of their
emission and photonic band structure �preferably a photonic
band gap� is necessary. This can be accomplished by the
proper choice of the emitter and a respective adjustment of
the lattice constant of the photonic crystal. The lattice con-
stants of macroporous Si can be adjusted via lithography to
any value between a=500 nm and a few microns. For a lat-
tice constant of a=700 nm the fundamental band gap �TE
polarization� is around 1500 nm. Colloidal HgTe QDs with
diameters ranging from 3 to 6 nm represent an emitting sys-
tem that has an emission wavelength coinciding with this
spectral range.12 Quantum confinement increases their elec-
tronic band gap, which amounts to −0.15 eV for bulk HgTe,
to the average value of 0.83 eV. The size distribution of the
particles causes a broadening of the luminescence spectrum
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from 1300 to 1700 nm, which is of use to study the emission
modification under the influence of the photonic band gap.
The lifetime of the luminescence is about 10 ns, nearly ex-
ponential and varies with the concentration of nanocrystals.13

To incorporate the QDs into the macroporous Si we pre-
pared QD/polymer composite tubes within the pores. By the
wetting method14 HgTe QDs were synthesized in water as
previously reported12 and were transferred to toluene by a
stabilizer exchange.15 The suspensions were mixed with
1 wt % solutions of poly�methyl methacrylate� �PMMA,
Mw=120 000 g/mol� and polystyrene �PS, Mw=
250 000 g/mol� in the same solvent. To wet the templates,
the polymeric solutions containing the dispersed QDs were
dropped on the macroporous Si at ambient conditions. After
the evaporation of the toluene, the residual film of solidified
polymer/QD composite material on the surface of the tem-
plate was mechanically removed. To investigate whether it is
actually possible to move the QDs into the tube walls, and if
so, to what extent they form clusters within the polymeric
matrix, we employed transmission electron microscopy
�TEM�. For this purpose we wetted ordered porous alumina16

with a pore diameter of 55 nm and a pore depth of 50 �m
with a mixture of HgTe QDs and PS at a weight ratio of 1:10
in toluene. We selected ordered porous alumina as a tem-
plate, because it is easier to cut and because the higher pro-
portion of the sample volume occupied by the tube walls
facilitates the detection of the QDs. However, we assume
that the use of macroporous silicon as a template yields a
similar arrangement of QDs. We embedded the wetted tem-
plates in epoxy resin and prepared ultrathin slices with a
thickness of a few tens of nanometers, as obvious from their
interference colors.

The evaluation of the obtained micrographs revealed that

small clusters of QDs with dimensions of the order of 10 nm
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had been formed. Figure 1�a� shows the hemispherical blind
ends of the pores on the left. Within the pores, QD clusters
appear as spots that are somewhat darker than their surround-
ing. Figure 1�b� represents a typical cluster consisting of a
few QDs as observed at a higher magnification. It is located
adjacent to an alumina pore wall, discernible as dark strip
extending from top left to bottom right. In contrast to PS and
the amorphous alumina wall, the QDs are crystalline and
thus exhibit lattice fringes. Occasionally, individual QDs dis-
persed within the tube walls were also detected. An example
is shown in the inset of Fig. 1�b�. Since the QDs even occur
in the vicinity of the blind ends of the template pores, they
had been moved over a distance of several tens of microns in
the course of the wetting procedure.

The QD/polymer tubes generally exhibit a strong photo-
luminescence �PL� signal corresponding to that of colloidal
HgTe QDs suspended in toluene. This was studied for
HgTe/PS composite tubes prepared by wetting ordered po-
rous alumina �pore diameter: 350 nm� with solutions con-
taining polymer/QDs at a weight ratio 10:1 �Fig. 2�a��. Po-
rous alumina was selected as a matrix here because it does
not absorb or emit in the energy range where the QD emitters
do emit. In addition, no coincidence with a photonic band
gap is to be expected for the selected interpore distances.

We measured the PL spectra of hybrid systems consist-
ing of the polymer/QD tubes well aligned within the porous
alumina templates. Prior to the measurements, the residual
material on the surface was carefully removed to uncover the
pore openings and to make sure that the PL originates from
QDs embedded within the tube walls. The maximum oc-
curred at 0.85 eV, as it was the case of HgTe QDs in toluene

FIG. 1. Transmission electron micrographs of ultrathin sections of porous
alumina �pore diameter: 55 nm; pore depth: 50 �m� wetted with a 1/10
mixture HgTe/PS. �a� Overview �on the left: bottoms of the template pores�.
�b� high-resolution image of a QD cluster within a tube wall �the dark strip
from the top left to the bottom right is a pore wall consisting of alumina�.
Inset: individual QD within a tube wall.
solution.
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In order to investigate the modification of the emission
spectrum of the QDs in a photonic crystal, a hexagonal 2D
photonic crystal of macroporous silicon �lattice constant
700 nm, r /a=0.45� was prepared and infiltrated with
HgTe/PS composite �weight ratio PS:HgTe of 10:1�. The
QDs were excited by an argon laser �488 nm� with incidence
parallel to the pores axes. For better comparison with the 2D
band structure, the emitted light was detected in the plane of
periodicity of the 2D crystal for both TE and TM polariza-
tions. The maximum acceptance angle of the off-axis para-
bolic mirror is about 24.6°.

The partial spectral overlap of the HgTe luminescence
and the fundamental band gap allows only the investigation
of the upper band edge. Comparing the photoluminescence
�PL� spectra to reflection measurements, a coincidence of the
decrease in PL intensity and the high reflectivity for wave-

FIG. 2. Measurements: �a� free space PL spectrum of HgTe/PS tubes; �b� PL
spectra of HgTe QDs in a hexagonal 2D photonic crystal of macroporous
silicon �lattice constant 700 nm, TE polarization, r /a=0.45�, normalized to
the free space emission spectrum, compared to the corresponding reflection
measurement; �c� same as �b� for TM polarization.
lengths above 1300 nm �TE� and 1400 nm �TM�, respec-
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tively, occurs, as shown in Figs. 2�b� and 2�c�, respectively.
The PL spectra are normalized to the free space emission of
the HgTe/PS tubes. The photonic band gap prevents the ex-
istence and propagation of light in the crystal.

We calculated the band structure of the 2D photonic
crystal �Fig. 3�a�� by using the MIT package.17 The emission
characteristics of the QD were computed by using a commer-
cially available time-harmonic Maxwell-Solver
�FEMLABTM�. The source has been placed in the middle of
a crystal build up from about 41 rows ��M� with air around
it.

For both polarizations we expect from the band structure
and the FEM-emission calculation that there is no emission
for wavelengths larger than 1400 nm �a /�=0.5� �Fig. 3�.

FIG. 3. Numerical calculation: �a� band structure of the 2D photonic crystal
�r /a=0.45�. Light gray corresponds to TE polarization and dark gray to TM
polarization. The dashed lines are bands that cannot couple to plane waves
due to symmetry reasons. �b�, �c� Emission spectra of a source placed in the
middle of a photonic crystals along �M �power flow normalized to power
flow without photonic crystals�. �b� TE-polarized emission spectra for dif-
ferent acceptance angles. Only a slight change of the band edge is observed
changing the angle. �c� TM-polarized emission spectra for different accep-
tance angles. A strong dependence of the band edge is observed with the
increasing angle.
However, this effect is less pronounced for the TM band gap
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than for the TE band gap �Fig. 2�. We therefore took into
account the acceptance angle of detection optics being about
24.6°. For the TE polarization, there is very little change in
the cut-off wavelength of the emission with increasing angle
ranging from 1400 nm for direct incidence up to 1350 nm
for an angle of 30°. For wavelengths smaller than 1400 nm,
the second band of the TE mode in �-M direction allows
coupling from plane waves and also from the emitter, result-
ing in an increase of the emission spectra and a decrease in
reflectivity. For the TM polarization, there is a strong angular
dependence of the emission. The cut-off wavelength in-
creases with angle from 1400 nm for direct emission up to
1550 nm for an angle of 30°. This explains why photolumi-
nescence is already observable at 1550 nm, far below the
TM band gap in the �-M direction. Between 1300 and
1400 nm, there is a symmetric band that can couple to the
plane waves and to the emitter. Thus, there is first an increase
in QD emission and decrease of the reflectivity. However, for
a wavelength around 1200 nm, there is again a stopgap. This
can be seen in the increase of reflectivity around 1200 nm
and a slight decrease in the QD emission �Fig. 2�c��. Again,
the decrease is significantly washed out because this stopgap
vanishes for angles larger than 20° �Fig. 3�c��.

In conclusion, we presented a method to functionalize
photonic crystals of macroporous silicon with QDs as inter-
nal emitters. The QDs are homogeneously incorporated in
polymer tubes, forming replicas of the 2D photonic crystal.
The spectral modification of the HgTe QD emission by the
photonic crystal is demonstrated and in good agreement with
numerical simulations. The advantage of our approach is the
extensibility to other colloidal QDs and/or other photonic
crystal structures.
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