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In this work, we demonstrate that low refractive-index three-dimensional photonics crystals with a
planar defect, fabricated with the direct laser writing method, can be used to effectively enhance
the spontaneous emission (SE) of semiconductor quantum dots (QDs). To achieve this, we develop
a controllable and reliable method to integrate quantum dots into the defect-embedded photonic
crystals (PCs). Although the overlapping of different direction stop gaps in low refractive-index
defect-free three-dimensional photonic crystals imposes a challenge to realize spontaneous
emission enhancement at the band edge wavelength, we achieve a 15% enhancement of the
C 2012 American Institute of
spontaneous emission by introducing a tailored planar defect. V
Physics. [http://dx.doi.org/10.1063/1.4745923]

Defect is a key component for photonic crystal (PC)
based applications such as photonic circuitry and waveguides,1 resonant cavity,2 and control of spontaneous emission (SE).3–5 Although there have been a variety of
experimental reports on the inhibition or enhancement of SE
of internal emitters in colloidal PCs and polystyrene opals,6–9
these structures are intrinsically challenging for controllable
defect design, which prevents them from device applications.
In comparison, the two-photon polymerization (2PP) based
direct laser writing (DLW) method offers an unparalleled
flexibility to fabricate high quality and sophisticated
three-dimensional (3D) polymeric PCs with controllable
defects.10–13 More importantly, compared with other layer by
layer semiconductor fabrication methods,14 the 2PP method
allows the easy incorporation of functional materials, such as
quantum dots (QDs),15–17 transforming the PCs into unique
active platforms for diverse device applications. Inhibition of
SE with PCs fabricated by the DLW method has been demonstrated previously.15–17 However, due to the lack of controllable and reliable emitter integration method with the
PCs, quantifying the enhancement of the SE correlated to the
properties of the PCs represents a big challenge.
In this paper, we develop a controllable and reliable
method to integrate semiconductor QDs into PCs. Based on
this method, we quantitatively study the wavelength dependent property of SE enhancement with PCs fabricated by the
2PP method. The experimental results including a comparison with the SE inhibition match the theoretical predications
well. Although the overlapping of different direction stop
gaps prohibits the observation of the SE enhancement, the UX direction stop gap band edge for PCs with refractive index
as low as 1.526, introducing a designed planar defect in the
middle of the PC, effectively modifies the photonic local
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density of states (LDOS). As a result, a significant enhancement of the SE by more than 15% is realized.
As shown in Fig. 1(a) left, 3D woodpile PCs with 24
layers (60  60 lm2 in size with a 10 lm wide frame, a lattice constant of 1150 nm, and a refractive index n ¼ 1.526, a
typical refractive index value for PCs fabricated by the 2PP
method.) were fabricated by the 2PP method with a photosensitive resin Ormocer (Micro Resist Technology) on a
cover slip.18 PbSe/CdSe core/shell (CS) QDs were synthesized according to references.19,20 To ensure the QD fluorescence emitters are attached to the surface of the PC rods in a
controllable way, a molecular linking method is used as
shown in Figs. 1(b) and 1(c). For one layer of QD attachment, the polymerized Ormocer structures were first

FIG. 1. Scanning electron microscope images of the 3D PC and the reference block. (b) Schematic illustrutration of one layer of QD attached to the
polymer structure via the molecular linking method. (c) Schematic illustrutration of multi-layer QD attachment via the same method; (d) Schematic
diagram of the fabricated PC and after the QD attachment.
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functionalized with an amino group by immersing the structures into 3-aminopropyl-triethoxysilane (APTES) solution
in toluene with 5% (v/v) concentration for 45 min. After
washed with toluene, the structures were immersed into the
highly concentrated PbSe/CdSe CS QD solution in toluene
for 12 h to allow the QDs to connect to the functionalized
structure surface via the molecular linking (Figs. 1(b) and
1(d)). For the multi-layer QD attachment, the abovementioned process was repeated (Fig. 1(c)). To obtain
enough fluorescence signals for the lifetime measurement,
the QD attachment process was repeated 3 times and 4 layers
of QDs are attached to the surface of the PC structure.
The transmission spectra of the PCs before and after the
QD attachment were measured with a Fourier-transform
infrared (FTIR) spectroscope. A stop gap can be clearly identified in the U-X direction as shown in Fig. 2. The emission
spectrum of the attached QDs is also shown in Fig. 2 with
the emission peak wavelength overlapping with the stop gap
of the 3D PC. After 4 layers of QD attachment, the almost
unchanged stop gap shape and the suppression ratio of the
PC indicate that this QD attachment method is effective and
does not induce clogging up of QDs, which would change
the transmission spectrum significantly.
The fluorescence lifetime of the QDs was measured by a
time-correlated single photon counting system in conjunction
with a home-made confocal detection system with a high numerical aperture (NA ¼ 0.8) objective.15,16 The QDs were
excited by a pulsed laser (1064 nm and 5 MHz). All the lifetime decay curves measured were fitted with a single exponential decay function as the excitation power was kept as
low as possible to avoid the faster Auger recombination, and
no significant exciton-exciton interaction was observed during the experiment due to the CdSe shelling of the QDs.21
The SE rate of the QDs is changed by the photonic LDOS
in PCs compared with that in free space22 and is characterized
by the change of SE decay lifetime of the QDs. As the LDOS
is position dependent and sensitive to the local environment,23,24 in experiment, the design of the reference samples
is of the same importance as the experimental samples. Different thicknesses of the QD layers and different materials that
the QDs are in contact with can change the local refractive
index and the non-radiative decay path of the QDs and lead to
distorted results. An ideal situation is that the environments
where the emitters in PCs and in the reference system are

FIG. 2. Transmission spectrum of the PC in the U-X direction before and after the QD attachment and the emission spectra of the attached QDs with an
emission peak wavelength matching the stop gap of the PC in the U-X direction. The shadow zone indicates the calculated wavelength range of the U-X
direction stop gap.

Appl. Phys. Lett. 101, 071109 (2012)

identical except for the influence of the photonic LDOS of the
PCs. In our experiment, this condition was realized by fabricating a square block near the side of the PC with the same
material and the same fabrication power as the reference (Fig.
1(a) right). QDs were attached to the surface of this reference
block via exactly the same molecular linking method. It was
confirmed by the fluorescence intensity measurement that the
QDs distributed statistically uniform inside the PCs and on the
surface of the square block by using this controlled attachment
method ensuring reliable comparison to be made.
Conventionally, the SE enhancement can be realized at
the band edge.25 To quantitatively investigate the band-edge
related enhancement, the wavelength dependent property of
controlling SE with the low refractive-index 3D PCs is studied. First, six PCs with the same parameters as the one shown
in Fig. 1 with stop gaps in the U-X direction centered at
wavelength of 1490 nm were fabricated. Then, six batches of
PbSe/CdSe QDs with emission peaks at wavelengths of
1350 nm, 1400 nm, 1450 nm, 1480 nm, 1500 nm, and
1550 nm covering the stop gap as well as the band edges of
the PCs were synthesized and attached to the surface of the
rods of the PCs and the corresponding reference blocks.
For each of the sample and reference block, the SE lifetime were measured at the peak emission wavelength of the
QDs for 60 different positions inside the PC and on the surface
of the block to obtain the lifetime statistics. By comparing the
average SE lifetime of QDs in the PCs and in the corresponding references, the impact of the stop gap on the SE of QDs
can be determined. The wavelength dependent lifetime in the
3D PCs is shown in Fig. 3(a), in which the data have been normalized to the average lifetime of QDs on the reference. It is
obvious that near the center of the stop gap (1490 nm), the
highest SE inhibition of up to 20.5% was achieved.
It is interesting to note that even at the band edge of the
U-X direction stop gap, the QD emission is still inhibited by
more than 10%, which is no band-edge related emission
enhancement for the PC with refractive index 1.526 was
observed. This observation can be explained as follows: As
shown in Fig. 3(b), in low refractive-index PCs, the stop gaps
in different directions possess different gap wavelengths. This
leads to the merge of the band edges with the adjacent stop
gaps. In other words, the band edge enhancement behavior of
a low refractive-index PC was blurred by the stop gaps in different directions. As a result, no enhancement can be realized
in the PCs used in this work because the SE lifetime reflects
the influence of stop gaps in all directions. This is different
from high refractive-index PCs with complete band gaps, in
which complete inhibition and significant enhancement can be
achieved. The experimental results were confirmed by the theoretical calculations as shown in Fig. 3(a). The principle of
the calculation is based on Refs. 23 and 24. The parameters
used in the calculation were based on the experiment (woodpile PCs, refractive index: 1.526, lattice constant: 1150 nm; elliptical rod short axis: 175 nm, long axis: 350 nm; and 22 300
calculated positions in a basic unit). As shown in Fig. 3(a), the
calculation fits the experiment well, showing exactly the same
trend as the experiment.
It has been suggested that inducing defects such as a
nano-cavity is an effective approach to enhance the emission
as defects can change the LDOS in the PCs.5,26,27 In our
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FIG. 3. (a) Typical decay curves fitted
with single exponential decay function
for QDs in PC and in the reference. (b)
Experimental and calculation results of
emission lifetime versus the wavelength
for QDs inside the PCs compared with
that in the reference; (c) Calculated photonic band diagram of the 3D stop gap
PC with a refractive index 1.526. The
shadow zone indicates the calculated
wavelength range of the U-X direction
stop gap.

experiment, planar defects were designed and fabricated by
sandwiching an air gap (110% of the normal layer spacing)
between two 12 layer (6 lm in height) woodpile PCs. In Fig.
4(a), the FTIR spectrum confirms the successful inclusion of
the planar defect, in which the defect mode centered at wavelength of 1450 nm exists within the wavelength range of the
stop gap in the U-X direction. QDs with an emission peak
matching the defect mode (1450 nm) of the PC with the planar defect were attached to the surfaces of the PCs and the
reference block. SE lifetimes of QDs in the PCs with and
without the planar defect were measured for different positions along the Z direction (perpendicular to the woodpile
layer; the zero point plane in the Z direction was the up first
layer). Due to the finite thickness of the fabricated PCs, it
was expected that the maximum lifetime manipulation would
be observed when the focal spot was placed in the middle of
the PCs. For each Z position, 40 different positions were
measured in one plane to obtain the lifetime statistics.
Fig. 4(b) shows the Z direction lifetime response of QDs in
the PCs with and without the planar defect compared with
that in the reference block. For the PC without the planar

defect, a maximum prolonged lifetime was observed in the
middle of the PC (Z ¼ 6 lm) as expected. In comparison, for
the PC with the planar defect, significant SE enhancement
was observed when the focal spot was close to the defect
(Z ¼ 6 lm) as SE was determined by the LDOS of the local
position where the emitter is.23,24 A 35% decrease of QD
emission lifetime was observed for the PC with the planar
defect compared with that without the defect.
In conclusion, SE enhancement for QDs inside 3D low
refractive-index defect-embedded PCs fabricated by the
DLW method has been theoretically and experimentally
studied. The comparative investigation based on the controllable method for the precise integration of quantum dots
inside a PC has revealed not only the wavelength dependent
SE inhibition up to 20.5% but also an SE enhancement up to
15% by inducing a planar defect. Our results suggest that
low-index PCs can effectively control the SE, opening a possibility for them to be used directly for important photonic
device applications, for example, the integrated micro lasers
and micro-fluidic sensing.12
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FIG. 4. (a) U-X direction transmission spectra of the PC with and without
the plane defect; (b) Z direction lifetime response of QDs in the PC with and
without the plane defect compared with the reference.
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