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Engineering spontaneous emission from light emitters embedded within three-dimensional photonic
crystals is of great significance in both fundamental research of quantum optics and applications of
microphotonic devices. In this letter, we report on the effective modification of spontaneous
emission from near-infrared PbSe quantum dots infiltrated in a three-dimensional woodpile
polymeric photonic crystal through adjusting its angle-dependent stop gaps. A significant inhibition
effect as well as a pronounced enhancement of the spontaneous emission are observed in the midgap
and at the center of the band edge, respectively. The observed phenomenon can be understood from
the stretched exponential model on decay dynamics. © 2007 American Institute of Physics.
关DOI: 10.1063/1.2824388兴
Photonic crystals1,2 共PhCs兲 are periodic structures which
have a unique ability to engineer light propagation and emission with their photonic band gap 共PBG兲 properties. Particularly, three-dimensional 共3D兲 PhCs are one of the most promising candidates to form next generation photonic devices.3 A
key aspect toward this goal is the development of 3D active
PhCs in which light emitters such as quantum dots 共QDs兲 are
embedded.2–4 A large variety of experiments have been reported on the studies of QD emission from opal or inverse
opal structures in the visible wavelength range.4–9 Even for
partial PBGs of the opal and inverse opal structures, their
effects can result in a significant influence on the emission
properties of the embedded light emitters, mainly manifested
by the changes in photoluminescence 共PL兲 spectra,6–8 the
modifications of radiative lifetime,9 or the combination of
both.4 In the near-infrared 共NIR兲 wavelength range, the versatile synthesis and promising optical properties of lead base
QDs should provide ideal emitters for 3D PhCs.10 On the
other hand, by using the two-photon polymerization 共2PP兲
method,11–15 high quality 3D woodpile structures with pronounced stop gaps can be fabricated.12–17 At the band edges
of the stop gaps, the local density of optical states 共LDOS兲
are significantly accumulated.4,18 Moreover, pronounced superprism and negative refraction effects, which are highly
sensitive to the angle and the frequency of the incident light
in the propagation direction inside the crystal, have been
observed at the band edges in the telecommunication wavelength range.17,19 These PBG and band edge effects provide
an interesting physical environment for the investigation of
controlling the emission from NIR QDs embedded in a polymer woodpile 3D PhC.
In this letter, we report on the direction-dependent PL
dynamics from PbSe QDs infiltrated in a 3D woodpile polymeric PhC at the angular band edges of the PhC. Instead of
using different PhC or QD samples, we have achieved different modification effects directly by altering the detection
angles of light propagation. Particularly, the inhibition and
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enhancement effects of the stop gaps on the spontaneous
emission have been observed in the midgap and at the center
of the band edge, respectively.
The 3D woodpile PhC in this work was fabricated on a
cover glass with Ormocer® 共Micro Resist Technology兲 by
using the 2PP method.15,17,19,20 To match the stop gaps of the
PhCs, we synthesized PbSe QDs with tunable emission in
the NIR wavelength range by using the method described by
Yu et al.21 The QDs were infiltrated into the PhC with the
method described in Ref. 20 and a QD layer with a thickness
of ⬃10– 20 nm was deposited onto the surfaces of the PhC
rods during the infiltration. In the meantime, a QD film with
a thickness of ⬃0.5– 1 m was formed outside the PhC on
the cover glass, providing a direct and convenient reference
for our studies on QD emission inside the PhC. The dried
PbSe QDs on the cover glass were measured to have absorption and emission peaks centered at wavelengths of 1500 and
1580 nm, respectively, with broad PL spectra ranging from
1250 to 1750 nm.20
The stop gaps of the PhC before and after infiltration
were measured with a Fourier-transform infrared spectrometer 共FTIR兲 共Thermo Nicolet兲 in conjunction with an infrared
microscope 共Continuum兲. To reduce the averaging effect
from the angular distribution of the incident beam in the
FTIR on the stop gap measurement, a wedge with a certain
angle was used to tilt the sample and a small pinhole was
placed in front of the objective to confine the angular distribution to ⬃5° 共see inset of Fig. 1兲.22 The PhC without infiltration was measured to have a stop gap centered at wavelength of 1383 nm. After QD infiltration, the midgap of the
PhC was shifted to a longer wavelength at 1400 nm due to
the increase in filling ratio and the average refractive index
of the structure.20 Angle-dependent stop gaps of the infiltrated sample were measured by varying the tilting angle ,
while the position of the pinhole was kept unchanged 共see
inset of Fig. 1兲. As shown in Figs. 2共a兲–2共e兲, the position of
the stop gaps of the 3D PhC changes with the angle of incidence , especially at larger angles, which is consistent with
the prediction of the band gap calculation.17
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FIG. 1. Sketch for angle-resolved PL decay experiments. Inset: sketch of the
reflective objective of FTIR with a pinhole for the angle-confined measurements of stop gaps of PhCs. Angular measurements are realized by changing
the tilting angle  with respect to the axis of the incident beam.

To study the PL decays from QDs inside the PhC at
different angles, angle-resolved experiments of the PL decay
were conducted by employing the time-correlated single
photon counting 共TCSPC兲 technique. As shown in Fig. 1, a
high numerical-aperture 共NA= 1.45兲 objective with a back
aperture diameter of 12 mm was used to focus the beam on
the sample and to collect the PL from QDs. To obtain angleresolved signals, a small aperture 共with a diameter of
⬃2 mm兲 was placed at the back aperture of the objective.8
By tuning the lateral position of the small aperture, signals
from certain solid angles can be resolved correspondingly.
The angle-resolved PL signals were dispersed by a spectrograph 共Acton Spectropro 300i兲 and detected by a fast NIR
photomultiplier 共Hamamatsu兲. Single photon counting was
carried out using a TCSPC module 共PicoHarp 300兲 con-
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FIG. 3. 共Color online兲 Relationship between the average lifetime 具典 and
detection angle  for PbSe QDs inside the PhC at wavelength of 1400 nm.
Inset: the shift of the midgap 共⌬c, left兲 and the change in transmission
suppression at wavelength of 1400 nm 共⌬Ts, right兲 as a function of .

nected to a computer. This system avoided the rotation of the
sample and the change of the focus positions, making it suitable for the angle-resolved measurements performed under a
constant condition.8
The measured PL from PbSe QDs in toluene solution
exhibits a single-exponential decay with a lifetime of
⬃480 ns at wavelength of 1580 nm.20 In comparison, the PL
decays from dried QDs in air are much faster 共only tens of
nanoseconds at 1580 nm兲 and show nonexponential characteristics, mainly due to the energy transfer process among the
neighboring PbSe QDs. To get a quantitative evaluate of the
radiation properties from the nonexponential PL decays, we
fitted the decay curves with the stretched exponential model
given by I共t兲 = I0 exp关−共t / 1/e兲␤兴, where 1/e is the time constant when the intensity decreases to I0 / e and ␤ 共0 ⬍ ␤ 艋 1兲
is the stretching parameter.23,24 The average lifetime 具典 is
calculated by 具典 = 共1/e / ␤兲⌫共1 / ␤兲, where ⌫ represents the
gamma function.23,24
Since the PL decays from ensemble QDs are wavelength
dependent,20 we focus on the study of the spontaneous emission from QDs at a fixed wavelength of 1400 nm, which is
the midgap position at  = 0°. As shown in Figs. 2共a兲–2共e兲,
the relative position of the detection wavelength 共1400 nm兲
with respect to the stop gap is tuned from the midgap
through the band edge when  increases from 0° to 40°. The
corresponding PL decays from QDs inside the PhC at wavelength of 1400 nm are plotted in Figs. 2共f兲–2共j兲, where the
fitting by the stretching exponential model is also given. It
shows clearly that the average lifetime 具典 from QDs inside
the PhC changes significantly with , while for QDs outside
the PhC, little change in 具典 has been observed under the
same conditions 共not shown兲, which indicates that the angledependent change in 具典 in Figs. 2共f兲–2共j兲 is induced by the
stop gaps.
The dependence of 具典 on  is depicted in Fig. 3, while
the dependence of the stop gap and the transmittance at
wavelength 1400 nm on  is illustrated in the inset of Fig. 3,
which shows the blueshift of the midgaps 共⌬c兲 and the decrease in suppression as  increases. Since the detection
wavelength is far outside the corresponding stop gap at angle
40° 关Fig. 2共e兲兴, it is reasonable to use the measured 具典 at this
angle 共具典40兲 as a reference parameter without the influence
of the PBG effects. As shown in Fig. 3, 具典 is increased by
35% at  = 0°, indicating that the QD emission is significantly inhibited at the midgap of the PhC because of the

FIG. 2. 共Color online兲 关共a兲–共e兲兴 Baseline corrected transmission spectra of
the PhC at different angles . The vertical solid line indicates the position at
wavelength of 1400 nm. 关共f兲–共j兲兴 Normalized PL decay curves 共and 具典兲
from PbSe QDs inside the PhC at wavelength of 1400 nm at the detection
angles corresponding to 共a兲–共e兲. Background noise has been subtracted.
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ment by up to 8.5% of the spontaneous emission have been
observed in the mid-gap and at the center of the band edge,
respectively. This work provides an effective way to tune the
spontaneous emission from QDs by engineering the PBG
effects in a given 3D PhC, especially in the important telecommunication wavelength range.

FIG. 4. 共Color online兲 Calculated R具典 and Rmax as a function of  at wavelength of 1400 nm. Inset: calculated normalized decay time distribution at
wavelength of 1400 nm as a function of decay time constant 共兲 at different
angles .

decrease in LDOS. However, at  = 20°, 具典 is decreased by
8.5%, which is a clear reflection of the QD emission enhancement at the center of the band edge of the PhC as a
result of the increased LDOS. It should be mentioned that
spontaneous emission from infiltrated QDs at wavelength
1625 nm, which is outside the stop gaps of the PhC, does not
show such significant angle-dependent decay properties as
those at 1400 nm.
The angle-dependent PL decay properties at wavelength
1400 nm can result in the changes in the decay time
distributions,23,24 which can be calculated with the corresponding parameters 1/e and ␤. The inset of Fig. 4 shows the
normalized decay time distribution at different angles . It
can be seen that the maximum of the decay time distribution
max is shifted to shorter times when  increases from 0° to
20° and that a further increase in , however, results in the
increase in max, which is similar to the angular dependence
of 具典. For comparison, the variations of 具典 and max at different angles at wavelength of 1400 nm are evaluated by the
ratios R具典 = 共具典 − 具典40兲 / 具典40 共where 具典40 is the reference average lifetime at  = 40°兲 and Rmax = 共max − max 40兲 / max 40
共where max 40 is the maximum decay time distribution at 
= 40°兲, respectively. As shown in Fig. 4, R具典 and Rmax agree
well at all angles, which further confirms the angledependent PBG effect on the spontaneous emission of QDs
inside the PhC.
In conclusion, controlling the dynamics of the spontaneous emission from NIR QDs infiltrated into a 3D PhC has
been demonstrated by adjusting the angle-dependent stop
gaps of the PhC. An inhibition by up to 35% and an enhance-
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