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Control of spontaneously emitted light lies at the heart of
quantum optics. It is essential for diverse applications ranging
from miniature lasers and light-emitting diodes'™, to single-
photon sources for quantum information®?®, and to solar energy
harvesting’. To explore such new quantum optics applications, a
suitably tailored dielectric environment is required in which the
vacuum fluctuations that control spontaneous emission can be
manipulated'®". Photonic crystals provide such an environment:
they strongly modify the vacuum fluctuations, causing the decay
of emitted light to be accelerated or slowed down'>", to reveal
unusual statistics'*, or to be completely inhibited in the ideal case
of a photonic bandgap"'>. Here we study spontaneous emission
from semiconductor quantum dots embedded in inverse opal
photonic crystals's. We show that the spectral distribution and
time-dependent decay of light emitted from excitons confined in
the quantum dots are controlled by the host photonic crystal.
Modified emission is observed over large frequency bandwidths
of 10%, orders of magnitude larger than reported for resonant
optical microcavities'. Both inhibited and enhanced decay rates
are observed depending on the optical emission frequency, and
they are controlled by the crystals’ lattice parameter. Our experi-
mental results provide a basis for all-solid-state dynamic control
of optical quantum systems'®.

The characteristics of spontaneously emitted light depend
strongly on the environment of the emitter; both the total rate of
emission and the direction-dependent spectra are affected. In the
Wigner—Weisskopf approximation'®, the radiative decay rate is
described by Fermi’s ‘golden rule’'' that contains the local density
of electromagnetic states'>*® (LDOS). The LDOS counts the avail-
able number of electromagnetic modes in which photons can be
emitted at the specific location of the emitter, and can be interpreted
as the density of vacuum fluctuations. The LDOS and hence the
emission rate depend sensitively on the emission frequency w and
on the position of the emitter, but not on the emission direction.
Here we report on the frequency-dependent emission rate of
quantum dots under the influence of modified vacuum fluctuations
in photonic crystals.

In photonic crystals (Fig. 1a), emission of light is modified
because the refractive index varies spatially on length scales of the
order of the wavelength. Hence, light interference by Bragg diffrac-
tion causes characteristic stopbands leading to direction-dependent
spectra. The emission rate is modified if Bragg stop bands exclude a
substantial solid angle of the crystal. To confirm the influence of
Bragg diffraction, we have performed angle-resolved measurements
of the emission spectra of light sources embedded in titania inverse
opals (see Methods). As light sources, we use colloidal CdSe
quantum dots that are highly efficient, narrow linewidth, size-
dependent emitters that effectively resemble two-level systems.
Figure 1b shows the emission spectra for a sample with lattice
parameter a = 420 nm for different detection angles « relative to
the (111) planes. An unusual angular dependence is observed

654

©2004 Nature Publishing Group

because the emitted intensity is strongly attenuated at o = 0°,
increases at o = 20° and o = 50°, and decreases again at o = 60°.
This behaviour is caused by a photonic stopband centred at & = 0°
that is instantly recognized when the emission spectra are referenced
to spectra measured at o = 60°. The latter are suitable references
because here the stopbands are shifted far outside the emission
spectrum of the quantum dots.

Figure 1c displays the angular dependence of the relative intensity
for samples with three different lattice parameters. For a reference
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Figure 1 Angle-resolved spectral measurements. a, Scanning electron microscope
image of the (111) face of a titania inverse opal with lattice parameter a = 460 nm.

b, Recorded quantum dot emission spectra from an inverse opal with lattice parameter
a = 420nm for different detection angles « relative to the (111) lattice planes.

¢, Measured (points) and calculated (curves) angle-dependent intensities at fixed
frequency w = 15,870cm ™' for three samples with different lattice parameters. The
intensities are divided by the intensity measured at o« = 60°, where no stopbands appear.
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sample with a small lattice parameter (a = 370 nm), the stopgaps
appear at higher frequencies than the emission spectrum of the
quantum dots and the intensity decays monotonically with increas-
ing angle. In contrast, the a = 420nm and 4 = 500 nm samples
show pronounced photonic effects with strongly reduced emission
in a broad stopband centred at « = 0° and o = 25°, respectively. We
compared the measured angle-dependent intensities to a recently
developed theory that describes propagation of light that is diffused
by ubiquitous disorder present in real photonic crystals*'. The
curves in Fig. 1c are the predictions with no adjustable parameters,
using only the measured reflectivity peaks and calculated band-
structure as input. We obtain excellent agreement between experi-
ment and theory, confirming that the emission of the embedded
quantum dots is strongly affected by the photonic crystal.

The decay rate of the excited state of the quantum dots in the
photonic crystal was measured by exciting with a short optical pulse
and recording the spontaneous emission as a function of time. In
photonic crystals, the LDOS and (as a result) the decay rate ideally
vanish over a frequency range known as the photonic bandgap. In
real crystals with finite dimensions, the LDOS is never zero, but
strongly modulated pseudogaps are anticipated'”*°. In such gaps,
vacuum fluctuations are expelled from the crystal, and the spon-
taneous decay of an excited emitter is inhibited. Away from a gap,
the LDOS is increased and spontaneous emission will be enhanced.
Figure 2 shows decay curves measured on three different photonic
crystals at selected optical frequencies. Two main contributions are
present in the data: a fast decay (~1 ns) and a slow decay (>10 ns).
The fast decay is caused by defect-related luminescence of the titania
backbone, as confirmed from measurements on bare titania
samples. The slow decay is due to the quantum dots, and is easily
distinguished from the titania emission owing to its markedly
different decay time. Visual inspection of the decay curves in Fig. 2
reveals both accelerated and inhibited decay rates compared to
that measured in the non-photonic sample (a = 370nm). We
obtain lifetimes of 9.6 = 0.1ns (a = 420nm) and 19.3 = 0.2ns
(a =500nm) as compared to a reference value of 12.4 = 0.1 ns
(a=370nm).

The decay curves of the quantum dots are not single exponentials,
which was revealed in additional measurements over longer decay
times. Non-single exponential decays in the photonic crystal might
be related to fractional decay'' or a distribution of quantum dots
over sites with different LDOS. However, it was recently concluded
that fluctuations in the environment surrounding the quantum dots
induce a broad distribution of non-radiative decay channels,
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Figure 2 Luminescence decay curves of quantum dots inside three different photonic
crystals. The data are recorded at frequencies 15,670cm™" (a= 370 nm, black curve)
and 15,100cm ™" (a = 420 nm, red curve, and a = 500 nm, green curve). The curves
have been overlapped after 5ns. The first part of the decay curve is influenced by
emission of titania (blue curve, recorded at 15,400 cm ™). After 5 ns this contribution is
negligible. a.u., arbitrary units.
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explaining the non-single exponential decays and effectively reduc-
ing the quantum efficiency®>. We find that this distribution is
centred on the radiative lifetime, and has a wide asymmetric tail
of lifetimes from non-radiative contributions that dominates over
asymmetries induced by the photonic crystal. Consequently, we
consider only photonic effects on the averaged lifetime that is
obtained by investigating the quantum-dot decay curve up to
~20ns, which is least sensitive to background counts and can be
well approximated by a single exponential. The robustness of this
method and the sensitivity to variations in the radiative decay rate
were carefully checked by comparing to a fit of the decay curve based
on the distribution of lifetimes. The observed lifetimes in the inverse
opals are all systematically shorter than the lifetime of quantum dots
in solution, which is attributed to the reduced quantum efficiency.
The reduction in quantum efficiency limits the amount of enhance-
ment and inhibition observed. Nonetheless, the data in Fig. 2
demonstrate a strong variation in the lifetime by a factor of two
for photonic crystals with different lattice parameters. These
measurements are the first experimental demonstration of the use
of three-dimensional photonic crystals to control the radiative
lifetime of emitters.

A detailed study of the frequency dependence of the total decay
rate has been carried out for crystals with many different lattice
parameters, four of which are shown in Fig. 3. The total decay rate is
the sum of the radiative and non-radiative decay rates. For each
sample, we observe a variation of the total decay rate with emission
frequency of more than 50%, which indicates that the radiative
decay strongly depends on the emission frequency. For comparison,
the dotted orange curve in Fig. 3 is the calculated radiative decay
rate for an electric dipole in a homogeneous medium, which scales
with the cube of the emission frequency'®''. We obtain excellent
agreement with this simple frequency scaling on the non-photonic
reference sample (a = 370 nm). A more sophisticated model for the
emission of an ensemble of quantum dots would require knowledge
of the size dependence of the transition-dipole moment, homo-
geneous broadening, and non-radiative contributions to the decay
rate, and is beyond the scope of this Letter. Importantly, the non-
radiative contributions are identical for each of the samples, as
quantum dots from the same preparation batch were used and all
photonic crystals were fabricated under identical conditions. There-
fore, variations between samples with different lattice parameters
are due to changes in the radiative lifetime.
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Figure 3 Measured decay rates of the excited states of quantum dots in photonic crystals
with different lattice parameters. Lattice parameters are a = 370 nm (black circles),
a=420nm (red squares), a = 500 nm (green upside-down triangles) and @ = 580 nm
(blue triangles). The curves connecting the measurement points are to guide the eye. The
dashed curve is the calculated decay rate for a homogeneous medium. Three fixed
emission frequencies are specified in the figure, corresponding to large (w |, diameter
6.0 nm), medium (w , diameter 4.5 nm) and small (w s, diameter 3.8 nm) sized quantum
dots.
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We observe changes in the lifetime by up to a factor of two at a
fixed frequency (~15,100cm™"). For the photonic crystal with
a=500nm, a pronounced inhibition of emission of 30% is
observed in a wide bandwidth exceeding 10%. On the sample
with a = 420nm, a strongly enhanced emission is measured,
extending the decay rate by more than 40% relative to the reference
value. The decay rates for the a = 580 nm sample are all enhanced
over a broad frequency range. These measurements demonstrate
that photonic crystals offer an effective way of controlling the
radiative lifetime through the lattice parameter a.

To compare experimental data on different samples with theory,
it is instructive to scale the emission frequency with the lattice
parameter (a) and the speed of light in vacuum (c) according to
& = wa/2wc. At fixed emission frequency w, we compare quantum
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Figure 4 Measured decay rate at three fixed frequencies, w |, w yyand w s, corresponding
to large, medium and small sized quantum dots, when varying the lattice parameter a. The
plotted curve (bottom) is the emission frequency w multiplied by the calculated DOS p(w)
for a titania inverse opal, which is proportional to the decay rate according to Fermi’s
golden rule. Also indicated (dashed horizontal lines) are the decay rates -y , in the limit of a
homogeneous medium. The error bars indicate the standard error of the measurement.
The vertical error bars are obtained by averaging over different samples with the same
lattice parameters, and by probing different parts of the same sample, while the horizontal
error bars are from measurements of the lattice parameter with a scanning electron
microscope.
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dots of the same size and hence with identical emission properties.
Figure 4 displays the measured total decay rate as a function of
scaled frequency for three fixed emission frequencies corresponding
to large (wy), medium (wy) and small (wg) sized quantum dots.
The experimental data are compared to the calculated density of
states (DOS). The DOS is the unit-cell averaged LDOS weighted by
all Bloch mode functions, and approximates the LDOS well in the
weakly photonic limit &@ << 1, where spatial variations are less
pronounced. We compare the data to the DOS because it can
readily be calculated, whereas LDOS calculations are a tremendous
computational task®® and existing simulations are currently under
debate™. At low scaled frequencies (& < 0.65), the photonic crystal
is effectively a homogeneous medium, and we measure a non-
photonic reference decay rate yy,. As a is increased, the decay rate is
reduced for all quantum dot sizes, and a broad band of inhibited
emission is observed in agreement with previous continuous-wave
measurements®. The inhibition is found in the pseudogap region
where the DOS is strongly altered. The rapid drop in the measured
decay rate is qualitatively described by the DOS. At even higher
frequencies (& > 0.85), the decay rates are strongly enhanced
compared to the reference decay rate over a wide frequency range.
In this range, the calculated DOS also reveals enhancements, but
this is the strongly photonic regime where the DOS is no longer an
adequate description, and local variations described by the LDOS
are crucial.

In most previous studies on emission in photonic crystals, dye
molecules have been used as light sources. Recent calculations
confirm that earlier claims of lifetime effects were not caused by
the photonic structure®. A fivefold inhibition of the radiative decay
rate was concluded from a continuous-wave measurement of the
integrated emission performed with a very low quantum efficiency
light source®. In contrast, a photonic effect on the emission lifetime
is complementary and requires high quantum efficiency of the light
source. Direct comparison between the present time-resolved and
previous continuous-wave experiments is not warranted. In the
present measurements, the complex decay curves imply that an
averaged lifetime is derived. Interpretation of long-time com-
ponents of the decay curves in terms of local variations in the
lifetime is restricted by fluctuations in the non-radiative decay
rate”. Furthermore, the non-radiative decay reduces the quantum
efficiency. Therefore, a less pronounced modification of the total
decay rate is observed in our time-resolved experiment, consistent
with the continuous-wave experiment that provides an upper
bound. Our lifetime measurements are distinctive because they
provide actual control of the population of the excited states, which
was not achieved previously.

Our findings of the modified lifetime in a photonic crystal can be
compared to measurements of the Purcell effect in high-finesse
cavities. Strong enhancement by up to a factor of five®* and
vacuum-Rabi oscillations®® have been observed on resonance in
cavity quantum electrodynamic experiments. However, this
enhancement is limited to a narrow bandwidth of Aw/w =~ 107%,
determined by the linewidth of the cavity. Inhibition of sponta-
neous emission by a factor of ten in a bandwidth of 10> has been
measured off-resonance in sidewall-coated microcavities®. Our
measurements of both inhibition and enhancement using photonic
crystals extend over an unprecedentedly wide bandwidth of more
than 10%, which is 100 times wider than in cavities. Furthermore, a
serious restriction in a cavity is that control is limited to the small
volume of a cavity (typically of the order of wavelength cubed),
whereas in the current experiment the quantum dots were located
throughout the large volume of the whole photonic crystal
(~1mm?). This clearly demonstrates the advantage of photonic
crystals for broadband and large-volume applications with poten-
tial for efficient light sources and photon harvesting. We expect our
results to open novel avenues for controlling quantum coherence in
condensed matter environments'®. O
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Methods

Sample preparation

The experiment was performed with titania inverse opals that consist of a face-centred
cubic (f.c.c.) structure of air spheres in a titania backbone material. The inverse opals were
fabricated by inverting template assisted self-assembled structures'®. Typical dimensions
of the samples were 2 X 2 X 0.3 mm”. The high quality of the crystals is quantified by the
scattering mean free path of light propagation, which was 15-20 pm. In total, ten different
samples were studied with lattice parameters ranging from a = 240 nm to 650 nm. The
photonic crystals were infiltrated for 24 h with a mixture of 50% chloroform and 50%
butanol containing 10~ mol litre ™' ZnSe-coated CdSe colloidal quantum dots®.
Afterwards the samples were rinsed for one minute in chloroform and dried. The quantum
dots had a size dispersity of 5% around an average diameter of 4.5 nm. The infiltration led
to a distribution of quantum dots on the surfaces of the air spheres inside the inverse opal
with a concentration of less than 10 quantum dots per air sphere. This is sufficiently low to
avoid energy transfer between quantum dots. The ensemble of quantum dots in the
solution had a lifetime of around 20 ns and a quantum efficiency of 50% * 5%; the latter
was measured by comparing absorption and emission to a R6G dye standard. To minimize
oxidation and contamination, all sample preparation and handling was carried out in a
nitrogen-purged glove box, and the optical measurements were performed in a sealed
chamber under 1.7 mbar nitrogen.

Experimental set-up

Optical excitation of the quantum dots was performed with either a continuous-wave
argon laser (488 nm) or a pulsed diode laser (100 ps, 440 nm). The former was used for the
spectral measurements and the latter for time-resolved experiments. The excitation beam
was coupled through a single-mode fibre and illuminated the photonic crystal. The fibre
and the sample were mounted on the same rotational stage, which allowed changing of the
detection angle while keeping the excitation volume constant. The spontaneously emitted
light was detected from the surface facing away from the excitation beam at an angle o
relative to the (111) planes of the f.c.c. lattice. The light was collected in a cone of ~8°
around the detection angle, dispersed with a spectrometer (2 nm resolution), and detected
with a fast photomultiplier. Time-correlated single-photon counting was implemented to
measure the arrival time of the emitted photons. Careful measurements on reference
samples ruled out the presence of energy transfer®, reabsorption, and other non-photonic
effects on the lifetime.

Data analysis

The calculated curves in Fig. 1c were obtained with only experimental data from separate
reflectivity experiments as input to the theory, combined with band structure
calculations®'. Furthermore, the lattice parameters of the photonic crystals were taken
from scanning electron microscope measurements.

The decay curves in Fig. 2 were obtained by binning the arrival times of the single
photons detected with the photomultiplier. Contributions from dark counts in the
photomultiplier were measured and subtracted from the data. The first 5 ns were
discarded from each decay curve, as defect-related luminescence of titania was
contributing in this range. The signal beyond 5 ns was unaffected by titania luminescence,
and the decay until ~20 ns was modelled with a single exponential decay from which the
lifetime was extracted. Whereas strong lifetime effects were observed on the efficient
quantum dots, we observe no systematic change of the lifetime from the low quantum
efficiency titania luminescence.

The calculated lifetime of quantum dot emission in a homogeneous medium in Fig. 3 is
given by 7, = C/w’. Here C = 3heymc® /nd® contains Planck’s constant #, the vacuum
permittivity &, the speed of light in vacuum ¢, the refractive index #, and the mean
transition-dipole moment d averaged over the orientation and size distribution of the
quantum dots. We assume an average refractive index of n = 1.17 and arrive at a mean
dipole moment of 3.0 atomic units.
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At the heart of modern oxide chemistry lies the recognition that
beneficial (as well as deleterious) materials properties can be
obtained by deliberate deviations of oxygen atom occupancy
from the ideal stoichiometry"?. Conversely, the capability to
control and confine oxygen vacancies will be important to realize
the full potential of perovskite ferroelectric materials, varistors
and field-effect devices®*. In transition metal oxides, oxygen
vacancies are generally electron donors, and in strontium titanate
(SrTiO;) thin films, oxygen vacancies (unlike impurity dopants)
are particularly important because they tend to retain high
carrier mobilities, even at high carrier densities’. Here we report
the successful fabrication, using a pulsed laser deposition tech-
nique, of SrTiO; superlattice films with oxygen doping profiles
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