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ABSTRACT: The Purcell effect of quantum dot (QD)
spontaneous emission with Ag-SiO2 multilayer metamaterial
nanostructures has been demonstrated in experiment and
simulation. A broadband enhanced spontaneous emission rate
of QDs is observed due to large local density of states in the
epsilon-near-zero and hyperbolic regions of multilayer
structures. Multilayer gratings are utilized to further enhance
the QD spontaneous emission as the QDs located inside the
grating grooves strongly interact with high-k coupled surface
plasmon polariton modes. Photoluminescence decay measure-
ments are in good agreement with both analytical treatment with a nonlocal effect and three-dimensional finite-element
simulation. Detailed studies of QD position and polarization effects on emission rate enhancement for multilayer and multilayer
grating nanostructures provide important insight for understanding the coupling mechanisms of emitter−multilayer interaction
and the engineering of local density of states in metamaterial nanostructures. These results will advance many applications in
light-emitting devices, nanoscale lasers, quantum electrodynamics, and quantum information processing.
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Multilayer metamaterials consisting of alternating sub-
wavelength layers of a metal and a dielectric have been

studied extensively in recent years. The periodic spatial layout
of metal and dielectric layers makes multilayer metamaterials
artificial uniaxial anisotropic materials with unique optical
properties compared with their counterparts in nature.
Electromagnetic waves propagating through them undergo a
transition from closed elliptical to open hyperbolic dispersions
when one or two principle components of the permittivity
tensor pass through zero at specific wavelengths. At these
wavelengths, the appearance of ultralong wavelengths accom-
panying epsilon-near-zero (ENZ) behaviors of electromagnetic
waves manifests as extreme slow phase modulation, which is
highly desirable in wavefront shaping and directional
emission.1−6 In the hyperbolic region of the multilayer
metamaterials, optical modes with anomalously large wave
vectors enabled by coupled surface plasmon polaritons (SPPs)
on metal−dielectric interfaces provide tremendous capabilities
of near-field subwavelength imaging and large local density of
states (LDOS) for spontaneous emission rate enhance-
ment.3,5,7−17 The wide tunability of the anisotropic optical
property by changing the metal filling ratio and layer thickness
leads to broad applications for multilayer metamaterials.3,5,18

Spontaneous emission enhancement is very important for
advances in single-photon sources, light-emitting devices, low-
threshold photonics, and plasmonic lasers. Among many
systems, microcavities and photonic crystals have been

extensively studied for spontaneous emission rate enhancement
by the cavity Purcell effect.19,20 They provide a high resonant
quality factor, tight electromagnetic field confinement, and thus
large spontaneous emission rate enhancement. However, the
resonant requirement limits the spectral bandwidth for the
cavity Purcell effect, hindering the broadband emission
operation. This resonance requirement also exists in a parallel
line of studies on spontaneous emission rate enhancement
using plasmonic nanostructures such as nanoparticles and
nanoantennas.21−23 The coupling strength between an emitter
and the plasmonic resonant mode is enhanced due to the
subwavelength mode volumes of plasmonic nanostructures.
Compared to all these resonant structures with narrow spectral
widths and spatially localized electromagnetic modes, planar
multilayer metamaterial nanostructures are capable of providing
broadband Purcell effects on spontaneous emission. In the
hyperbolic dispersion regime, these multilayer metamaterials
possess ideally divergent LDOS, leading to very large Purcell
factors in the broadband.9,16,17

Various hyperbolic multilayer metamaterials have been used
to enhance spontaneous emission of fluorescent emitters such
as dye molecules and QDs.10,11,15,17,24 Subwavelength gratings
were also fabricated in multilayer structures to further couple
spontaneous emission to high wave vector modes inside those
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hyperbolic multilayer metamaterials.15,17,24,25 In these studies,
an effective medium theory (EMT) approximation is normally
employed to predict the ENZ wavelength and calculate the
Purcell factor, guiding the design of multilayer metamaterials
for tunable spontaneous emission enhancement. However,
without the consideration of nonlocal effects of multilayers, it is
not able to fully predict or explain the measurements on the
ENZ response and Purcell factor of multilayer structures.26−29

In this work, Ag−SiO2 multilayer metamaterial and multi-
layer grating nanostructures are utilized to realize a 3- to 6-fold
enhanced spontaneous emission rate of CdSe/ZnS QDs in a
broad wavelength range from 570 to 680 nm. For a multilayer
structure, a large LDOS in the ENZ and hyperbolic regions
results in a higher Purcell factor and QD emission rate
enhancement compared to the elliptical region. Multilayer
gratings facilitate the positioning of QDs inside grating grooves
and strengthen the QDs’ interaction with high-k coupled SPP
modes so that the spontaneous emission rate is further
enhanced. Time-resolved fluorescence experiments are per-
formed to measure emission rate enhancement, which are in
good agreement with theoretical analysis and numerical
simulation based on actual multilayer parameters. Moreover,
we investigate the spatial and polarization dependence of
emission rate enhancement, as well as the electric field
distributions excited by dipole emitters. It is revealed that the
z-polarized dipole dominates the emission rate enhancement
on a multilayer surface due to the coupling with an SPP wave,
while a y-polarized dipole possesses a large emission rate
enhancement inside grating grooves due to the strong
excitation of high-k coupled SPP modes in the multilayer
gratings (see coordinates in Figure 1a). The results pave the
way to the understanding of enhanced light−matter inter-
actions between quantum emitters and metamaterial nano-

structures, as well as the advancement of metamaterial-based
applications in light-emitting devices, nanoscale lasers, optical
sensing, quantum electrodynamics, and quantum information
processing.

■ RESULTS AND DISCUSSION

Figure 1a shows a schematic of the Ag−SiO2 multilayer
metamaterial and multilayer grating nanostructures. The
multilayer consists of four alternating pairs of Ag and SiO2
layers, with the designed layer thickness of am and ad for Ag and
SiO2, respectively. A half-layer of SiO2 is deposited as top and
bottom layers in order to achieve symmetric multilayer
structures and also to protect the Ag layer from oxidizing.
The filling ratio of Ag, fm = am/a, where a = am + ad is the
multilayer unit cell thickness, can be chosen to achieve
spontaneous emission rate enhancement within specific wave-
length range. Subwavelength gratings are designed on the
multilayer with a grating period P = 300 nm. A thin layer of
QDs in poly(methyl methacrylate) (PMMA) is spin-coated on
the surface of multilayer nanostructures. Scanning electron
micrographs (SEM) of a multilayer and multilayer gratings are
shown in Figure 1b. The left panel shows the cross-section view
of the multilayer structure, where Ag and SiO2 layers are visible
as bright and dark bands, with layer thicknesses of 12 nm (am)
and 83 nm (ad), respectively. These layer thicknesses are
obtained by fitting the multilayer reflection spectrum using the
transfer-matrix method (see Figure S1, Supporting Informa-
tion). The right panel of Figure 1b shows a top-view SEM of
periodic gratings fabricated in the multilayer structure with
multilayer ridges (bright color) and air grooves (dark color).
The inset shows a tilted-view SEM of a multilayer grating where
individual layers are also clearly presented. The permittivity of
Ag and SiO2 layers is also characterized during the multilayer

Figure 1. Multilayer metamaterial nanostructures. (a, b) Schematic and SEM for a multilayer structure and multilayer gratings. The multilayer is
composed of four pairs of Ag layers (thickness am = 12 nm) and SiO2 layers (thickness ad = 83 nm), with unit cell thickness a = am + ad = 95 nm and
a total thickness of 380 nm. The multilayer is deposited on the 100 nm Ag substrate as a reflector. A multilayer grating nanostructure with a grating
period P = 300 nm is fabricated, and the bottom angle of the grating groove trapezium is 82.5°. A thin layer of QDs in PMMA is spin-coated on the
surface of the multilayer nanostructures. (c) Reflection spectra of a multilayer and multilayer gratings. (d) Emission spectra of the three sets of
CdSe/ZnS QDs on a glass substrate.
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deposition process (see Figure S2). The reflection spectra of
both a multilayer and multilayer gratings are shown in Figure
1c. The multilayer ENZ wavelength retrieved using nonlocal
EMT based on the transfer-matrix method is at 600 nm, vastly
different from 561 nm, which is derived by local EMT (see
Figure S3). Figure 1d shows the photoluminescence spectra of
three sets of CdSe/ZnS QDs, with center emission wavelengths
of 604 nm (QD1), 620 nm (QD2), and 630 nm (QD3),
respectively. They provide a broadband emission wavelength
range spanning from 550 to 700 nm to ensure probing the
Purcell effect of QD emission in elliptical, ENZ, and hyperbolic
regions of the multilayer metamaterial nanostructures.
In order to understand the LDOS and Purcell effect of the

multilayer metamaterial, we first investigate the Purcell factor of
the multilayer theoretically based on the multilayer parameters
in the fabricated sample. Figure 2a shows the normalized
dissipated power spectrum and the accumulated LDOS
enhancement of an electric dipole 10 nm above the multilayer
surface. The theoretical normalized dissipated power spectrum
in the left panel is obtained by averaging two orthogonal
polarizations to estimate the random dipole orientation in the
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wavelengths of 570, 600, and 650 nm, as correspondingly
marked as three white dashed lines in the left panel, where u =
kx/k0 is the normalized wave vector component parallel to
multilayer surface. It is shown that the dipole emitter couples
almost equally to the low-k propagation modes at the three
wavelengths, but interacts with the high-k coupled SPP modes
existing at the multilayer interfaces with much stronger
coupling strengths in the ENZ and hyperbolic regions (600
and 650 nm), resulting in higher dissipated power and larger
LDOS compared to the elliptical region (570 nm). Figure 2b
shows the theoretical prediction of the Purcell factor for QD
emission on the surface of a multilayer structure with a = 95 nm
(purple solid curve), which gives an average Purcell factor of
2.5. The influence of the multilayer unit cell thickness on the

Figure 2. Spontaneous emission enhancement of QDs on a multilayer structure. (a) Left: normalized dissipated power spectrum (intensity on a
logarithmic scale) for dipole emission at a distance of 10 nm above the multilayer surface; right: cumulative LDOS of dipole emission at wavelengths
of 570 nm (elliptical), 600 nm (ENZ), and 650 nm (hyperbolic), as denoted by the three white dashed lines in the left panel. (b) Theoretical Purcell
factor calculations for multilayer metamaterials with varying unit cell thickness and EMT approximation. (c) Photoluminescence decay
measurements for QD emission on glass (blue circle) and the multilayer (red circle) at wavelengths of 570, 600, and 650 nm. The green lines are a
theoretical fitting using a modified exponential model. (d) QD emission rate enhancement shown in dots by normalizing the QD photoluminescence
decay lifetime obtained from the measurements on the glass substrate with that on the multilayer sample and 3D simulation results of the emission
rate enhancement shown as hollow triangles.
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Purcell factor is examined with decreasing the unit cell
thickness but fixing the Ag filling ratio, as shown by the dashed
curves in Figure 2b. It demonstrates that smaller unit cell
thickness leads to a larger Purcell factor due to stronger
couplings between SPPs on metal−dielectric interfaces and
higher cutoff wave vectors in the integration of LDOS. When
the multilayer unit cell thickness is deceased to infinitely small,
the calculated Purcell factor approaches the result based on
EMT (black solid curve). It is worth noting that the EMT
approximation overestimates the Purcell factor of QD emission
on an actual multilayer structure because EMT ignores the
finite layer thickness and includes infinitely large wave vector
modes contributing to the Purcell factor 1 order of magnitude
higher. The Purcell factors for QD emission on the Ag−SiO2
multilayer with various Ag filling ratios at a fixed unit cell
thickness are also illustrated in Figure S4.
To demonstrate the Purcell effect of a metamaterial

multilayer, time-resolved photoluminescence decay measure-
ments of QDs on a multilayer and glass (control) are
conducted (see the Method section). Figure 2c presents the
photoluminescence decay data from QDs on the multilayer at
emission wavelengths of 570, 600, and 650 nm, which show
faster decay than that on the glass substrate. It is also observed
that the QD spontaneous emission lifetime at wavelengths of
600 and 650 nm is shorter compared to that at 570 nm,
indicating a stronger Purcell effect in the ENZ and hyperbolic
regions. QD concentration and laser excitation power are
carefully controlled in these experiments at an extremely low
level to make sure the observed photoluminescence decays are
very close to single-exponential decays. All the decay curves at
different emission wavelengths are fitted using a modified
exponential relaxation model (see the photoluminescence
decay curve fitting in the Methods section).30−33 The fitted
decay times for these curves of QDs on the multilayer (glass) in
Figure 2c are 7.91 (14.44) ns at 570 nm, 8.27 (19.35) ns at 600
nm, and 12.79 (34.10) ns at 650 nm. Figure 2d illustrates the
emission rate enhancement of the multilayer structure as a
function of wavelength, which is obtained by normalizing the
QDs’ photoluminescence decay lifetime on the glass substrate
with that on the multilayer sample. The error bar at each
wavelength reflects the variation of the measured lifetime at
more than 10 different spots on the sample surfaces. It is shown
that the emission rate enhancement from all three sets of QDs
covering a broad wavelength range increases from the elliptical
to the hyperbolic dispersion region of the multilayer structure.
There is some discrepancy of the measured emission rate
enhancement between different sets of QDs especially at the
longer wavelengths, due to different number densities, optical
and chemical environment, and size distribution of QDs
originating from the synthesis process. The emission rate
enhancement is also modeled with three-dimensional (3D)
finite-element simulation using the geometric and material
properties as detailed in Figure 1. The simulation takes into
account the dipole position, polarization, and quantum
efficiency effects on emission rate enhancement as a function
of wavelength.11,17,34,35 The simulation results (hollow triangles
in Figure 2d) are averaged from 10 vertical dipole positions and
three orthogonal polarizations for each emission wavelength
(see Methods section), which show excellent agreement with
the measurements.
To further enhance the interaction between QDs and

multilayer metamaterials, a subwavelength grating nanostruc-
ture is introduced into the multilayer to provide larger spatial

overlap and enable stronger coupling between QDs inside the
grating grooves and the high-k SPP mode of the multilayer
structure.17,24 Representative photoluminescence decays of
QDs at two emission wavelengths measured on a multilayer
and multilayer gratings are shown in Figure 3a. We observe that
data from both nanostructures can be fitted by the modified
exponential decay model very well, and QDs on multilayer

Figure 3. Spontaneous emission enhancement of QDs on multilayer
gratings. (a) Photoluminescence decay measurements for QD
emission wavelengths at 620 and 650 nm on a multilayer (blue
circle) and a multilayer grating (red circle). (b) Emission rate
enhancement obtained by normalizing the measured QDs’ photo-
luminescence decay lifetime on a glass substrate with that on
multilayer nanostructures shown by dots, together with the 3D
simulation results averaging from different dipole positions and
polarizations on the nanostructures. (c) Simulation of emission rate
enhancement for x-, y-, and z-polarized dipole emission at 620 nm at
various locations and the average of three polarizations, labeled as Iso.
The x-axis represents the distance starting from the grating ridge
center (M point) to all the positions along the black line toward the
grating groove bottom (shown in the inset schematic).
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gratings have shorter decay times compared to QDs on a
multilayer. The fitted decay times for these curves of QDs on a
multilayer grating (multilayer) in Figure 3a are 6.11 (9.97) ns
for 620 nm and 6.53 (12.79) ns for 650 nm. Subsequently,
emission rate enhancement of a multilayer and a multilayer
grating structure at all wavelengths covered by QD3 emission is
obtained by normalizing the QD photoluminescence decay
lifetime on a glass substrate with that on a multilayer and a
multilayer grating, denoted by solid dots in Figure 3b, together
with the well-matching 3D finite-element simulation results
(solid lines). The spatial and polarization dependence of the
emission rate enhancement are also investigated by simulation
of dipole emission at different locations on a multilayer grating
as depicted in Figure 3c. The position axis measures distances
from the QD site 10 nm above the center of a grating ridge
surface toward the grating groove surface and then down to the
grating groove bottom, as illustrated by the black line in the
schematic inset of Figure 3c. The red dots on that curve denote
three QD locations (i, ii, iii) inside the grating groove at the
position of silver layers, and correspondingly three peaks in
emission rate enhancement are observed with strong Purcell
effects at these locations. Moreover, emission rate enhancement
shows different dipole polarization dependence when the

emitter is located on the top of the grating surface and at the
bottom of the grating groove. When a QD emitter is located at
the grating ridge center, the contribution from z-polarization
dominates the averaged emission rate enhancement over x- and
y-polarization because the SPP wave in the multilayer structure
can be excited well by the z-polarized dipole. When the emitter
resides in positions (i, ii, iii) inside the groove, emission rate
enhancement for the y-polarized dipole shows a large Purcell
effect due to the strong excitation of the high-k coupled SPP
modes in the multilayer gratings. Additionally, as the groove
width shrinks, the coupling gets even stronger, leading to the
significantly increased emission rate enhancement at position
(iii).
To show more clearly the influence of an emitter’s positions

and polarizations on the Purcell effect of multilayer
metamaterial nanostructures, electric field distributions of a
dipole emitter 10 nm above the multilayer surface and inside
the multilayer grating groove are illustrated in Figure 4. Figure
4a shows electric field magnitude distributions inside a
multilayer at three emission wavelengths, 550, 610, and 680
nm, to demonstrate the increasing LDOS for a dipole emitter
on top of a multilayer surface from the elliptical to the
hyperbolic dispersion region. The third column of Figure 4a

Figure 4. Simulated electric field magnitude distribution of QDs with emission wavelengths of 550, 610, and 680 nm on top of a multilayer (a) and
at 680 nm on and inside a multilayer grating (b). Three columns of electric field distributions are from dipole emission with x polarization (X-pol), y
polarization (Y-pol), and z polarization (Z-pol), respectively.
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shows that the z-polarized dipole strongly couples to the
multilayer and contributes mostly to the Purcell factor. As
emission wavelength moves from the elliptical to the ENZ and
hyperbolic regions, the electric fields from dipole emission
penetrate deeper into the multilayer. Figure 4b presents the
electric field magnitude distribution from an emitter with an
emission wavelength at 680 nm on top of and inside the groove
of a multilayer grating structure. The electric field intensity
distributions of x-, y-, and z-polarized dipole emission in Figure
4b correspond to the emission rate enhancement results shown
in Figure 3c. It is noteworthy that inside the grating groove y-
polarized dipole emission efficiently excites the high-k coupled
SPP modes across all the metal−dielectric interfaces in the
grating nanostructures (as shown in the middle plot of the
bottom row in Figure 4b), indicating the enhanced dipole−
multilayer coupling with the y-polarized dipole which provides
the major contribution to the high emission rate enhancement
inside the grating groove.

■ CONCLUSION

We have demonstrated multilayer metamaterial and multilayer
grating nanostructures with broadband Purcell effects for
CdSe/ZnS QD emission. Several-fold emission rate enhance-
ment is achieved with a large LDOS as the emission wavelength
goes from the elliptical to the hyperbolic dispersion regime
across the ENZ region of a multilayer metamaterial. Multilayer
gratings further enhance the QDs’ spontaneous emission as the
QDs located inside the grating grooves strongly interact with
high-k coupled SPP modes. Position and polarization effects on
QD emission rate enhancement are studied to reveal the
coupling mechanisms and further engineer the LDOS in
metamaterial nanostructures. Our results provide insight into
the understanding of QD−metamaterial interactions, especially
the broadband Purcell effect, LDOS manipulations with
different dispersions, and coupling to the high-k coupled SPP
modes, which have the potential for the development of
promising applications in light−matter interactions such as
light-emitting devices,36,37 nanoscale lasers,38,39 quantum
electrodynamics, and quantum information processing.40,41

■ METHODS

Sample Fabrication and Characterization. An electron-
beam evaporation system is used to deposit the multilayer stack
on silicon substrates at the rate of 0.2 Å/s for both Ag and SiO2
layers. The designed thickness for the Ag and SiO2 layer is 10
and 85 nm, respectively. Characterization of the optical
constant of each material is performed with a variable-angle
spectroscopic ellipsometer (VASE, J. A. Woollam Co. VB400/
HS-190). To obtain Ag and SiO2 layer thickness as denoted in
Figure 1, we measure the reflection spectrum of the multilayer
under normal incidence and fit it using the transfer-matrix
method. The grating on a multilayer is fabricated using focused
ion beam milling (FEI Helios Nanolab 600 DualBeam) with a
gallium ion current of 9.7 pA and an accelerating voltage of 30
keV. To prepare samples for time-resolved photoluminescence
measurements, the original CdSe/ZnS QD solution (QD
weight ratio 3%, solvent: chloroform) is diluted with a mixed
solution of PMMA (weight ratio 2%, solvent: anisole), anisole,
and chloroform, resulting in a final volume ratio of
PMMA:anisole:chloroform = 1:3:4 and final weight ratios for
QDs and PMMA of 0.05% and 0.2%, respectively. Then the
diluted QDs−PMMA solution was spin-coated on surfaces of

the multilayer, multilayer grating, and glass samples. The spin
lasted for 1 min with a spin speed of 1200 rpm, resulting in one
very thin PMMA matrix layer with an estimated thickness of 50
nm.

Theoretical Calculation and Numerical Simulations.
QDs are treated as ideal electric dipoles with internal quantum
efficiency η. The quantum efficiency for QDs is interpolated as
a function of wavelength using experimental values.35 The
Purcell factors experienced by a dipole emitter placed at a
distance of d above the planar multilayer with polarization
perpendicular (⊥) or parallel (∥) to the multilayer interface
are34

∫η η= − +⊥
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The two integrands are the normalized dissipated power
spectra for the perpendicular and parallel polarizations of the
dipole emitter with respect to that of a dipole in a vacuum.34 In
the weak coupling regime, the semiclassical theory is equivalent
to the quantum mechanical approach, and the LDOS
enhancement and the normalized dipole dissipated power
density are equivalent.12,26,34,42 The corresponding LDOS
enhancement is34
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where k0 is the magnitude of the wave vector in a vacuum, u =
kx/k0 is the wavevector component parallel to the multilayer
sur face normal i zed by the vacuum wavevector ,

ε= −k k uz 0 1
2 is the component of the wavevector

perpendicular to the multilayer interface, ∂1 is the relative
permittivity for the host material, PMMA, and rp,s is the
reflection coefficient at the interfaces for a p- or s-polarized
wave, respectively. In our theoretical calculation, the relative
permittivity for PMMA (∂1) is obtained from a reference, and
those for Ag and SiO2 are from our own characterization data
obtained during the fabrication process (see Supporting
Information).
All FEM simulations are carried out in COMSOL Multi-

physics. A point electric dipole is used to simulate the Purcell
factor for a dipole emitter on multilayer nanostructures. Results
of the electric dipole with polarization parallel (PF∥) and
perpendicular (PF⊥) to the multilayer surface are used to get
the average Purcell factor: PFiso = (1/3)PF∥ + (2/3)PF⊥, where
PFi = 1 − η + η(Pi,rad + Pi,nonrad)/P0 (i = ∥, ⊥). In the
simulation, P0, Pi,rad, and Pi,nonrad are evaluated as the total dipole
emission power into the homogeneous dielectric environment
(PMMA), total dipole radiative power into the far field, and the
dissipated power in the multilayer nanostructures, respec-
tively.11,17,34,43 To compare with emission rate enhancement
obtained from photoluminescence decay measurements, dipole
emitters at different heights away from the top surface of the
multilayers and at different locations inside the multilayer
grating grooves are considered in the simulations.
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Experimental Setup. QDs’ spontaneous emission lifetime
is measured by using a time-correlated single photon counting
system (PicoQuant Photonics). A picosecond-pulsed excitation
source is operated at an emission wavelength of 402 nm,
minimum pulse width of 52 ps, repetition rate of 10 MHz, and
mean excitation power of 0.25 μW measured at the entrance to
an objective lens (NA 0.5). This objective lens was used to
couple both excitation to and emission from the QDs. A single-
photon counting module was synchronized with the pulsed
excitation source to obtain the time-resolved photolumines-
cence intensity of the QD emission, by detecting the emission
signals from an optical fiber mounted on the side exit slit of a
spectrometer (Horiba IHR550). The QDs’ emission spectra are
obtained from a liquid N2 cooled CCD detector.
Photoluminescence Decay Curve Fitting. The sponta-

neous emission lifetime of the QDs on the multilayer sample
and glass substrate are obtained by fitting the experimental
photoluminescence decay data using a modified exponential
relaxation model:30−33

= +τ− β
I t I I( ) e t

0
( / )

b (5)

where τ is the decay lifetime after which the photoluminescence
intensity I(t) exponentially drops to 1/e of its initial value I0.
The modification parameter β describes the deviation of a
realistic multiexponential photoluminescence decay measured
in experiments from an ideal single-exponential decay model
that recovers when β = 1. The stretched exponential relaxation
model is a common choice to fit multicomponent exponential
decays such as QD emission presented in this study.30

Photoluminescence decay data within the full delay time limit
(100 ns) are used in the curve fitting with eq 5. The fitted β
values for the photoluminescence decay curves of QDs on a
multilayer (glass) in Figure 2c are 1.10 (0.94) at 570 nm, 1.09
(0.94) at 600 nm, and 1.02 (0.97) at 650 nm. The fitted β
values for QD decay curves on a multilayer grating (multilayer)
in Figure 3a are 1.00 (1.07) at 620 nm and 0.98 (1.02) at 650
nm. The coefficients of determination (R-squared) for all these
curve fittings are very close to 1 (ranging from 0.975 to 0.997),
indicating the model (eq 5) fits all data very well. Berberan-
Santos et al.30 have proved that the ensemble average emission
rate constant can be described as β/τ. Because all our fitted β
values are very close to 1, the emission rate enhancement is
obtained from the normalized fitted decay lifetime in the
current study to demonstrate enhancement effects of the
multilayer nanostructures for all possible QD emission
channels.
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