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Plasmonic nanostructures have been widely known for their notable capability to enhance

spontaneous emission of an electric dipole in their vicinity. Due to the availability of large optical

density of states at their metallic surface, the radiative and nonradiative decay channels are

dramatically modified. However, enhancement cannot be realized for any desired emissive dipole

as the plasmonic resonance frequency is mostly determined intrinsically by the existing plasmonic

materials. Although recent studies using metamaterial structures demonstrate a promising approach

of tuning the Purcell factor across the emission wavelength, many of the demonstrations lack

efficient radiative emission besides the fabrication complexity. Here, we show theoretically and

experimentally that a simple metal-dielectric-metal stratified architecture allows for high tunability

of the resonance frequency to obtain a maximum radiative decay rate for any desired dipole

peak emission wavelength. Owing to the effective cascaded plasmonic mode coupling across the

metal-dielectric interfaces, the proposed approach uniquely provides us with the ability to optimize

the plasmonic nanostructure for 100% radiative transmission and 3-fold radiative emission

enhancement. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4985337]

In recent years, planar plasmonic nanostructures have

attracted increasing attention thanks to their crucial role in

the theoretical comprehension of surface enhanced fluores-

cence (SEF),1 along with their wide applications in plas-

monic waveguided mode nanostructures,2 Raman scattering

spectroscopy,3–5 colour filters,6,7 energy transfer,8–11 and

light-emitting and -harvesting devices.12–17 It has been well

understood that excitation of the surface plasmon (SP)

modes at the surface of a metal gives rise to optical behav-

iour modification of a molecule in the vicinity of the metal

surface due to the large enhancement of the local electro-

magnetic field.18–23 More specifically, near-field coupling of

the SP modes of a metal surface with the evanescent emis-

sion of light emitters leads to a large Purcell factor and

enhanced spontaneous emission.24–27 This effect offers the

opportunity to manipulate the radiative and nonradiative

decay rates of an emitter near metallic nanostructures as a

result of the large optical density of states (DOS) available at

their metal-dielectric interfaces.18,28–31 However, despite the

fact that several studies have reported significant enhance-

ment of the fluorescence spontaneous emission rate, mostly

the radiative decay rate contribution in the total relaxation

rate has been suppressed by an extremely large nonradiative

decay rate.27,32 Also, the excitation enhancement plays a

considerable additional role in increasing the fluorescence

intensity.26,33–35 In planar nanostructures, the constructive

interference between incoming and reflected excitation

electromagnetic waves results in the excitation field

enhancement and consequently raises the fluorescence emis-

sion while the quantum yield is not improved.

The radiative emission enhancement is also affected by the

spectral overlap between the SP modes and molecular emission

spectra.24 This overlap is essential to derive efficient SP cou-

pling. Since this is possible for a limited number of existing

materials, e.g., most commonly silver and gold in the visible,

the radiative decay rate modification has been constrained to

certain frequencies. From the discussion above, in order to real-

ize a plasmonic structure benefiting from the enhanced radia-

tive emission, it is therefore critical not only to enhance the

radiative decay rate independent of the excitation pump but

also to be able to adjust the resonance coupling frequency at

any desired emission wavelength. Herein, we present theoreti-

cal and experimental demonstrations of the ability to tune sur-

face plasmon modes to achieve the maximum radiative decay

rate frequency of an emitting dipole in the vicinity of a simple

stratified metal-dielectric-metal structure. This is enabled by

efficient SP coupling at the metal-dielectric interfaces, which

leads to the highest electric field enhancement at the dipole

position in such an optimized cascade nanostructure. The

results show �100% transmission of the dipole emission peak

through an optimal structure. The design principle allows for

modifying the proposed geometry to obtain a maximum trans-

mission efficiency at any desired frequency. The current

approach uniquely provides us with the ability to reach the

highest plasmonic mode coupling to the far-field emission at

the interfaces by adjusting variable geometrical parameters

including the dielectric layer thickness.
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Figure 1(a) presents the schematic view of the proposed

configuration in which a thin film of an emissive layer [Tris

(8-hydroxyquinolinato) aluminum, Alq3] was deposited on

the layered metal-dielectric-metal plasmonic structure. This

stratified structure consists of an optimized thickness of

TPBi [2,20,200-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-benz-

imidazole)] that is sandwiched between two silver (Ag)

films. The thickness of TPBi is determined through numeri-

cal computation to achieve a maximum transmission/radia-

tive efficiency level at the desired emission frequency where

the SP mode coupling leads to the highest radiative emission.

In the numerical simulation, an emitting dye molecule was

modelled as a Hertzian dipole located at 5 nm distance from

the metal-dielectric stratified nanostructures (d1 ¼ 5 nm).

Parallel and perpendicular dipole moment orientations with

respect to the surface of the silver film were considered in

the calculations. We adopted and developed the energy flux

method presented by Chance, Prock, and Silbey (CPS

model),20,36,37 in which a precise separation of decay chan-

nels is provided to distinctly study the effect of SPs modes

on each of the decay rates (see supplementary material).

Following the CPS model, the normalized radiative decay

rate of an emitting dipole in front of an absorbing plasmonic

nanostructure can be obtained as

ĉr
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Here, q is the intrinsic quantum yield of the emitting dipole,

d̂1 is the normalized dipole distance to the nearest metal

surface, ld � �i
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� u2
p

where u is the integral variable, and

Rk and R? are the near-field reflection coefficients, which are

evaluated by defining the Hertz vectors at each layer and

applying appropriate boundary conditions at the metal-

dielectric interfaces for the parallel and perpendicular

dipoles. It is worth mentioning that the near-field reflection

coefficients here are a function of the metal films/spacer

layer thickness and refractive index, which accordingly

allows us to modify the radiative rates by adjusting these var-

iable parameters as long as the experimental limitations are

not violated. In the sample fabrication, since the nanoisland

formation and consequently high surface roughness are inev-

itable in the deposition of silver films with the thickness of

less than 20 nm,37,38 for both silver films in the cascaded

plasmonic nanostructure, a 20 nm thickness was chosen. This

choice results in an effective option to avoid unnecessary

metal film absorption in thicker configurations. Taking into

account the mentioned practical considerations and for the

sake of simplicity, we establish our calculations based on the

spacer layer thickness modification (see supplementary

material). Figure 1(b) shows the normalized radiative decay

rate of an isotropic dipole [ĉr
isoðxÞ ¼ ĉr

?ðxÞ þ 2=3 ĉr
k xð Þ]

with respect to the maximum rate for the stratified structure

with its spacer layer thickness varying from 60 to 160 nm.

Notably, one can see that the resonance condition (maximum

radiative decay rate) for a desired emission wavelength is

attainable by modifying the spacer layer thickness. For

instance, the maximum radiative decay rate at a dipole peak

emission wavelength of 525 nm occurs in the cascaded nano-

structure with a spacer layer thickness of 100 nm. This is

altered to 140 nm for an emitting dipole with an emission

wavelength of 600 nm. Such spectral tunability arising from

the engineering of the density of states and the efficient cou-

pling of surface mode to the far-field emission through the

FIG. 1. (a) Schematic configuration of the proposed metal-dielectric-metal stratified structure deposited on a quartz substrate with Alq3 as an emissive layer on

top of the plasmonic structure. The thickness of silver films is 20 nm and the spacer layer (TPBi) thickness varies from 40 to 200 nm to reach a resonance con-

dition. (b) Radiative decay rate of an emitting dipole in front of the stratified structure (normalized to the maximum rate) versus emission peak wavelength for

60, 80, 100, 120, 140, and 160 nm thick spacer layers. (c)–(f) Calculated electric field distribution ( Ezjj ) in the stratified structure with the spacer layer thickness

of 20 nm in (c), 60 nm in (d), 100 nm in (e), and 140 nm in (f) for an emitting dipole at the emission wavelength of 525 nm. The emissive layer is placed at the

top half space surrounded by the dielectric medium.
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stratified structure can be also verified by electric field map-

ping across the layers [Figs. 1(c)–1(f)]. Two-dimensional

full-wave electromagnetic simulation was used to illustrate

the field distribution for an emitting dipole through the strati-

fied structure with spacer layer thicknesses of 20, 60, 100,

and 140 nm. The initially excited dipole was placed at the

centre of top half-space, and its emission wavelength was

taken to be 525 nm. The vertical component of the electric

field was monitored across all metallic and dielectric layers

to perfectly illustrate the SP coupling modification as a func-

tion of the spacer layer thickness. Interestingly, substantial

electric field enhancement at the dipole position and across

all the layers has been observed in the stratified structure with

TPBi¼ 100 nm, which is a distinct consequence of dipole

near-field resonance coupling with the far-field modes of the

optimized stratified structure. In other words, the constructive

interference gives rise to the highest electric field oscillation

at the dipole position and the strongest SP mode coupling at

each of the metal-dielectric interfaces. Confirming the corre-

sponding results from the radiative decay rate calculations, an

excellent agreement was achieved with the electric field maps

to illustrate the remarkable potential of stratified structures in

tuning the decay rates.

Next, we focus on the effects of the cascaded nanostruc-

ture and the choice of the spacer layer thickness on the radia-

tive emission power of a dipole. Two regions of interest are

considered in the calculations: the upper free space [Fig.

2(a)] and the outermost space [Fig. 2(b)]. Here, the normal-

ized radiative power is taken as the ratio of the radiative

power of an emitting dipole in front of the cascaded structure

to the dipole radiation in the vicinity of a quartz substrate

(see supplementary material). Figure 2(a) shows the

normalized radiative emission for the isotropic dipole as a

function of the peak emission wavelength and the spacer

layer thickness. As can be clearly seen, the normalized radia-

tive power is highly dependent on the thickness of the spacer

layer (TPBi), leading to the precise control of emission

intensity for which both the radiative power enhancement

and attenuation are achievable at all dipole emission wave-

lengths by adjusting the spacer thickness. For the Alq3

dipole at a peak emission wavelength of 525 nm, the highest

radiative enhancement factor (REF) of 3.2 folds is found at a

spacer layer thickness of 105 nm, which is consistent with

the maximum radiative decay rate results in Fig. 1(b).

Similarly, the transmission power efficiency is obtained as

the ratio of the transmitted radiative power through two

absorbing metal films and the spacer layer in the stratified

structure to the transmitted dipole power in the proximity of

a quartz substrate through the nonabsorbing medium [Fig.

2(b)]. The theoretical calculation predicts �100% transmis-

sion at the optimum spacer layer thickness. The consistency

between the results presented in Figs. 1(b) and 2 demon-

strates the capability of the stratified plasmonic nanostruc-

ture in engineering the radiative channels at any desired

emission wavelength. Noting that the effect of external exci-

tation field was not considered in these calculations, the

resulting emission enhancement only results from the dipole

field modification due to the surface mode variation at the

metallic structure. To experimentally investigate these theo-

retical results, we have designed experimental samples based

on the optimal spacer thickness that was obtained from the

maximum radiative power enhancement calculation (Fig. 2)

for the emission wavelength of 525 nm (Alq3 peak emission

wavelength). In addition, two control samples with a single

silver layer of 20 and 40 nm in thickness were also prepared

for the comparison of emissive layer radiation intensities in

the cases of single metal film and stratified structure configu-

rations. The excitation was applied from the Alq3 side and

the photoluminescence (PL) intensity was measured from

either the Alq3 side (radiative power enhancement measure-

ment) or the quartz substrate side (transmission measure-

ment) (see supplementary material for details). Figures 3(a)

and 3(b) show the measured PL intensities for the emissive

layer on the substrate (reference sample), the stratified struc-

ture, and the single-layer structure, for which the PL was col-

lected from the emissive layer and substrate sides of the

samples, respectively (indicated by the arrows in the sche-

matics). From Fig. 3(a), one can see that all of the stratified

and the single-layer structures show enhancement in the radi-

ative emission compared to the reference sample. However,

in the stratified structure, thanks to the most efficient SP cou-

pling across the metal-dielectric interfaces, a 3-fold radiative

emission enhancement was observed from the emissive

layer, which is almost 2.5 times greater than the best

enhancement obtained from the single metal film structures

[see Fig. 3(a) black and red lines]. Such enhancement arises

from efficient alignment of the emission spectrum with DOS

in the optimized stratified structure (TPBi¼ 100 nm), while

in single metal film configurations, the coupling tunability

is not available due to the fixed silver film SP spectra.

Moreover, almost 100% transparency of the optimized strati-

fied structure at the Alq3 peak emission wavelength can be

FIG. 2. Calculated radiative power for an isotropic emitting dipole (placed

at the distance of d1 ¼ 5 nm from the stratified structure) versus peak emis-

sion wavelength and the spacer layer thickness, wherein the radiative power

was calculated from (a), the emissive layer and (b), the substrate side of the

samples.
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verified in Fig. 3(b), whereas the single-layer structures with

the silver film thicknesses of 20 and 40 nm show only 35%

and 10% transparency, respectively. As a result, in the

absence of efficient SP resonance coupling, only 10%–12%

transmission of dye molecule emission is expected from a

stratified structure with two 20 nm-thick metal films, while

an optimized thickness of TPBi supports the surface modes

at the Ag/TPBi and TPBi/Ag interfaces and results in near-

unity transmission at the specific resonance frequency. It is

also important to note that the narrower Alq3 emission spec-

trum with a full-width at half maximum of 50 nm in front of

the stratified structure is observed, indicating the spectral fil-

tering behaviour of this plasmonic configuration. Besides the

effect of decay rate modification on the emission enhance-

ment, the extinction coefficient of the emitting molecule

may profit from the excitation field enhancement. The stand-

ing waves that are formed from the reflection of incident

excitation field at the interfaces can boost the dye molecule

excitation rate. To quantitatively evaluate the experimental

results, the radiative enhancement factor (REF) is defined by

considering the excitation enhancement in addition to the

radiative decay rate in the calculations as follows:

REF ¼ Istratified

I0

¼ Pstratified

P0

Aexciation; (3)

where Istratified and I0 are the measured PL intensities from

the stratified and reference samples, respectively, Pstratified

and P0 are the calculated emission power through the strati-

fied and reference structures, respectively, and Aexciation is the

excitation enhancement factor that is calculated at the dipole

position at the laser emission wavelength of 405 nm. Figures

4(a) and 4(b) depict REFs that were obtained by the theoreti-

cal calculation (solid line), the 2D full-wave simulation

(open circle), and the experimental measurements (square)

using the stratified structure at the Alq3 peak emission wave-

length of 525 nm as a function of the spacer layer thickness

varying from 30 to 180 nm. From Fig. 4(a) for which the PL

intensities were collected from the emissive layer side, the

dependency of REF on the spacer layer thickness can be ver-

ified. One may notice that REF can be even smaller than

unity (TPBi¼ 60 nm); however, in most of the cases, the

enhancement is greater than one. This behaviour emphasizes

the destructive/constructive role of the interference in the

stratified configurations changing with the spacer layer thick-

ness and indicates the significance of an optimized design to

achieve the resonance matching point at the emission wave-

length with the geometrical parameters of the proposed plas-

monic structure. Here, note that both the effective excitation

cross-section at the dipole position and the decay rate

enhancement have been taken into account in the REF calcu-

lation presented in Fig. 4. Accordingly, the maximum calcu-

lated REF given in Fig. 4(a) is 3.5, while it was obtained to

be 3.2 considering only the effect of radiative decay rate

[Fig. 2(a)], which confirms a negligible role of the excitation

cross-section in our plasmonic configuration.

In summary, we have theoretically and experimentally

demonstrated a metal-dielectric-metal stratified structure to

tune and enhance the radiative emission rate. We showed

that the radiation enhancement reaches a maximum in this

stratified architecture with an optimized choice of the

spacer layer thickness. A 3-fold radiation enhancement and

100% transmission efficiency, resulting from the stratified

structure with a spacer layer thickness of 100 nm for an

emitting dipole at the peak emission wavelength of 525 nm,

were obtained. Exploiting this effect in active devices such

as light-emitting diodes and bio-sensors may hold great

promise to enable high efficiency at a targeted operating

wavelength.

FIG. 3. Photoluminescence intensity measurements radiated from an emis-

sive layer in the front of the stratified structure (green), the single layer con-

figuration with the metal thickness of 20 nm (red), and 40 nm (black) and the

Alq3 on the quartz substrate (blue). The thickness of silver film and spacer

layer in the stratified structure is 20 nm and 100 nm, respectively.

FIG. 4. Radiative enhancement factor

(REF) obtained from theoretical calcula-

tion (solid line), COMSOL simulation

(circle), and experimental measurements

(square) using Eq. (3) where the photo-

luminescence spectra were collected

from the emissive layer (a) and the

quartz substrate (b) sides of the samples.

The emission wavelength in the theoret-

ical calculations and COMSOL simula-

tions is 525 nm.
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See supplementary material for theoretical method and

simulations used and experimental details.
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