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Controlling the recombination rate of
semiconductor active layers via coupling to

dispersion-engineered surface plasmons
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The coupling between excited electron-hole pairs in semiconductor active layers and surface plasmon polari-
tons in metallo-dielectric stacks is investigated. These structures can be used to engineer the surface-plasmon
dispersion properties so as to introduce tunable singularities in the photonic density of modes, and hence in the
recombination rate of nearby active media. A detailed theoretical study of this effect is presented together with
the experimental demonstration of geometrically tunable increased recombination in GaN/AlGaN quantum
wells via near-UV photoluminescence measurements. If combined with a suitable geometry to efficiently scat-
ter the emitted surface waves into radiation, this approach can be used for light-emission efficiency enhance-
ment at tunable wavelengths. © 2008 Optical Society of America

OCIS codes: 240.6680, 250.5230.
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. INTRODUCTION
urface plasmon polaritons (SPPs) at metal/dielectric in-
erfaces are currently the subject of extensive research ef-
orts, motivated by a wide range of applications in the ar-
as of subwavelength integrated optics, sensing, and
ptoelectronics [1]. This interest stems from the unique
ptical properties of SPPs, most notably their strongly lo-
alized optical fields near the interface and their highly
nhanced density of modes near their resonance fre-
uency �SPP. An important phenomenon directly related
o these properties is the ability of metal surfaces to
odify the lifetime of nearby light emitters. Specifically, if

he surface lies within the near-field of a radiating dipole,
he dipole decay rate can be greatly enhanced through the
irect excitation of SPPs, particularly if its oscillation fre-
uency closely matches the resonance �SPP. In the case of
n ideally flat metal/dielectric interface, this process
eads to a decrease in the intensity of the emitted radia-
ion, since SPPs are guided modes bound to the interface
nd therefore inherently nonradiative. On the other
and, if the emitted SPPs are efficiently coupled to radia-
ion by a structure providing the required in-plane mo-
entum matching (e.g., a grating), the end result can be a

ubstantial increase in the overall radiative emission
ate.

While these phenomena have been known for many
ears [2–5], they are presently the subject of revived in-
erest due to the emergence of new applications and con-
inuous advances in nanophotonics. Of particular techno-
ogical importance is the use of SPPs to control the
ecombination rate of semiconductor active layers [6–12].
his approach was initially demonstrated in [6] through
he observation of a pronounced dip in the photolumines-
ence (PL) of an InGaN/GaN quantum well brought
0740-3224/08/081328-8/$15.00 © 2
bout by a nearby silver film. Subsequently, large PL en-
ancements mediated by SPPs have been reported with
itride quantum wells [10,11], bulk ZnO [12], and other
olid-state systems such as dye-doped polymers [13], sili-
on quantum dots [14], and erbium-doped glass [15]. SPP-
nhanced electroluminescence from a nitride-based light-
mitting diode (LED) has also been demonstrated
ecently [16]. In many of these measurements, efficient
oupling of the emitted SPPs to radiation was simply pro-
ided by the natural roughness of the metal film, and the
ize of the observed enhancement (or de-enhancement
6,9,11]) was determined by the interplay between the
PP scattering efficiency and the radiative efficiency of
he underlying active layer [17,11]. Other applications of
PP-mediated recombination (not necessarily requiring
fficient outcoupling) include increasing the modulation
andwidth of LEDs for short-range optical communica-
ions, controlling saturation-induced optical nonlineari-
ies, and laser cooling of solids [18].

A critical requirement for these and other applications
f light at metal surfaces is a close match between the
PP resonance and the optical frequency of interest, e.g.,
he emission frequency in the case of SPP-enhanced re-
ombination. If a single planar metal/dielectric interface
s used, �SPP is entirely determined by the dielectric func-
ions of the two materials across the interface, whose
hoice is often constrained by other application-specific
onsiderations. Thus, the practical development and
road applicability of many SPP-based technologies will
equire an effective technique to geometrically tune by de-
ign the SPP resonance. Two- and three-dimensional
anostructures, including photonic crystals [7,8], nano-

slands [14,15,19], nanospheres [20], and nanoshells [21]
re all suitable to this purpose at the expense, however, of
008 Optical Society of America
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ncreased fabrication complexity. An alternative approach
s the use of SPPs in planar metallo-dielectric hetero-
tructures, which allow tailoring the SPP dispersion
urves so as to introduce tunable singularities in their
ensity of modes [22,23]. Incidentally, the resulting
ispersion-engineered tunable SPPs are also promising
or other applications of metal optics ranging from
avelength-specific surface-enhanced sensing to sub-
avelength waveguiding, slow light, and negative

efraction [24,25].
The ability of metallo-dielectric stacks to increase the

ecombination rate of nearby active layers at tunable
avelengths has first been theoretically investigated in

22]. In that work, the SPP dispersion characteristics
ere computed by treating all metal films as ideal free-
lectron gases, and the excitation of these modes by a
earby emissive layer was studied with Fermi’s golden
ule. This treatment provides a simple and intuitive de-
cription of the resulting recombination rate enhance-
ent; however, it does not account for the SPP damping

osses in the metals, a simplification which can be ex-
ected to limit its quantitative predictive accuracy. To im-
rove upon this initial analysis, here we use a more rig-
rous theoretical model of fluorescence near metal
urfaces [4,5] and we describe all metals by means of
heir experimentally determined complex dielectric func-
ions [26,27] rather than the elementary Drude response.
urthermore, we present the results of PL measurements
ith GaN/AlGaN quantum wells coated with suitable
etallo-dielectric stacks, showing markedly enhanced re-

ombination (leading to a decrease in the collected light
ntensity) at tunable wavelengths consistent with simula-
ions. Both theoretical and experimental results confirm
he effectiveness of this approach to engineer the SPP dis-
ersion properties and validate its promise for the afore-
entioned applications, especially if combined with an

ffective SPP scattering mechanism (e.g., roughness or a
rating in the uppermost dielectric layer).

. THEORY
o illustrate the tunability offered by metallo-dielectric
eterostructures, in Fig. 1 we plot the SPP dispersion
urves of a single semi-infinite Ag film [Fig. 1(a)] and of a
6 nm�Ag/ �9 nm�TiO2/ �25 nm�Au/TiO2 stack [Fig. 1(b)]
eposited on GaN substrates. These curves were com-

ig. 1. (Color online) SPP dispersion curves of (a), a single Ag
ubstrate. The dashed straight line in each plot is the light line
omponent of a representative SPP mode [the mode at k=80 �m−

he dotted circle in (b)]. These field profiles were computed by
olutions with the electromagnetic boundary conditions.
uted from Maxwell’s equations using the experimental
ielectric functions reported in [26] for Ag and Au and in
28] for GaN; for simplicity the imaginary parts of all di-
lectric functions have been neglected in these calcula-
ions (their effect is, however, fully included in the com-
utation of the enhancement factor presented below). As
hown in Fig. 1(a), in the case of a single metal film the
lope d� /dk rapidly increases as the photon energy is de-
reased below ��SPP (�2.85 eV for Ag on GaN). As a re-
ult the SPP density of modes (which is inversely propor-
ional to d� /dk) and associated emission rate are peaked
ear ��SPP, and rapidly drop off away from this reso-
ance. Thus, the use of a single Ag film to increase the re-
ombination rate is suitable for nitride active layers emit-
ing near 2.8–2.9 eV (in the blue-violet spectral region),
onsistent with experiments [6,9–11,16].

In the case of metallo-dielectric heterostructures such
s the Ag/TiO2/Au/TiO2 stack of Fig. 1(b), the SPP dis-
ersion curves can be substantially modified by properly
electing the layer thicknesses. In particular, through the
ixing and anticrossing of SPP modes localized at neigh-

oring interfaces it is possible to cause a flattening of
hese curves, and hence singularities in the SPP density
f modes, at photon energies that are tunable by design
22]. An example of such flattening is indicated by the
ircle in Fig. 1(b). The SPP modes within this region are
elocalized across the entire stack and have relatively
arge penetration depths in the GaN light-emitting sub-
trate. (The transverse electric-field component of one of
hese modes is plotted in the inset.) Combined with the
arge density of such modes, this leads to a strongly en-
anced SPP emission rate in their spectral vicinity (in the
reen spectral range around 2.4 eV). It should be noted
hat no single metal film based on materials commonly
sed with nitride semiconductors could provide a SPP
esonance in this spectral region. Furthermore the photon
nergy of peak enhancement can be tuned over a rela-
ively wide range by varying the thicknesses of the metal
nd dielectric layers in the stack [22].
The recombination rate enhancement produced by

hese structures can be determined using a classical
odel of fluorescence near metal surfaces, which allows

omputing the emission rates over the entire k-�� plane,
nd which has proven quite accurate in describing a wide
ange of situations [4,5,7,29]. In this model the emissive
ayer is treated as a plane of electric dipole sources of fre-

d (b), a �6 nm�Ag/ �9 nm�TiO2/ �25 nm�Au/TiO2 stack on a GaN
N. Also shown in the inset of each graph is the transverse field
the single dispersion curve of (a) and from the curve denoted by

g Maxwell’s equations in all layers involved and matching the
film an
in Ga

1 from
solvin
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uency �, whose radiated field is Fourier expanded in a
um of plane or evanescent waves over all values of the
n-plane wavevector k. For all these component waves,
he correspondingly reflected waves from the metallo–
ielectric stack are calculated using a matrix technique to
ccount for the multiple interfaces [30], and their ampli-
udes are then added. The spontaneous emission rate
into both radiative and SPP modes) � is then computed
s the work-per-unit time done by the dipole on the radia-
ion field, i.e. [4,5],

� = −
�

2
Im�p* · E�, �1�

here p is the dipole moment and E the total (emitted
lus reflected) field at the dipole location. This rate is fi-
ally divided by the same quantity in the absence of any
etallo-dielectric layers ��0� to yield the spontaneous-

mission-rate enhancement F�� /�0 (analogous to the
urcell factor).
The result of this analysis depends on whether the di-

oles are perpendicular (�) or parallel (�) to the interfaces
nd can be written as follows [4,5]:

F� = Re�
0

�

dk
3

2

�k/ksub�3

�ksub
2 − k2

�1 + rp�, �2�

F� = Re�
0

�

dk
3

4

k/ksub

�ksub
2 − k2

��1 + rs�

+ 	1 − �k/ksub�2
�1 − rp��. �3�

ere ksub=���sub/c is the wavenumber in the light-
mitting substrate, and rp and rs are the reflection coeffi-
ients describing propagation from the active layer into

ig. 2. (a) Spontaneous-emission-rate enhancement factor for a
cale color map on the k-�� plane. (b) Same as (a) for the metallo-
actor of the single-Ag configuration of (a) integrated over k and
etween the active layer and the Ag film of 10, 8, and 6 nm
etallo-dielectric stack of Fig. 1(b). The small periodic modulation

ue to the finite grid size used in the integration of (a) and (b).
he metallo-dielectric stack and back into the active layer
or p- and s-polarized light. These reflection coefficients
re computed numerically using a matrix formalism
ased on standard Fresnel theory [30] with the experi-
ental dielectric functions of all layers involved [26–28]

including their imaginary parts). Specifically,

rs�p� =
MJ 21

s�p�

MJ 11
s�p�

, �4�

here MJ s�p� is a 2�2 matrix describing how the complex
mplitudes of s�p�-polarized forward- and backward-
raveling plane waves evolve from the emissive layer to
he plane immediately past the last interface in the stack.
he detailed procedure and all relevant formulas used to
alculate MJ s�p� as a function of k and � can be found in
ection 4.9 of [30]. It should be noted that the resulting
eflection coefficients rp and rs depend in an exponential
ashion on the spacer-layer thickness between the radiat-
ng dipoles and the first metallic interface, as they also in-
lude the phase and amplitude change due to the round
rip in this layer. Finally, if the spontaneous emission rate
an be assumed to be isotropic, the overall enhancement
actor is given by the average F= �2F�+F�� /3.

Shown in Figs. 2(a) and 2(b) are the results of this
nalysis for the single Ag film of Fig. 1(a) and for the
g/TiO2/Au/TiO2 stack of Fig. 1(b), respectively, assum-

ng an 8 nm GaN spacer between the active layer (e.g., an
nGaN quantum well) and the Ag film. Specifically, the
og10-scale color maps displayed in these figures give the
ontribution to F���� from the component wave of in-
lane wavevector k [from the integrands of Eqs. (2) and
3)], plotted as a function of k and ��. The SPP modes of
he dispersion curves of Figs. 1(a) and 1(b) are clearly

Ag film on a nitride light-emitting structure, plotted as a log10-
ric stack of Fig. 1(b). (c) Spontaneous-emission-rate enhancement
d versus free-space wavelength �, assuming a spacer thickness
der of increasing peak enhancement). (d) Same as (c) for the
ved in the long-wavelength range of (c) and (d) is numerical noise
single
dielect

plotte
(in or
obser
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een in these figures to produce a large enhancement in
he spontaneous emission rate, by an amount that de-
ends on their damping rate and their penetration depth
nto the emissive layer. The resulting enhancement fac-
ors F (integrated over all values of k and plotted versus
hoton energy �� and wavelength �) are shown in
igs. 2(c) and 2(d) for the structures of Figs. 1(a) and 1(b),
espectively, for three different values of the spacer thick-
ess (10, 8, and 6 nm). These curves display a pronounced
eak near 2.85 and 2.4 eV (435 and 515 nm), respectively,
onsistent with the small slope d� /dk and hence large
PP density of modes observed in the dispersion curves of
igs. 1(a) and 1(b) at these photon energies. These results
herefore clearly illustrate the ability provided by
etallo-dielectric heterostructures to control the SPP

esonance frequency. At the target photon energy of
.4 eV of this example, use of the Ag/TiO2/Au/TiO2 stack
roduces a large (up to tenfold) increase in the enhance-
ent factor F compared to the single Ag film case.
In Fig. 3 we show similar results for a

4 nm�Al/ �10 nm�HfO2/ �10 nm�Ag/HfO2 stack on AlGaN,
esigned for maximum enhancement around 3.5 eV
350 nm� in the near UV. In order to access this relatively
igh photon-energy range, Al is used as the bottom metal
lm given its large plasma frequency (��SPP	5 eV for Al
n AlGaN). Furthermore, HfO2 is used here instead of
iO2 because of its larger bandgap, preventing absorption
f near-UV light; at the same time both HfO2 and TiO2
eature a relatively high dielectric constant, close to that
f nitride semiconductors, which is favorable for strong
PP coupling with the nitride substrates. The k-resolved
nd integrated enhancement factors provided by this
tack are plotted in Figs. 3(b) and 3(d), together with
hose of a single semi-infinite Al film [Figs. 3(a) and 3(c)].
nce again the multiple-layer geometry allows tuning the

ig. 3. (a) Spontaneous-emission-rate enhancement factor for a
hickness of 8 nm, plotted as a log10-scale color map on the k-�
tack. (c) Spontaneous-emission-rate enhancement factor of the s
pace wavelength �, assuming a spacer thickness between the act
nhancement). (d) Same as (c) for the metallo-dielectric stack of
nhancement peak away from the natural resonance of
he single-layer arrangement (�5.2 eV or 240 nm in this
ase). The peak enhancements shown in this figure are
gain large enough to produce a substantial change in the
ecombination rate, although they are smaller than in the
revious example due to the larger SPP damping rate in
l compared to Ag. It should also be noted how the anti-
rossing between the Al and Ag SPP dispersion curves
roduces a well-defined gap in the local SPP density of
odes, and correspondingly a dip in the enhancement fac-

or, which is clearly visible in Fig. 3(d) around 3.3 eV
375 nm�.

A further point regarding these simulations that needs
o be discussed concerns the upper integration limit kupp
sed in calculating the traces of Figs. 2(c), 2(d), 3(c), and
(d). This parameter should not exceed a maximum value
hat is fundamentally determined by the spatial localiza-
ion properties of the radiating electron-hole pairs. A mea-
ure of such localization is provided by the exciton Bohr
adius, which is computed to be about 29 Å in bulk GaN
and smaller in nitride quantum wells) using the stan-
ard Coulomb model of excitons [31]: The corresponding
aximum kupp value is thus greater than �29 Å�−1

340 �m−1. In the calculations of Fig. 2 and Fig. 3 we
ave used the upper integration limits kupp=275 �m−1

nd 300 �m−1, respectively. These were chosen as large
nough so that their exact value does not affect the calcu-
ation results in the spectral region of interest in these ex-
mples (around 2.4 eV and 3.5 eV, respectively, where the
tacks enhancement factors are peaked). At the same
ime, these values of kupp are well below the fundamental
imit just discussed so that their use is fully justified.

Finally, we discuss the relationship between the en-
ancement factor F introduced in this section and the cor-
esponding change in the overall light emission efficiency,

Al film on a nitride light-emitting structure, assuming a spacer
e. (b) Same as (a) for a �4 nm�Al/ �10 nm�HfO2/ �10 nm�Ag/HfO2

l configuration of (a) integrated over k and plotted versus free-
er and the Al film of 10, 8, and 6 nm (in order of increasing peak
single
� plan
ingle-A
ive lay
(b).
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hich is a more directly accessible and technologically im-
ortant experimental parameter. In the presence of
earby metal films, light can be radiated both directly
nd through the excitation and subsequent scattering of
PPs. The resulting (external) efficiency 
� can then be
ritten as


� =
�0�

�0� + �nr + �SPP

extr

rad +
�SPP

�0� + �nr + �SPP

extr

SPP, �5�

here �0�, �nr, and �SPP are the recombination rates due to
mission of radiation, nonradiative processes, and emis-
ion of SPPs, respectively, and 
extr

rad �
extr
SPP� is the extrac-

ion efficiency of the emitted photons (SPPs). In the
bsence of nearby metal films, the light emission
fficiency 
 is


 = 
int
extr
rad =

�0

�0 + �nr

extr

rad , �6�

here the radiative emission rate �0 is different from that
f Eq. (5) ��0�� due to the changes in the density of radia-
ion modes brought about by the metallo–dielectric inter-
ace. In particular, in the case of an isotropic dipole emit-
er near a perfect mirror, the ratio �0� /�0 approaches 2/3
f the emitter/mirror separation is small relative to the
avelength [5] (as in all the experimental samples consid-

red in this work).
Using Eqs. (5) and (6) and the definition of the en-

ancement factor F=� /�0= ��0�+�SPP� /�0, we find for the
PP-induced change in overall light emission efficiency


�



=

�0�/�0 + �F − �0�/�0�
extr
SPP/
extr

rad

1 + �F − 1�
int
. �7�

his expression can be used to identify under what condi-
ions coupling to SPPs leads to an increase versus a de-
rease in light emission. In particular, in the limit where

is very large the ratio 
� /
 approaches 
extr
SPP/ �
int
extr

rad �,
o that the emission efficiency is enhanced when
int
extr

rad �
extr
SPP. Equation (7) will be used in the next

ection to relate the measured changes in PL efficiency to
he corresponding calculated spontaneous-emission-rate
nhancement factors F.

ig. 4. (Color online) (a) Measured PL spectra of three adjace
ncoated, one coated with a single Al film, and one coated with
pectra of two other adjacent samples from the same wafer: One
hinner Al film). Inset: Arrhenius plot of the integrated PL inten
. EXPERIMENTAL RESULTS
xperimental evidence of the effectiveness of metallo-
ielectric stacks to control spontaneous emission has been
btained with GaN/AlGaN quantum-well samples emit-
ing in the near UV. In particular, below we discuss rep-
esentative data measured with a GaN/Al0.10Ga0.90N
ingle-quantum-well structure on an Al0.30Ga0.70N tem-
late layer, grown on c-plane sapphire by molecular beam
pitaxy. The GaN well layer has a nominal width of 20 Å
nd is doped n-type with Si; the upper Al0.10Ga0.90N bar-
ier, which provides the spacer between the radiating di-
oles (the quantum confined electron-hole pairs) and the
verlaying metals, has a thickness of 10 nm. The metal
nd dielectric films were deposited over the epitaxial ma-
erial by electron-beam evaporation, with the deposition
ates carefully calibrated in a series of test runs so as to
ccurately produce the desired thicknesses.
The resulting samples were then characterized via PL
easurements with a HeCd pump laser providing about
mW of s-polarized cw output power at 325 nm. To avoid

ny complication related to light transmission through
he deposited metal and dielectric films, the quantum-
ell emission was both photoexcited and collected

hrough the sapphire substrate at a grazing angle of
bout 45°. The emitted light was analyzed with a mono-
hromator with 250-�m-wide slit openings, using an inte-
ration time of 250 ms. The contribution to the measured
ignal due to backscattering of the pump light was found
o be minimal in each scan. Temperature-dependent PL
easurements were also carried out, with an uncoated

ample mounted on the cold finger of a liquid-helium cry-
stat, in order to evaluate the internal quantum efficiency
int as discussed below.
Shown in Fig. 4(a) are the measured emission spectra

f three adjacent pieces from this wafer, one with no
etal coverage (dashed-dotted curve), one capped with a

ingle 40-nm-thick Al film (dashed curve), and one coated
ith a Al/HfO2/Ag/HfO2 stack aimed at reproducing that

f Fig. 3 (solid curve). The control sample with the single
l film (i.e., the bottom film of the stack under study) al-

ows us to identify, from the experimental results, effects
elated to the SPP dispersion properties of the stack as
pposed to effects related to the optical properties of Al
nd of the Al/AlGaN interface. For example, the contri-

ples from the same GaN/AlGaN quantum-well structure: One
allo-dielectric stack designed to reproduce that of Fig. 3. (b) PL
ed and one coated with a similar metallo-dielectric stack (with a
om a reference uncoated sample.
nt sam
a met
uncoat
sity fr
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ution to the measured PL due to SPP scattering can be
ssumed to be similar in the two coated samples, since
he bottom metal/dielectric interface is the same in both
amples. It should be noted that, due to the backside
umping geometry used in these measurements, the
umping efficiency is roughly proportional to 1+R, where
is the power reflection coefficient of the upper surface.

his parameter can be taken to be �1 for the metal-
oated samples and �0.26 for the uncoated reference
iece (using Fresnel theory with a refractive index of 2.3
or the nitride substrate [28] and accounting for the 45°
ngle of incidence from air and s polarization of the pump
eam). Thus, for a fairer comparison the emission spec-
rum of the latter sample in Fig. 4(a) has been multiplied
y the factor �1+1� / �1+0.26�=1.6.
In Fig. 4(b) the solid curve is the measured PL spec-

rum of another sample from the same wafer, coated with
similar Al/HfO2/Ag/HfO2 stack as in Fig. 4(a), except

hat the deposition time of the Al film was reduced by
30% (producing an estimated thickness of about 3 nm).
or reference, also shown in Fig. 4(b) is a simultaneously
easured emission spectrum of an immediately adjacent

ncoated piece (dashed-dotted curve), rescaled by a factor
f 1.6 as described in the previous paragraph. Qualita-
ively, the solid line in this figure resembles the corre-
ponding trace of Fig. 4(a). A more detailed comparison,
owever, reveals evidence of tuning of the spontaneous-
mission-rate enhancement spectrum through the geom-
try of the stack, as discussed below. At the same time,
he two reference PL spectra of Figs. 4(a) and 4(b) are es-
entially identical to each other in shape, which rules out
ny effect due to possible epitaxial thickness variations
n the plane of the wafer.

No SPP-induced light emission efficiency enhancement
s observed with these samples, indicating insufficient
oughness in the deposited films to effectively scatter the
mitted SPPs into radiation. Therefore, the increased re-

ig. 5. (Color online) (a) Emission-intensity ratio between the
eference uncoated sample and the multiple-layer sample of
ig. 4(a) (solid curve), between the reference sample and the
ultiple-layer sample of Fig. 4(b) (dashed-dotted curve), and be-

ween the reference sample and the Al-coated sample (dashed
urve). (b) Theoretical emission-intensity ratios for the three
tructures of (a), computed as discussed in the text.
ombination rate due to emission of SPPs at the
emiconductor/metal interface manifests itself as a de-
rease in the amount of collected light [6,9,11]. From the
ata of Fig. 4(a), this effect is significantly stronger in the
tack-coated sample compared to the sample with the
ingle Al film, by a factor of about 6 based on the peak val-
es of their respective PL spectra. This indicates that, in
he former sample, the excited electron-hole pairs (emit-
ing near 350 nm or 3.5 eV) are more strongly coupled to
he nearby SPPs and hence experience a larger
ecombination-rate enhancement, consistent with the
imulation results of Figs. 3(d) and 3(c). To further illus-
rate this point, in Fig. 5(a) we plot the emission-intensity
atio between the reference uncoated sample and the
ultiple-layer sample of Fig. 4(a) (solid curve), between

he uncoated sample and the multiple-layer sample of
ig. 4(b) (dashed-dotted curve), and between the uncoated
ample and the Al-coated sample of Fig. 4(a) (dashed
urve). It should be noted that the shapes of these traces
losely resemble the theoretical recombination-rate en-
ancement factors F���� of Figs. 3(d) (for the multiple-

ayer samples) and 3(c) (for the Al-coated sample). This is
lso consistent with expectations [6], since the larger F is,
he more SPPs are emitted and (in the present case) even-
ually lost in the flat metal films, at the expense of radia-
ive waves at the same wavelength.

For a more quantitative comparison between our theo-
etical and experimental results, we have used the recip-
ocal of Eq. (7) to calculate the emission-efficiency ratio
/
� between a reference uncoated sample and each
oated structure of Fig. 4. These ratios can be expected to
ccurately reproduce the corresponding emission-
ntensity ratios of Fig. 5(a), given that the relevant
mission-intensity spectra were measured side by side
nd under the same conditions. The physical parameters
equired to evaluate Eq. (7) were determined as follows.
irst, the internal quantum efficiency 
int of the uncoated
uantum-well material was obtained from the ratio be-
ween the measured PL intensities at room temperature
nd near 10 K [32]. An Arrhenius plot of the integrated
L intensity of a reference uncoated sample is shown in

he inset of Fig. 4(b). From these data, an internal quan-
um efficiency of about 28% is found, which is consistent
ith previous reports of similar quantum-well structures

33]. Second, the radiative-emission-rate ratio �0� /�0 was
aken to be equal to 2/3, as discussed in Section 2 [5].
hird, the extraction-efficiency ratio 
extr

SPP/
extr
rad was taken

o be zero so as to maximize the calculated emission effi-
iency de-enhancement 
 /
� and, correspondingly, opti-
ize the agreement between theoretical and experimen-

al results (see below). This is a reasonable inference,
hich implies that all metal/dielectric interfaces in our

amples lack the degree of roughness required for the
fficient scattering of the emitted SPPs into radiation.
inally, the spontaneous-emission-rate enhancement fac-

or F was computed for each coated structure using the
ormalism described in Section 2. In these calculations
he refractive index of the nitride substrate was adjusted
o maximize the agreement with the measured data; a
alue of 2.3 was used, which is reasonable for the alloy
omposition and carrier density of the experimental
amples [28].
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The results of this analysis are shown in Fig. 5(b),
here the solid curve corresponds to a

4 nm�Al/ �10 nm�HfO2/ �10 nm�Ag/HfO2 stack [as in the
ultiple-layer sample of Fig. 4(a)]; the dashed-dotted

urve corresponds to a �3 nm�Al/ �10 nm�HfO2
�10 nm�Ag/HfO2 stack [as in the multiple-layer sample
f Fig. 4(b)]; and the dashed line corresponds to a single
l layer. The overall agreement between these theoretical

races and the corresponding experimental curves of
ig. 5(a) is quite remarkable. In particular, the expected
esonance peak in the emission-intensity ratio brought
bout by the Al/HfO2/Ag/HfO2 stacks is clearly observed
n both theoretical and experimental plots. Furthermore,
n both figures this peak undergoes an obvious red shift
s the thickness of the Al film is decreased. Quantita-
ively, the spectral positions of all measured features
gree extremely well with the corresponding calculated
alues. On the other hand, the theoretical peak values are
maller than the experimental ones (which incidentally
upports the assumption of negligibly small 
extr

SPP/
extr
rad

ade in our calculations) by �25%. This discrepancy is,
n any case, reasonably small given the many parameters
sed to evaluate F and 
 /
�, and can be ascribed to un-
ertainties in these parameters’ values. These results
herefore fully substantiate the ability of metallo-
ielectric heterostructures to tune the resonance of SPPs
nd, more in general, to engineer their dispersion charac-
eristics.

. SUMMARY
n conclusion, we have presented a theoretical and experi-
ental study of the coupling between excited electron-
ole pairs in semiconductor active layers and SPPs in
anoscale metallo-dielectric stacks. The results indicate
hat these heterostructures can be effectively used to en-
ineer the SPP dispersion properties so as to introduce
unable singularities in the photonic density of modes. If
he optical frequency of such resonances coincides with
he emission frequency of nearby radiating dipoles (e.g.,
lectron-hole pairs), their decay (recombination) rate is
trongly enhanced. This effect has been investigated with
rigorous theoretical model in which the SPP damping

osses in the metals are included explicitly. Experimental
vidence of enhanced recombination has then been pre-
ented using near-UV light-emitting structures based on
II-nitride quantum wells. These results are promising for
pplications requiring a close match between the optical
requency of interest and the SPP resonance frequency. In
articular, if combined with a suitable structure to effi-
iently scatter the emitted SPPs into radiation (e.g.,
oughness or a grating in the uppermost dielectric layer),
his approach can be used to enhance the light output of
ow-efficiency light-emitting devices. Additionally, the
bility to tailor the SPP dispersion properties described in
his work (e.g., to create regions of small or even negative
lope) may find novel applications in, e.g., the areas of
low light and negative refraction [24,25,34].
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