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Photoluminescence spectra of a dye layer placed at the middle of a metal-insulator-metal (MIM) structure
are measured and compared with those of a reference sample without metallic layers. The observed spectra are
much sharper than those of the reference sample and the peak wavelength shifts to shorter wavelengths as the
observation angle increases. Furthermore, the enhancement in both the emission intensity and power is clearly
observed. Electromagnetic calculations based on a point dipole model indicate that the observed light emission
is mediated by radiative surface-plasmon polaritons and lowest-order transverse electric modes supported by
the MIM structure. The observed enhancement is thought to result from a combination of the enhanced
spontaneous emission rate and concentration of radiation intensities in a relatively narrow wavelength region

brought by the MIM structure.

DOI: 10.1103/PhysRevB.82.035441

I. INTRODUCTION

Surface-plasmon polaritons (SPPs) are the coupled modes
of collective oscillations of free electrons in a metal and
electromagnetic waves that propagate along a metal-insulator
interface and decay exponentially away from the interface.
Basic properties of SPPs are well understood today'~® and
recent considerable advances in nanotechnology have
opened a new research field called plasmonics,*> which ap-
ply SPPs and localized surface plasmons in metallic small
particle to fabricate a variety of metal-based optical nanode-
vices including passive waveguides,® active switches,
biosensors,” and lithography masks, etc. As discussed in de-
tail by Economou® early in 1969, one of the physical aspects
of SPPs that is very important for the applications is cou-
pling of SPPs propagating at different interfaces. For a suf-
ficiently thin metal film surrounded by insulators, i.e.,
insulator-metal-insulator (IMI) structure, it is well known
that the coupling of SPP modes at the two interfaces results
in two SPP modes, known as long- and short-range
modes.'>>% The long-range mode has a long propagation
length and lead to an idea of realizing plasmonic
waveguides. Although the propagation length varies consid-
erably depending on the metal and insulator used, metal film
thickness and wavelength,%%1° typical values predicted theo-
retically and confirmed experimentally are on the order of
several hundreds of micron for a 15-nm-thick Ag film at the
wavelength of 632.8 nm.!'~!3 Another structure that supports
coupled SPP modes and has attracted a great deal of attention
recently is a structure consisting of a thin insulator layer
sandwiched with metals, i.e., metal-insulator-metal (MIM)
structure.'#2? Theoretical analyses!®!'3-20 have shown that an
antisymmetric coupled SPP mode has a waveguide mode
character and persists even when the insulator thickness ap-
proaches zero; this means that there is no cutoff thickness. In
practical applications, imperfections in the structure such as
the interface roughness may fix a lower bound of the insula-
tor thickness. However, this mode is very much suited to
make plasmonic slot waveguides with nanometer-size insu-
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lator cores and has been the subject of intensive theoretical
and experimental investigations.'®-2> MIM waveguides with
SiO, cores as thin as 3.3 nm have been fabricated and their
optical properties were investigated in detail both experimen-
tally and theoretically.'”!® Very recently, negative refraction
at visible frequencies was experimentally demonstrated by
using specially tailored MIM waveguides.”? The negative re-
fraction is realized in the wavelength region where the dis-
persion curve of the antisymmetric SPP mode shows a nega-
tive slope.

In addition to the antisymmetric SPP mode, an MIM
structure supports a symmetric SPP mode. This SPP mode
has a dispersion curve that extends continuously from the
radiative to the nonradiative region. Economou® called this
mode radiative surface-plasmon oscillation. Although the ra-
diative symmetric SPP mode received less attention com-
pared to the antisymmetric SPP mode, the existence of the
mode results in interesting optical properties of the MIM
structure. When the metallic layers are thin enough, coupling
of the mode with light in air makes nominally opaque MIM
structures highly transparent in a relatively narrow wave-
length region.>* This property has recently been applied to
realize color-tunable light-emitting devices.”> Omnidirec-
tional light emission from a blue-emitting polymer layer
sandwiched by Au films was reported by Liu and
Brongersma.?® Attempts to increase the light extraction effi-
ciency of organic light-emitting diodes by introducing MIM
structures have also been reported.”’ 3" Although the im-
provement in the light-extraction efficiency has been ob-
served and explained in terms of microcavity effects, the
physical mechanism of the enhanced light emission from the
MIM structure has not yet been clarified.

In this work, we explore photoluminescence (PL) proper-
ties of a dye layer embedded in the MIM structure. We dem-
onstrate clearly the enhancement of PL intensities and emit-
ted power relative to those of the dye layer embedded in a
reference sample without metal layers. With the aid of elec-
tromagnetic calculations based on a point dipole model, we
show that the observed peculiar properties of PL spectra and
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FIG. 1. (Color online) Structure of MIM sample prepared.

the enhancement can be well explained by the light emission
mediated by the radiative SPP mode of the MIM structure.
This paper is organized as follows. In Sec. II, following the
description of experimental procedures, we present experi-
mental results. In Sec. III, after identifying the electromag-
netic modes responsible for the light emission from the MIM
structure, the mechanism of the PL enhancement is discussed
in detail with the aid of results of electromagnetic calcula-
tions. Finally, we give our conclusions in Sec. IV.

II. EXPERIMENTAL RESULTS

MIM structures schematically shown in Fig. 1 were pre-
pared by vacuum evaporation. First, a 200-nm-thick Ag film
is deposited on a glass substrate. On top of the Ag film an
insulator layer consisting of a 20-nm-thick tris(8-
hydroxyquinoline) aluminum (Alg;) film sandwiched with
50-nm-thick MgF, films was deposited. Finally, a 40-nm-
thick Ag film was deposited to complete the MIM structure.
The thicknesses of the films were monitored by a quartz
microbalance. Transmission and reflection spectra revealed
that the top Ag film is a continuous film not consisting of
island particles. As a reference sample, a sample without Ag
films was also prepared. To measure PL spectra, the sample
was mounted on a rotating table and excited by a laser beam
with a wavelength of 408 nm from a laser diode. The inci-
dent light was s polarized and the incident angle was set at
65°. Light emitted from the sample at an angle 6,,, was
collected by a fiber optic cable and sent to a 25 cm single
monochromator equipped with a charge-coupled device. The
head of the fiber optic cable with an aperture of 1.5 mm in
diameter (corresponding to a solid angle of ~107* sr™!) was
mounted on a rotating arm and the observation angle was
controlled by a computer. In front of the aperture a polarizer
was inserted to select the polarization of emitted light. PL
spectra were measured by varying 6,,, from 0 to 90° with a
step of 1°.

In Figs. 2(a)-2(c), unpolarized, p- and s-polarized PL
spectra obtained with various 6,,, are shown, respectively.
Spectra obtained for the reference sample with 6,,,=0° are
also presented after multiplying the raw intensities by a fac-
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FIG. 2. (Color online) (a) Unpolarized, (b) p-polarized, and (c)
s-polarized spectra obtained for MIM and reference samples.

tor of 5. The MIM sample exhibits relatively sharp peaks
which shift to shorter wavelengths as 6,,, increases, while
the reference sample exhibits broad PL bands which stay
almost at the same position. The broad PL spectra of the
reference sample are very similar to those of Alg; amor-
phous films prepared by vacuum deposition.3'3? The spectra
are redshifted relative to those of Alqs; solutions, indicating
that the molecules are densely packed in the amorphous
films. As seen for the unpolarized spectrum obtained with
0,,,=36°, unpolarized spectra are split into two peaks for
0,,:> ~30°. A close comparison between Figs. 2(a)-2(c)
reveals that the long-wavelength peaks in the doublets are p
polarized and the short-wavelength peaks are s polarized. It
should be noted that although PL is detected through the top
opaque Ag film, the PL peak intensities of the MIM sample
are very much enhanced relative to those of the reference
sample. We define the PL enhancement factor (EF) as the
ratio of the PL intensity of the MIM sample to that of the
reference sample. The PL EF for unpolarized spectra ob-
tained from the results presented in Fig. 2(a) are plotted in
Fig. 3(a). We see that the maximum EF of ~25 is achieved
for 6,,,=0° and EF decreases as 6, increases.
Unpolarized spectra similar to those presented in Fig. 2(a)
were measured for 0° = 6,,,=90° with a step of 1°. From
the results we estimated the power radiated into the half
space at the air side of the sample. Since the radiation pattern
can be assumed to have a rotational symmetry around the
normal axis of the sample, the power radiated into the half
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FIG. 3. (Color online) (a) Enhancement factor obtained by di-
viding MIM spectra by reference spectra. (b) Calculated PL en-
hancement factor for various 6,,.

space is given by P= 277]0/25(0)sm 0d 6, where S(6) is the
power radiated into a unit solid angle element in the direc-
tion specified by 6,,,. The intensities of the measured spectra
are proportional to S(#) and all the spectra obtained were
thus multiplied by sin # and summed up. Figure 4(a) shows
the integrated spectra of the MIM and reference samples and
the power EF obtained by taking the ratio. We see that the
integrated spectrum of the MIM sample is still very sharp
compared to that of the reference sample. Furthermore, the
emitted power of the MIM sample are enhanced in the wave-
length region between ~470 and ~520 nm. We see that the
power EF takes a maximum value of ~2.5 around 500 nm.
The experimental results presented here clearly demonstrate
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FIG. 4. (Color online) (a) Integrated unpolarized spectra for
MIM and reference samples and power enhancement factor. (b)
Calculated power enhancement factor.
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FIG. 5. (Color online) Calculated dispersion curves and experi-
mental points obtained from PL spectra.

that the MIM structure greatly modifies the PL properties of
the dye layer and leads to the enhancement in both the in-
tensity and the emitted power, even though the light is emit-
ted through the opaque top Ag layer.

III. COMPARISON WITH THEORETICAL
CALCULATIONS AND DISCUSSION

A. Electromagnetic modes mediating the light emission

As shown in Fig. 2, the PL peak observed for the MIM
sample shifts to shorter wavelengths as 6,,, increases. This
shift is thought to be the manifestation of the dispersion of
electromagnetic modes of the MIM structure mediating the
light emission. The relationship between the peak wave-
length A, and the observation angle 6,,, was converted into
that between the photon energy E and in-plane wave vector
k. by using a relation k —i sin 6,,,. The results for p and s
polarization are plotted in F1g 5 and compared with theoret-
ical dispersion curves described below.

As explained in detail in previous papers, calculation
of power dissipated by an oscillating dipole placed in
multilayer systems allows one to obtain the dispersion curves
of electromagnetic modes supported by the systems. In our
calculations, the sample structure shown in Fig. 2 is assumed
and an oscillating point dipole is located in the middle of the
Alqy layer. An isotropic orientation of the dipole was as-
sumed. Literature values of the dielectric functions for Ag,**
MgF,.?® and Alq;3® were used. In Fig. 5, whiter regions cor-
respond to higher power dissipation and represent dispersion
curves. In order to facilitate the assignment of the dispersion
branches, we present in Fig. 6 the dispersion curves obtained
for a simpler MIM structure consisting of a 135-nm-thick
MgF, layer sandwiched with semi-infinite Ag layers. We
note that the dispersion curves presented in Fig. 6 are very
similar to those presented in Fig. 2(f) in Ref. 21. Referring to
previous studies®!#162137 we can assign the three branches
seen in Fig. 6 to the antisymmetric SPP, symmetric SPP, and
TE, (lowest-order transverse electric) modes, respectively, as
indicated in the figure. The symmetric SPP mode is also
labeled as TM,, (lowest-order transverse magnetic) mode.
Since the electric fields associated with the TM,, and TE,
modes are confined in the insulator layer, they are also clas-
sified into waveguide modes. From a comparison with Fig. 6,
it is straightforward to assign the dispersion branches A, B,

26,33
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FIG. 6. (Color online) Dispersion curves obtained for
Ag-MgF,(135 nm)-Ag structure.

and C in Fig. 5 to the TM,, TE,, and antisymmetric SPP
mode, respectively. Since the top Ag layer in the sample
structure has a finite thickness, a SPP mode at the air-Ag
interface also appears in this figure as labeled as branch D.
This branch intersects with the TM, branch around k,
=0.014 nm™' and E=2.6 eV. The hybridization of the
branches at the crossing point generates a gap>’ and after the
gap the air-Ag SPP branch further goes up (branch D’) and
the TM,, branch tends to be flat as k, increases (branch A’).
We see that the experimental points determined from the p-
and s-polarized PL spectra are in excellent agreement with
the dispersion curves of the TM;, mode and the TE, mode.
The agreement allows us to conclude that p-polarized light
emission presently observed is mediated by the TM,, mode
while s-polarized light emission is mediated by the TE,
mode.

B. Mechanism of PL enhancement

In discussing the mechanisms of PL enhancement caused
by metallic nanostructures, it is very common to consider
separately the enhancement in the excitation and emission
processes.3® We consider first the excitation process based on
a point dipole model. When the excitation light is incident on
the multilayer sample, as a consequence of the multiple re-
flections, an electric field distribution is settled in the Alqs
layer. The interaction of the dipole with the incident field is
described by |E;,-p,|*>, where p,, is an absorption dipole and
E;, is the electric field generated by the incident light at the
position of the dipole. When the random orientation of the
dipole is assumed, the excitation rate is proportional to |E;,|*.

We have calculated |E,,|*> at the middle of the Alg; for
both the MIM and reference samples by using the 2 X2
transfer matrix method. As in the experiments, s-polarized

incident light with a wavelength of 408 nm was assumed.
Figure 7 shows the calculated curves of ‘;”‘;
0

the incident angle, where |E| is the amplitude of the incident
light. The enhancement factor of the incident field obtained
by the ratio of the MIM result to that of the reference is also
plotted. We see that the field intensity of the reference
sample decreases monotonously as the incident angle in-
creases while that of the MIM sample takes a maximum
around 60°. The field-enhancement factor takes a maximum
value of ~1.1 around 70°. Returning to Fig. 5 we note that

as a function of
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FIG. 7. (Color online) Calculated intensities of incident field for
MIM and reference samples and enhancement factor for incident
field.

the horizontal line corresponding to the wavelength of inci-
dent light (408 nm) intersects with the dispersion curve of
TE, mode. Therefore, the peak in the field intensity in the
MIM sample and also in the enhancement factor can be at-
tributed to the resonant excitation of the TE;, mode by the
incident light. However, the maximum enhancement factor is
not large. This is due to a large imaginary part of the dielec-
tric constant of Alqs around 408 nm (absorption region). The
result shown in Fig. 7 suggests that in the present experiment
made with an incident angle of 65° the field-enhancement
factor is ~1.0 and the observed PL enhancement is due to
the enhancement in the emission process.

For the sake of comparison, we calculated the incident
field intensity also for structures without the bottom Ag
layer, i.e., MI structure, and without the top Ag layer, i.e., IM
structure. The results indicate that, in contrast to the MIM
structure, the field EF of these structures depends weakly on
the incident angle and does not show a pronounced peak.
This is due to the absence of the resonant mode in these
structures at the wavelength of the incident light (408 nm).
The field EF obtained for the MI structure is very small (less
than 0.161), because the incident light is strongly attenuated
in the top Ag layer. On the other hand, the field EF obtained
for the IM structure is ~2.0. This high EF results from the
constructive interference between the incident light and the
light reflected at the IM interface. As far as the enhancement
in the excitation channel is concerned, our numerical results
suggest that the IM structure is more advantageous than the
MIM structure, although the EF in the emission channel is
smaller than that of the MIM structure as discussed later.

In the discussion of emission processes, we also assume a
point dipole placed in the middle of the Alq; layer oscillating
at the frequency of emitted light. The emission process in the
present MIM structure can qualitatively be explained in the
following manner. An oscillating dipole generates the elec-
tromagnetic fields (dipole radiation), which can be regarded
as the superposition of plane waves having various in-plane
wave vectors.’®> When the frequency and in-plane wave vec-
tor match those of the modes in the MIM structure, these
modes are excited. Since the TE; and TM,, modes are radia-
tive and can couple with light in air, what is observed is the
decay of the excited modes into light in air. Therefore, for a
fixed observation angle, i.e., for a fixed in-plane wave vector,
a PL peak appears at a photon energy (wavelength) deter-
mined by the dispersion curve.
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Electromagnetic theories of radiation by an oscillating di-
pole embedded in a multilayer system have been developed
by several authors.>**> According to Neyts,*? the intensity of
light emitted into a unit solid angle in the observation direc-
tion is given by

1 dP(\, 0,,)
(1-q)+qF dQ

Pdipole()\7 aobs) = > (1)

where % is the power density per solid angle dQ), F is

the total power supplied by the dipole, and g is a quantum

. . AP\, 0, .
efficiency of the emitter. % and F are normalized to the

total power emitted by the dipole in an infinite medium em-

bedding the dipole, i.e., Alqs in the present case. Explicit
expressions of % and F are found in Ref. 42 and can be

calculated from the reflection and transmission Fresnell co-
efficients at the interfaces in the multilayer system.

In calculating P ;,01.(N , 6,5,), We used a literature value of
g=0.25.32 We also assumed that the magnitude of the oscil-
lating dipole is independent of the wavelength. This assump-
tion resulted in flat spectra for the reference sample rather
than the experimental broad peak seen in Fig. 2. In order to
compare with experimental results, we took the ratio of cal-
culated spectra of P, (N, 6,,,) for the MIM sample to
those of the reference sample. The intensity EF so obtained
for various 6, is displayed in Fig. 3(b). It can be seen that
the calculated results reproduce fairly well the peak position
and magnitude of enhancement of the experimental results
shown in Fig. 3(a). However, a close comparison between
Figs. 3(a) and 3(b) reveals that calculated EF are smaller
than experimental ones for small 6,,, while calculated ones
are larger for large 6,,,. By integrating the intensity spectra
over 6,,,, we obtained the power emitted into the half space
at the air side for both the MIM and reference sample. The
power EF obtained by taking their ratio is plotted in Fig.
4(b). It can be seen that the maximum EF of ~3 is achieved
around A=490 nm. Our calculation shows that around A
=490 nm, the power emitted into the half space normalized
to the total power emitted into an infinite Alq; medium is
~0.10 for the reference sample, while that for the MIM
sample is ~0.50, leading to the power EF of ~5. As is well
known, the power extracted from an emitter embedded in a
medium with a high refractive index is limited to a small
value because the total reflection prohibits the light transmis-
sion into a low index material.*** This is the case for the
reference sample. On the other hand, the TM, and TE,
modes in the MIM structure provide channels to transmit the
emitted light into the outside of the structure and the fraction
of the emitted power is increased up to ~0.50 even with the
absorption loss in the top Ag layer.

A comparison between Figs. 4(a) and 4(b) reveals that the
spectrum of calculated power enhancement reproduces quali-
tatively the experimental spectrum. However, the maximum
EF achieved experimentally is about a half of the calculated
one and the experimental enhancement factor in the short-
wavelength region is much smaller than the calculated one.
The reason for the discrepancy is not clear at present, but the
discrepancy may arise from the oversimplification of the cal-
culation model. In fact, the observed PL intensity is not de-
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termined by a point dipole placed in the middle of the Alqs
layer but by excited molecules distributed in a 20-nm-thick
Algs layer. Roughness of the interfaces in the multilayer sys-
tem may also influence the intensity and angular distribution
of the PL intensity, which are not taken into account in the
calculations. Nevertheless, calculations based on the simple
model reproduce semiquantitatively the experimental results.

We note here that the spontaneous emission rate calcu-
lated for a point dipole embedded in the MIM structure is
enhanced in the wavelength region where the TM,, and TE,
modes exist. A maximum enhancement of ~40% is obtained
around A=490 nm. This is a manifestation of so-called Pur-
cell effect,** in which the TM,, and TE,, modes provide high
photonic mode densities. The great modification in the emis-
sion spectra and the enhancement observed are thought to
arise from a combination of the Purcell effect and concentra-
tion of emission intensities in a relatively narrow wavelength
region brought by the TM,, and TE, modes.

We finally comment on the intensity and power EF calcu-
lated for the MI and IM structures. They are almost indepen-
dent of the observation angle and show monotonous depen-
dence on the wavelength in the region considered here
(between 450 and 570 nm). These results are again due to the
absence of electromagnetic modes mediating the light emis-
sion in the MI and IM structures. For the MI structure, both
the intensity and power EF decrease as the wavelength in-
creases and take values smaller than 0.1. The small values
are caused by the strong attenuation of emitted light in the
top Ag layer. For the IM structure, the intensity EF increases
from 2.4 to 3.5 when the wavelength increases from 450 to
570 nm while the power EF increases from 2.5 to 4.1. The
enhancement in the IM structure results from the construc-
tive interference between the light directly emitted from the
dipole and that reflected at the IM interface. Since the maxi-
mum values of the intensity and power EF for the MIM
structure [Figs. 3(b) and 4(b)] are larger than the above val-
ues of the EF for the IM structure, we can conclude that the
MIM structure is more advantageous than the IM structure to
obtain the enhancement in the emission process in the wave-
length region where the TM,, and TE;, modes mediate the
light emission. The MIM structure is thus effective to in-
crease the light-extraction efficiencies in the organic-light-
emitting diodes driven by current injection. It should be
noted that the emission wavelength of the MIM structure can
easily be controlled by changing the thickness of the insula-
tor layer, since the TM,, and TE, dispersion curves move to
lower photon energies as the thickness increases.

In the case of excitation by light, even after taking into
account the incident field EF of ~2.0 for the IM structure,
values of PL EF for the MIM structure at the emission peaks
[Fig. 3(b)] are larger than those for the IM structure by at
least a factor of 2. The power EF for the IM structure after
multiplication of the incident field EF varies from ~5.0 to
~8.2 as the wavelength varies from 450 to 570 nm while
that of the MIM structure takes a maximum value of ~5.0
around A=490 nm and decreases rapidly as the wavelength
increases [Fig. 4(b)]. From these results, we can suggest that
the MIM structure is more suited for realizing PL with high
intensities in a relatively narrow wavelength region while the
IM structure is effective for realizing PL with high powers
over a wide wavelength region.
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IV. CONCLUSION

We have shown that the intensities and power of PL from
the Alqs; layer embedded in the MIM structure are enhanced
relative to those in the reference sample without metallic
layers. The maximum enhancement factor achieved is ~25
for the intensity and ~2.5 for the power. Although the PL
enhancement is possible in the excitation and emission pro-
cesses, our theoretical analysis indicates that the enhance-
ment in the emission processes is dominant. A good agree-
ment between experimental and theoretical dispersion curves
allows us to conclude that the enhanced PL is mediated by
the TE, and TM,, modes specific to the MIM structure. The
calculation based on a point dipole model reproduces semi-
quantitatively the observed enhancement factor. The present
experimental and theoretical results clearly demonstrate that
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TE, and TM; modes in the MIM structure play important
roles in determining the emission properties of embedded
emitters. Although the enhancement in the light-extraction
efficiency in MIM organic-light-emitting diodes was simply
mentioned as due to the microcavity effects, the present
study reveals the physical origins of the enhancement. It is
straightforward to apply the present findings to optimize the
performance of light-emitting devices.
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