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Abstract

In this paper, we perform surface plasmon-coupled emission studies on Rhodamine 6G molecules embedded in a corrugated structure of a thin
film composed of fluorinated silica particles, and a binding medium. Our results show enhancements of photoluminescence due to surface
corrugation. By varying the size of the fluorinated silica nanoparticles we were able to control the surface correlation length scale of the corrugated
surface structure. It was found that the coupling efficiency of the directional light emission is strongly correlated to the surface morphology,
particularly the surface correlation length, of the corrugated dielectric structure. This substantial enhancement of signal could potentially be
utilized in Organic Light Emitting Diode devices to enhance the light emission and transmission through a thin silver layer which can also serve as

the cathode in Top-Emitting Organic Light Emitting Diodes.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Replacing relatively heavy Cathode Ray Tube monitors with
portable and light flat panels has become the major trend in the
whole display industry. This is primarily due to the rapid growth
in demand for hand-held communication devices such as mobile
phones, palm pilots and portable computing equipment, which
require flat displaying devices that are light, thin and power
efficient. Consequently, the flat displaying technology is expected
to advance substantially in the coming decades. Three displaying
technologies such as field emission, Organic Light Emitting
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Diodes (OLED) and Liquid Crystal Displays (LCD) are likely to
be dominant in the future optical displaying market. There is
unique opportunity for the application of nanotechnology to
advance the underlying light emission and optical wave guiding
techniques in such devices. This is likely to revolutionize future
designs of display panels. We believe that innovations in this field
will be eventually accomplished predominantly with the
advancements in metallic nanotechnology.

In the past few decades, the solid-state technology revolution in
electronics, showcased by precise fabrication of semiconductors
and semimetals, has led to maneuvering electron transfers among
molecular orbital groups. The developments of Light Emitting
Diodes (LED) and OLEDs demonstrated that these molecularly
engineered composites could successfully generate electromag-
netic (EM) waves at a precise visible spectrum range (i.e. light
emission at a desired frequency range). In addition, the recent
discovery of surface plasmon-coupled emission (SPCE) proved
that nanometer sized metallic thin films (30—50 nm thickness),
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when located in the near field (100-200 nm) of an LED or OLED
emitting source, could substantially enhance the quantum yield
and the radiation output of such a device [ 1,2]. Such developments
in generating and guiding EM waves at the optical frequencies
have clearly mapped out a technical direction for future
applications of metallic nanotechnology in the advancement of
optical displaying technologies.

OLEDs are being commercially exploited due to the variety
of appealing features that they possess such as their ease of
fabrication [3—5]. Conventional OLEDs are typically substrate
emitting (where light is emitted through a glass substrate). For
the different kinds of display applications mentioned above,
active matrix driven panels are required, and this can be
achieved through top-emitting OLEDs, where the emission
takes place through the cathodes (instead of the glass substrate)
[3-5]. This allows the OLED to be incorporated into silicon
substrates and hence facilitating the “on-chip” integration of
light emitting and control components with silicon “driver”
electronics. This is an advantage since a device capable of
emitting light from the top cathode would allow all circuitry
components such as wiring and transistors to be placed at the
bottom, hence avoiding interference with the light output.
Therefore, there has been an increasing demand in Top-Emitting
Light Emitting Diodes (TOLED) for active-matrix OLED
displays. Fig. 1 shows a schematic of a generic TOLED and a
Substrate-Emitting Light Emitting Diode.

Achieving high efficiency of performance for OLEDs involves
consideration of two primary issues, namely the efficiency with
which radiative excitons are formed, and the efficiency with
which light resulting from the decay of these excitons is extracted
as useful radiation [3—5]. Excitons are generated by the injection
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Fig. 1. General schematic of a top-emitting OLED (top) and substrate-emitting
OLED (bottom). ITO = Indium Tin Oxide.

of charge carriers and it is the radiative decay of these excitons that
produces light. The probability that an exciton decay within the
organic layer of an OLED will lead to an emitted photon is
reduced by coupling of the exciton to bound optical modes such as
waveguide and surface plasmon-polaritron (SPP) modes that are
supported by the substrate, or lost as heat to one of the electrodes
[3-5]. It has been reported that OLED efficiency can be
significantly improved by introducing methods to couple the
bounded optical modes to useful far-field radiation. One way for
achieving this is by introducing a periodic structure of wavelength
scale in the optically active layer of an OLED which allows the
waveguide modes normally trapped in the substrate to be Bragg
scattered out of the structure [3—6]. Other ways of increasing
efficiency is by scattering off random microstructures and through
refractive index control [4,7-9].

We have published several reports over the last several years
where we describe the use of metallic surfaces and sub-wavelength
sized metallic nanoparticles to modify the far-field emissive
properties of optically excited fluorophores [10—15]. We reported
that under appropriate conditions, close proximity fluorophores (in
the near-field) to silver nanoparticles can lead to increased system
quantum yields, increased photostability and decreased lifetimes
[15]. We explained these effects of metals on fluorescence, using a
simple concept based on the ability of fluorophore-induced
plasmons to radiate away from the metal surface. We refer to this
concept as the radiating plasmon model [16,17]. Our studies on
fluorophore—metal interactions have led us to demonstrate that
resonance interactions can occur between excited fluorophores in
close proximity (in the near-field) to thin continuous films of metal
attached to glass prisms, resulting in the excitation of surface
plasmons in the metal, and the highly directional emission (in the
far-field) by the plasmons into the glass side that appear to be with
the same spectral distribution as the fluorophore. We termed this
phenomenon as SPCE, which is in fact related to Surface Plasmon
Resonance (SPR) [13,14,18—24]. SPR is the absorption of light by
a thin metal film, usually gold or silver, when the wavevector of the
p-polarized incident light matches the wavevector of the surface
plasmons at the sample—metal interface [13,14,18—24]. This
wavevector matching condition requires the light incident on the
metal to pass through a prism of high refractive index, and does not
occur if the light is directly incident on the metal through air. The
angle of incidence through the prism needs to be adjusted to match
the wavevector and hence resonantly excite the surface plasmons
[13,14,18—-24]. This angle is called the SPR angle for the incident
wavelength (6sp). The reflectivity of the metal film is high except
for a small range of angles around 6gp [13,14]. In SPCE, the
emission is detected at a specific angle, fsp, rather than absorbed,
where excited fluorophore dipoles near the metal couple to the
surface plasmons [13,14,18-24]. This coupling results in the
plasmons radiating at the fluorophore emission wavelength at
sharply defined angles from the normal on the prism side of the
setup. This angle is elegantly equal to the SPR angle for the
emission wavelength [13,14,18-24]. We have shown that for
fluorophores embedded in a polyvinyl alcohol (PVA) film less than
160 nm thick (i.e. fluorophores within 160 nm of the metal film),
the SPCE occurs at a single angle in the glass substrate and displays
only p-polarization [ 18]. As the PVA thickness increases to 300 nm,
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Table 1

Ingredients for preparation of nanoparticles

Particle size Isopropanol TEOS F-TEOS Water NH,OH
nm ml ml ml ml ml

150 20 1.4 0.6 1.5 1

330 20 1.4 0.6 2.92 1

482 20 2.8 0.85 2.0 1

we reported observing SPCE at two angles, with different s or p
polarization for each angle [18]. In addition we have reported that
for PVA films from 500 to 750 nm thick, SPCE is observed at three
or four angles, with alternating s and p polarizations [18]. The
multiple angles of SPCE and the unusual s-polarized emission were
associated with waveguide modes in the metal-PVA composite
film [18].

In this paper, we performed SPCE studies on laser-excited
Rhodamine 6G (R6G) which was embedded within a corrugated
dielectric mixture layer and spin-coated onto a 45 nm silver film.
The coupling of fluorophore excitation to the silver film resulted
in highly directional SPCE through both the silver and the glass
substrate. By creating a corrugated structure within the film layer
containing the dye molecules, we observed enhancements of
photoluminescence due to surface corrugation. The dielectric
mixture was composed of fluorinated silica particles and a binding
medium. By varying the size of the fluorinated silica nanopar-
ticles we were able to control the surface correlation length scale
of the corrugated surface structure. It was found that the coupling
efficiency of the directional light emission is strongly correlated to
the surface morphology, particularly the surface correlation
length, of the corrugated dielectric structure. The substantial
enhancement of signal, as observed in this study, could potentially
be utilized in OLED devices to enhance the light emission and
transmission through a thin silver layer, which could potentially
also serve as the top silver electrode in TOLEDs.

2. Materials and methods
2.1. Materials

Premium quality Aminopropyltriethoxy-silane (APS) coated
glass slides (75 x 25 mm), silver wire (99.99+% purity), silicon
monoxide pieces (99.99% purity) and R6G were obtained from
Sigma-Aldrich (St. Louis, MO). Tetraethoxysilane (TEOS) and
(tridecafluoro-1,1,2,2-tetrahydrooctyl)triethoxysilane (F-
TEOS) were obtained from Gelest Inc. (Morrisville, PA) and
used as received. Colloidal silica dispersed in isopropanol with
average particle size 12 nm (IPA-ST) was obtained from Nissan
Chemical (Houston, TX).

2.2. Formation of continuous thin films of silver on APS-coated
glass substrates

Forty five nanometers of silver were deposited on separate
APS-coated glass slides using an Edwards Auto 306 Vacuum
Evaporation chamber (West Sussex, UK) under ultra high
vacuum (<4 x 10~ * Pa). In each case, the metal deposition step

was followed by the deposition of 5 nm of silica via evaporation
without breaking vacuum. This step served to protect the metal
surface from oxidation.

2.3. Formation of roughened silica nanoparticle based sol-gel
coating layer

Fluorinated silica nanoparticles with a controlled particle size
(100—500 nm) were synthesized [25] using a modified version of
the Stober process [26,27]. The particle size is determined by the
concentration of F-TEOS and water used in the reaction mixture.
In a reaction vial and in the amounts indicated in Table 1,
isopropanol, TEOS and F-TEOS were added and mixed with a
magnetic stirrer at a high speed for 2 min at 25 °C. During the
stirring, deionized water and 1 ml concentrated ammonium
hydroxide solution (28% w/w) were added to the mixture. The
mixture was stirred for another 30 min. The solution was allowed
to age for two days. The nanoparticle size from this process was
measured by light scattering (90-Plus Analyzer, Brookhaven
Instruments Corporation).

A silica sol was prepared by vigorously stirring for 2 h a
mixture of 10 ml isopropanol, 6 ml TEOS, 1.44 ml water and 1 ml
hydrochloric acid (0.2 M). The silica sol was added to the silica
nanoparticles (30 wt.% of the final coating mixture consisted of
the silica sol). Sol—gel coatings embedded with silica nanopar-
ticles in sizes of 12, 150, 330, 482 nm respectively were deposited
on the surface by spin coating to create a randomly roughened
surface. R6G was then deposited on the roughened surface by
spin coating a 100 uM isopropanol solution at 1700 rpm. The
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actual film thickness was measured using a Filmetrics F20 Thin
Film Measurement System (San Diego, CA). The surface
morphology of the sample was characterized by atomic force
microscopy (AFM) using a Nanoscope IIIA AFM (Veeco
Instruments, Woodbury, NY).

2.4. SPCE measurements

The metal-coated slides containing the various samples were
attached to a hemicylindrical prism made with BK7 glass
(n=1.52) and the refractive index was matched using
spectrophotometric grade glycerol (n=1.475) between the
back of the glass slide (uncoated side) and the prism. This
unit was then placed on a precise 360° rotatory stage which was
built in-house. The rotatory stage allowed the collection of light
at all angles around the sample chamber. An Ocean Optics low
OH 1000 pm diameter optical fiber with NA of 0.22 (Dunedin,
FL) used for collecting the SPCE and free space emission was
mounted on a holder, which was screwed on to the base of the
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rotatory stage. The sample was excited using a 532 nm laser in
reverse Kretschmann configuration (RK) [13,14,18-24]. Both
SPCE and free space spectra were collected using a model SD
2000 Ocean Optics spectrometer (Dunedin, FL) connected to
the above mentioned optical fiber where a 570 nm Long Pass
filter was used to filter out the excitation line. The spectra were
collected with an integration time between 0.5 and 2 s
(depending on the intensity of the SPCE signal). Both
unpolarized, p and s-polarized signal information was collected
for the SPCE signal and the free space signal. A pictorial
representation of the top and side view of the setup is presented
in Fig. 2.

3. Results and discussion

All the samples in this study were excited in the RK
configuration, where the incident light cannot directly excite
surface plasmons in the metal film. Hence the angle-dependent
emission would be primarily due to the near-field interaction of
metal surface plasmons with the excited fluorophores, not with
the incident light. We measured the emission intensities for all
accessible angles relative to the normal axis. The definition of
angles for free space and SPCE in the experimental setup is
illustrated in Fig. 3.

For sample A, illustrated in Fig. 4 (Top Left), which contains
the smallest silica nanoparticles of 12 nm diameter, a film
thickness of roughly 316 nm, and has the lowest surface
roughness, there are two distinct SPCE peak angles at 314° (or
44° due to symmetry) and 288° (or 72° due to symmetry),
respectively. According to previous literature results [18,24],
those peaks can be attributed to waveguide modes, where both s
(transverse electric) and p (transverse magnetic) modes are
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Fig. 4. (Top left) Angular distribution of SPCE for Sample A (coating thickness approx. 316 nm, consisting of 12 nm silica particles) Vs free space intensity (between
230° and 260°); (top right) sample B (coating thickness approx. 120 nm, consisting of 150 nm silica particles) Vs free space intensity (between 230° and 260°); (bottom
left) sample C (coating thickness approx. 200—300 nm, consisting of 330 nm silica particles) Vs free space intensity (between 230° and 260°); (bottom right) sample D
(coating thickness approx. 300 nm, consisting of 482 nm silica particles) Vs free space intensity (between 230° and 260°).
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Fig. 5. AFM contour height image of sample B (150 nm silica particles).

known to propagate in a nonmetallic dielectric layer because the
configuration supports propagating waves of either polarization.
The far field fluorescence was also measured as free space
intensity on the opposite of prism at the angles between 90° and
270°.

The results for sample B, where 150 nm silica nanoparticles
were used and had an average thickness of approximately
120 nm, is found in Fig. 4 (Top Right). It can be seen that only
one p-polarized emission peak was observed at 308° (or 52°).
The intensity of the SPCE was compared with the free space
intensity at 230°. The ratio is found to be 1.3. The results for
sample C, where 330 nm silica nanoparticles were used and had
an average film thickness of approximately 200-300 nm, is
found in Fig. 4 (Bottom Left). Here too only one p-polarized
emission peak was observed and the angle was at 308° (or 52°).
It is obvious that the SPCE is exclusively p-polarized light. The
intensity of the SPCE was compared with the free space
intensity at 230°. The ratio is found to be 2.0. For sample D,
where 482 nm silica nanoparticles were used and had an
estimated average film thickness of approximately 300 nm, it is
interesting to note that the p-polarized SPCE was again
observed at 308° (or 52°) as shown in Fig. 4 (Bottom Right).
However, the intensity of SPCE is much weaker in comparison
with the free space intensity. The ratio is reduced to 0.35. The
change in the surface topography of the dielectric coating
definitely affects the out-coupling efficiency of light emission.
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Fig. 6. Linear relationship between silica nanoparticles and correlation distance
of the coating surface topography [L=1.83x—20 (nm)].

It is interesting to note though that the surface roughness has, for
the most part, not affected the angular distribution of the SPCE.

The surface morphology of similar randomly roughened silica
coating has been studied extensively by AFM in a previous
patent [28]. The height image of sample B is shown in Fig. 5. The
average roughness (Sa) and root mean square average roughness
(Sq) can be known from the 5x 5 um image and equal to 20 and
27 nm, respectively. In addition, the degree of roughness was
determined by using fast Fourier transform of the 2D height
image and correlated with the correlation length of pair
correlation function. The pair correlation function g(r,r,) is
defined as, given a particle at position r;, the probability of
finding a second particle at position 7,. Depending on the
packing density, g(r1,7») will show structure features in the short
range and gradually levels off to a constant at larger distances.
The distance it showed structure represents the correlation length.
When a system has a crystal like structure, this range extends to
infinity (or the size of the crystal domain). This is normally called
long-range ordering. A regular photonic structure is composed of
particles with periodical structures of a length scale comparable
to wavelength and extend to very long-range ordering. We
believe our structure has only short-range ordering. Results
obtained from studying a series of coating samples and disclosed
in a previous patent established a linear relationship between the
surface correlation length and the particle size, shown in Fig. 6
[28]. The empirical equation is as follows:

L =1.83%X —20 (1)

where L is the surface correlation length determined by AFM
along with Fourier transform, X is the silica nanoparticle size
measured by dynamic light scattering. According to this equation
the surface correlation length scales L for samples A, B, C and D
in this paper would be 2 nm, 255 nm, 584 nm and 862 nm,
respectively. The linear relationship between average surface
roughness and the particle size is summarized in Fig. 7.

For sample A, with a film thickness of approximately 316 nm
and minimal surface roughness (the sample can almost be
regarded as a smooth surface), the waveguide modes of SPCE
are predominant. Hence different waveguide modes can be
observed at various angles with alternating s and p polarizations.
Sample B having a film thickness of approximately 120 nm does
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Fig. 7. Linear relationship between average surface roughness (Sa and Sq) of the
coating surface Vs size of silica nanoparticles.
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not fall in the waveguide regime and hence we do not see multiple
peaks. Although sample C with a film thickness of approximately
200-300 nm, and sample D with a film thickness of approxi-
mately 300 nm fall into the waveguide regime, the waveguide
mode of SPCE is significantly suppressed with the increase in the
surface roughness. Only one peak with p polarization can be
observed and the angle is consistently appeared at 308° (or 52°).
These results indicate that surface roughness plays a role in
waveguide mode suppression, the exact mechanism of which is
not entirely clear at this point.

The enhancement of the SPR coupled emission may
originate from three different phenomena: (a) Enhancement of
dye emission, (b) Enhancement of SPR coupling, (c) Enhance-
ment of light extraction from SPR. Our coating is composed of
fluorinated silica particles of a definite size. Because of the
fluorination, the refractive index of the particle can be lowered
below that of the dye resin mixture. When the particle size is
near the wavelength scale, the differences in refractive indexes
resulted in effects resembling those of a photonic structure i.e. a
composite structure with a periodic variation in dielectric
constant of a length scale in the optical wavelength range [29].
Light may be reflected among wavelength scale particles and
enhance the local EM field around the dye molecules. This can
amplify the emission of the dye molecules. In addition, this
variation in dielectric constants at this wavelength scale could
enhance the light coupling in with the SPR modes in the metal.
Furthermore, a periodic variation of dielectric constants (such as
a grating structure) near the interface of a thin metal film is also
known to substantially increase the rate of release of energy in
the form of far field radiation that would have otherwise have
been coupled within bound surface optical modes (such as SPP
modes and waveguide modes), and unable to radiate [3-9].

The amplifications in dye emission may have originated
from the spontaneous and/or stimulated (induced) energy
transfers among two quantum states. The induced emission is
amplified by increased field density while the spontaneous
emission is amplified by mode coupling with the metal SPR
which has a high mode density in the visible spectrum domain.
The mechanisms of coupling in and coupling out with SPR by
having periodical dielectric contrast at a distance and correlation
length scale corresponding to the relevant wavelength are
essential for the enhancements of the spontaneous emission.

Strictly speaking, our coating layers, although containing
periodical variations in the dielectric constant does not constitute
a photonic material of conventional definition. The ordering
structure in our coating is only short-ranged, while a regular
photonic material has a long-range ordering [30]. For our
coating, when using a high concentration of particles, the
volume exclusion effects leads to a pair correlation function
peaking at a distance determined by the particle diameter. This
would lead to a short-ranged photonic structure at a length scale
set by the particle size. Furthermore, the fluorinated particles,
having a very low surface free energy due to the fluorine atoms,
tend to accumulate at the resin—air interface, leading to a dense
and, consequently, a higher ordering structure at the interface.
The experiments to quantify each mode of enhancement
contributions are still underway and their results will be reported

in due course. At present, the optimized coating formulation (i.e.
the particle size, fluorine content and correlation length)
regarding SPCE enhancement are determined empirically.

4. Conclusions

Conventional OLEDs consist of a transparent conductive
anode and an opaque (Al or Ag) electrode on top. The emitted
light must come out through the bottom anode, making the ‘on-
chip’ OLED integration with silicon driver electronics rather
difficult. A device capable of emitting light from the top cathode
would allow all circuitry components such as wiring and
transistor to be placed at the bottom and not interfering with
light output. Therefore, there has been an increasing demand in
TOLED for active-matrix OLED display. The results discussed
in this paper suggest that SPCE can enhance the light emission
and transmission through a thin silver layer and thus be
integrated with the design of a top Ag electrode in TOLEDs.

Recent advancements in LED lighting technology also cited
the use of roughened metal films to enhance quantum yields of
many fluorophores [1,31,32]. Thus, it is an indication that, by
incorporating the roughened metal films with SPCE, the
lighting efficiency of LED could also be substantially increased.
Given that we have previously shown the feasibility of surface
plasmon-coupled electroluminescence on thin gold films, we
expect an expansion of this technique from photoluminescence
to electroluminescence will extend the applications of coating-
enhanced SPCE from LCD displays to OLED, LED and field
emission devices [33].

The light emission enhancements by SPCE have a broad
impact in optical displaying technologies. By separating a
polarization and/or colors, part of the light energy can be
recycled to increase the power efficiency. However, the scheme
outlined here goes a step further by guiding the returned light
back in a photonic cavity to accomplish higher stimulated
emission [34,35]. The presence of metal surfaces at sub-micron
dimensions may enhance spontaneous emission as well. These
technologies are important to the design of a backlight source in
future LCD panels where the light use efficiency is critical to
their performances [36].
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