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ABSTRACT: The unique characteristics of surface plasmon coupled emission (SPCE)
made it useful for potential applications in the fields of plasmonic optics and biological
sensing. However, the mechanism of SPCE is still under debate. We studied the time-
resolved fluorescence anisotropy of SPCE excluding the interference of absorption-
enhancement effect by the time-correlated single-photon counting (TCSPC) setups. The
value of anisotropy at SPCE peak kept constant at —0.4S during the whole relaxation process,
which is in agreement with the calculated value. Our work presented a further step toward

the understanding of SPCE.

B INTRODUCTION

Surface plasmon polaritons (SPPs) are electromagnetic waves
coupled to collective oscillation of free electrons propa%ating
along the interface between a conductor and a dielectric."”” The
electromagnetic field associated with SPPs is confined in the
perpendicular direction to the interface and maximum at the
interface as well as decaying exponentially. The confinement is
achieved when the propagation constant is greater than the
wave vector of the light in the dielectric, so the SPPs dispersion
curve lies to the right of the light line. Therefore, SPPs could
not be excited directly on a smooth metallic surface unless
special techniques for phase-matching are employed. There are
several experimental methods to overcome the mismatch for
SPPs excitation, including prism coupling, grating coupling,
waveguide coupling, and near-field excitation."”> The evan-
escent characteristic of SPPs shows a lot of unique properties
such as strong electromagnetic field, transmission enhance-
ment, and high sensitivity to the dielectric difference of adjacent
environment. These properties make SPPs of renewed interest
for potential applications in the fields of photovoltaic
devices,*”” light-emitting diodes,® '® Raman spectrosco-
py,"" " and enhanced fluorescence emission.'*™"*

Among these potential applications, enhanced fluorescence
emission based on SPPs has attracted a great deal of attention
in recent years because of high improvement on the efficiency
of OLED devices”'® and extraordinary increase in the
fluorescence sensitivity of biosensors.”>™>* In the published
works,">?° researchers assigned the enhanced fluorescence
emission to two possible mechanisms. One is the surface
plasmon induced absorption enhancement due to the enhance-
ment of local electric field near the hot spots, the other is
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surface plasmon coupled emission (SPCE), which is achieved
by energy transfer from fluorophores in close vicinity of metal
surface to the induced surface plasmon modes and then
reradiated to free space through the reverse process of surface
plasmon resonance (SPR). There are very clear physical picture
and direct experimental evidence for the mechanism of surface
plasmon induced absorption enhancement.'® In the case of
SPCE, even many works have reported on the characteristics of
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directional emission and high p-polarization, there are

few works on further details for the comprehension of its
mechanism using time-resolved techniques.”®

In the present work, we observe directional emission and
high p-polarization of SPCE using tris(8-hydroxyquinoline)-
aluminum (Alg;) on silver gratings and show the time-resolved
fluorescence anisotropy of this kind of emission at different
detection angles. Our choices for fluorophores, grating period,
and excitation wavelength allow us to study the phenomenon of
SPCE excluding surface plasmon induced absorption enhance-
ment effect. Our result shows that the value of time-resolved
fluorescence anisotropy for SPCE keeps constant and that the
experimental value is in good agreement with the calculated
result. Our work presents a step toward the deep
comprehension of SPCE, comparing to the previous reports
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based on conventional steady-state measurements.

Received: August 23, 2013
Revised:  November 17, 2013
Published: November 27, 2013

dx.doi.org/10.1021/jp4084597 | J. Phys. Chem. C 2013, 117, 26734—-26739


pubs.acs.org/JPCC
http://pubs.acs.org/action/showImage?doi=10.1021/jp4084597&iName=master.img-000.jpg&w=125&h=133

The Journal of Physical Chemistry C

1.0

e e o
= =) =)

Normolized Intensity
(=]
o

0.0 :
200 300 400 500 600 700 800 900
Wavelength (nm)

A|Q3

— 351805

Figure 1. (a) Absorption and emission spectra of Alq; on plate quartz substrate; (b) AFM image of 375 nm period gratings; (c) schematic structures

of the sample.

H THEORY

Since the phenomenon of SPCE is considered as the reverse
process of SPR>”** it can be partly understood from the
physics of SPR."* Considering the free electrons in the metal,
the dielectric constant of a metal in a complex quantity is given

by
€, = & +igy, (1)

The subscripts indicate the real (r) and imaginary (im)
components and i is the imaginary unit. We can obtain the
wave-vector of SPPs according to the well-known dispersion
relationship

(N
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ky, is the in-plane wave-vector of the SPPs. @ and ¢ are,
respectively, the angular frequency and the speed of light in free
space. €, and &4 are the real parts of the dielectric constants of
the metal and the dielectric adjacent to the metal. The wave-

vector of incident light is written by

kin = 2_”: = @ = nkO
Ain ¢ (3)

where k, is the wave-vector of light in free space, n is the
refractive index of the dielectric adjacent to the metal surface,
Ay is the wavelength of light in the adjacent dielectric. When
the incident light hits the metal grating surface, the diffraction
gives rise to a series of diffracted waves. The projection of the
wave-vector for diffracted light along x-axis is
2r

k,=k, sinf, + mX )
where 8, is the incident angle, A is the grating period, and m is
an integer. The phase-matching conditions are satisfied and the
SPR absorption occurs when

2
k. =k, sinf, +m A kg, )
Instead of absorption of the incident light by the SPR, the
phenomenon of SPCE is the emission of light through the
surface plasmon modes induced by the near-field interaction
between nearby excited fluorophores and the metal surface. So
the wave-vector of the emitted light can be given by

- 2
_k Fmy

k P A
sin 6, (6)
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where 0, is the exit angle, which is the angle measured with
respect to the surface normal.

Actually, SPCE and SPR occur over a relatively narrow range
of angles according to the resonance response of the metal and
optical constants of the adjacent dielectric. The angle-
dependent absorption curves can be calculated with commercial
software,” web-based software,*> or homemade codes.’

B EXPERIMENTAL SECTION

Sample Preparation. In our experiment, glass substrates
were cleaned by the following procedure: successive sonication
in deionized water, acetone, and isopropyl alcohol baths for 20
min each. After drying, the substrates were spin-coated with a
thin photoresist (S1805) layer of about 120 nm thickness at
3000 rpm. The photoresist films were then exposed 150 ms
with a two-beam interference microfabrication system using
single-frequency 266 nm deep-ultraviolet laser and developed
to form surface-relief gratings with periods of 375 nm and
depth of about 50 nm. The samples were then deposited with a
50 nm thick film of silver, followed by a 30 nm thick film of
tris(8-hydroxyquinoline )aluminum (Alg;) using vacuum ther-
mal evaporation method (evaporation rate 1 A/s in a thermal
evaporation chamber with the high vacuum of 5 X 107* Pa).
The silver and Alqy layers replicated the surface profile of
photoresist, producing the same period of gratings throughout
the structure. The morphologies of the grating structures were
characterized by an atomic force microscopy (AFM, iCON,
Veeko) in tapping mode.

Steady-State Spectra Measurements. Absorption spec-
tra measurements were performed by a Shimadzu UV-2550
spectrophotometer, and emission spectra were measured with
an AvaSpec-2048 fiber optic spectrometer with 405 nm
excitation beam generated from a continuous diode laser. A
Glan-prism polarizer was used to polarize the excitation beam,
and the polarization of the excitation beam could be changed
by a half-wave plate. The sample was fixed on a rotary stage to
enable excitation and collection at any desired angle. The
illumination geometry of our experimental setup is provided in
the Supporting Information.

Time-Resolved Fluorescence Anisotropy. Time-re-
solved fluorescence experiments were performed by the time-
correlated single-photon counting (TCSPC) system using
single-channel method. A 405 nm picosecond diode laser
(Edinburgh Instruments EPL40S, repetition rate 20 MHz) was
used to excite the samples, and the pulses were polarized
through a Glan-prism polarizer. The emitted fluorescence
photons were selected by a monochromator and then collected
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by a photomultiplier tube (Hamamatsu H5783p) connected to
a TCSPC board (Becker and Hickel SPC-130). For our system,
the time constant of the instrument response function (IRF)
was about 220 ps. A polarizer was placed in front of the
entrance slit of the monochromator. Using the vertically
polarized excitation laser, we obtained the fluorescence decay
kinetics for vertically and horizontally polarized emission,
respectively.

B RESULTS AND DISCUSSION

Figure la shows the steady-state absorption and emission
spectra of Alq; on plane quartz substrate. For absorption, there
is one strong band peaking at 264 nm and a weak band peaking
at 400 nm. In the case of emission, there is only one broad band
peaking at 525 nm. There is almost no overlap region between
absorption and emission bands. Figure 1b shows the AFM
image of gratings with 375 nm periods, and Figure Ic is the
sample structure.

Directional Emission. Lakowicz et al. had demonstrated
that SPCE would occur irrespective of excitation mode.”' When
the incident light could not induce the SPPs, SPCE could be
demonstrated and studied convincingly. In our recent work, the
400 nm incident beam could only excite the Alq; molecules
because no angle would make the phase-matching condition
become satisfied on 375 nm silver gratings (eq S). Without the
interference of surface plasmon induced absorption enhance-
ment, SPCE could only be induced after the excitation of
fluorophores through near-field interactions between fluoro-
phores and metallic film. Our system is the optimum one to
allow us to study SPCE on metal gratings, where the results
were as convincing as that using the reverse Kretschmann
configuration (RK).*>*' In our experiments, 30 nm thick Alg,
presented the maximum SPCE phenomenon. At the distance
below 20 nm, quenching suppressed SPCE. When the Alg; film
was much thicker than 30 nm, the free-space radiation of
fluorophores dominated the profile of emission spectra. This
was consistent with the published results.*

Figure 2 shows the angel-dependent emission spectra.
Comparing with the original emission spectrum of Alqs
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Figure 2. Emission spectra detected at different geometrical detection
angles.

shown in Figure 1, the profile was reshaped at all geometrical
detection angles. At 0°, the profile of the spectrum presents a
sharp peak at 523 nm with full width at half-maximum (fwhm)
of about 40 nm. At 10° the peak at 523 nm is split into two
peaks. One peak shifts to 504 nm, and the other one shifts to
552 nm. In the case of 20°, the blue peak shifts to about 486
nm and the red one shifts to 600 nm. Beyond 20°, the blue

peak disappears, then the natural emission spectrum of Algs is
present because of the background fluorophore radiation. The
red one can still be detected with considerable intensity, and
the fwhm of the spectrum decreases to nearly 20 nm. The
incident angle was 40° for our measurements. We had
performed the experiments at different incident angles, and
there was no detectable difference for the emission spectra
when the incident angle changed from 0° to 40°. There was
also no detectable difference for the emission spectra when we
changed the polarization of the incident beam from s-
polarization to p-polarization (seen in Supporting Information
$6). According to the previous calculations,” at the distance of
20—30 nm in close vicinity to metal film, the fluorophores with
orientation of perpendicular dipoles contributed to SPCE much
more than that of parallel dipoles. In the Alg; film, the
fluorophores were oriented randomly. The s-polarization and p-
polarization incident beams could excite the fluorophores with
orientation of perpendicular dipoles at the same probability. In
addition, both polarized incident beams could not induce the
SPPs. So our results using s-polarization and p-polarization
incident beams were reasonable.

p-Polarized Emission. The high p-polarization is a notable
characteristic of SPCE.*® Figure 3 shows the p-polarization
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Figure 3. Polarization of the emission spectra at geometrical detection
angles of 10° (a) and 30° (b), the angles of polarizer in the labels are
related to the p-polarization.

characteristic of the emission peaks, which reshape the original
profile of emission spectrum. We chose two representative
geometrical detection angles at 10° (Figure 3a) and 30° (Figure
3b). The emission spectra detected at other angles presented
the similar properties.

In Figure 3a, when we rotated the polarizer in front of the
detector from p-polarization to s-polarization, the two peaks at
504 and 552 nm disappeared. The magnitude of the
polarization is between 0.7 and 0.8. The remaining signal is
the same with the original emission spectrum of Alg; on plate
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substrate (seen in Figure 1). There must be some fluorophores
that do not contribute to SPCE and deactivate through the free-
space radiation process. The detected spectra were the overlap
of the free-space emission and SPCE. In the case of 30° (seen
in Figure 3b), we can also detect the free-space emission
signature, but the p-polarized emission profile peaking at 663
nm shifts to the tail of the original emission profile. Without the
interference of the free-space emission background, the
magnitude of the polarization for the extra emission peak is
more than 0.9. This is in good agreement with the results
obtained using the RK configuration.””

FDTD Simulation. The absorption dispersion curves and
distribution of the magnetic field intensity were simulated for
our corrugated samples employing a finite difference time
domain (FDTD) method using the homemade FDTD codes.”
The simulated absorption dispersion curves for p-polarization
of our corrugated structures are shown in Figure 4a, in which
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Figure 4. (a) Simulated absorption dispersion curves with
experimental data (white circles); (b) the distribution of magnetic
field intensity in our corrugated structures at the wavelength of 523
nm.

the absorption intensity appears as a function of both
wavelengths and incident angles. The dispersion relation curves
constructed from the experimental SPCE spectra are also
plotted. It can be seen clearly that the experimental results are
in good agreement with the numerical simulations. Figure 4b
presents the field distribution in p-polarization at incident angle
0°, which correspond to the peak wavelength of 523 nm for the
measured SPCE spectra. The match between the angular
distribution of SPCE and the absorption dispersion relation
curves appears to be attributed to a near-field interaction of the
excited fluorophores with SPPs mode due to the adjacent metal
film.

Fluorescence Anisotropy. The steady-state measurements
and numerical simulations have demonstrated angular dis-
tribution and p-polarization of the emission reshaping the
original fluorescence emission profile. Our results are consistent

with the characteristics of SPCE with the reverse Kretsch-
mamm configuration. In order to obtain the further details for
SPCE, we adopted the TCSPC system to perform the time-
resolved fluorescence anisotropy measurements.

Figure S5 presents the delay traces of time-resolved
fluorescence anisotropy. Figure Sa,b shows the relaxation traces
of fluorescence anisotropy at 504 and 552 nm at 10°
corresponding to the emission spectra shown in Figure 3a. At
504 nm, the value of the anisotropy keeps constant at about
—0.1 during the whole decaying process (Figure Sa), and at 552
nm, the value of the anisotropy keeps constant at about —0.2
during the whole decaying process (Figure Sb). Figure Sc,d
shows the relaxation traces of fluorescence anisotropy at 520
and 663 nm at 30° corresponding to the emission spectra
shown in Figure 3b. At 520 nm, the value of fluorescence
anisotropy keeps constant at about zero, which is consistent
with the anisotropy values measured using samples on plate
substrate and bare grating without silver (seen in Supporting
Information S2 and S3). In the case of 663 nm, the value of
fluorescence anisotropy keeps constant at —0.4S. In our above
discussions, the detected emission profile is a mixture of SPCE
and the free-space radiation background at 10°. The time-
resolved anisotropy value must be affected by the background
free-space emission. In the case of 30°, SPCE would not be
affected by the free-space emission for the p-polarized peak
shifts to the tail of the background emission profile. So the
value of —0.45 exhibits the nature of the time-resolved
fluorescence anisotropy for SPCE during the relaxation process,
which is close to the theoretical value —0.5 calculated by the

.35
equation

_ Lyy(t) — GLyy(t)
") = 10 + 2GTu(0) )

where G is a correction factor that was used to correct the
different transmission efficiency of the monochromator for
vertically and horizontally polarized light. The G factor of our
system had been obtained before the performance of the
anisotropy measurements.

Bl CONCLUSIONS

In summary, we fabricated Alq; on silver grating structures,
which exhibited the reshaped emission spectra due to the
mixing of the SPCE and the original emission of fluorophores.
The designed parameters in our experiments allowed us to
observe the angular distribution and the p-polarized character-
istics of the extra emission peaks without the interference of
surface plasmon induced absorption, and the FDTD simu-
lations were in excellent agreement with the experimental data.
The time-resolved fluorescence anisotropy experiments were
performed, and we obtained the value of —0.45, which could
present the nature of the time-resolved fluorescence anisotropy
for SPCE during the relaxation process and was a deeper
understanding for the SPCE using time-resolved techniques.
The unique characteristics of SPCE, such as wavelength
resolution ability and enhanced fluorescence emission with
highly polarization, enable it with numerous potential
applications on optical switches, increasing the efficiency of
OLED devices, medical diagnostics, and biological sensors.
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Figure S. Time-resolved fluorescence anisotropy traces at 504 nm (a) and 552 nm (b) for the geometrical detection angle of 10°; and at 520 nm (c)

and 663 nm (d) for the geometrical detection angle of 30°.
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Iumination geometry of our experimental setup for directed
emission; time-resolved fluorescence anisotropy traces; fluo-
rescence decay curves; and emission spectra. This material is
available free of charge via the Internet at http://pubs.acs.org.
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