Control of ﬂuorescence enhancement
and directionality upon excitations in a
thin-ﬁlm system
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Nanostructures with various conﬁgurations have been
extensively used to engineer the emission properties of
embedded ﬂuorophores, but lack the ﬂexibility to dynamically control ﬂuorescence. Here we report a thin-ﬁlm cavity
system, comprising a quarter wavelength thick dye-doped
dielectric coating on a reﬂecting surface, in which the
ﬂuorescence enhancement and directionality can be signiﬁcantly modiﬁed by altering the illumination angle. The
conﬁguration of the cavity yields absorption properties that
are highly dependent on illumination angles, due to the

coupling between molecular absorption and Fabry–Perot
resonances. Therefore the ﬂuorescence intensity relating to
the angle-dependent absorbing efﬁciency varies with illumination angles. In addition, as a result of synergy between
intrinsic absorption of the reﬂecting surface, Fabry–Perot and
surface-plasmon-polariton resonances and illumination-angle
dependent excitation efﬁciencies for differently located
molecules, the global emission intensity, including emission
from dyes at all locations, can be directionally redistributed
by altering the illumination angle.
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1 Introduction Fluorescence is a process of photon
emission from excited ﬂuorophores. The emission properties
of a ﬂuorophore, e.g., ﬂuorescence intensity, lifetime, and
emission directionality, can be engineered through coupling
with the electromagnetic (EM) resonances in various photonic
nanostructures, such as metallic nanoparticles [1–10], optical
antennas [11–15], and photonic/plasmonic crystals [16–19].
This is because photonic nanostructures can create a structuredeﬁned complex dielectric environment that interacts with
EM waves. As the result, previous studies mainly focus on
integrating ﬂuorophores into nanostructures with various
conﬁgurations to manipulate their emission properties, which,
however, fails to dynamically control the ﬂuorescence
emission, because it is difﬁcult to modify the conﬁguration
of a ready-made nanostructure.
On the other hand, dynamic control of ﬂuorescence
properties is highly desirable for real life applications. In

this context, several novel measures have been used to
ﬂexibly tune the emission of ﬂuorophores embedded in
photonic nanostructures. For example, Almpanis et al.
demonstrated the modulation of spontaneous emission from
a stratiﬁed nanostructure based on acousto-optic interaction [20]. Stress-responsive photonic crystals [21, 22] have
also been used to adjust the emission behaviors. In this
report, we propose that if a photonic nanostructure can be
properly designed that its absorbing behaviors are sensitive
to the change of illumination conditions, e.g., the angle,
polarization, and wavelength of illumination, one may be
able to dynamically tune the emission properties of
ﬂuorophores embedded in this photonic nanostructure by
adjusting the illumination/excitation conditions. Previous
studies generally neglect the inﬂuence of the excitation
conditions, because it is commonly assumed that the
absorbing properties of the nanostructures are identical for
ß 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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different illuminations and ﬂuorophores located at different
positions within the nanostructures are equally excited
during the excitation process. This, nevertheless, is not
completely true in reality, since the complex dielectric
environment created by nanostructures not only interacts
with the emitted photons but also inﬂuences the excitation
ﬁelds. As a result, the absorption properties of nanostructures may ﬂuctuate for different illumination conditions. In addition, the ﬁeld distribution of the excitation
wave within nanostructures may also be modiﬁed by
applying different illumination conditions, thus unequally
exciting ﬂuorophores at different locations. These factors
may give rise to signiﬁcant modiﬁcation of emission
properties, hence altering the excitation conditions in
concert with the structure-deﬁned EM environment can
be used to manipulate ﬂuorescence properties.
Speciﬁcally, in this report, we experimentally and
numerically prove that in a ﬂuorophore-embedded nanoscale thin-ﬁlm cavity, altering the illumination angle (uexc )
of the excitation laser allows us to ﬂexibly modify the
ﬂuorescence enhancement with respect to a reference
sample and directionally redistribute the emission intensity.
The thin-ﬁlm cavity presented here comprises of a
95  3 nm thick Polyvinyl Alcohol (PVA) ﬁlm doped with
Rhodamine 6G (R6G) molecules on an optically thick silver
(Ag) substrate (left-hand schematic in Fig. 1). The reference
samples were prepared by coating the same R6G doped
PVA (PVAR6G) ﬁlm on a glass substrate. Earlier reports
[23–25] showed that, in such a thin-ﬁlm cavity, the emission
can be enhanced through coupling with Surface Plasmon
Polaritons (SPPs) propagating along the interface between
the dielectric coating and the reﬂecting surface. In our
experiment, it turns out that the ﬂuorescence intensity from
the thin-ﬁlm cavity varies with different illumination angles.
This is because the thickness of the PVAR6G coating was
carefully chosen to be, where l is the wavelength and n is
the refractive index of the PVAR6G, satisfying the excitation
conditions of Fabry–Perot (FP) resonances at oblique
incidence in the Ag substrate sample [26]. As a result,
the absorbing efﬁciency of the PVAR6G coatings on Ag
substrates (PVAR6G–Ag) is very sensitive to the angle of
incidence, due to the coupling between FP resonances and
molecular absorption [26], thus leading to the variation of
ﬂuorescence intensity with illumination angles, which can
be revealed by comparing angle-resolved absorption and
ﬂuorescence spectra.
Previous studies also demonstrate that in the thin-ﬁlm
cavity if the reﬂecting layer is semi-transparent and
combined with a glass prism (or a glass substrate), the
excited ﬂuorophores near the reﬂecting surface can radiate
into the underlying glass prism, through coupling with SPPs
excited at the interface between the reﬂecting layer and
the prism [27–30], known as Surface Plasmon Coupled
Emission (SPCE). In addition, the coupling strength
between the excited ﬂuorophores and SPPs is highly
dependent on the distance between ﬂuorophores and the
reﬂecting surface, hereafter referred to the ﬂuorophorewww.pss-b.com
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interface or dipole-interface distance [27, 31]. Furthermore,
together with the intrinsic absorption of the reﬂecting
surface [27, 31, 32], the interference [33–36] between the
ﬂuorescence radiation and the reﬂected waves from the
reﬂecting surface can also alter the decaying properties of
the excited ﬂuorophores, which are highly dependent on the
ﬂuorophore-interface distance too [31]. Therefore, if a
dielectric spacer layer is introduced as a separation between
the dye layer and the reﬂecting surface, by adjusting the
thickness of the dielectric spacer, the resulting multilayer
system can be used to manipulate the ﬂuorescence
lifetime [31–33, 37–43] and the emission directionality
[33–36], because the inclusion of the spacer layer allows us
to precisely control the ﬂuorophore-interface distance. Yet,
similar to previous studies in other kinds of nanostructures,
most of the investigations in the ﬂuorophore-embedded
thin-ﬁlm cavity are still based on using different physical
conﬁgurations to engineer the ﬂuorescence properties. In
contrast, the directionality of the ﬂuorescence from our
PVAR6G–Ag sample can be tuned by altering the illumination angles. Our simulation shows that this is because
the excitation efﬁciency for a molecule at a speciﬁc
location within the thin-ﬁlm structure closely relates to
the intensity distribution of the excitation wave, which
changes with different excitation angles. In addition, the
radiation directionality of a single molecule varies with its
location. As a result, the angular distribution of the overall
radiation, which is integrated from molecules at all
locations, can be modiﬁed by altering the excitation
angles, giving rise to the illumination angle dependent
ﬂuorescence directionality.
2 Experimental details In our experiment, aqueous
PVA solution doped with R6G molecules of a low
concentration (0.5 mM) was spin-coated on an optically
thick Ag substrate, which was prepared by thermally
evaporating 130 nm Ag on a polished silicon substrate. The
thickness of the PVAR6G coating is controlled at 95  3 nm,
achieved by adjusting the spinning speed and the density of
PVA in the solution. The same PVAR6G coating was spun on
a glass substrate as a reference sample.
The angle-resolved ﬂuorescence measurement (upperright schematic in Fig. 1) was performed using a customised
set-up as previously reported [17]. Speciﬁcally, the
ﬂuorescence spectra were collected by a spectrometer in
a wide range of ﬂuorescence angle DuFL (0o  80o ) with a
resolution of 5o from samples illuminated by a continuouswave (CW) green laser (lexc ¼ 532 nm) with various
excitation angle (uexc ¼ 5o ; 30o ; 60o ). The ﬂuorescence
spectra were acquired with s- and p- polarizations, deﬁned
as the electric ﬁeld being perpendicular or parallel to the
plane of illumination, by placing an analyzer before the
spectrometer. A polarizer is used to set the polarization
of the illumination beam before it excites the sample.
The angle-resolved absorption spectra were calculated by
subtracting the white light incidence with the reﬂection (for
both PVAR6G–Ag and PVAR6G–glass samples) and
ß 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1 Dye-doped nanoscale thin-ﬁlm system and its ﬂuorescence and absorption spectra. Top-left schematic: the PVAR6G–Ag thin
ﬁlm structure; right-hand schematic: the experimental setup for the angle-resolved ﬂuorescence measurement (upper-right) and the
angle-resolved transmission/reﬂection measurement (lower-right). Bottom: (a,b) Fluorescence emission spectra collected at uFL ¼ 0o
of the PVAR6G–Ag (orange thick line) and PVAR6G–glass (orange thin line) excited by s-polarized laser (lexc ¼ 532 nm) with
the excitation angle uexc ¼ 30o (a) and uexc ¼ 85o (b). (c,d) Absorption spectra measured for the PVAR6G–Ag (black thick line) and
PVAR6G–glass (black thin line) under s-polarized illumination with incident angle (c) uin ¼ 30o and (d) uin ¼ 85o . (e) Enhancement
factor of the absorption (green dotted circle) at l ¼ 532 nm and the ﬂuorescence (orange dotted circle) integrated over the spectral range
DlFL (550–800 nm). Green solid line in (c) and (d) indicates the spectral position of the excitation laser.

transmission (for PVAR6G–glass only) measured using a
setup as illustrated in lower-right schematic of Fig. 1 at
each incident angle uin with a speciﬁc polarization.
3 Experimental results and discussion Turning
to the details of experiment results, Fig. 1a shows the
ﬂuorescence spectra measured at the normal emission angle
(uFL ¼ 0o ) for samples of PVAR6G–Ag and PVAR6G–glass
(reference sample), under the same excitation conditions
(lexc ¼ 532 nm, s-polarized and uexc ¼ 30o ). As can be seen,
the magnitude of the ﬂuorescence at its maximum
(l ¼ 560 nm) for the PVAR6G–Ag sample is approximately
two times as for the reference sample. For higher excitation
angle (uexc ¼ 85o ), the ﬂuorescence enhancement at the
maximum is increased up to approximately sevenfold, as
shown in Fig. 1b. The absorption spectra of the PVAR6G–Ag
and PVAR6G–glass sample acquired at the corresponding
incident angles uin ¼ 30o and uin ¼ 85o are shown in
ß 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Fig. 1c and d, respectively. At the spectral position of the
excitation laser (l ¼ 532 nm, indicated by the green solid
line in Fig. 1c and d), under s-polarized illumination at,
the absorption for the PVAR6G–Ag sample is enhanced as
compared to the reference sample up to 2.2-fold (from
9.7% to 22%); while at uin ¼ 85o the absorption enhancement increases up to 13-fold (from 6.7% to 86%). In other
words, both the absorption and ﬂuorescence enhancement
show an illumination angle dependence, the full picture of
which can be revealed by calculating the absorption and
ﬂuorescence enhancement factors,
R

AAg ðl; uin Þdl
;
FAbsorp ðuin Þ ¼ R lexc
lexc Aglass ðl; u in Þdl
R
I Ag ðl; uexc Þdl
:
FFL ðuexc Þ ¼ R DlFL
DlFL I glass ðl; uexc Þdl

ð1Þ
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The absorption enhancement factor FAbsorp as a function
of the incident angle uin is deﬁned by normalizing
the absorption of a PVAR6G–Ag sample, denoted as, to
the absorption of the reference sample, denoted as, at the
excitation wavelength (l ¼ 532 nm); while the ﬂuorescence
enhancement factor FFL as a function of the excitation angle,
was calculated by comparing the ﬂuorescence collected at
uFL ¼ 0o for a PVAR6G–Ag sample (I Ag ðl; uexc Þ) with that
for the reference sample (I glass ðl; uexc Þ) integrated over the
full ﬂuorescence spectral range DlFL (500–800 nm). As
shown in Fig. 1e, it is evident to see that both FAbsorp and FFL
show a similar exponentially increasing tendency towards
more oblique illumination. As we discussed in Ref. [26], the
enhanced absorption in the PVAR6G–Ag sample is the result
of coupling between the molecular absorption and FP
resonances, since the PVAR6G coating with properly chosen
thickness together with the Ag substrate forms a resonant
cavity in which FP resonances can be excited and are very
sensitive to the angle of incidence. In other words, the
PVAR6G–Ag sample behaves like a platform increasing the
effective optical absorption cross-section of the embedded
ﬂuorophores, thus being able to enhance the emission
intensity under the same excitation conditions, which is
similar to the result presented in Ref. [37]. However, the
magnitudes of FFL are always lower than that of FAbsorp at
the corresponding incident/excitation angles and the difference between FAbsorp and FFL becomes even larger at highly
oblique illumination, implying the ﬂuorescence enhancement does not compete with the absorption enhancement.
This cannot be addressed by the absorption of Ag substrates
to the excitation energy, since our simulation (Fig. S1 in
Supporting Information) shows the fraction of the incident
energy being absorbed by the PVAR6G coating becomes
higher if the PVAR6G–Ag sample is illuminated at a more
oblique angle. Two factors may account for the unmatched
enhancement rate between absorption and ﬂuorescence:
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(i) the presence of Ag substrates may provide additional
non-radiative decay channels to the ﬂuorescence [27, 31, 32]
and (ii) the angular distribution of the ﬂuorescence intensity
for the PVAR6G–Ag sample may be different from that for
the reference sample at the same excitation angles, given
that the ﬂuorescence enhancement factor shown in Fig. 1e
is calculated only for the normal emission (uFL ¼ 0o ).
The angular distribution of ﬂuorescence intensity,
integrated over the spectral range DlFL (500–800 nm), for
the PVAR6G–glass and PVAR6G–Ag samples excited by
the s-polarized laser at the same excitation angles
(uexc ¼ 5o ; 30o ; 60o ), has been measured and is shown as
polar patterns in Fig. 2. While excited with uexc ¼ 5o , the
ﬂuorescence intensity for the PVAR6G–glass sample
(Fig. 2a) shows its maximum at uFL ¼ 08, and then
gradually declines as uFL increases, regardless of the
emission polarizations, exhibiting the same directionality as
the Lambert’s cosine law (black dashed line in Fig. 2a)
predicts [17, 41]. Excitation with other angles (Fig. 2b for
uexc ¼ 30o and Fig. 2c for uexc ¼ 60o ) gives the same results
as in the case of uexc ¼ 5o , manifesting changing the
excitation angle applies no inﬂuence on the ﬂuorescence
directionality for the reference sample. In contrast, if
the PVAR6G–Ag sample is excited with uexc ¼ 5o (Fig. 2d),
the presence of Ag substrates greatly alters the appearance
of the ﬂuorescence directionality, where a pronounced
forward beaming effect is observed for the s-polarized
emission, while the p-polarized ﬂuorescence intensity
immediately declines after uFL ¼ 30o . If excited with
uexc ¼ 30o (Fig. 2e), the s-polarized emission essentially
returns back to the Lambertian appearance, in contrast, the
p-polarized emission displays the forward beaming effect.
With an even larger excitation angle uexc ¼ 60o (Fig. 2f), the
p-polarized emission of the PVAR6G–Ag sample remains
the same as in uexc ¼ 30o . However, the s-polarized
ﬂuorescence pattern signiﬁcantly differs from previous

Figure 2 Angular distribution of measured
ﬂuorescence intensity for the PVAR6G–glass
(upper line) and the PVAR6G–Ag (lower line)
sample. The ﬂuorescence intensity at each
emission angle is normalized to the intensity at
normal emission (uFL ¼ 0o ) in each plot. The ﬁrst
column polar plots in (a) and (d) correspond to
the ﬂuorescence under s-polarized excitation
(lexc ¼ 532 nm) at excitation angle uexc ¼ 5o , the
second column (b) and (e) corresponds to the
excitation angle uexc ¼ 30o , and the third column
(c) and (f) to uexc ¼ 60o . As indicated in the
middle polar plots (b) and (e), the left quadrant of
each plot corresponds to the s-polarized ﬂuorescence, while the right quadrant to the ppolarized ﬂuorescence. Black dashed lines in
each polar plot indicate the calculated Lambertian emission.
www.pss-b.com
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cases, exhibiting a very directional radiation towards
uFL ¼ 55o . Obviously, the ﬂuorescence directionality for
the PVAR6G–Ag sample displays an unusual dependence on
the excitation angles, indicating that the presence of Ag
substrates makes emission from the PVAR6G–Ag sample
very sensitive to the change of excitation conditions. The
direct comparison between emission directionalities under
different excitation angles can be found in Fig. S2 in
Supporting Information; we also note that the ﬂuorescence
directionality can be modiﬁed by altering the polarization
of the excitation laser; please see Fig. S3 in Supporting
Information for details.
Biased emission with respect to the direction of
excitation light has been reported in Ag island ﬁlms
embedded with ﬂuorophores [44] possibly due to the
strongly orientational scattering ability of the Ag nanoislands. However, in our case, the excitation angle dependent
ﬂuorescence directionality is shown in a thin-ﬁlm cavity
without any orientational scatterers. Therefore, it is
necessary to ﬁnd out the factor causing the modiﬁcation
of emission directionality in our structure. As mentioned
above and demonstrated in Fig. 1, at l ¼ 532 nm, the
PVAR6G–Ag sample absorbs more incident energy for
higher oblique s-polarized illumination, as a result of the
coupling between FP resonances and molecular absorption.

Another signiﬁcance of this coupling is that the spatial
distribution of incident energy inside the cavity ﬂuctuates
for different illumination angles. The intensity distributions
(jEj2 ) across the thickness (y-axis) of the PVAR6G–Ag
sample under s-polarized illumination (l ¼ 532 nm) with
uin ¼ 5o and uin ¼ 60o were calculated using the transfer
matrix method [45] and are shown in Fig. 3a and b,
respectively. In the case of 5o illumination (Fig. 3a), the
intensity peaks at h ¼ 60 nm (h denotes the ﬂuorophoreinterface distance as illustrated in Fig. 3a), whereas under
60o illumination (Fig. 3b), the intensity maximum moves to
a higher position, i.e., h ¼ 90 nm above the Ag surface. In the
process of excitation, the magnitude of incident intensity at a
speciﬁc h undoubtedly affects the degree of excitation to a
molecule at this position. As the result, if the PVAR6G–Ag
sample is illuminated at an angle, the molecules in the middle
of the PVAR6G coating are most strongly excited, while in
the case of, the most strongly excited molecules appears in the
position close to the Air-PVA interface. Hence, altering the
excitation angle allows us to dynamically tune the excitation
efﬁciency for molecules at different locations.
On the other hand, the overall ﬂuorescence of the
PVAR6G–Ag sample is the sum of emission from dye
molecules at all locations. Previous studies [27, 31, 32, 35,
46, 47] and our Finite-Difference Time-Domain (FDTD)

Figure 3 Insights for different illumination angles: the variation of excitation waves and optical properties of dye molecules at different
locations. (a,b) Simulated intensity distribution across the thickness of the PVAR6G–Ag sample illuminated by s-polarized light with
incident angle uin ¼ 5o (a) and uin ¼ 60o (b) at the excitation wavelength l ¼ 532 nm. (c) LDOS as a function of h for s- and p-dipole at
the wavelength l ¼ 560 nm. (Please see text for details.) (d–f) Calculated radiation directionality of a dipole at the position h ¼ 15nm (d),
h ¼ 50 nm (e), and h ¼ 90 nm (f) for s- (left quadrant) and p- (right quadrant) polarized dipole at the wavelength l ¼ 560 nm. [h is deﬁned
as the dipole–Ag substrate distance as illustrated in Fig. S4.]
ß 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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simulations (Fig. S5 in Supporting Information) reveal that
the emission properties of dye molecules are signiﬁcantly
dependent on the positions (h) and the orientations of
molecules. Speciﬁcally, due to the coupling between
excited ﬂuorophores in the PVAR6G–Ag sample and the FP
resonances in the cavity, the SPPs propagating along the
PVAR6G–Ag interface and the intrinsic absorption of Ag
substrates, the Local Density of Optical States (LDOS)
inside the structure varies with dipole locations and
orientations. Figure 3c shows the normalized LDOS for
s- and p- dipole as a function of h simulated by the
FDTD method. The orientation of molecules is usually
assumed to be isotropic. For simplicity, here we denote
the dipole contributing to s-polarized emission as s-dipole,
which has the orientation perpendicular to the plane of
incidence, and denote the one causing p-polarized emission
as p-dipole, which includes all orientations in parallel
with the plane of incidence, (for details of the molecular
orientation and the calculation of LDOS, please see Fig. S4
and the section “Modelling of LDOS” in the Supporting
Information). In particular, the normalized LDOS for
s-dipole increases towards larger values of h until
h ¼ 85 nm, whereas for p-dipole the LDOS declines
monotonically with the increasing h value. As a result,
photons emitted by ﬂuorophores at different locations
contribute to the overall ﬂuorescence with various degrees,
since it is well known that the spontaneous emission
rate of an excited ﬂuorophore is proportional to the
LDOS [48].
In addition, dye molecules at different position h
exhibit various radiation directionalities, because the
interference behavior between the ﬂuorophore radiation
and the reﬂected waves from the reﬂecting surface also
signiﬁcantly depends on h as well as the dipole orientation
of molecules [35]. We then simulated the radiation
directionalities for s- and p- dipole in the spectral position
(l ¼ 560 nm) at h ¼ 15 nm, h ¼ 50 nm, and h ¼ 90 nm in
the PVAR6G–Ag structure, as shown in Fig. 3d–f,
respectively. The simulations were performed by calculating the normalized ﬂuorescence enhancement GðuFL Þ as
a function of emission angle, for dipoles at different
positions h, using the principle of reciprocity as proposed
in Refs. [20, 29]. Speciﬁcally, the radiation of s-dipoles,
corresponding to s-polarized emission, exhibits a signiﬁcant directional enhancement towards uFL ¼ 60o as the
dipole-interface distance h increases. In contrast, the
p-dipoles, contributing to p-polarized emission, at h ¼ 15 nm
radiate more to, but this directional radiation disappears
when h ¼ 90 nm. If we compare Figure 3d, 3e and 3f
with Fig. 2d, 2e, and 2f respectively, we can ﬁnd that the
emission directionality for the PVAR6G–Ag sample under
different excitation angles shows a similar variation
tendency to the dipole radiation at different h positions.
We also note that the ﬂuorescence lifetime measured on the
PVAR6G–Ag sample varies with collection angle uFL ;
please see Fig. S6 in Supporting Information for more
details.
www.pss-b.com
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As discussed above, the intensity distribution of
excitation wave, the LDOS and the radiation from
individual dipoles all contribute to the overall ﬂuorescence.
We therefore can mathematically express the angular
distribution of ﬂuorescence from the PVAR6G–Ag sample
under different excitation angles by using Equation (2)
Z
1 d b
jEexc ðuexc ; hÞj2
I a ðuexc ; uFL Þ ¼
d 0
 norm½Ga ðuFL ; hÞ  LDOSa ðhÞdh;

ð2Þ

where Ga ðuFL ; hÞ and LDOSa ðhÞ as functions of h denote
the ﬂuorescence enhancement and local density of states
with a polarization a, respectively. The inﬂuence of the
excitation wave jEbexc ðuexc ; hÞj2 as a function of excitation
angle uexc and the position h, with polarization b has been
also included. Using Equation (2), we calculated the
ﬂuorescence directionality for the PVAR6G–Ag sample
excited by s-polarized illumination with, 30o and 60o shown
in Fig. 4. Comparing with the experimental results in
Fig. 2d–f, we ﬁnd that the simulated polar patterns show
a similar tendency, i.e., as the excitation angle increases,
the s-polarized emission displays a directional radiation
towards the angle range between uFL ¼ 50o and uFL ¼ 65o ,
while the p-polarized emission intensity exhibits an
unobvious forward beaming effect, with steeper decrease
at higher excitation angles. However, we also note that the
experimental results (Fig. 2d–f) are more pronounced
than the simulated integration results (Fig. 4) and share
more similarities with the simulated radiation patterns
of dipoles at ﬁxed positions (Fig. 3d–f for h ¼ 15, 50,
and 90 nm respectively). This is possibly due to the
inhomogeneous distribution of dye molecules across the
thickness of the PVAR6G coating [49], or the preferential
orientation of dye molecules close to the Ag substrate [35].
But the key principle of this newly-discovered phenomenon is well described by the theory and analysis. In
addition, this phenomenon also suggests that the directional emission beaming effect can be further enhanced by
elaborating the designs of the PVAR6G–Ag cavities, e.g.,
multilayer architectures that allow stratifying and locating
dye molecules at ﬁxed distances above the reﬂecting
surface.

Figure 4 The calculated overall radiation directionality of a
PVAR6G-Ag sample at the wavelength l ¼ 560 nm, under
s-polarized excitation with different excitation angle (uexc ) by
integrating dipoles at all positions (h) using Eq. (2).
ß 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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4 Conclusion In conclusion, we have designed and
fabricated a ﬂuorophore-embedded thin-ﬁlm structure,
comprising of a  l=4n thick PVA coating doped with
R6G molecules on an optically thick Ag substrate, the
ﬂuorescence properties of which can be dynamically
tuned by altering the excitation conditions. Speciﬁcally,
the ﬂuorescence intensity is enhanced with respect to a
glass substrate reference sample, and the strength of
enhancement can be manipulated by adjusting the
illumination angle of the excitation laser. Additionally,
changing the excitation angles and polarization directionally redistributes the ﬂuorescence intensity from
the PVAR6G–Ag sample, with both forward-enhanced
(beaming) and forward-suppressed intensity distributions
achievable. By comparing the ﬂuorescence spectra
with absorption spectra, we ﬁnd the ﬂuorescence
enhancement directly relates to the absorbing efﬁciency
of the PVAR6G–Ag sample, which is very sensitive to
the illumination angle, as a result of coupling between
the molecular absorption and FP resonances. On the
other hand, the intensity distribution of the excitation
wave within the PVAR6G–Ag sample ﬂuctuates with
different excitation angles. As the result, the excitation
efﬁciency for molecules at different locations can be
modiﬁed by altering the excitation angle, which gives
the rise to the modiﬁcation of the overall emission
directionality.
This ﬂuorophore-embedded thin-ﬁlm system offers
a new conceptual platform for dynamically manipulating
ﬂuorescence emission properties. The mechanism of such a
cavity can also be applied in electroluminescence systems,
e.g., stratiﬁed organic light-emitting diodes. In addition,
more sophisticated and ﬁner control of emission directionality and enhancement may be achieved by using patterned
substrates. Due to the relatively inexpensive and large-area
fabrication process, the light emitting thin-ﬁlm structure
opens up broad prospects for many real life applications,
e.g., light emitting devices [37] that allow tuneable
directional lighting, plasmonic lasers [7, 25] with controllable emission intensity or bio-sensing systems that can
highlight the ﬂuorescence readout by tuning the directional
emission.
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