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The fluorescence emission properties of hybrid systems consisting of a one-dimensional gold nanowire grating
and an evaporated thin film of the small molecule organic semiconductor diindenoperylene (DIP) are investi-
gated. The optical properties of the metallic systems are dominated by their plasmonic resonances. The spectral
positions of the resonances are tuned through the width of the single nanowires. Additionally, the plasmonic
gratings show a strong polarization dependency due to their one-dimensionality. In contrast, the pure organic
system has a polarization-independent emission between 570 and 900 nm when excited with blue light, whereas
no photoluminescence can be detected from the bare plasmonic system for the same illumination conditions. For
the hybrid system, the intensity, the shape of the emission spectrum, and the polarization of the emission clearly
correlate with the optical properties of the plasmonic nanowires. Depending on the optical properties of the
plasmonic system, different emission bands of the organic thin film can be enhanced. © 2019 Optical Society

of America

https://doi.org/10.1364/JOSAB.36.0000E9

1. INTRODUCTION

The optical properties of plasmonic nanostructures have been
investigated thoroughly in recent years [1–3]. The resonant
excitation of plasmonic nanostructures leads to a strong and
localized near-field at their surfaces [2]. Through this associated
near-field, localized surface plasmons can couple to adjacent
materials and vice versa [4,5]. Thus, in hybrid systems with
fluorescent molecules or quantum dots, plasmonic nanostruc-
tures can enhance and spectrally shape the spontaneous
emission [5–8]. For quantum dots or fluorophores, the polar-
izability and directionality of the fluorescence emission by
plasmonic nanoantennas has been demonstrated [9–11].
Nevertheless, there is still a lack of studies with fluorescence
materials suitable for applications. In the present study, a small
molecule organic semiconductor is combined with a plasmonic
nanowire system. Such organic semiconductors have already
been used in several applications like organic solar cells or
organic light emitting devices [12,13]. The organic material
used in this study is the small molecule organic semiconductor
diindenoperylene (DIP) [14]. This organic semiconductor
shows good chemical stability and a good structural order when

evaporated under ultra-high vacuum conditions and has a
strong optical anisotropy [14,15]. Its fluorescence properties
and the decay dynamics of excited states in this material have
already been investigated in several studies [16–19]. In con-
trast, only few studies with plasmonic nanostructures and
DIP are available, where metal nanotips were employed for lo-
cal luminescence enhancement or spherical plasmonic nano-
structures for excitation enhancement [20,21]. In this work,
the emission properties of a hybrid system consisting of an ex-
tended one-dimensional (1D) plasmonic nanowire grating and
a thin layer of DIP are investigated. DIP is very well-suited for
this study since its different emission bands offer strong spectral
overlap with the resonances of the plasmonic system. The hy-
brid system shows a polarized fluorescence emission, which is
associated with the optical properties of the plasmonic nano-
structures. Additionally, the enhancement of either specific
emission bands of DIP or a more broadband enhancement
by the plasmonic nanogratings is demonstrated. In contrast
to the mentioned previous studies, the present system exhibits
fluorescence enhancement that clearly occurs predominantly
due to the emission enhancement in a DIP/plasmonic hybrid
system and not due to excitation enhancement. The results
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shown here are valuable, e.g., for the design of plasmonic nano-
structures for light extraction from organic light emitting di-
odes (OLEDs) [22,23].

2. MATERIALS AND METHODS

A. Sample Fabrication

As the substrate, a glass coverslip (thickness ∼160 μm) is used
and coated with 50 nm indium tin oxide (ITO) as a conductive
film by magnetron sputtering (20W, 3 × 10−3 mbar). The gold
nanogratings are fabricated by electron beam lithography, ther-
mal evaporation, and lift-off [25 μm × 25 μm arrays, period
400 nm, line width 41–101 nm as determined by scanning
electron microscopy (SEM), height 20 nm] [24]. In Fig. 1(b),
a SEM image of a grating without DIP is shown. After fabri-
cating the gratings, the organic semiconductor film is deposited
in an ultra-high vacuum chamber by thermal evaporation via
organic molecular beam epitaxy [25]. The nominal thickness of
the organic film is 20 nm. A model of the DIP molecule on the
grating is shown in Fig. 1(a). The DIP molecule exhibits a pro-
nounced optical anisotropy, where the dielectric tensor is do-
minated by the contribution parallel to the long molecule axis
[14,26]. Comparing the weighting of the different absorption
bands from the spectra in the above-mentioned earlier studies
with the results of an extinction spectrum of the pure DIP film
on the glass/ITO substrate (not shown), the DIP film seems to
be dominated by molecules in an upright formation, with an
angle of ∼17° between the long molecule axis and the surface
normal. The size of the in-plane domains of the polycrystalline
film is much smaller than the investigated spot size, such that
their influence on the fluorescence is negligible.

B. Optical Measurements

The setups for the extinction and fluorescencemeasurements are
shown schematically in Figs. 1(c) and 1(f ). For both measure-
ments, an inverted microscope (Nikon Ti-U Eclipse) is used.
For the extinction measurements, the gratings are illuminated
by collimated white light from a halogen lamp. The light can
be polarized through a broadband polarizer in the illumination
light path. A 20× objective (NA 0.5) is used for detecting the
transmitted light. In the image plane, a pinhole with a diameter
of 200 μm is used to select the light from a specific area (diameter
10 μm) on the sample. This light is coupled into the spectrom-
eter. The extinction spectra are calculated by I ext �
1 − �T ∕T ref �, where T is the transmission at the position of
the gratings with DIP or the substrate with the DIP film,
and T ref is a reference transmission spectrum through a glass/
ITO substrate without DIP. Figures 1(d) and 1(e) show the
orientation of the electric field of the incoming light in the ex-
tinction setup, which is oriented perpendicular to the nanowires
for transverse magnetic (TM) polarization and parallel to the
nanowires for transverse electric (TE) polarization.

For the fluorescence measurements, the sample is illumi-
nated from below through the 20× objective by a mercury lamp
(Nikon Intensilight) with unpolarized light (410–457 nm).
The emitted light from the sample is detected in reflection,
again through the 20× objective. For all fluorescence spectra,
the integration time is the same (10 s). A long pass filter is posi-
tioned in the detection light path, so only light with a wave-
length >517 nm can pass the filter. The detected light is
spatially filtered in the image plane, as in the extinction mea-
surements, and coupled into the spectrometer.

In front of the spectrometer entrance, a polarizer is posi-
tioned for analyzing the detected light. Please note that here
the polarizer is introduced in the detection light path, whereas,
for the extinction measurements, the polarizer is placed in the
illumination light path. For the fluorescence measurements, the
electric-field vectors of TM- and TE-polarized emitted light are
oriented in the same way as for the extinction measurements.
The transmission properties of the long pass filter lead to a
modulation of the transmitted intensity above 720 nm. The
characteristics of the filter are therefore determined using
white light, and the fluorescence spectra are corrected for these
transmission properties.

3. RESULTS AND DISCUSSION

In Fig. 2, the unpolarized fluorescence of a 20 nm thick DIP
film on a glass/ITO substrate is shown together with the fluo-
rescence of a hybrid system consisting of the same DIP film on
a Au nanowire grating with a period of 400 nm and wire width
of 88 nm. Additionally, the response of a comparable bare gra-
ting without DIP and the fluorescence of only the glass/ITO
substrate are shown when illuminated by the mercury lamp.
The DIP shows a strong fluorescence for wavelengths larger
than 550 nm. The broad peak around 700 nm may consist
of several overlapping emission bands. The spectral positions
of the observed emission bands of the pure DIP are comparable
with results of previous studies [16–18,20,21]. When compar-
ing the fluorescence of the DIP and the hybrid system, consid-
erable enhancement of about 60% of the unpolarized

Fig. 1. (a) Schematic of a grating sample with DIP (not to scale).
(b) SEM image of the grating with a period of 400 nm and a line width
of 74 nm. (c) Schematic of the setup for the extinction measurements
with incident polarized white light. (d) and (e) Orientation of the elec-
tric-field vector relative to the nanowires for TM and TE polarization
in the illumination light path (extinction) or detection light path (fluo-
rescence). (f ) Schematic of the setup for the fluorescence measure-
ments with illumination (410–457 nm) and detection (>517 nm)
from below.

E10 Vol. 36, No. 7 / July 2019 / Journal of the Optical Society of America B Research Article



fluorescence and a slight spectral shift (∼15 nm) of the maxi-
mum to shorter wavelengths is visible.

The fluorescence of the bare glass/ITO substrate and of the
substrate with a Au nanowire grating do not show any
differences, indicating that the bare Au system does not con-
tribute any intrinsic fluorescence. Both systems show a weak
emission for wavelengths below 600 nm, but nearly zero emis-
sion in the range of the emission of DIP between 600 and
850 nm. Therefore, the fluorescence of the DIP clearly domi-
nates in the hybrid system, whereas the fluorescence of the sub-
strate and the plasmonic system can be neglected.

In Fig. 3, the polarization-dependent emission of the hybrid
system measured with the fluorescence setup from Fig. 1(f ) is
shown for nanowire gratings that each have a period of 400 nm,
but different line widths from 41 to 101 nm. For TM-polarized
emission, the fluorescence intensity of the grating-coupled sys-
tem amounts to up to twice the intensity of the pure DIP film
at the wavelength of maximum emission near 700 nm. The
shape of the fluorescence curves clearly depends on the width
of the single Au nanowires. The spectral position of the maxi-
mum visibly shifts to longer wavelengths for widths from 74 to
101 nm. The strongest emission occurs for a wire width of
88 nm. For a width of 63 nm, the enhancement of the DIP
band at about 630 nm is much more pronounced, whereas only
weak homogeneous fluorescence enhancement can be observed
for a wire width of 41 nm.

For TE polarization, a slight enhancement of the emission
(factor ∼1.2) in the hybrid system compared to the pure DIP
fluorescence can be observed for all wire widths. However, in
contrast to the results for TM polarization, almost no depend-
ence on the different wire widths is visible.

For further analysis, the TM emission spectra of the hybrid
system are normalized by the emission of the 20 nm thick
DIP film. The resulting spectrally resolved fluorescence

enhancement is shown in Fig. 4(a). They are juxtaposed to
the extinction spectra of the same gratings with DIP as mea-
sured under illumination with TM-polarized white light in the
setup from Fig. 1(c), which are shown in Fig. 4(b). The reso-
nances in the extinction spectra, which are attributed to the
localized surface plasmon resonances (LSPRs) of the trans-
versely excited Au wires, are clearly visible. Typical TE- and
TM-polarized extinction spectra of pure Au gratings can be
found in Ref. [27] for comparison.

Additionally, the extinction spectra of the gratings with and
without DIP film are simulated using the finite element
method (COMSOL Multiphysics) and show a similar behavior
as the experimental results (see Fig. 5). The Au lines are defined
as a two-dimensional (2D) primitive cell with periodic boun-
dary conditions, cf. Ref. [27], and their widths are chosen to
match the experiments. A semi-infinite half-space of glass with
a 50 nm ITO layer is defined as the substrate. For the simu-
lations with DIP, a thin film with a thickness of 20 nm
is added in the simulations. A wavelength-dependent tensor ac-
cording to Ref. [14] is used for the refractive index of
DIP. The maxima in the extinction spectra shift to longer

Fig. 2. Unpolarized fluorescence spectra of a DIP film on a
glass/ITO substrate (black), of the DIP film on a Au nanowire grating
(blue, wire width 88 nm), of a grating without DIP (green), and of
the glass/ITO substrate (red).

Fig. 3. TM- and TE-polarized emission spectra of the DIP film on
glass/ITO substrate (pure DIP) and the DIP film on the nanogratings
with different widths of the single wires of 41 to 101 nm when illu-
minated with the light of wavelengths between 410 and 457 nm. For
TM-polarized emission, different enhanced intensities and a shift of
the wavelength position of the maximum for increasing wire widths
are clearly visible, whereas, for TE-polarized emission, hardly any
differences in intensity appear between the wire widths.
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wavelengths and become broader for increasing linewidths as
expected and also seen in the simulations (see Fig. 5). An
opposite trend is visible for different heights but fixed width
of the lines, with the maxima shifting to longer wavelengths
for decreasing heights due to an increasing lateral aspect ratio,
as tested in simulations for heights from 15 to 30 nm (not
shown). Additionally, near 600 nm, the lattice mode is visible
as a dip [28,29]. This mode occurs when the first grating order
on the substrate side becomes evanescent at this wavelength
(period 400 nm * refractive index ∼1.5) [28]. The appearance
as a dip and not as a peak here is connected to its spectral
position at a larger energy than the LSPR [28–31].

In contrast to the other wire widths, for the width of 41 nm,
no clear LSPR in the extinction spectrum is visible in Fig. 4(b).
This behavior may be explained by the size of the wires, which
leads to a low polarizability [32]. On the other hand, it can be
ascribed to a coincidence between the supposed LSPR wave-
length near 600 nm and the lattice mode, which may lead
to a damping and a resulting very weak resonance. The partly
negative values and the tilt of the extinction curves (larger

values at smaller wavelengths than at larger wavelengths) can
be explained by spectrally dependent antireflection effects
due to the effective refractive index of the grating structure
when comparing the system with a grating to the glass/ITO
reference spectrum, as calculated in the extinction measure-
ments (see Section 2.B).

For all wire widths, the maximum of the fluorescence en-
hancement appears close to the maximum of the extinction
spectra (Fig. 4). It is shifted in a similar way for the extinction
maxima and the fluorescence enhancement maxima, as shown
in the inset of Fig. 4, for Au lines from 63 to 101 nm in width.
For widths of 63 and 74 nm, the wavelengths of the maxima
nearly coincide. For widths of 88 and 101 nm, the fluorescence
peak seems to split, and, besides the main maximum, a
shoulder in the fluorescence enhancement spectra is also visible
due to the emission band at 620 nm. The shift of this shoulder
is illustrated as a dashed line in the inset of Fig. 4. With these
structures, both fluorescence emission bands seem to be en-
hanced (see also inset of Fig. 4). Additionally, the width of
the resonance curves increasingly broadens for the extinction
spectra and the fluorescence enhancement spectra with increas-
ing Au wire width. For the extinction spectra, the FWHM in-
creases from ∼20 nm for a wire width of 63 nm to ∼50 nm for
a wire width of 101 nm. For the fluorescence enhancement
curves, the corresponding values amount to ∼40 nm (wire

Fig. 4. (a) TM-polarized emission of the different hybrid systems
normalized to the emission of the DIP film. (b) White light extinction
spectra for TM-polarized incident light for the different wire widths
from 41 to 101 nm. Inset: shift of the maxima of the extinction curves
(blue line) and the fluorescence enhancement (solid orange line) with
increasing wire width. Additionally, the shift of the left shoulder of the
fluorescence enhancement peak for Au wire widths of 88 and 101 nm
is shown (dashed orange line).

Fig. 5. Simulated extinction spectra of the nanogratings (a) without
and (b) with DIP film. The plasmonic resonances, which are spectrally
shifting with the wire width, as well as the grating induced sharp dip
near 600 nm, are clearly visible.
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width 63 nm) to 130 nm (wire width 101 nm). Note that for
both the maxima and the widths of the curves, one does not
expect an exactly identical behavior for the extinction and the
fluorescence, because the maximum and the width of each fluo-
rescence enhancement spectrum in Fig. 4(a) is influenced by
both the fluorescence spectrum of the DIP film and the par-
ticular LSPR. A maximum relative emission enhancement is
found for the wire width of 63 nm at 622 nm (factor of
2.8), which is slightly stronger than the enhancement for
the wires with 74 nm width at 642 nm. The strongest overall
integrated fluorescence signal was found for the wire width of
88 nm with a maximum at 697 nm [Fig. 3(a)], whereas, for the
101 nm wires, a weaker, but very broadband enhancement, was
found. The smallest structures (width 41 nm) clearly show the
weakest enhancement. For wavelengths smaller than 550 nm
for all wire widths, a weak attenuation of the fluorescence
can be observed, which may be connected to the absorption
properties of Au in this wavelength range [33]. Note that
the results of the TM-polarized fluorescence only show emis-
sion enhancement that can be related to the LSPR of the single
nanowires. No apparent enhancement effects from grating in-
duced modes with small bandwidths are observed, in contrast
to other reports [34–36]. This can be explained by the grating
geometry and the respective spectral position of grating induced
effects, as discussed above [28].

Several mechanisms can lead to the fluorescence enhance-
ment in the hybrid system: the increase of light absorption
by the DIP molecules due to the enhanced near-field at the
surface of the plasmonic nanostructures, changes of the radia-
tive and non-radiative transition rates induced by the metal
nanostructures, and/or the coupling of the nanostructures’
near-field to the far-field [6,7,37,38]. Because of the unpolar-
ized excitation in the fluorescence setup, a potential absorption
effect should be visible in both the TE- and TM-polarized
emission data (Fig. 3). Besides other effects, such as the modi-
fication of radiative and non-radiative transition rates due to the
presence of a metal interface, the coupling of the excited states
to propagating plasmons along the nanowires, or an enhance-
ment due to the corrugated interface [39,40], the absorption
effect may lead to the weak geometry-independent fluorescence
enhancement also visible for TE polarization (Fig. 3). The
weakness of this enhancement may be due to the off-resonant
excitation of the plasmonic nanostructures in the fluorescence
setup. The excitation in the fluorescence setup at 410–457 nm
ranges clearly below the wavelengths of the LSPRs (Fig. 4). For
TM-polarized emission, the normalized fluorescence is obvi-
ously modified by the plasmonic properties of the single nano-
wires (Fig. 4). Here, the coupling of the molecular fluorescence
to the plasmonic modes and the out-coupling via the plasmon
modes seems to dominate the optical properties of the hybrid
system. This leads to comparable trends for the plasmonic and
the normalized fluorescence properties for different wire
widths, as shown in Fig. 4. Due to the modification of the local
density of optical states by the plasmon resonance and the
antenna properties of the plasmonic nanostructures, the fluo-
rescence in the hybrid system appears to be increased
[4,5,7,37,38]. For the wires with 63 and 74 nm widths, the
left shoulder of the broad fluorescence curve of DIP at around
630 nm is most strongly enhanced (Fig. 4). This region

corresponds to an intrinsic fluorescence emission band of
DIP with a short decay time [18]. The enhancement of this
band leads to the strongest enhancement factors for the system
investigated here. For the wire widths of 88 and 101 nm, the
emission band near 700 nm, which originates from long-lived
states in DIP thin films [18], is more strongly enhanced, but
smaller overall enhancement factors are observed (Fig. 4). The
smaller enhancement factors for larger line widths may be re-
lated to a trade-off between a less strong increase of transition
rates and the more efficient out-coupling of plasmon modes for
increasing structure sizes, as shown in a theoretical study on
nanospheres [37]. This means the respective emission bands,
which can be related to certain fluorescence states [18], show
different coupling properties within the hybrid system.

Overall, the results presented here show clear evidence for the
coupling between small molecule organic semiconductor fluo-
rescence and localized plasmon modes of a metal grating. In the
fluorescence curves of the hybrid system for TM polarization,
the signature of the plasmonic properties is clearly visible.

In further experiments, time and polarization-dependent
measurements could be used for further investigation of the
change of the transition rates and decay channels due to the
metallic grating [7,38]. With such measurements, the lifetime
modification due to the change of the local electromagnetic
density of states can be investigated. Additionally, potentially
varying lifetime changes for the different emission bands can
be examined, which may enable the study of coupling effects
for different emission bands [16,18]. Thus, the well-defined
hybrid system presented here can act as a model system for fun-
damental investigations of fluorescence properties in hybrid
systems.

4. CONCLUSION

We investigated the fluorescence properties of a hybrid system
consisting of a plasmonic nanowire grating and an organic
semiconductor thin film. The results are compared with the
linear optical properties of the plasmonic system. The fluores-
cence of the hybrid system is enhanced compared to the fluo-
rescence of the pure DIP film. The fluorescence spectra of the
hybrid system clearly correlate with the far-field optical proper-
ties of the single Au nanowires and show a partially polarized
and enhanced fluorescence emission. The fluorescence proper-
ties of the hybrid system arise from a coupling between the
fluorescence of the molecules and the LSPR of the single nano-
wires. The maximum of the fluorescence emission is shifted to
longer wavelengths and broadened with increasing wire width.
Preferential enhancement of specific emission bands by gratings
with different wire widths can be observed. The results have
important implications for applications such as broadband light
extraction from OLEDs, since with a specific wire width a
broadband emission enhancement from 575 to 850 nm can
be achieved. For future studies, the system is well-suited for
fundamental time-dependent investigations of fluorescence
in hybrid organic small molecule/plasmonic systems.
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