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a b s t r a c t

In a comparison between a bare diindenoperylene (DIP) film and a DIP film spin-coated with a layer of

gold nanoparticles, we have investigated the influence of plasmon resonances in the gold particles on

spectroscopic properties of the molecular film. Under off-resonant excitation with a laser at 633 nm, the

bare DIP film showed only weak photoluminescence (PL) and Raman signals, but after spin-coating gold

nanoparticles on such a DIP film, we found an enhancement of both the PL and Raman signals by a

factor of about 3, whereas no enhancement could be observed when the same sample was excited with

laser light of 488 nm. This difference reveals that at 633 nm, plasmon resonances in the gold

nanoparticles are excited, leading in turn to an enhancement of PL and Raman signals of the weakly

absorbing DIP film via coupling between plasmons in the gold particles and exciton–polaritons in the

molecular film. For the laser at 488 nm, due to a much larger absorption coefficient of DIP, excitons in

the molecular film are directly excited, out-weighing the influence of an off-resonant coupling to the

plasmon resonances in the gold particles occurring at much lower energy.

& 2010 Elsevier B.V. All rights reserved.
1. Introduction

During the last decades, semiconducting organic materials
have been studied intensively due to their interesting opto-
electronic properties, giving rise to a broad range of applications
[1] such as organic field effect transistors, organic light emitting
diodes or organic solar cells. Diindenoperylene (DIP) is one of the
promising semiconducting organic materials since it forms closed
films with high structural order, relatively large hole mobility and
rather long exciton diffusion length [2]. The optical response of
dissolved DIP molecules is dominated by the p–p* HOMO–LUMO
transition, revealing a strong coupling of the optical excitation to
internal vibrations around 0.17 eV. In the crystalline phase, this
spectroscopic fingerprint of the excited monomer is modified by
the interference between charge transfer states involving stack
neighbours and Frenkel excitons consisting of Bloch waves
formed from neutral molecular excitations [3–6].

Surface plasmon resonances in metallic nanoparticles can
produce a large enhancement of local electric field in their
immediate surroundings. This phenomenon can be exploited for
an increased optical absorption resulting in a larger photocurrent
ll rights reserved.

. Zhang),
in p–n junctions [7] and for surface enhanced Raman scattering,
allowing detection of single molecules [8,9]. The field enhance-
ment is restricted to a small volume around each nanoparticle, so
that the combination of plasmonic resonances with scanning
probe techniques can simultaneously achieve a strongly enhanced
optical response together with a high spatial resolution [10]. As
demonstrated recently, placing a sharp gold tip as a local probe
within a few nanometers from the sample surface into the focus
of a parabolic mirror, the strong plasmonic enhancement of the
local electric field around the tip apex can be used for a highly
localized excitation of a sample of interest, in our case, a DIP film
[11]. Moreover, the evanescent electric field around the tip alters
the photonic density of states, modifying in turn the spontaneous
emission rate from the excitons in the molecular material directly
underneath [10,12]. Based on this excitation and detection
scheme, dramatically enhanced photoluminescence (PL) and
Raman spectra from DIP could be observed together with spatially
resolved monomolecular steps of highly ordered DIP films, which
revealed a localized ‘shining-edge effect’, with a further enhance-
ment of PL by a factor of about 4 with respect to flat surface
regions [11].

In the present work, we investigate the influence of gold
nanoparticles on Raman scattering and PL emission from a
semiconducting DIP thin film for two laser lines either resonant
(633 nm) or off-resonant (488 nm) with respect to plasmon
modes in the metallic nanoparticles, revealing how the Raman
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and PL processes are influenced by the respective resonance
conditions. Finite-difference time-domain (FDTD) simulations of
the interaction between the enhanced electric field around the
spherical gold particles and the DIP films are used for an
interpretation of the experimental findings.
2. Material and methods

All samples were prepared on smooth Si(1 0 0) substrates
covered by 150 nm of SiO2. DIP layers of 20 nm thickness were
grown at a substrate temperature of 130 1C at a rate of 1273
Å/min under UHV conditions, leading to films of high structural
order. 20 mL gold nanoparticles (20 nm diameter) were deposited
on these films (Sigma-Aldrich, 1:20 diluted in water) by dropping
the aqueous suspension onto the DIP thin film surface. The sample
was then rotated at a speed of 3200 rpm to spin-coat the gold
nanoparticles over the surface. Optical properties of the DIP
sample are measured on a home-built confocal optical microscope
[13,14]. Instead of an objective lens, this microscope uses a
parabolic mirror (numerical aperture 0.998) for laser focusing and
signal collection. This instrument yields a small focal spot with an
area of 0.134l2. The excitation laser beam is directed to this
parabolic mirror and reflected onto the sample surface coinciding
with the focal plane of the mirror. Either radial or azimuthally
polarized laser beams were used for the measurements. For
azimuthal polarization, the electric field distributes exclusively in
the xy focal plane. For radial polarization of the laser beam in the
focal region the electric field is mainly polarized along the sample
normal z (93.5% intensity at 633 nm) with a marginal intensity
(6.5%) polarized within the xy focal plane [15]. The optical signal
is detected either by a CCD coupled spectrometer (600 grating) or
by an avalanche photodiode detector (APD) for PL imaging.
3. Results and discussion

3.1. Excitation of DIP thin film with 488 nm (2.54 eV) laser

The HOMO–LUMO transition of crystalline DIP has a maximum
at 2.25 eV (551 nm) corresponding to the first absorption peak
(0-0) of the optical response. The spacing of the vibronic
progression still resembles the one for dissolved monomers, but
the relative strength of different subbands can be understood only
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Fig. 1. (a) Spectra collected with a confocal parabolic-mirror microscope from DIP

perpendicular to the sample surface (radially polarized laser) and II: with polarization

enlarged scale highlighting the Raman features. (b) PL spectra collected over four adjace

(radially polarized laser beam), integrated over 10 s for each spectrum. Inset: enlarged
from an in-depth analysis of the interference between Frenkel
excitons and CT transitions [3–6].

Fig. 1a shows the resonant Raman spectra collected from a
20 nm thick DIP film under excitation at 488 nm polarized either
radially (spectrum I) or azimuthally (spectrum II). With radially
polarized excitation, clear Raman features (inset of Fig. 1a)
appeared at 520, 634, 1284, 1395, 1459 and 1608 cm�1. Except
for the intense Raman peak at 520 cm�1 and a broad 2 phonon
band around 960 cm�1 originating from the Si substrate [16], all
other Raman cross-sections can be assigned to the in-plane C–C
stretching vibrations and C–H bending modes of a DIP molecule
[4,17]. The PL from DIP increases towards larger Stokes shift,
saturating the detector above 2750 cm�1. Non-saturated PL
spectra covering the range between 1.75 and 2.40 eV are shown
in Fig. 1b. A small mismatch between four adjacent detection
windows results from the energy-dependent detection efficiency
of the camera. The intensity maxima located at 1.81, 1.97 and
2.14 eV correspond to similar PL features reported earlier [18].

When switching the polarization to the azimuthal mode,
where the electric field is restricted to the xy focal plane, a much
smaller Raman spectrum (inset of Fig. 1a) was collected. The
Si Raman peak at 520 cm�1 in spectrum II amounts to only 56% of
its intensity in spectrum I due to its polarization-dependent
Raman cross-section at this excitation wavelength. The Raman
intensities assigned to DIP decreased more strongly, for the
Raman peak at 1284 cm�1 to about 20% of the intensity with
radially polarized excitation. This reduction is somewhat larger
than that of the ratio of the respective PL intensities, amounting to
about 30%. Previous investigations of similar DIP films have
demonstrated that the transition dipole oriented along the long
axis of the molecules is tilted by about yE171 against the
substrate normal, so that a more efficient interaction with light
polarized along the substrate normal can be expected, as realized
for radial polarization of the laser beam [3,11].
3.2. Plasmonic enhancement for excitation with 633 nm

(1.96 eV) laser

In this section, we compare the spectra obtained from a bare
DIP film and from a DIP film after deposition of gold nanoparticles.
In the latter case, the laser at 633 nm (1.96 eV) is expected to
result in an efficient coupling to the plasmonic resonances in the
gold spheres, yielding eventually a moderate enhancement of the
spectroscopic response of DIP.
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Fig. 2. (a) Spectra collected for excitation at 633 nm with radial polarization. I: DIP film, spectrum integrated over 60 s and II: DIP film covered with gold nanoparticles,

spectrum integrated over 60 s. Laser power: 170 mW. (b) Field intensity for excitation of a gold nanosphere with a diameter of 20 nm on top of a DIP film with a thickness of

30 nm, for polarization along the sample normal z. The results of a FDTD simulation are reported on a logarithmic scale corresponding to relative intensities of 10�2–103

with respect to the far field region.
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Fig. 3. Raman spectra integrated over 60 s for radially polarized laser beam at

488 nm. I: DIP film and II: DIP film covered with gold particles. Inset: enlarged

spectrum covering the region with the largest Raman features of DIP.
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Fig. 2a shows the spectra recorded from the DIP film with
633 nm illumination. The dominant Raman line at 520 cm�1 and
the broad band around 960 cm�1 both arise from the Si substrate
[16]. Raman and PL signals from the bare DIP film (spectrum I)
were very weak. The positions of all the distinguishable Raman
bands (1284, 1395, 1459 and 1608 cm�1) are in good agreement
with those observed when excited at 488 nm. The very weak PL
and Raman intensities observed with an excitation laser of
633 nm are due to the inefficiency of the off-resonant excitation
at 1.96 eV with respect to the 0–0 subband of crystalline DIP at
2.25 eV. Spectrum II was collected from the DIP thin film after
deposition of Au nanoparticles. Despite the progressive oscillatory
features being superimposed on the spectrum, the DIP Raman
features remain clearly visible, and the PL background was
significantly increased. The Si Raman features arise from the
substrate region far away from the gold nanoparticles, so that no
plasmonic enhancement can be expected. Therefore, normalizing
the spectra to the respective Raman intensities of Si, for DIP we
derived a PL and Raman enhancement factor of about 3. Confocal
PL imaging has revealed an aggregation of the gold nanoparticles
into larger clusters, which have a broad distribution of red-shifted
plasmon resonances [19], as compared to that of the individual
gold particles in well dispersed aqueous solution [20]. Hence,
such particle aggregates must also lead to an enhancement of
Raman and PL spectra arising from the DIP film underneath. This
agrees well with our previous work based on tip-enhanced
spectroscopic measurements, which demonstrated that the
coupling between the longitudinal plasmonic resonance in the
gold tip and the exciton–polariton in the underlying DIP film
enhances the PL emission via the modified photonic mode density
close to the tip apex [11]. Due to similarities between the tip-
induced plasmon near field and the plasmon resonances arising
from aggregated gold nanoparticles, the enhanced PL intensity of
the DIP thin film with spin-coated gold particles can be assigned
to the same coupling mechanism. This idea is corroborated by
FDTD simulations of light intensity around a gold nanoparticle on
top of the DIP film as visualized in b. For excitation with a laser at
633 nm at the gold–DIP interface an enhancement of light
intensity of about 103 can be expected. Due to a small fraction
of the DIP surface being covered by gold nanoparticles, the
observable average enhancement factors for PL and Raman signals
remain much smaller.

For a comparison between the enhancement at 633 and
488 nm, DIP films with and without gold nanoparticles have been
excited at 488 nm. The respective results in Fig. 3 demonstrate
that spectrum I collected from a bare DIP film and spectrum II
arising from a DIP film covered with gold nanoparticles exhibit
similar Raman and PL intensities. In sharp contrast to excitation at
633 nm, at 488 nm no significant enhancement can be observed.
This difference reveals that at 633 nm plasmon resonances in the
gold nanoparticle aggregates lead to enhancement of absorption,
PL and Raman scattering of the otherwise weakly absorbing DIP
film via plasmon–exciton coupling. For 488 nm excitation,
however, the situation is reversed. Due to the several orders of
magnitude larger absorption cross-section of the DIP film in this
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region, excitons in the molecular film can be created indepen-
dently from the gold particles having their plasmon resonances at
much lower energy. Hence, absorption, PL and Raman scattering
from the DIP film are no more affected by the coupling between
plasmons in the gold particles and exciton–polaritons in the
organic material.
4. Conclusions

In summary, we have investigated Raman and PL spectra of
20 nm thick DIP films under resonant and off-resonant excitation
conditions. Both the Raman and PL intensity are strongly
polarization-dependent. With radially polarized excitation, the
Raman signal is about 5 times stronger than azimuthally
polarized excitation. On excitation at 633 nm, plasmon reso-
nances of gold nanoparticles spin-coated onto the DIP thin film
can be excited more efficiently than excitation at 488 nm,
inducing a strong plasmon resonance in aggregates of nanopar-
ticles. Accordingly, only at the longer excitation wavelength, the
efficient coupling between the plasmon resonance in the gold
nanoparticles and the exciton–polaritons in DIP enhances both
the Raman and the PL spectra from the molecular semiconductor.
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