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A B S T R A C T

Surface plasmon polariton excitation was demonstrated by fluorescent light from organic para-hexaphenylene
(p-6P) nanofibers grown directly on a silver thin film surface. We show results of both photoluminescence
lifetime measurements and angle-resolved leakage radiation spectroscopy in the excitation range 420–620 nm,
which corresponds to the material photoluminescence band. The optical characteristics of randomly oriented
𝑝-6P nanofibers assembled directly on the metal surface are remarkably comparable to those of fibers grown
on crystalline substrate surfaces. In addition, compared to mica-transferred fibers, the photoluminescence
lifetime is longer. More importantly, they show polarization-insensitive plasmonic activity and are entirely
consistent with theoretical predictions. Both analytical and numerical finite-difference time-domain simulations
support the experimental data. Our findings open a new avenue for incorporating organic nanofibers into
optoelectronic applications by directly depositing the p-6P material onto selected substrates. This direct
deposition significantly reduces the deformation of the fiber structure and the impurity introduction, usually
implied by the transfer process.
. Introduction

Surface plasmon polaritons (SPP) are electromagnetic excitations in
hich the electromagnetic field in a dielectric couple with collective
lectronic oscillations at the metal–dielectric interface. SPP excitation,
ropagation, and scattering coincide in modern plasmonic applications,
ermitting several biological sensing, quantum optics, and optoelec-
ronics applications. The emergence of plasmonics into optoelectronic
ystems has aroused great interest, mainly due to their potential for
eveloping compact circuitries [1]. However, a vital issue is to develop
n active component capable of converting an optical far-field signal
nto a plasmonic signal and reverse. Several elements were already suc-
essfully exploited and presented [2–4]. Further efforts have revealed
hat organic materials can be efficiently utilized as building blocks of
hotonic elements precisely because of their distinctive morphology
nd optical features such as optical waveguiding [5], anisotropic light
mission [6,7] and second harmonic generation [8]. Furthermore, their
bility to be deposited or transferred on various materials and elements
akes them great candidates for light–plasmon couplers in plasmonic
evices.

The effective excitation of SPPs is still challenging particularly
o combine the acceptance of any polarization of the incident light
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with a high SPP excitation efficiency. SPPs are transverse magnetic
waves with a magnetic field perpendicularly oriented to the propaga-
tion plane, which is a critical property determining the polarization
sensitivity of the SPP excitation efficiency. Previously, our group has
reported that surface grown crystalline nanowires, known as organic
nanofibers (ONF), can serve as an excellent source for local SPP excita-
tion, generating second-harmonic signals [9,10] or photoluminescence
emission [11]. Additionally, we observed that laser or polarized ‘white’
light suffices to excite organic nanofibers without requiring any spe-
cific conditions. Our recent work identified the transfer technique for
positioning nanofibers on the desired substrate as a powerful strat-
egy to create hybrid active plasmonic systems. Nevertheless, possible
impurities or defects appearing due to the transfer process might be in-
troduced influencing the emission spectrum [12]. Here, we demonstrate
defect-free SPP excitation by fluorescent light from p-6P nanofibers,
directly grown on a thin metal film. The use of directly grown ONFs
brings significant ease in system fabrication, eliminating demanding
steps related to the transfer. The growth process could be further
completed by e.g., shadowing masks, which will allow for more precise
surface temperature control, ensuring at the same time uniform fiber’s
orientation [13].
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Fig. 1. (a) epifluorescence image (excitation @ 365 nm) and (b) atomic force microscopy image. (c) Schematic representation of the leakage radiation spectroscopy experiment
that was reproduced in the FDTD model.
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The present work investigates the photoluminescence (PL) life-
time, a key feature of nanofibers, along with the simplified fabrication
recipes. An accurately examined PL lifetime adequately examines the
impact of external factors on the material. Furthermore, the epitaxially
grown fibers facilitate a collective and polarization-insensitive SPP
excitation by forming highly anisotropic and randomly oriented needle-
like structures. Dispersion relations obtained for multiple excitation
wavelengths present a better fit to the theoretical calculations than the
transferred and mutually parallel fibers. Both analytical and numeri-
cal finite-difference time-domain (FDTD) simulations [14] support our
performed experiments.

2. Materials and methods

2.1. Fabrication and experimental methods

The samples used in this investigation consisted of a square
(10 × 10 mm) BK-7 glass substrate coated on one side with a silver
thin film with a thickness of 40 nm. Using an electron beam deposition
technique, we evaporated the silver with an optimized growth rate
for appropriate optical characteristics and surface quality (∼0.5 nm

MS) [15]. The silver thickness was chosen based on earlier investiga-
ions to allow for a meaningful comparison of the findings [11]. Under
igh vacuum conditions, the 𝑝-6P nanofibers were grown directly on
he substrate using a molecular beam epitaxy process. We were able
o create a set of randomly oriented ONFs with an average width of
80 ± 0.2 nm and a thickness up to 182 ± 95 nm (Fig. 1(a), (b)). The
abrication of samples for comparison followed a similar process, with
he addition of a stage in which the nanofibers were transferred from
separate growth substrate onto the silver surface using a large-scale

olling transfer approach. The fabrication process of the growth method
nd transfer technique is described in detail elsewhere [11,16].

We performed the PL-lifetime measurements using a custom-built,
aser scanning microscopy (LSM) setup coupled with a streak camera
ystem as detailed in [17]. This system excited the sample at 395 nm
avelength, using the frequency-doubled sub-100 fs pulses from a
i: Sapphire laser (Spectra-Physics, Tsunami). A microscope objective
NA 0.65) served to focus the laser beam onto the material to ensure
iffraction-limited system resolution.

To perform a leakage radiation spectroscopy, we placed each sam-
le on a quartz hemisphere allowing for direct illumination of the
anofibers by He–Cd laser (325 nm). A pair of polarizers and a half-
ave plate between them ensured precise control of the polarization

tate of the excitation light. The photomultiplier was placed behind
he hemisphere, i.e., on the opposite side of the sample than the laser
eam. A set of narrow band-pass filters placed in front of the detector
rovided the possibility of spectrally selective scanning in the entire

hosen detection range (420–620 nm) — see Fig. 1c. t

2

2.2. Numerical and analytical calculations

In Kretschmann and reversed-Kretschmann configurations, we in-
vestigated the leakage radiation from p-6P nanofibers deposited on
the silver thin film using numerical and analytical methods. For the
numerical simulations, we used a commercially available FDTD simu-
lation tool from Lumerical Solutions, Inc. Due to the polarization of
the fluorescent light, which aligned with the molecular axes of the
nanofibers, we constrained our calculations to two dimensions (2-D).
The discretized space, surrounded by perfectly matched layer (PML)
boundary conditions and extended in all Cartesian directions, mimics
an infinite geometry. The simulation cell contained a 40 nm silver thin
film, sandwiched between infinitely extended air (top) and quartz glass
(substrate, bottom) layers. The fluorescent light emitted from ONFs was
modeled as a broadband dipole source situated in the air region, up to
10 nm away from the silver thin film. We chose the source polarization
parallel to the simulation plane with an angle relative to the substrate
coinciding with the dominant fiber crystal orientation. Omitting the
physical layer of the p-6P material suppressed the presence of an
unwanted scattering and a waveguiding effect [18]. A far-field monitor,
located inside the quartz substrate region, subsequently translated the
resulting electromagnetic time-domain near-fields to the frequency-
domain far-field by a Fourier transformation-based near-to far-field
transformation. We applied a constant refractive index of 1.475 for the
quartz substrate and interpolated the complex refractive index for Ag
to fit into our FDTD model [19]. Based on the fluorescence emission
of p-6P fibers, we narrowed down the simulation wavelength range to
400–620 nm. A convergence study confirmed that a maximum mesh
(‘‘Yee-cell’’) size of 0.5 nm lateral and 5 nm vertical side width suffices
to account for the localized plasmonic effect at the layer interfaces.

We compared the results with the complementary system in the
Kretschmann configuration, with the stack of layers made from sil-
ver, glass, and quartz. We previously used a similar approach with
a classical Transfer Matrix Method (TMM) formulation [11,20]. The
new approach is similar, but we are employing complex Fresnel equa-
tions for an arbitrary number of dielectric/metallic layers and their
interfaces [21]. We present both theoretical and experimental results.

3. Results and discussion

Several works studied the crystalline orientation in the 𝑝-6P ma-
erial deposited on mica in detail over the last decades [11,18,22].

typical p-6P quasi-two-dimensional system crystallizes on a herring-
one structure with a parallel Long Molecular Axes (LMA) alignment.
ince the molecular optical transition dipole coincides with the LMA,
hese organic nanowires’ optical emission and absorption properties are
trongly anisotropic. The p-6P LMA forms an angle of approximately
6◦ with a central fiber axis [22] and comprises an angle 𝛼=∼5◦

ith the surface [23]. This work directly grows organic nanofibers on
he silver layer, leading to randomly oriented preferred fiber growth
irections and LMAs. We observed similar behavior while depositing

he organic material on different metallic substrates (see Fig. 2). There
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Fig. 2. Helium-ion microscopy images of p-6P fibers grown directly on different metals (a) Au; (b) Ag; (c) Pt during single deposition.
s a considerably strong relation between directionality, the length
f the fibers, and the grain size of the substrate for materials that
ollow Stranski–Krastanov growth model [24]. We performed a series
f ONF growth processes on Au, Ag, and Pt thin films, utilizing the
ame deposition process. We provided the same deposition conditions
temperature, pressure, deposition rate, nominal film thickness) that
ould otherwise influence the morphology and distribution on the
urface. The organic material deposited on different metallic substrates
howed similar growth directionality, with minor cross-sectional shape
eviations, spanning from oval (Au and Ag) to ribbon-like structures on
t (see Fig. 2).

The measured PL lifetimes considerably differ between p-6P
anofibers on top of mica and those transferred and grown on Ag
Fig. 3(a)). The Ag grown nanofibers had significantly longer PL life-
imes, with both the fast and slow decay components longer (∼51%

and ∼87%., respectively) compared to Ag transferred fibers. However,
a much shorter fast decaying component compared with mica grown
fibers, suggesting the existence of efficient non-radiative decay chan-
nels. Due to the improved total PL lifetime of the Ag grown nanofibers,
and assuming plasmon-excitation coupling is a non-radiative process
[25], we concluded that the plasmonic coupling efficiency in this
hybrid system is thereby significantly boosted.

For further plasmon excitation studies, considering p-6P nanofibers
mainly as ‘blue-emitters’, we have selected silver as the most plasmon-
ically active material in this spectral range. In the multiwavelength
FDTD LRS model (see Fig. 3(b)–(c)), we observe two intensive peaks
at angles exceeding the critical angle, which let us attribute them to
the leakage radiation signal [9,18,20,26]. The angular LRS comprise
a systematic signal peak intensity asymmetry, like those observed in
both previous cases investigating thin film and transferred nanofibers.
We acknowledge this inequality as the preferred nanofiber molecular
orientation versus the surface, which agrees with theoretical studies
on asymmetry in SPP excitation [27]. Compared to the experimental
results, the most accurate match of the peak asymmetry is achieved
for ∼12◦ dipole inclination, with respect to the metal surface, at all
considered wavelengths. This result differs from the previous experi-
ment with transferred nanofibers, where the angle ranges from 3◦ to
7◦ among different samples [11]. In Fig. 4(a)–(b), the plots compare
the normalized experimental data to the numerically computed spectra,
with both data sets individually normalized to the maximum peak
intensity. Furthermore, LRS peaks from directly grown fibers also show
a smaller FWHM of the signal peaks and a better fit to the simulation
results. This observation holds for all measured wavelengths regardless
of the place on the sample (Fig. 4(a), (b)). We attribute these changes
to the pristine morphology and the overall system purity, which results
in higher intensity and signal quality.

We performed peak profile fitting, followed by dispersion relation
considerations (Fig. 4). Our analysis reveals that grown nanofibers
show higher similarity to theoretical curves than data obtained from
transferred fibers for the spectral range between 420 nm and 620 nm.
The analytical results correspond to the calculation for the same layered
3

structure but in the Kretschmann configuration (pink dots) and nu-
merical simulation for reversed-Kretschmann configuration computed
with the FDTD method (blue dots). We attribute the remaining minor
variations between the experiment and theory to the 100 μm diameter
laser spot size, giving an integrated signal from more than 50 fibers
with various orientations. Last but not least, the emission spectra from
ONFs directly grown on Ag stay in good agreement both with an
exemplary p-6P material [28] and our previous measurements [20].
The high repeatability of the emission spectra between different sam-
ples confirms the high purity level and absence of human-dependent
transfer steps.

In the next step, we characterized the excitation dependence on the
light polarization for nanofibers grown directly on the silver film, first
by monitoring the photoluminescence from the fibers under UV excita-
tion and finally by measuring the leakage radiation signal. We achieved
the highest photoluminescence emission for the excitation light po-
larized approximately perpendicularly to the long nanofiber axis (see
Fig. 5(a) (b)) for two orthogonal polarization directions. This observa-
tion is in complete agreement with the reference information about the
p-6P nanofiber anisotropy [29]. We did not observe any polarization
effect on the angular signal peak positions for all selected wavelengths
in LRS measurements. The results for 𝜆 = 456 nm (Fig. 5(c)) reveal
that the signal intensity does not change significantly with polarization,
but we attribute a minor variation to different numbers of nanofibers
grown in a particular direction. It is worth mentioning that the peak
intensity asymmetry remains unchanged, and the best overlap with
calculation occurs for 𝜑 = 12◦, regardless of the polarization angle.
The high dependence of the photoluminescence on the polarization and
the obtained emission spectrum directly indicate the crystallinity of
grown organic structures like those investigated for ONFs on mica.

4. Conclusion

We demonstrated the possibility of exciting SPPs by using p-6P
nanofibers grown directly on the silver thin film. The reported LRS mea-
surement data demonstrate a superior fit with analytical and numerical
findings compared to the ones originating from ONFs transferred by
a large-scale transfer approach. The grown nanofibers have signifi-
cantly longer PL lifetimes compared to the mica-transferred grown
fibers. A systematic peak intensity asymmetry correlates well with
our numerical findings for dipole source excitation, with a tilt angle
to the surface equal to 𝜑 = 12◦. An only minor deviation of that
angle was observed between different samples, indicating a high uni-
formity of nanofiber structures and their molecular orientation. The
optical properties of the fibers grown on silver remained unchanged
compared to those grown on mica or grown and transferred to other
surfaces regardless of the polarization angle. This investigation shows
a great possibility of simplifying the fabrication process of organic
nanofibers while strengthening their intrinsic properties. The gained
knowledge will pave the way and open new opportunities for using
organic materials in optoelectronic systems.
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Fig. 3. (a) Photoluminescence lifetime from 𝑝-6P nanofibers deposited on top of selected substrates; 𝑝-6P fibers grown on a silver film, (b)–(c) show calculated surface plasmon-
coupled emission intensity leaking into the quartz substrate for a structure with 40 nm of silver and the electric dipole source (representing p-6P fiber fluorescence) placed on the
air–dielectric interface. Insets present two dipole orientations, at angles 𝜑 = +12◦ (a) and 𝜑 = −12◦ (b) relative to the surface.
Fig. 4. (a)–(b) angular leakage radiation spectra detected at 420 nm and 456 nm, respectively. (c) Angular dispersion curves for 40 nm of the silver layer. Experimental results are
presented by a (black) triangle and (green) full dot with transferred nanofibers and those grown directly on the metal substrate, respectively; Inset graph represents the emission
spectrum of p-6P nanofibers grown directly on the metal and mica.
Fig. 5. (a), (b) Epifluorescence images of p-6P fibers grown directly on the silver surface for two perpendicular polarization angles. Red arrows indicate the polarization direction.
c) Normalized leakage radiation signal for 𝜆 = 456 nm and three different polarization angles of the incident light; vertical, horizontal and 45◦ relative to the plane defined by
he direction of the excitation light and the direction of the photomultiplier (see Fig. 1 c).
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