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Understanding the impact of lateral mode confinement in plasmonic waveguides is of fundamental
interest regarding potential applications in plasmonic devices. The knowledge of the frequency-wave
vector dispersion relation provides the full information on electromagnetic field propagation in a
waveguide. This Letter reports on the measurement of the real part of the surface plasmon polariton
dispersion relation in the near infrared spectral regime for individual nanoscale plasmonic waveguides,
which were formed by deposition of para-hexaphenylene (p-6P) based nanofibers on top of a gold film.
A detailed structural characterization of the nanofibers provides accurate information on the dimensions of
the investigated waveguides and enables us to quantify the effect of mode confinement by comparison
with experimental results from continuous p-6P films and calculations based on the effective index

method.
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Since plasmonic waveguides offer the promising perspec-
tive to confine light on a subwavelength scale they are
considered as essential subunits in highly integrated nano-
scale optoplasmonic devices. In future applications, there
will be a need for custom-designed plasmonic waveguides
providing surface plasmon polariton (SPP) propagation pa-
rameters adjusted to specific demands [1-3]. High flexibility
regarding production and material compatibility of the wave-
guide for the integration into the device is another prereq-
uisite. Different plasmonic waveguiding schemes have been
proposed and successfully realized in the recent past.
Examples include metal nanostructures [4—6] and dielectric
ridges on top of a metal surface [7-10]. The latter hybrid
configuration is often referred to as a dielectric-loaded SPP
waveguide (DLSPPW) [11]. The combination of lateral
mode confinement and dielectric response of the ridge in
DLSPPWs has a strong impact on the specific propagation
properties characteristic for the supported plasmonic modes
potentially offering the demanded high flexibility for a
waveguide design [11-14]. It is therefore of fundamental
interest to experimentally provide data on how confinement
and material effects modify SPP propagation in plasmonic
waveguides and to compare these results with existing ana-
Iytic and numerical models [15]. The most comprehensive
information on plasmonic propagation is in general provided
by knowledge of the frequency—wave vector dispersion rela-
tion, which has been, for instance, investigated experimen-
tally for nanowire arrays [13] and theoretically for metallic
nanowires [16] and V-groove structures [17].

Single-crystalline organic nanofibers fabricated by
means of self-assembly [18] constitute an attractive
and high-potential dielectric component for the con-
struction of DLSPPWs. Recently it was shown that
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para-hexaphenylene (p-6P) nanofibers on gold surfaces
can support SPP waveguiding in the optical frequency
regime [19,20]. Propagation lengths of up to several tens
of micrometers were observed experimentally [19] and
part of the SPP dispersion relation for a single p-6P nano-
fiber was measured in the excitation wavelengths regime
between 720 and 850 nm [20]. Notably, the dimensions,
shape, and permittivity of these nanofibers depend criti-
cally on the chosen material and self-assembly process
parameters [14,21-23], and they therefore offer an excep-
tional ability for tuning the plasmonic waveguiding
properties. This is complemented by further, application-
relevant properties reported in the past, including optical
waveguiding up to wavelengths in the near ultraviolet [24],
a considerable nonlinear optical second-order susceptibil-
ity [25], and even the capability to support lasing [26].

In this Letter we report on the measurement and analysis
of the real part of the SPP dispersion relation of one-
dimensional plasmonic waveguiding at the interface
between p-6P nanofibers and a gold substrate in the near
infrared spectral regime. Application of the two-photon
photoemission electron microscopy (2P-PEEM) technique
[27-29] enables us to perform dispersion measurements on
individual waveguides which were structurally charac-
terized by means of scanning electron microscopy (SEM)
and atomic force microscopy (AFM). This comprehensive
experimental approach provides the relevant information
for a meaningful comparison of the dispersion data with
calculations based on the effective index method (EIM)
[11]. It allows us to unambiguously assign the differences
in the dispersion relation observed for different nanofibers
to nanofiber-to-nanofiber structural variations in the cross-
sectional dimensions.
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The investigated nanofibers were grown by molecular
beam epitaxy on a freshly cleaved and heated mica sub-
strate. DLSPPWs were formed by transfer of the fibers via
a roll-printing technique onto 100 nm thick gold films
deposited on a silicon substrate [12,30]. The shape and
size of the deposited nanofibers were characterized after
the photoemission electron microscopy (PEEM) experi-
ments by AFM (Dimension 3100 AFM, Veeco) and SEM
(S-4800, Hitachi). Dispersion relation measurements were
conducted using a photoemission electron microscope (IS
PEEM, Focus GmbH) [31] mounted in an ultrahigh vac-
uum p-metal chamber. The sample was excited by 100 fs
laser pulses from a Ti:sapphire oscillator (Tsunami,
Spectra Physics). The central wavelength of this laser
system is continuously tunable from 710 to 890 nm and
was measured using a calibrated fiber optic spectrometer
right in front of the fused silica entrance window into the
ultrahigh vacuum chamber.

Figure 1(a) shows an atomic force micrograph of an
individual p-6P nanofiber supported by a gold film. The
overall length of the fiber is 24 um. A cross-sectional
analysis reveals a fiber height of 20 nm. The cross section
of the fiber (in the following referred to as fiber 1) along the
dashed line in Fig. 1(a) is shown in Fig. 1(e) in comparison
to the cross section of two other fibers (fiber 2 and fiber 3)
on the sample. SEM images are used to accurately deter-
mine the width of the investigated nanofibers. A SEM
image of fiber 1 is shown in Fig. 1(b). The quantitative
analysis yields a width of 900 nm. Both AFM and SEM
data show some imperfections in the fiber morphology
which can mainly be ascribed to the manual mica-gold
transfer process. As-deposited fibers on mica feature much
less distortion [24]. Overall, variations in height and width
were less than 10%. Relevant structural data of all three
fibers are summarized in Table 1.
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FIG. 1 (color online). Characterization of a p-6P nanofiber by
complementary microscopy techniques: (a) atomic force micro-
graph of a single p-6P nanofiber (fiber 1) on top of a 100 nm thick
gold film (composed of six AFM scans); (b) the same nanofiber
mapped by SEM; (c),(d) fiber 1 as imaged by threshold PEEM
(hv = 4.9 eV) and 2P-PEEM (hv = 1.55 eV, laser incident
from the left); (e) cross-sectional shapes of three different nano-
fibers from AFM measurements: fiber 1 (dotted dashed line),
fiber 2 (dashed line), fiber 3 (solid line). The dashed line in
(a) indicates the position of the displayed cross section of fiber 1.

Finally, Figs. 1(c) and 1(d) compare PEEM images of
fiber 1 recorded in conventional threshold mode (illumina-
tion at hv =49 eV) and in 2P-PEEM mode (hv =
1.55 eV), respectively. At excitation with 1.55 eV photons
a periodic intensity pattern localized at the nanofiber is
observed, which indicates one-dimensional SPP propaga-
tion along the fiber [19]. The pattern is completely absent
in Fig. 1(c) as 4.9 eV photons cannot couple to any SPP
mode at a gold interface [12,32]. Note, furthermore, that
also in the AFM and the SEM images no obvious indica-
tions for a periodic pattern are observed. Furthermore,
none of the three nanofibers exhibits breaks as reported,
e.g., in Ref. [33]. However, some irregularities in the
morphology of the fibers are visible in the AFM and the
SEM images, which may result in a locally enhanced
nonlinear photoemission yield. Such ‘“hot spots” have
to be considered carefully within the analysis of the
2P-PEEM data (see the Supplemental Material [34]).

The periodic 2P-PEEM pattern results from the
phase-coupled superposition of the polarization field of
the propagating SPP and the excitation laser field [35].
The actual signature that is imaged is the wave vector
mismatch Ak between the SPP and the laser field

Ak = kbeat = k/SPP - kLaserr (1)

which results in a beating pattern of the superposition field
at a wavelength Ay, = 27/ Ak. Here, k{pp is the real part
of the complex SPP wave vector kspp = kgpp + ikgpp and
ki aser 1 the wave vector of the laser.

Under consideration of Eq. (1) and for a known laser
wavelength A = 27/ ki aer, Mmeasurement of  Apey
allows us to determine the SPP wave vector k§pp. With
the frequency wgpp of the SPP given by the laser excitation
frequency wy oo = Ckiaser, Where ¢ is the vacuum speed of
light, we finally gain access to the SPP dispersion relation.
Experimentally, it only remains to measure the beating
pattern wavelength Ay, as a function of the excitation
wavelength Aj ..,

In the following we will present corresponding
2P-PEEM results for fibers 1, 2, and 3. Figures 2(a)-2(d)
compare 2P-PEEM images of fiber 1 recorded at illumina-
tion at different central laser wavelengths ranging between
728 and 872 nm. The laser beam is incident from the left.
Marked by the gray guiding lines, a clear change in the
beating pattern period is observed. The overall variation
ranges from Ay, = 4.24 pum at excitation with Ay, =
728 nm to Apgy =6.27 um at A ,eor = 872 nm. According
to Eq. (1), the shift arises from changes in the wave vector

TABLE 1. Cross-sectional dimensions of fibers 1, 2, and 3.
Width (nm) Height (nm) = ?:;fthlf
Fiber 1 900 20 0.02
Fiber 2 700 35 0.05
Fiber 3 450 75 0.17
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FIG. 2. Fiber 1 imaged in 2P-PEEM mode at varying excita-
tion wavelengths A ,;: () 872 nm, (b) 827 nm, (c¢) 777 nm, and
(d) 728 nm. The gray lines indicate the position of the observed
beating pattern maxima. (e) Intensity profile along the nanofiber
for Aper = 728 nm (solid line) including a fit to the beating
pattern maxima (dashed line).

mismatch between the laser and the SPP and can, therefore,
directly be assigned to the dispersing character of the
excited SPP mode. For the quantitative evaluation of
the data we fit the individual beating pattern maxima
profiles by single Gaussians, as illustrated in Fig. 2(e)
for the 2P-PEEM image shown in Fig. 2(d). The maxima
positions of the Gaussians are then used to determine
the actual beating pattern wavelength A, and subse-
quently the SPP wave vector k§pp [see Eq. (1)]. Overall,
such an analysis was applied to experimental data from
fiber 1, fiber 2, and fiber 3 recorded in an excitation
wavelength regime between 710 and 890 nm at a step
size of 5 nm. To eliminate some distorting contributions
from small-sized defect structures, a high-pass filter was
applied to every PEEM image prior to the quantitative
analysis. Assignment of k{pp to the respective laser exci-
tation frequencies finally yields the real part of the SPP
dispersion relation for each nanofiber in the experimentally
probed wave vector regime.

The results of the quantitative analysis of the three
nanofibers are compared in Fig. 3(a). The error bars of
the experimental dispersion curves correspond to the vari-
ance in the determination of A,. In comparison to a gold-
vacuum interface (short dashed line), the nanofibers show a
clear shift of the SPP dispersion relation to higher wave
vectors. This shift results from the dielectric load of the
gold surface by the material of the nanofiber as well as
the lateral confinement of the plasmonic mode governed by
the nanofiber geometry.

We observe furthermore a very significant difference in
the dispersion relation between the individual nanofibers.
Whereas, for instance, fiber 1 shows a steep slope rather
close to the data of the gold-vacuum SPP and also a fairly
linear dispersion in the probed frequency regime, the dis-
persion of fiber 3 is considerably flattened and exhibits a
clear curvature. These differences can be assigned to the
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FIG. 3 (color online). Experimental SPP dispersion curves
of fiber 1 (asterisk), 2 (circled dot) and 3 (squared dot).
(a) Comparison to different effective index calculations (dashed
and solid lines, see text for further information); the dash-dotted
line is the dispersion line of light w = ck. The short dashed line
is an experimental SPP dispersion curve of a gold-vacuum
interface. (b) Calculated imaginary part of the SPP dispersion
relation [dashed and solid lines corresponding to (a)].

differences in the cross-sectional dimension of the individ-
ual p-6P nanofibers, as will be discussed in the following.

To gain a more quantitative understanding of the geo-
metrical constraints set by the fiber cross section on the
SPP dispersion relation, we performed simulations based
on the effective index method (EIM) [11]. Here the two-
dimensional problem as defined by the waveguide cross
section is split up into two separate one-dimensional prob-
lems, which can be solved subsequently using common
multilayer mode solvers. The adaptability of this simula-
tion procedure to the description of the plasmonic response
of deposited p-6P nanofibers was verified in a recent work
by Radko et al. [20]. In Fig. 3(a) we compare the results of
our simulations (dashed and solid lines), performed under
consideration of the actual fiber geometries as determined
in the AFM and SEM measurements (see Table I), with the
experimental dispersion curves. The dashed lines represent
full effective index calculations where both steps of the
simulation [(i) the effective index calculation of a homo-
genous p-6P film for a thickness given by the fiber height
and (ii) the effective index calculation of the confinement
by the fiber width] were executed. The optical properties
of gold used in the calculations were taken from Ref. [36].
For p-6P and the Si substrate constant indices of refraction
of n,ep = 1.7 [37] and ng; = 3.7 [38] were used, respec-
tively. In contrast, the solid lines represent calculations
where the first step of the effective index method was
replaced by the experimental results for homogeneous
p-6P films of varying film thickness ranging from 22 to
88 nm on top of a gold substrate [39]. In the following the
different calculations will be referred to as EIMy;, and
EIMg,, respectively.

Both absolute values as well as the overall shape of the
experimental dispersion curves are already well repro-
duced by the EIMg;, simulation approach for all three
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TABLE II.  SPP phase and group velocities at w = 2.36 fs™!
in units of ¢ compared to effective index simulation results.

PEEM PEEM EIMy, ElMgmn
Upn (€) v, (0) v, (¢) v, (¢)
Fiber 1 094 +0.01  0.79 = 0.01 0.85 0.79
Fiber2 091 +0.01  0.65 = 0.03 0.75 0.66
Fiber 3 0.84 +0.01  0.32 % 0.04 0.47 0.33

fibers with some indication for a slight and systematic
underestimation of the dispersion curve wave number.
This agreement is further improved at comparison with
EIMy;,, in particular for the case of fibers 2 and 3.
We suspect that this improvement results from the
actual permittivity of p-6P thin films and p-6P nanofibers
being different from the permittivity of bulk p-6P samples,
a quantity which was used as input for the EIMg;,
calculations [40].

Knowledge of the real part of the dispersion relation
gives us direct access to relevant SPP propagation parame-
ters of the waveguide such as the SPP phase velocity
vpnspp = @/k' and the SPP group velocity wv,gpp =
dw/dk'. The high resolution microscopy approach applied
in this work enables us to determine these quantities for
individual, well selected nanoscale plasmonic waveguides.
For illustration, Table IT compares SPP velocity data for
the three nanofibers deduced from the experiment (v, spp
and v, gpp) and the simulations (v, spp) for a selected
plasmon frequency (w = 2.36 fs~!). As expected from
the comparison of the dispersion curves, experiment and
EIM calculations show very similar results and a particu-
larly good agreement between experiment and EIMg,
calculations.

The group and phase velocity of an SPP waveguiding
mode can also be determined in a time-domain experiment
by means of the ITR-PEEM technique [19,35]. We
performed such a measurement to verify the predicted
rather slow propagation of an SPP wave packet along
the interface between fiber 3 and the gold surface (see
the Supplemental Material [34]). The quantitative analysis
of the real-time study yields a group velocity v, gpp =
(0.26 = 0.02)c for SPP propagation, supporting our
findings of the frequency domain study in a satisfactory
manner.

The fundamental origin of the dispersion is related to
both the frequency-dependent optical properties of the gold
substrate and to the nanofiber geometry, which determines
the degree of mode confinement within the fibers [11]. As
the widths of the fibers investigated in the present work are
in the range of the wavelength or even smaller only a weak
mode confinement can be achieved. The strong dispersive
character of the SPP must be ascribed therefore mainly to
the nanofiber dimensions rather than to the optical proper-
ties of the gold. An exception is fiber 3. Figure 4 shows the
electric field distributions |E,| of the fundamental SPP

Fiber 3

—
Au (100 nm)
Sio,

FIG. 4 (color online). The electric field distributions |E.| of the
fundamental SPP modes.

modes of the three fiber geometries as calculated within
the framework of the finite-element method [11,41]. The
main part of the electric field distribution for the inves-
tigated fiber heights is located above the nanofibers. Only
for fiber 3 is a substantial fraction of the electric field also
located at the p-6P-gold interface.

Besides the real part of the SPP dispersion relation k§pp,
the imaginary part k{p, and the SPP propagation length
L = 1/(2kdpp), respectively, can also be calculated within
the framework of the effective index method. SPP damping
arises from Ohmic losses in the gold substrate and coupling
to the radiation field mediated, for instance, by the pres-
ence of defects in the nanofiber. Another damping channel
might be provided by coupling to SPP modes propagating
along the gold-vacuum interface. Calculated kgpp disper-
sion curves for the three nanofiber geometries are shown in
Fig. 3(b). As for k¢pp, EIMg;,, (dashed lines) and EIMg,,
(solid lines) calculations were performed. The experimen-
tal input for the EIMg;,,,, calculations are 2P-PEEM data of
k{pp for homogeneous p-6P films [39]. The general trend
is an increase of k{pp and a decrease of the propagation
length L, respectively, with increasing nanofiber height.
At a frequency w = 2.36 fs!, the k¢pp curves (EIMgyy,)
yield propagation lengths L =28 yum for fiber 1, L=19 um
for fiber 2, and L = 5 um for fiber 3. This trend is corro-
borated by the simulations of the SPP field distribution for
the three fiber geometries (see Fig. 4). The electric field
located at the gold-fiber interface in the case of fiber 3 will
affect the SPP propagation length.

In summary, we presented in this Letter a combined
PEEM-AFM-SEM study on one-dimensional plasmonic
waveguiding supported by p-6P nanofibers deposited on
a gold surface. The comprehensive experimental approach
in combination with effective index simulations enabled
us to determine the SPP dispersion relation of individual
plasmonic waveguides and to directly relate the dispersion
properties to structural characteristics of the p-6P nano-
fibers. The flexibility and ease at which p-6P nanofibers
can be structurally manipulated by defined adjustment of
the growth parameters offers a means to provide plasmonic
waveguides with dedicated properties on demand. By
improving the transfer process of the nanofibers from
mica to gold, e.g., by proper controlling of the contact
pressure, the homogeneity of the fibers will probably be
increased considerably in the future. We finally would like
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to emphasize that this study substantially relied on the
capability of the PEEM technique to monitor plasmonic
excitations on nanoscale dimensions [27,35,42-44]. The
measurement of dispersion curves of individual nanosized
objects using 2P-PEEM adds a new and very promising
aspect to the versatile capabilities of this technique in
characterizing plasmonic systems.
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