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ABSTRACT: We report on the excitation of propagating surface plasmon polaritons in
thin metal films by a single emitter. Upon excitation in the visible regime, individual
semiconducting single-walled carbon nanotubes are shown to act as directional near-
infrared point dipole sources launching propagating surface plasmons mainly along the

direction of the nanotube axis. Plasmon excitation and propagation is monitored in
Fourier and real space by leakage radiation microscopy and is modeled by rigorous
theoretical calculations. Coupling to plasmons almost completely reshapes the emission
of nanotubes both spatially and with respect to polarization as compared to

photoluminescence on a dielectric substrate.

KEYWORDS: Surface plasmons, single-walled carbon nanotubes, photoluminescence, radiation pattern imaging,

leakage radiation microscopy

ropagating surface plasmon polaritons (SPPs), electro-

magnetic waves bound to a metal—dielectric interface, have
been studied extensively in the last decades." SPPs provide the
basis for nanophotonics, a very active research area aiming at
optical device miniaturization and the integration of optics and
electronics on a single chip. A series of passive two-dimensional
(2D) SPP devices, such as beam splitters, mirrors, and
concentrators have already been demonstrated.”> SPPs,
however, cannot be excited directly by propagating light
waves due to the momentum mismatch between photons and
plasmons. Different schemes coupling laser light to SPPs have
been developed including the well-known Kretschmann
configuration, Rayleigh scattering at nanoparticles,” near-field
probes,* and tightly focused laser beams.> Alternatively, SPPs
can be excited by the emission of quantum systems positioned
in close proximity to metal films and has been demonstrated for
dye molecules and semiconductor nanocrystals.”” These SPP
sources could be integrated directly into 2D circuitry and could
also serve as gain media in active elements.” Electrical
contacting and excitation of such single SPP sources, however,
would be extremely challenging and external optical pumping
would still be required. Ideally, SPP sources would operate in
the near-infrared (NIR) spectral region to exploit the long
propagation length of plasmons in this regime and to minimize
losses. Moreover, efficient coupling of SPPs to functional
elements, for example for focusing,g’10 refraction,’’ and
guiding,'” requires the directional excitation of plasmons.

In this manuscript, we report on the directional excitation of
propagating surface plasmon polaritons on a thin metal film by
individual single-walled carbon nanotubes (SWCNTs). The
investigation of single emitters avoids ensemble averaging of
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orientations and emission energies, which is of particular
importance in the case of nanotubes because of their structural
diversity, and provides access to the quantum properties of the
emission. Upon laser excitation in the visible photoluminescent
SWCNTs launch SPPs in the NIR propagating for several
micrometers predominately in the direction of the nanotube
axis. SPP excitation and propagation are investigated by leakage
radiation microscopy'>~"* in real and Fourier space. Polarized
radiation patterns recorded for single SWCNTs on gold films
reveal an almost complete redistribution of the angular
emission with respect to SWCNTs on glass resulting in highly
directive PL emission lobes. The observed emission character-
istics of the nanotubes are also in marked difference to the case
of coupling to localized radiating surface plasmons in a sharp
metal tip antenna studied previously.'® Rigorous model
calculations of spatial intensity distributions and radiation
patterns show that plasmon excitation results from radiating
point dipole sources. The observed directionality and long
propagation length together with the well-controlled emission
spectra of SWCNT's and the possibility of electrical excitation
of emission'”'® makes them promising candidates as functional
elements in nanophotonic devices.

We used an inverted confocal microscope with an oil
immersion objective (NA = 1.4) and a linearly polarized diode
laser running at 1., = 565 nm for excitation. The setup can be
operated in three different detection configurations: (1)
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scanning confocal imaging with an avalanche photodiode
(APD), (2) Fourier space imaging (Figure 1a) and (3) wide-
field real space imaging (Figure 1b). A CCD camera is used to

record both Fourier and real space images.
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Figure 1. Schematic of the experimental setup. Three different
imaging and detection methods were used after confocal laser
excitation at A, = 565 nm. (a) Fourier (back focal plane) imaging
by a CCD camera. (b) Real space imaging by a CCD camera and
scanning confocal detection using an APD.

The samples consist of 25 nm thick gold films, evaporated
onto thin microscope glass cover slides (Figure 2). On top of

Figure 2. Schematic of the multilayer structure and the coordinate
system.

the metal film, an additional SiO, spacer layer with a thickness
of 35 + S nm was evaporated to prevent quenching of the
SWCNT PL via coupling to nonradiative lossy modes in the
metal.'"”*® One milligram of raw HiPCO SWCNTs (as
purchased from Unidym Inc.) per mL 1 wt % sodium
deoxycholate (SDC, Sigma-Aldrich Inc.) solution in water
were dispersed by sonication over 3 h. After centrifugation to
remove bundles, a diluted solution of the supernatant SWCNT
dispersion was spin-coated on top of the metal samples.
Because the unsorted HiPCO material contains several
nanotube chiralities, a 950 nm long-pass filter was used for all
detection methods. Together with the diminishing detection
efficiency of the CCD camera for wavelengths above 1010 nm,
PL detection is limited to a spectral window ranging from 950
to 1010 nm. This spectral window selects the emission of (6,5)
SWCNTs. Since its E22 transition matches the photon energy
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of the laser source this SWCNT species is excited most
efficiently in our experiment.

We base all of our calculations on the transfer matrix method,
as our samples are accurately represented by a multilayer
structure.”’ The wavenumber and propagation length of the
plasmons that propagate freely at the gold—SiO, interface of
our samples are calculated by setting the appropriate element of
the characteristic matrix of the multilayer structure to zero.*>
The calculations of the Fourier plane and real space images
follow the treatment of ref 23 (for more details see Supporting
Information).

As a first step the samples were imaged by scanning confocal
PL microscopy to locate (6,5) SWCNTs (Figure 3a). In the
confocal image, the SWCNTSs appear as luminescent spots.
This is expected since the raw material contains rather short
nanotubes that are cut further by sonication. Next we recorded
the Fourier plane radiation pattern (Figure 3b—d) and the real
space image (Figure 3e—g) of each SWCNT we identified in
the PL image.

The most prominent characteristic of the Fourier plane
images (Figure 3b—d) is the confinement of the emission to a
very narrow angular range. The observed rings are the
signatures of plasmons radiating into the substrate.** The
radius of the rings is determined by the resonance condition
between SPPs bound to the SiO,—gold interface and photons
in the lower halfspace with higher refractive index (11q/gag;)-
Because momentum conservation plasmons can only couple to
photons with equal in-plane momentum kgpp = k.

The fact that the rings are not continuous and only bright
arcs are observed shows the directional excitation of the SPPs
by a polarized source, that is, the emitting nanotube.
Directional propagation of the SPPs after local excitation is
evident in the corresponding real space images (Figure 3e—g)
recorded at the same positions that show an elongated spatial
distribution of the emission indicating a propagation length of
several micrometers.

For nanotubes, the strongest optical transitions as well as the
PL emission are polarized along the nanotube axis.*® Since the
polarization of the exciting laser was vertical, as indicated by the
arrow in (Figure 3a), only SWCNTs oriented parallel to this
direction could be excited efficiently and are observed. From
both real and Fourier space images in Figure 3, we can thus
conclude that SPPs are launched mainly in the direction of the
SWCNT axis. In addition, no horizontally oriented real and
Fourier space patterns could be detected which is a clear
indication that nanotube orientation and plasmon propagation
direction coincide. This conclusion is further supported by
excitation polarization dependent PL and atomic force
microscopy images together with the radiation patterns
recorded for the same nanotubes that are included as Figures
S1 and S2 of the Supporting Information.

In the following, we model the observed Fourier and real
space images theoretically, quantify the plasmon propagation
length Lgpp and examine the mechanism of plasmon excitation.
An asymptotic expression for the surface plasmon fields for a
single in-plane dipole is given in ref 26 as

L o i{kgppti[1/ (2Lgpp) T}

E(r o cos(p)——Ege " SPP spp
(1, 9) o cos()=Fo o
The Fourier pattern rendered by a single dipole can then be
calculated directly as the modulus square of the Fourier
transform of eq 1. Since no analytical expression for the Fourier
transform of eq 1 is available, we used a Lorentzian line shape
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Figure 3. (a) Confocal PL image of single SWCNTs on a 35 nm SiO, spacer layer on top of a 25 nm gold film. The scale bar represents 2.0 ym. The
laser polarization, indicated by the white arrow, selects mainly nanotubes with vertical in-plane orientation. Launching of SPPs upon local laser
excitation is shown for three SWCNTs marked in (a) by b, ¢, and d. In the Fourier (k-) space images of these nanotubes (b—d) SPP excitation
renders sharp arcs formed by photons with in-plane momentum k; matching the plasmon momentum kgpp. The dashed circle marks the numerical
aperture of the objective (NA = 1.4). In the corresponding real space images (e—g), SPP propagation leads to a double lobe structure extending
several micrometers away from the central excitation spot. The scale bar represents 4.0 ym. The same directivity of plasmon excitation is seen in the
corresponding Fourier and real space images (b and e, c and f, and d and g, respectively). Plasmons are launched predominately in the direction of

the SWCNTs.

function as an approximation for fitting of the experimental
data” (for more details see Figure S3 of the Supporting
Information)

cos* (¢ — @)
(ky — kspp)® + (2Lgpp) ™ )

Here y, denotes the contribution of a background, I, is the
amplitude, @ is the in-plane orientational angle of the dipole
corresponding to the direction of the SWCNT axis, kspp
determines the position of the maximum of the emission ring
corresponding to the plasmon resonance condition kgpp = Ky
and Lgpp is the propagation length of the SPPs. Figure 4 depicts

3 ‘w 1
Oau. Dau.

Figure 4. (a) Experimentally obtained Fourier plane pattern from a
single photoluminescent SWCNT on a 35 nm SiO,, spacer layer on top
of a 25 nm gold film. The dashed circle marks the numerical aperture
of the objective (NA = 1.4). (b) Fit of (a) according to eq 2 assuming
a single in-plane dipole source. (c) Residuum after subtraction (b — a).
The fit yields a surface plasmon propagation length of Lgpp = 4.2 & 0.1
pum.

I(ky, &) =y, + Io

a representative example where the experimentally obtained
Fourier pattern was fitted according to eq 2 with the resulting
residuum after subtracting the experimental from the best-fit
pattern.

The Fourier image was calibrated with the maximum k-
vector k.., corresponding to the NA of the microscope
objective. From the fit we then extract the plasmon momentum
kgpp or the angle of the emitted leakage radiation €gpp = arcsin
(kgpp/ (kﬁnglass)) and the propagation length Lgpp.

To compare our experimental results with theoretical
predictions we calculated Ospp and Lgpp numerically using the
transfer matrix method.”” The experimental values for the
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emission angle Ospp = 45.9 £ 0.2° and the propagation length of
Lgpp = 42 pm + 0.1 ym are reproduced with good agreement
by the calculation (Ospp = 44.6° and Lgpp = 4.7 um). For the
calculation, we used the dielectric constant of gold at 980 nm
from ref 28, a refractive index of SiO, of ngo = 1.5 and the
measured thicknesses of the gold and the SiO, layers (24 and
35 nm, respectively). The spectral width of the nanotube PL of
about 50 meV translates into a small angular broadening of the
measured emission arcs due to the dispersion relation of gold
which leads to a spread of the resonance angle by 0.1°. This
results in an underestimation of the actual propagation length
by about 500 nm. The discrepancy between experimental and
theoretical plasmon angle fgpp of 1.3°, however, is larger than
the accuracy of our measurement. After sample preparation,
residual SDC surfactant remains on top of the SiO, spacer layer
and around the SWCNTs that is likely to increase the effective
refractive index as compared to air. Considering this by setting
the refractive index of the upper medium to n,, = 1.023 in the
calculation reproduces the experimentally observed plasmon
angle exactly.

Note that in the present configuration the propagation length
is mainly limited through coupling to leakage radiation that we
used to study the SPPs. For thicker gold films exceeding 70 nm,
this coupling would be negligible. Keeping the spacer layer
thickness of 35 nm would then result in a propagation length
on the order of 40 ym.

Real space images of single dipole emitters were calculated by
Fourier transformation of the angular spectrum of the
electromagnetic field at the gold/glass interface created by a
single in-plane dipole using the imaging properties of our
microscope (for more details see Supporting Information).
Figure Sa shows an experimental real space image rendered by a
single SWCNT after focused excitation and Figure Sb the
calculated intensity distribution of a single emitter on a 35 nm
SiO,, spacer layer on top of a 25 nm gold film. The shape of the
real space pattern, in particular its double lobe structure and the
weak diffractions rings at larger distances from the nanotube, is
reproduced well. The size of the pattern, on the other hand,
depends sensitively on the effective NA of the microscope
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Figure S. (a) Experimental real space image rendered by a single
photoluminescent SWCNT on a 35 nm SiO, spacer layer on top of a
25 nm gold film. (b) Theoretical image of an in-plane dipole oriented
along the nanotube axis. The scale bar represents 4.0 ym in (a) and
(b). Both images are normalized to one and the color scale is saturated
at 0.04 to allow for an examination of their low intensity details.

objective that is known to be reduced by the lower transmission
factors of the marginal rays.” In the calculation, we used an
effective NA of 1.25. (For comparison we included the
corresponding image for NA = 1.4 as Figure S4 in the
Supporting Information.) In general, we find that the values for
the surface plasmon propagation length Lgpp obtained from real
space images are affected by large uncertainties due to the effect
of the NA and the more complex spatial dependence of the
intensity following eq 1. Importantly, while the lower
transmission of the marginal rays leads to reduced signal
intensities in the Fourier-plane image, it does not affect their
angular distribution observed in Figure 4. This underlines the
advantages of Fourier-plane imaging for analyzing SPP
excitation and the quantification of the propagation length.

The good agreement between the theoretical images
calculated for a single dipole and the experimental images
observed for SWCNTSs shows that nanotubes act as dipolar
sources for plasmons propagating mainly in the direction of the
nanotube axis. In essence, exciton recombination in nanotubes
launches propagating surface plasmons on the metal film. These
plasmons can couple to photon modes in the lower halfspace
that are finally detected as leakage radiation.

Coupling to plasmons almost completely reshapes the
emission of nanotubes both spatially and with respect to
polarization as compared to PL emission on dielectrics. In
Figure 6, polarization resolved radiation patterns of single
SWCNTs on glass (a—c) and on SPP supporting metal films
(g—i) are presented. Also shown are the corresponding
theoretical patterns calculated for single dipole emitter on
glass (d—f) and metal film (j—1), respectively (for more details
on the calculations see Supporting Information). As the only
free parameter the dipole orientation has been adjusted to
match the measured patterns without analyzer indicated by the
arrows in Figure 6d,j, respectively.

On glass, the PL is distributed over a large angular range with
highest intensities occurring in the directions perpendicular to
the nanotube axis resulting in two broad lobes with a maximum
peaking near the critical angle (Figure 6a). The PL pattern of
the same SWCNT recorded with vertical and horizontal
analyzer orientations and the corresponding emission patterns
are also shown. The PL is polarized mainly parallel to the
dipole orientation (Figure 6b,e). Remarkably, a single emitter
also leads to a substantial orthogonal component as can be seen
both from theory and experiment (Figure 6¢f).

In contrast, the emission patterns from SWCNTSs on a metal
film (Figure 6g—i) show emission concentrated around the
direction of the dipole. The polarization is seen to vary spatially
both in the experimental and the theoretical pattern (Figure
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Figure 6. Comparison between experimentally obtained and calculated
Fourier patterns with different polarizations for a SWCNT deposited
on glass: (a,d) without analyzer, (be) analyzed vertically, and (c,f)
analyzed horizontally. The corresponding images for a SWCNT on a
25 nm gold film: (g,j) without analyzer, (h,k) analyzed vertically, and
(1) analyzed horizontally. The white arrow in the theoretical images
(d) and (j) indicates the direction of the point dipole used for the
calculations.

6h,i and k), respectively). At every point the polarization is
oriented along the direction of plasmon propagation. In other
words, the polarization is radial with respect to the origin
formed by the position of the dipolar plasmon source as derived
in ref 26 (eq 18) and described in ref 30. This clearly confirms
that SPPs are launched mainly in the direction of the dipole and
therefore in the direction of the SWCNT.

The plasmon-induced narrowing of the PL emission can be
quantified by calculating the maximum effective directivity Dt
= Pumax(1.517/P,,4) for nanotubes on gold films and on glass
using the measured and theoretically calculated radiation
patterns.>’ Here the peak intensity p,. is compared to the
average intensity P4 detected within the accessible angular
range 1.51x steradian. From the experimental data shown in
Figure 6, we determine a maximum effective directivity on glass
of DS = 9, which is in good agreement with the theoretical
value of DI = 10. Plasmon coupling leads to a substantially
increased maximum effective directivity of D = 55
(experiment) and D = 74 (theory).

In summary, we reported the excitation of propagating
surface plasmon polaritons by single optically excited semi-
conducting single-walled carbon nanotubes. Leakage radiation
microscopy images in Fourier and real space recorded for the
same nanotubes revealed the propagation length and direction
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of SPPs. Our results demonstrate that nanotubes can act as SPP
sources making them promising candidates for integration in
plasmonic and nanophotonic circuits. Moreover, combining
surface plasmon coupling with electroluminescence from
carbon nanotubes opens up the possibility to create an efficient
electrically driven nanoscale plasmon source.
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Detailed description of theorectical calculation of Fourier and
real space images. Excitation polarization dependence of PL
images and radiation patterns (Figure S1). Atomic force
microscopy topography image and radiation pattern recorded
for the same nanotubes (Figure S2). Comparison between the
curve obtained taking the modulus square of the Fourier
transform of eq 1 and a Lorentzian line shape function
according to eq 2 (Figure S3). Calculated real space image
rendered by a single in-plane dipole using NA = 1.4 (Figure
S4). This material is available free of charge via the Internet at
http://pubs.acs.org.
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Theoretical calculations of Fourier plane and real space images

Radiation patterns can be obtained by splitting the angular representation of the dipole Green’s
function into its s- and p- polarized components and propagating each plane wave through the
layered substrate using a matrix transfer method (ref. 18 in the paper: Walpita, L. M. J. Opt. Soc.
Am. A 1985, 2, 595-602); far-fields can be calculated from the angular spectrum obtained in this
way by multiplication with a cosine factor and finally the field distribution in the Fourier plane of
the imaging system can be obtained by mapping the components of the far-field expressed in
spherical coordinates into a system of cylindrical coordinates. The procedure is explained in detail
in [1].

The calculations of the field distributions follows the same principles; in this case the field
components must be mapped from the spherical system of coordinates that corresponds to the so
called “reference sphere” of the objective lens to a spherical system of coordinates corresponding
to the reference sphere of the imaging lens; the calculations are carried out in [2] and we
implemented their formulae substituting once more the proper transmission coefficients for the s-

and p- polarized components.



Excitation polarization dependence of PL images and radiation patterns

Figure S1: Confocal PL images of randomly oriented nanotubes on a dielectric / gold substrate

recorded for vertical (a) and horizontal excitation polarization (b) as indicated by the direction of
the arrows (scale bar 2 pm, same intensity scaling). (c) and (d) show the radiation patterns detected
at the respective positions ¢ and d marked in (a) and (b). The nanotube at position c that is excited
only for vertical polarization is seen to launch propagating surface plasmons mainly in the same
direction. In contrast, the nanotube at position d shows a stronger PL response for horizontal
polarization and correspondingly, plasmon excitation occurs mainly in horizontal direction. The
lower polarization contrast observed in the confocal images at position d results from the non-

perfect horizontal orientation of this nanotube.



Atomic force microscopy images and radiation patterns of the same nanotubes

Figure S2: (a) Confocal PL image of nanotubes on a dielectric / gold substrate (scale bar 1 pm).

(b) Atomic force microscopy image showing the two photoluminescent nanotubes at positions ¢
and d marked by arrows in (a) (scale bar 300 nm). The identification of the thin nanotubes with
diameter of around 0.8 nm is somewhat hindered by the surface roughness of the SiOx spacer
layer. In the present case the identification is supported by the comparable nanotube position and
separation seen in the PL and the AFM image. The radiation patterns recorded for the two
differently oriented nanotubes at position ¢ and d are shown in (c) and (d). The orientation of the

nanotubes coincides with the direction of the plasmon excitation seen in (c) and (d).



Comparison between plasmon radiation pattern and Lorentzian
approximation
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Figure S3: Comparison of the modulus square of the numerical Fourier transform of the
asymptotic plasmon field (eqn. 1) according to [3] and a Lorentzian line shape function (eqn. 2)
using the same plasmon propagation length Lgpp. The curves represent cross-sections obtained for
¢ =0 (@ =0). The Lorentzian line shape function represents a good approximation regarding both

peak position and peak width



Real space image rendered by single in-plane dipole using NA = 1.4
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Figure S4: Calculated real space image rendered by a single in-plane dipole on a 35 nm SiOx

spacer layer on top of a 25 nm gold film using NA=1.4. The scale bar represents 4 um.
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