ABSTRACT
Bleach Imaged Plasmon Propagation (BlIPP) of Metallic Nanoparticle Waveguides
by
David Enrique Solis Jr.
The high speed transfer of information in materials with dimensions below the
sub-diffraction limit is essential for future technological developments. Metallic
nanoparticle (NP) waveguides serve a unique role in efficient energy transfer in this size
regime. Light may be confined to metallic structures and propagate along the surface of
the waveguide via propagating plasmon waves known as surface plasmon polaritons
(SPPs). Plasmon propagation of energy in metallic structures is not perfect however and
damping losses from the waveguide material lead to a characteristic exponential decay in
the plasmon near field intensity. This decay length is known as the propagation length
and serves as an excellent metric to compare various waveguide materials and structures
to one another at particular excitation wavelengths.
This thesis presents recent work in the development of a novel measurement
technique termed bleach imaged plasmon propagation (BlIPP). BlIPP uses the
photobleaching property of fluorophores and far field fluorescence microscopy to probe
the near-field intensity of propagating plasmons and determine the propagation length.
The experimental setup, image analysis, conditions, and application of BlIPP are
developed within this thesis and an in depth review of the 1-photon photobleaching
mechanism is also investigated.
The BlIPP method is used to investigate long plasmon propagation lengths along
straight chains of tightly packed Au NPs through the coupling of light to sub-radiant

propagating modes, where radiative energy losses are suppressed. The findings of this
work reveal, experimentally, the importance of small gap distances for the propagation of
energy. Complex chain architectures are then explored using BlIPP measurements of
tightly packed straight and bent chains of spherical silver NPs. We observe the highly
efficient propagation of energy around sharp corners with no additional bending losses.
The findings of this thesis demonstrate the advantages and capabilities of using
BlIPP propagation length measurement. Further, BlIPP is used to reveal the advantage of
coupling light to sub-radiant modes of NP chains, which demonstrate the ability to guide
light efficiently across long distances and around complex structures, bringing us a step
closer to the goal of applying plasmonic devices and circuitry in ultra compact optoelectronic devices.
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Figure 2.1

(A) shows an SEM image of Au NWs taken at a magnification of 13
2,000. (B) shows an SEM of a single Au NW taken at a
magnification of 11,000.

Figure 2.2

(A) shows spectra taken from a MEH-PPV coated Au NW sample 15
on (red solid line) and next to (blue dashed line) a single NW. The
excitation power was 34 pW. (B) shows spectra taken from a noncoated NW sample on (red solid line) and next to (blue dashed line)
a single NW. The inset shows a fluorescence image of a non-coated
Au NW. The peak at 532 nm corresponds to the laser excitation
wavelength which could not be entirely blocked at a higher laser
power of 109 µW.

Figure 2.3

Fluorescence spectra taken from a MEH-PPV coated Au NW as a 16
function of excitation power. The inset shows a plot of the
fluorescence intensity at the maximum wavelength vs. laser power

Figure 2.4

(A) shows a sample scanned fluorescence image of a MEH-PPV 17
coated NW. The excitation source was polarized parallel to the
long axis of the NW. (B) shows a sample scanned fluorescence
image of the same NW as in Figure 2.4A except that in this image
the excitation source was polarized perpendicular to the long axis
of the NW. The laser power for both images was 30 pW.

Figure 2.5

(A) Shows a fluorescence image taken over an area with Au NW 18
present as shown by the area with enhanced fluorescence signal.
(B) Shows the fluorescence image of the same area taken after a 9
min high power laser exposure. (C) Shows the difference image
created by subtracting (B) from (C). The green highlighted area is
then made into a width averaged line section as shown in (D). (D)
Also shows a green line which is a fit of the data using the derived
bleach intensity function, Equation 2.5.

Figure 2.6

Confocal fluorescence images recorded with 4 pWof 532 nm laser 22
light for a MEH-PPV coated 6 µm long Au NW before (A) and
after (B) continuous excitation of the left NW end for 9 min with a
power of 40 nW. (C) Difference image generated by subtracting
(B) from (A). (D) Width averaged intensity line section (points)
taken along the long NW axis from a difference image taken after a
2 min exposure. The green line is a fit to the data yielding a SPP
propagation distance of 1.7 µm.. (E) Width averaged line section
(points) and fit (green line) obtained from the difference image
shown in (C) for a 9 min exposure time. The arrow marks the end
of the NW where after the longer exposure time an offset in the
photobleached intensity became visible due to continued SPP aided
photobleaching. The recovered SPP propagation distance remained
unchanged

consistent

with

the

described

photobleaching

mechanism.
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Figure 2.7

Width-averaged intensity line sections and fits obtained from the 26
difference images shown in the insets for excitation polarization
parallel (A) and perpendicular (B) to the long NW axis. The
difference images were obtained after 8 min exposure to an
excitation power of 90 nW. For the fluorescence imaging a laser
power of 9 pW was used. (C) Comparison of the fits to the
plasmon bleach intensity for the two NWs shown in (A) and (B).
The larger offset for parallel polarized excitation (red) indicates a
larger SPP amplitude for this polarization. (D) Histogram of SPP
propagation distances measured by BlIPP for 27 individual Au
NWs.

Figure 2.8

FDTD simulations for a 400 nm thick Au NW with a 532 nm 27
Gaussian laser beam (fwhm = 330 nm) having parallel (A) and
perpendicular (B) polarization incident on the left NW end. Several
SPP modes were excited and identified based on their surface
charge distributions. Cross sectional views of the surface charges
are shown as insets, where the scale from red to blue represents
changes from positive to negative. The fast decay of the electric
field intensity at the NW tip can be assigned to a mixture of mostly
localized plasmon modes. Further along the NW the dominant SPP
is the m = 2 mode followed by a less intense and slower decaying
m = 1 SPP.
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Figure 2.9

FDTD simulations for a 120 nm thick Au NW with a 532 nm plane 28
wave having parallel (A) and perpendicular (B) polarization
incident on the left NW end. The length of the NW was 10 µm.
Cross sectional views of the surface charges for the NW in a
vacuum medium are shown as insets, where the scale from red to
blue represents changes from positive to negative. The main decay
of the electric field intensity for parallel and perpendicular
excitation can be assigned to the m =1 SPP with a propagation
distance of 2.0 mm for both polarizations. The fast decay for
parallel polarization corresponds to the m = 0 SPP mode, which is
localized at the NW tip. Fitting a decay constant for the m = 0
mode is difficult because of the overlap with localized plasmons
excited by the plane wave.

Figure 3.1

SEM characterization of NP chain assemblies. (a) SEM image of 35
an array of chains made from 47 ± 4 nm Au NPs. (b) SEM image
of the NP chain highlighted by the red box in a. (c) SEM image
taken for the green area indicated in b to show the close-packed
arrangement of the NPs. NPs were assembled in trenches formed
in a polymer, which was then removed together with excess NPs
not assembled in the designed patterns to yield free-standing NP
chains on a glass substrate. Typical chain structures measured 300
nm x 15 µm, were 5 – 6 NPs wide, and approximately 2 – 3 layers
high, and contained approximately 1500 particles/layer. Based on

xiii

the SEM images the average inter-particle distance is estimated to
be below 5 nm with the separations likely being smaller
considering the limited resolution of the SEM.
Figure 3.2

Microscope setup and optical resolution. (a) The green and red 37
lines represent the excitation and emission paths, respectively. f, is
a dichroic filter; l, is a lens; m, is a mirror; n, is a notch filter; APD
is an avalanche photodiode detector. The excitation laser (either
514 or 785 nm) was reflected by a dichroic mirror and focused by
an objective to excite the dye on the NP chains. The fluorescence
of the dye was collected by the same objective and focused on an
APD. Scattered laser light was rejected by a notch filter.

(b)

Scattering image of a 25 x 86 nm Au nanorod covered with indexmatch oil and excited by the 785 nm laser. The scale bar is 600 nm.
(c) Intensity cross section of the image along the dotted line in b.
The full width at half maximum (FWHM) is 340 nm. (d)
Fluorescence image of a 100 nm dye bead excited by the 514 nm
laser. The scale bar is 300 nm. (e) Intensity cross section of the
image along the dotted line in d. The FWHM is 280 nm.
Figure 3.3

BlIPP of a NP chain for 785 and 514 nm circularly polarized 43
excitation. (a) Fluorescence image of a chain coated with the dye
cardiogreen and excited at 785 nm with a laser power of 66 nW.
(b) Fluorescence image taken after exposure of the left end of the
chain to 7.2 µW of 785 nm laser light for 20 minutes. Photo-

xiv

bleaching due to plasmon propagation is most apparent in the
difference image, (c) and the normalized intensity line section (red)
along the NP chain, (d) Fitting the BlIPP data (green) yielded a
plasmon propagation distance of L0 = 4.2 µm. The contribution
from direct laser excitation (blue) to the photo-bleaching is also
indicated. (e) Fluorescence image of a chain coated with rhodamine
6G and excited at 514 nm with a laser power of 31 nW. (f)
Fluorescence image taken after exposure of the left end of the chain
to 75 µW of 514 nm laser light for 5 minutes. The difference
image, (g) and the normalized intensity line section (red) along the
NP chain, (h) show no evidence of plasmon propagation as the
BlIPP data was best described by photo-bleaching due to only
direct laser excitation (blue).
Figure 3.4

SEM image of the chains shown in Figure 3.3. (a) SEM image of 43
the chain used for the BlIPP experiment with 785 nm excitation
(Figures 3.3a-d). (b) SEM image of the chain used for the BlIPP
experiment with 514 nm excitation (Figures 3.3e-h).

Figure 3.5

Scattering spectrum of a representative single 50 nm spherical Au 44
NP.

Figure 3.6

Extinction spectrum taken at the end of the chain shown in Figure 44
3.3. The absence of a plasmon mode at wavelengths longer than the
peak at 1150 nm confirms the absence of conductive plasmon
coupling of the NPs.
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Figure 3.7

BlIPP experiment for a NP chain using 785 nm excitation polarized 46
parallel to long axis of the chain. (a) Fluorescence image of a chain
using a laser power of 66 nW acquired with an integration time of
10 ms/pixel. (b) Fluorescence of the same area in a after exposure
to 9.8 µW of 785 nm linearly polarized laser light for 20 minutes.
(c) Difference image created by subtracting b from a. (d) Plot of
the normalized width-averaged line section of the photo-bleach
intensity along the NP chain in c is shown by the red dots. The
green line is a fit of the BlIPP data to the model presented above,
giving a propagation distance of L0 = 3.2 µm. The solid blue line
indicates the contribution of direct laser bleaching to the BlIPP
data. (e) SEM image of the chain shown in a.

Figure 3.8

BlIPP experiment for a NP chain using 785 nm excitation polarized 47
perpendicular to long axis of the chain. (a) Fluorescence image of a
chain using a laser power of 66 nW acquired with an integration
time of 10 ms/pixel. (b) Fluorescence of the same area in a after
exposure to 9.8 µW of 785 nm linearly polarized laser light for 20
minutes. (c) Difference image created by subtracting b from a. (d)
Plot of the normalized width-averaged line section of the photobleach intensity along the NP chain in c is shown by the red dots.
The green line is a fit of the BlIPP data to the model presented
above, giving a propagation distance of L0 = 3.4 µm. The solid blue
line indicates the contribution of direct laser bleaching to the BlIPP
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data. (e) SEM image of the chain shown in a.

Figure 3.9

BlIPP experiment for a NP chain with 785 nm excitation away 48
from the end of the chain. (a) Fluorescence image of a chain using
a laser power of 60 nW acquired with an integration time of 10
ms/pixel. (b) Fluorescence of the same area in a after exposure to
12 µW of 785 nm circularly polarized laser light for 20 minutes. (c)
Difference image created by subtracting b from a. (d) Plot of the
normalized width-averaged line section of the photo-bleach
intensity along the NP chain in c is shown by the red dots. The
green line is a fit of the BlIPP data to the model presented above,
giving a propagation distance of L0 = 4.0 µm even for excitation
away from the end of the chain. The solid blue line indicates the
contribution of direct laser bleaching to the BlIPP data. (e) SEM
image of the chain shown in a.

Figure 3.10

Direct photo-bleaching of a dye film excited at 785 nm. (a) 49
Fluorescence image of a dye coated glass slide taken with a laser
power of 66 nW. The dye film was created by spin coating a glass
slide at 6000 rpm for 40 seconds with 3 µL of a
cardiogreen/methanol solution having a concentration of 5 mg/mL.
(b) Fluorescence image of the same area in a after high intensity
laser exposure at 6.6 µW for 20 minutes. (c) Difference image
created by subtracting b from a. (d) Plot of the normalized width-

xvii

averaged line section from the difference image. Data points are
given by the red dots yielding a FWHM of 3.4 µm. The solid blue
line is a Gaussian curve representing the photo-bleaching due to
direct laser excitation and was obtained by fitting the data with
Equation 3.1 assuming no plasmon propagation. The width of the
Gaussian curve is comparable to the laser component obtained for
the analysis of the BlIPP data shown in Figure 3.3d. It is important
to note that the conditions (laser power and exposure time) for the
dye film were similar to the BlIPP experiments performed on the
NP chains.
Figure 3.11

Direct photo-bleaching of a dye film excited at 514 nm. (a) 50
Fluorescence image of a dye coated glass slide taken with a laser
power of 31 nW. The dye film was created by spin coating a glass
slide at 6000 rpm for 40 seconds with 3 µL of a rhodamine
6G/methanol solution having a concentration of 5 mg/mL. (b)
Fluorescence image of the same area in a after high intensity laser
exposure at 75 µW for 5 minutes. (c) Difference image created by
subtracting b from a. (d) Plot of the normalized width-averaged
line section from the difference image. Data points are given by the
red dots yielding a FWHM of 5.3 µm. The solid blue line is a
Gaussian curve representing the photo-bleaching due to direct laser
excitation and was obtained by fitting the data with Equation 3.1
assuming no plasmon propagation. The width of the Gaussian

xvii

curve is comparable to the laser component obtained for the
analysis of the BlIPP data shown in Figure 3.3h. It is important to
note that the conditions (laser power and exposure time) for the dye
film were similar to the BlIPP experiments performed on the NP
chains.
Figure 3.12

BlIPP for a NP chain as a function of exposure time for 785 nm 51
excitation. The red and blue data points show the normalized
photo-bleach intensity line sections obtained for two different
exposure times of 1 and 5 minutes, respectively. The fluorescence
images were recorded using 30 nW while end excitation was
carried out at a higher exposure power of 30.3 µW.

Figure 3.13

BlIPP for a NP chain as a function of exposure time for 514 nm 52
excitation. The red and blue data points show the normalized
photo-bleach intensity line sections obtained for two different
exposure times of 5 and 10 minutes, respectively. The fluorescence
images were recorded using 31 nW while end excitation was
carried out at a higher exposure power of 75 µW.

Figure 3.14

Effect of dye on the propagation distance. (a) Fluorescence image 53
of a Au NW using a laser power of 66 nW at 785 nm acquired with
an integration time of 10 ms/pixel. (b) Fluorescence image of the
same area in a after exposure to 7.5 µW of 785 nm laser light for
40 minutes. (c) Difference image created by subtracting b from a.
(d) Fluorescence image of another Au NW using a laser power of
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66 nW acquired with an integration time of 10 ms/pixel. The large
gap in fluorescence in the middle of the NW (highlighted by the
dotted line) was created by photobleaching the dye by direct
excitation at that spatial location by 785 nm laser light at an
exposure power of 10 µW for 5 minutes. (e) Fluorescence image of
the same area in d after exposure to 10 µW of 785 nm laser light
for 40 minutes at the left end of the NW. (f) Difference image
created by subtracting e from d. Photobleaching due to plasmon
propagation is clearly visible along the entire length of the NW
despite the noticeable gap in the fluorescence in the middle of the
wire. The sample was prepared by drop-casting a solution of Au
NWs (12-18 µm x 50-100 nm) onto a cleaned glass slide. The thin
film dye coating was created by spin coating 30 µL of a 0.05%
solution of cardiogreen in methanol onto the sample at 6000 rpm.
No methanol rinse was performed after the spin coating procedure,
which causes a larger residual background fluorescence in these
images compared to the NP chains. Both Au NWs were found to
have comparable propagation distances indicating that the presence
of the dye has no significant effect on the determination of the
propagation distance. This experiment was performed because gain
media like dye molecules can in principle compensate absorption
losses and therefore enhance the plasmon propagation distance.
This however, requires strong optical pumping of the gain medium

xx

to achieve population inversion. In our BlIPP experiments, intense
photo-excitation was limited to only one end of the chain and
furthermore quickly destroyed the dye molecules there at the
beginning of the experiment, while photo-bleaching along the NP
chain slowly accumulated over time through interactions with a
much weaker plasmon near-field. In fact, because of enhanced
losses due to ground state absorption by the chromophores, BlIPP
might slightly underestimate the plasmon propagation distance in
these NP chains. These experiments on the Au NWs shown here
further confirm that coupling between plasmon and dye excitations
do not play any other role than to monitor the intrinsic plasmonic
near-field that decays exponentially along the waveguide structure.
The NW was chosen for this test because bleaching of the dye in
the middle of the waveguide leads to plasmon propagation for the
NP chains as illustrated in Figure 3.9.
Figure 3.15

Generalized Mie theory simulations of plasmon propagation in Au 54
NP chains. (a) Near-field intensity of the laser profile and plasmon
propagation in a 1200 NP chain for excitation at 785 nm. (b) Decay
of the width-averaged near-field intensity along the NP chain for
785 nm (red) compared to 514 nm (blue) excitation. The latter
mimicked the laser intensity (cyan) confirming minimal energy
propagation for excitation near the single NP plasmon resonance
because of the strong intrinsic damping of Au. In contrast, the
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coupled plasmon modes excited at 785 nm sustained energy
transport due to minimized losses with a propagation distance of L0
= 1.7 mm. A hexagonal close-packed (hcp) arrangement gave a
shorter propagation distance of L0 = 1.1 mm (black, open symbols),
illustrating that disorder enhances energy transport. (c) Section of
the chain modeled in a, showing closely spaced 50 nm spherical
Au NPs with random positions to account for local disorder. The
minimum surface to surface separation was always kept at 1 nm.
(d) Propagation distances for different wavelengths demonstrating
the large bandwidth that is achievable for plasmon propagation via
low-loss sub-radiant modes. The errors were calculated by
simulating different random NP arrangements.
Figure 3.16

Sub-radiant response of a hexagonal close-packed array of 50 nm 55
Au NPs upon coherent plane wave excitation at 785nm. (a) The
sub-radiant nature of the excited plasmon modes is identified by
bands of alternating positive and negative charge domains (red and
blue, respectively) along the length of the chain in the calculated
charge plots. Charge contributions can be separated into domains
of different phase, being localized to regions on the edge and
within the interior of the NP assembly as further highlighted by the
higher magnification charge plot in the right-hand panel. (b)
Width-averaged line section of the surface charge highlights the
standing wave oscillations, characteristic of the sub-radiant eigen-
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response of the system. (c) Closer inspection (red-box) of the
charge oscillations illustrates that the resonant domains are roughly
180° out of phase.
Figure 3.17

Comparison of the plasmon propagation distances for a 2- 56
dimensional hexagonal closed-packed Au NP chain vs. five
randomly created NP assemblies in which disorder has been
introduced. Excitation at 785 nm for a hexagonal closed-packed
arrangement of 50 nm Au NPs resulted in a shorter propagation
distance compared to chain structures of the same length with
added local disorder.

Figure 3.18

Decay of the width-averaged near-field intensity along a NP chain 57
for different excitation wavelengths. The intensity is plotted on a
logarithmic scale and fitting of the data points to the right of the
laser response yielded 1/e propagation distances L0, which are
summarized in Figure 3.15d.

Figure 3.19

BlIPP experiment for a NP chain using 785 nm excitation. (a) 58
Fluorescence image of a chain using a laser power of 66 nW
acquired with an integration time of 10 ms/pixel. (b) Fluorescence
of the same area in a after exposure to 7.2 µW of 785 nm circularly
polarized laser light for 20 minutes. (c) Difference image created
by subtracting b from a. (d) Plot of the normalized width-averaged
line section of the photo-bleach intensity along the NP chain in c is
shown by the red dots. The green line is a fit of the BlIPP data to
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the model presented above, giving a propagation distance of L0 =
5.5 µm. The sold blue line indicates the contribution of direct laser
bleaching to the BlIPP data. (e) SEM image of the chain shown in
a. This sample is different from the chains shown in Figure 3.3 and
Figure 3.20.
Figure 3.20

BlIPP experiment for a NP chain using 785 nm excitation. (a) 59
Fluorescence image of a chain using a laser power of 66 nW
acquired with an integration time of 10 ms/pixel. (b) Fluorescence
of the same area in a after exposure to 7.2 µW of 785 nm circularly
polarized laser light for 20 minutes. (c) Difference image created
by subtracting b from a. (d) Plot of the normalized width-averaged
line section of the photo-bleach intensity along the NP chain in c is
shown by the red dots. The green line is a fit of the BlIPP data to
the model presented above, giving a propagation distance of L0 =
4.2 µm. The sold blue line indicates the contribution of direct laser
bleaching to the BlIPP data. (e) SEM image of the chain shown in
a. The inset shows a magnified SEM image at the end of the chain
where laser excitation was carried out. The image was taken after
the BlIPP experiment and shows no damage due laser heating. This
sample is different from the chains shown in Figure 3.3 and Figure
3.19.

Figure 3.21

BlIPP experiment for a narrower NP chain using 785 nm 60
excitation. (a) Fluorescence image of a Au NP chain having a
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width of 200 nm using a laser power of 30 nW acquired with an
integration time of 10 ms/pixel. (b) Fluorescence of the same area
in a after exposure to 24 µW of 785 nm laser light for 30 minutes.
(c) Difference image created by subtracting b from a. (d) Plot of
the normalized width-averaged line section of the photo-bleach
intensity along the NP chain in c is shown by the red dots. The
green line is a fit of the BlIPP data to the model presented above,
giving a propagation distance of L0 = 3.8 µm. The sold blue line
indicates the contribution of direct laser bleaching to the BlIPP
data. (e) SEM image of the chain shown in a. The high
magnification image in the inset shows that the chain is ~ 3 NPs
wide, and 1 – 2 layers high.
Figure 3.22

Generalized Mie theory simulation of a one particle wide chain. (a) 60
Near-field intensity of the laser profile and plasmon propagation in
a 200 NP long ideal linear chain for excitation at 785 nm. The total
length of the chain is the same as for all other chains modeled. (b)
Decay of the width-averaged near-field intensity along the NP
chain for 785 nm, shown in blue. Fitting reveals a measured
propagation length of 0.6 µm as shown by the red line.

Figure 3.23

Energy localization at a chain defect. (a) Fluorescence image of a 61
Au NP chain coated with cardiogreen and excited at 785 nm with a
laser power of 63 nW. The white arrow highlights a region of
increased fluorescence intensity. (b) Normalized photo-bleaching
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intensity along the NP chain obtained from the BlIPP analysis. The
location of the area shown in a is highlighted by the black arrow
and is associated with a sharp decrease of the bleach intensity
indicating a break in the plasmon propagation for this waveguide.
(c) SEM image of the same chain region demonstrates that energy
propagation was hindered by the presence of a large defect
composed of several missing NPs.
Figure 3.24

Correlation of breaks in plasmon propagation to chain defects. (a) 62
Fluorescence image of a chain using 785 nm laser excitation
recorded at a power of 30 nW with an integration time of 10
ms/pixel. (b) Fluorescence of the same area in a after an exposure
period of 5 minutes with 24 µW. (c) Difference image created by
subtracting b from a. (d) Plot of the width-averaged line section of
the photo-bleach intensity along the NP chain in c is shown by the
red dots. (e) SEM image of the chain shown in a. The chain was
excited at the bottom end in the SEM image. The white arrows in a,
b, c, and e and the black arrow in d highlight the same region of the
chain as shown in the higher magnification SEM image in the inset
of e. The drop in the photo-bleach intensity and hence plasmon
propagation in d is directly correlated with a large defect composed
of missing NPs as shown in the inset of e. This sample is different
from the chains shown in Figure 3.23 and Figure 3.25.
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Figure 3.25

Correlation of breaks in plasmon propagation to chain defects. (a) 63
Fluorescence image of a chain using 785 nm laser excitation
recorded at a power of 30 nW with an integration time of 10
ms/pixel. (b) Fluorescence of the same area in a after an exposure
period of 3 minutes with 24 µW. (c) Difference image created by
subtracting b from a. (d) Plot of the width-averaged line section of
the photo-bleach intensity along the NP chain in c is shown by the
red dots. (e) SEM image of the chain shown in a. The chain was
excited at the bottom end in the SEM image. The white arrows in a,
b, c, and e and the black arrow in d highlight the same region of the
chain as shown in the higher magnification SEM image in the inset
of e. The drop in the photo-bleach intensity and hence plasmon
propagation in d is directly correlated with a large defect composed
of missing NPs as shown in the inset of e. This sample is different
from the chains shown in Figure 3.23 and Figure 3.24.

Figure 4.1

Bleach-Imaged Plasmon Propagation (BlIPP). (A) Sample scanned 70
confocal fluorescence image of an Au NW coated with ICG dye
excited at 785 nm using a laser intensity of 8.0 W/cm2. (B)
Fluorescence image of the same area after irradiating with a laser
intensity of 1.25 kW/cm2 at the left end of the NW for 20 minutes.
(C) Difference image obtained by subtracting (B) from (A)
yielding the bleach intensity. (D) Width-averaged intensity linesections along the long NW axis shown for before (black squares)
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and after (red circles) photobleaching as well as the beach intensity
line section (blue triangles) extracted from the difference image,
where each point of the difference line-section has been normalized
to its corresponding point in the fluorescent image before
photobleaching. The black line is a fit to equation 7 yielding a
propagation length of L0 = 7.5 ± 1.0 µm.
Figure 4.2

Fluorescence intensity as a function of time for a total exposure 71
time of 20 minutes and at an excitation intensity of 8.0 W/cm2
corresponding to the low intensity value that was used to acquire
fluorescence images before photobleaching in BlIPP experiments.
This data demonstrates that the low excitation intensity of 8.0
W/cm2 still leads to photobleaching for long exposure times.
However, considering the associated photobleaching rate of kbl =
(3.5 ± 1.1)*10-4 s-1 and average exposure time per area given by the
speed of image acquisition, we can conclude that this low
excitation intensity leads to overall negligible photobleaching. In
particular, for typical fluorescence images of 20 µm x 20 µm with a
resolution of 128 x 128 pixels and an integration time of 10
ms/pixel we estimate that the average exposure time for an area
corresponding to the laser beam with a beam waist of 1 µm
(diameter measured at the 1/e2 intensity values) is approximately
"_ENREF_36" \o "Staleva, 2009 #28"36, HYPERLINK \l
"_ENREF_39" \o "Fang, 2010
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Figure 4.3

(A) Fluorescence image of a 20 µm x 20 µm area containing a Au 77
NW acquired with a low excitation intensity of 7.8 W/cm2 (B)
Fluorescence image of the same area recorded after measuring kbl
in the middle of the NW and in a background area to the right of
the NW at a laser intensity of 1.2 kW/cm2. (C) Fluorescence
intensity observed on top of a Au NW as a function of time. The
laser excitation intensity was 1.2 kW/cm2 at 785 nm. The
experimental data is shown in red and a biexponential fit with
decay constants of k1 = 3.1 × 10-2 s-1 and k2 = 2.7 × 10-3 s-1 is given
by the blue line. k1 is assigned to kbl.

Figure 4.4

Intensity dependence of the photobleaching rate constant kbl. (A) 79
Dependence of kbl on the excitation intensity measured for the
plasmon enhanced fluorescence on top of Au NWs. (B) Same as
(A) but measured in the background near the Au NWs, where the
dye is deposited only on glass. kbl was obtained as the first
component of a biexponential fit to time transients such as the one
shown in Figure 4.3C. The solid lines in (A) and (B) are linear fits
to the data points based on Equation 4.2. For each intensity, the
measurements were repeated at least 8 times and the error bars
represent the standard deviation. The variation in the values for kbl
are likely due to local difference in the dye film. The solid lines in
(A) and (B) are linear fits to the data points based on Equation 4.2,
while the dashed lines correspond to fits according to a quadratic
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intensity dependence according to Equation 4.8.

Figure 4.5

Intensity dependence of BlIPP at exposure time, t = 20 min. (A) 81
Width-averaged bleach intensity line-sections along the long NW
axis as extracted from the difference images for 3 different Au
NWs exposed to laser intensities of 0.6 kW/cm2, 3.5 kW/cm2 and
7.8 kW/cm2 with fits (lines) according to Equation 4.7. (B) Laser
excitation intensity dependence of the bleach intensity according to
Equation 4.13 measured for Au NWs excited with a 785 nm laser at
xlarge = 8.5 µm away from the NW tip that was exposed during the
BlIPP measurements. Each data point was measured for a different
Au NW and extracted from the corresponding width-averaged
bleach intensity line-section, such as those shown in (A). The error
bars were estimated from individual BlIPP traces, by calculating
the average deviation of ± 3 data points from the central data point.

Figure 4.6

Laser excitation intensity dependence of the bleach intensity 83
according to Equation 4.13 measured for Au NWs excited with a
785 nm laser at (A) xlarge = 5.0 µm (B) xlarge = 10.0 µm away from
the NW tip that was exposed during the BlIPP measurements. Each
data point was measured for a different Au NW and extracted from
the corresponding width-averaged bleach intensity line-section.
The error bars were estimated from individual BlIPP traces, by
calculating the average deviation of ± 3 data points from the central
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data point.

Figure 5.1

SEM and 633 nm BlIPP data for AgNP straight and bent chains. 90
(A) SEM of the 15 µm by 200 nm straight chain structure taken
after the BlIPP experiment. Insets show high resolution images of
the end excited during BlIPP, bottom left, and an area from the
middle section of the chain, upper right. (B) Fluorescence image
taken at a power of 27 nW of the straight chain structure shown in
A before the bleach exposure. (C) Fluorescence image taken at 27
nW after 20 min photobleach exposure at 12.0 µW. (D) Difference
fluorescence image created by subtracting the after exposure
image, C, from the initial image, A. (E) The width averaged line
section from the region over the chain structure in D is shown by
the BlIPP data in red. BlIPP fitting of the linesection data is shown
in green and yields a propagation length of L0= 7.5 µm. The
contribution of photobleaching due to direct laser excitation is
shown by the laser bleach data shown in blue. (F) SEM image of a
bent AgNP chain taken after the BlIPP experiment is shown and
the insets show high resolution images of the point of excitation,
bottom left, and at the bend of the chain, upper right. (G)
Fluorescence image taken at 36 nW before photobleaching. (H)
Fluorescence image taken at 36 nW after photobleaching the
structure at 12.0 µW for 20 min. (I) Difference image created by
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subtracting image H from image G. (J) Shows the width averaged
line section of the difference image (red), BlIPP fitting of the width
average line section data (L0 = 8.0 µm, green), and the contribution
of the laser bleach spot (blue).
Figure 5.2

AgNP chain excitation polarization dependence. (A) BlIPP 94
difference image after 20 min bleaching exposure of 12.2 µW
parallel polarized 633 nm light for a straight chain. The
fluorescence image taken at 42 nW. (B) The width averaged line
section from the region over the chain shown in A is shown in red
along with the BlIPP fit (green) with a propagation length of L0 =
8.0 µm and the curve showing the component of bleaching
associated with direct laser excitation (blue). (C) and (D) show
similar data sets as A and B for a straight AgNP chain excited with
perpendicularly polarized light after 20 min exposure at 12.1 µW
(fluorescence image taken at 39 nW). (E) and (F) show similar data
to A and B for a bent chain excited with parallel polarized light
after 20 min exposure at 12.2 µW, (fluorescence image taken at 42
nW). (G) and (H) show similar data to A and B for a bent chain
excited with perpendicularly polarized light after 20 min exposure
at 12.1 µW (fluorescence image taken at 39 nW).

Figure 5.3

(A) Extinction spectra of the AgNP chain structure with peak at 96
734 nm. Excitation wavelength of 633 nm and 785 nm are shown
in green and red respectively. The inset shows scattering spectra

xxx

taken at the same location as the extinction spectra. (B) 785 nm
excitation BlIPP difference image of the AgNP chain after
bleaching for 20 min. at a bleach power of 12.6 µW. (C) Width
average line section BlIPP data at 785 nm excitation is shown in
red. The BlIPP fit in green yields a propagation length of L0 = 3.6
µm. The blue line shows the photobleaching associated with direct
excitation from the laser beam.
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CHAPTER 1
INTRODUCTION

1.1 Motivation and background
Movies, music, internet, and an entire catalog of applications can all be accessed
and displayed on a device that fits in the palm of your hand. The demand for high speed,
miniaturized electronic devices continues to increase, and with it the need to develop new
technologies capable of supporting high speed broadband information transfer at the
nanoscale.1, 2
In small electronic processor chips the mechanism involved when transporting
information is the movement of electrons through a conductive wire from one point to
another. Pattern design techniques used to create wires and components on a chip such as
electron beam lithography have made it possible to design structures with features down
to ~5 - 10 nm.3, 4 However, despite the ability to write structures in this size regime,
leakage current in transistors, thermal noise, and crosstalk can lead to false bits and
calculation errors, thus holding back the writing technology from practical
miniaturization below 40 nm.5, 6 Further, using electrons to transfer information limits the
device to the speed of an electron in a wire, known as the communications bottleneck.7
For very small wires, as used in processor chips, the delay time of electrons traversing a
wire may be larger than the switching time for a transistor. To counter these
disadvantages in speed and design size, engineers have created chips with parallelized
processor architectures. These complex designs allow for higher processing speeds
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because two or more processors are designed to work together in processing information
simultaneously. However the speed of an electron traversing the wire remains unaffected.
Electronic optical interconnects offer several advantages which traditional
electronics could never deliver. For example, fiber optics rely on the ability to guide light
waves in various wavelength ranges at speeds ~0.67 times the speed of light in a vacuum
(the speed of light in glass), yielding a delay time ~ 0.2 ps / mm of cable, which is
approximately 35 times faster than the delay time of an electron traveling through a wire
in a chip (7 ps / mm in Si wire on SiO2)6. Another large advantage is the ability to send
multiple wavelengths of light along the same fiber optic cable where each wavelength
represents a different stream of information. The high speed nature of using light to
transfer information as opposed to electron packets increases the speed of electronic
devices drastically and coupled with the ability to transfer multiple streams of
information on the same wire, allows for the reduction of complexity in circuit
architecture. However, optical devices such as lenses and fiber optic cables, suffer a
major disadvantage when it comes to miniaturization due to the diffraction limit of light,8
which sets a lower limit on how small a device can be made depending on the wavelength
of light being used.
Recently plasmonic structures, which rely on metallic waveguide structures for
light transfer, have demonstrated excellent properties for confining light to subdiffraction limited dimensions1, 9-12 and transferring light across distances of hundreds of
microns depending on the waveguide material and excitation wavelength.13-16 A plasmon
is the collective oscillation of conductive electrons in a metal driven by the oscillating
electric field of an incident light wave and is bound to the surface of the material.17-19 For
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extended metallic structures like thin films,20,

21

stripes,22 grooves,23,

24

NWs,25-28 and

chains of particles,29-32 this plasmon may form a propagating wave along the surface of
the waveguide, known as a surface plasmon polariton (SPP), or propagating plasmon. 3335

For NWs, a photon may couple to the SPP at a break in the geometry of the NW, such

as an end tip of the wire,36, 37 a rough surface33 or nearby antenna particle38, 39. At these
breaks, the incident light has the ability to scatter on the surface at multiple angles, which
allow momentum matching conditions of the material to be satisfied resulting in
successful coupling of light to the SPP.33 As the plasmon propagates along the NW it
generates a near-field intensity along its surface which decays exponentially from its
point of excitation due to intrinsic damping losses of the material typically resulting in
phonon coupling and heating of the material.33,

34

The characteristic length of this

exponential decay, the length where the intensity decays to 1/e of the original intensity,
known as the plasmon propagation length, L0, is an excellent value for characterization
and comparison of metallic waveguides at particular wavelengths. If the propagation
length is long enough, then when the plasmon reaches the far end of the waveguide, the
intensity of the plasmon may recouple to a photon and scatter from that end,37, 38 or
reflect back into the waveguide where it may create standing waves known as FabryPerot resonances.40 41
Many experimental techniques have been developed for the measurement of the
propagation length such as near-field scanning optical microscopy (NSOM),18, 35 leakage
radiation microscopy,22, 42 direct imaging,37, 38 and fluorescence visualization techniques
such as direct fluorescence visualization26, 28, 43 and bleach imaged plasmon propagation
(BlIPP).26, 27, 29, 44 With NSOM the propagating mode is excited by a laser while a small
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fiber optic tip is used to probe directly the evanescent field of the propagating plasmon. 41,
45

The measurement is rather expensive due to the need for multiple specialized 3-

dimensional piezo motors, and specialized probing tips.
Leakage radiation microscopy has been used for metallic stripes or waveguide
structures with strong breaks in the waveguide geometry that exist throughout the
waveguide.20, 46, 47 In the case of stripes the break in geometry exists on the corners of the
rectangular cross sections of the stripes.22 While the plasmon propagates in such
structures, at these corners the plasmon may couple to photons and scatter from the edges.
By capturing a wide field image with a CCD camera while the waveguide is excited, the
radiation intensity leaked from these edges may be used as an indicator for the plasmon
intensity. By measuring the intensity profile of the leakage radiation, the plasmon
propagation length may be measured. Though an efficient means of measuring the
propagation length, the energy lost radiatively from the corners results ultimately in a
reduced propagation length.47
Direct imaging, which follows similarly to leakage radiation microscopy, is used
for structures such as smooth NWs where only a few breaks in the geometry are present,
such as end tips and any particles near the NW which serve as antennas.25, 38, 48 A wide
field image taken while the waveguide is being excited is used to determine whether or
not light radiates outwards from a far tip or coupling site for a NW of a particular length.
In some cases antenna particles are used along the sides of the waveguide in order to
approximate a propagation length, though again the propagation length is reduced due to
the loss of energy from these coupling sites.46
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Fluorescence visualization techniques such as direct fluorescence imaging and
BlIPP have been developed very recently.26-29,

43, 44, 48

These methods use far-field

measurement techniques like wide-field fluorescence imaging with a CCD camera, or
fluorescence confocal microscopy to image the fluorescence response of fluorescent dye
films, which probe the near-field intensity of the propagating plasmon. In this work we
focus on the development of the BlIPP method and its use for the measurement of the
propagation length of Au NWs, chains of Au NPs and bent chains of Ag NPs.
The BlIPP method was developed to determine plasmon propagation by
comparing the strength of photobleaching to the exponential decay intensity of the
propagating plasmon.27, 29, 44 A waveguide sample deposited on a glass substrate is coated
with a fluorescent dye film. Under high power excitation on an end of a waveguide, the
near-field of the launching plasmon interacts with the dye causing it to fluoresce.43, 44
Over time, at high exposure powers the plasmon intensity begins to photobleach the dye
in the film above the waveguide. Using image processing techniques we are able to
compare before bleach and after bleach fluorescence images and look directly at the
fluorescence intensity that has been photobleached during the exposure period.26, 27, 29, 44
By taking into account the laser excitation profile and other experimental conditions, the
characteristic exponential decay curve of the plasmon intensity may be simulated as we
fit the bleach intensity function to the bleach intensity distribution gathered from a line
section taken from the photobleach image data over a waveguide. In our first studies with
the use of BlIPP we investigated smooth short Au NW waveguides at an excitation
wavelength of 532 nm using the conjugated polymer poly[2-methoxy-5-(2ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) as our dye film.27
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Smooth single crystalline nanowires are the usual choice for waveguiding studies
since their smooth surfaces provide excellent confinement of energy along the surface. 40,
49

However, nanowires are typically made in bulk and stored as free floating nanowires in

solution.26, 27, 50, 51 For plasmonic circuitry to develop it will be necessary in the future to
move these nanowires from solution and place them onto a chip in specific designs with
full control over long axis orientation and position. Some methods exist for such
placement of particles from solution onto a substrate such as the use of
micromanipulators48 or optical trapping.52,

53

These techniques however, require the

placement of a single particle into position at a time. For chips, thousands of transistors
would need wire connections which would not be possible if each wire takes up to 20 s or
more to trap and write.52
Typically e-beam lithography is used to create a pattern, which is then coated with
a metal via thermal evaporation followed by a resist lift off procedure though other
lithography methods are also popular.4, 15 This technique has proved well in industry for
the creation of small feature circuit boards. Plasmonic metallic stripe structures have been
created with this method as well and have shown decent propagation lengths in previous
measurements.15,

22, 54

However, these waveguides suffer from extra radiative leakage

losses of energy due to their rough polycrystalline structure and the sharp corners of their
rectangular prism shape.22, 54
Recently similar lithography techniques have been developed to organize small
nanoparticle structures into tight packed large assemblies of nearly any shape and
design.55-57 Here we investigate the waveguiding properties of tightly packed spherical
particles in wire formations using BlIPP. Chain structures, made up of closely spaced
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small nanoparticles, have been studied previously with chains made with particle gaps of
nearly 50 nm, and yielded a propagation length of ~ 289 nm32 using e-beam lithography
for design. In 2011, Willingham et al. demonstrated with the use of Mie theory
simulations that when NPs are brought within 3 nm or less of each other in chain
structures the interaction between particles may lead to the formation of collective superand subradiant modes.30 In charge plots of various wavelength excitation regimes it was
determined that these collective modes could align such that one particle’s dipole
moment would align with the dipole moment of its fellow neighbors leading to a large
collective dipole moment for the structure.30, 57 The large dipole moment favors radiative
energy decay paths when excited and for this reason is known as the super-radiant mode.
It was also discovered that other modes could lead to a particle’s dipole moment aligning
in direct opposition to its neighbor’s dipole moment leading to a much smaller collective
dipole moment for the structure. In comparison to the super-radiant mode, this particular
kind of coupling would lead to a suppression of energy losses via radiative decay
channels and is known as a dark mode or sub-radiant mode. When a sub-radiant mode is
excited the suppression of radiative energy losses results in longer propagation lengths. In
this work, we used BlIPP to experimentally verify this hypothesis of long propagation
lengths in tightly packed long chain structures.
Because e-beam lithography is used to create the chain pattern, any number of
complex designs and structures could be created to further investigate the plasmon
propagation of chains. In this work, we explore the possibility of creating bent NP chain
structures and use BlIPP to investigate the efficiency of plasmon propagation around
sharp corners. The findings of this study demonstrate that by coupling to sub-radiant
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propagating modes of chains we are able to propagate energy around bent structures with
high efficiency and with insignificant bending losses.

1.2 Specific aims
Photobleaching a fluorescent dye film with the near-field intensity of a
propagating plasmon serves as a new and sensitive mechanism for the determination of
the plasmon propagation length.26, 27, 29, 44 The goal of this work is to develop the BlIPP
method for measuring the propagation length of plasmonic waveguides and use this
technique to investigate plasmonic propagation through sub-radiant plasmon modes in
straight and bent NP chains.
Specific aim 1
To develop a measurement method for determining plasmon propagation with the
use of fluorescent probes and far-field imaging.
Specific aim 2
To demonstrate the effectiveness of BlIPP on novel metallic waveguide structures,
specifically metallic NWs and chains of small metallic NPs.
Specific aim 3
To investigate waveguiding around bent chains of NPs via sub-radiant
propagation modes.

1.3 Overview
This thesis contains chapters that are based on publications relevant to the
research topic. Chapter 2 presents the first use of BlIPP for the measurement of the
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propagation length of short Au NWs.27 The chapter specifically covers the experimental
conditions used for BlIPP measurements and how BlIPP analysis is performed.
Theoretical simulations were also performed to support the propagation lengths measured.
The work was published in Nano Letters in 2010.27
In Chapter 3, BlIPP is used to measure the propagation length of Au NP chains.
This work uses BlIPP to demonstrate the benefit of coupling light to sub-radiant
propagating modes as predicted in previous theoretical work for tightly packed NP
chains.30 For the first time we demonstrate that by propagating energy through dark
modes we can transfer energy through chains of particles over distances nearly an order
of magnitude longer than previous measurements. The work was published in Nano
Letters in 2012.29
Chapter 4 revisits the photobleaching mechanism of the BlIPP method. We
determine experimentally through decay rate measurements that BlIPP uses a 1-photon
photobleaching mechanism rather than a 2 photon photobleaching mechanism. We also
present in detail the derivation of the BlIPP fitting equation used to determine the
propagation length. The work was published in The Journal of Physical Chemistry B in
2013.44
In Chapter 5, we further explore plasmon propagation along chain waveguides. In
particular, we study the efficient propagation of energy around bent Ag chain waveguides
using BlIPP. By propagating energy through sub-radiant modes, we demonstrate that by
using tightly packed bent structures of NPs we may transfer energy around the waveguide
with nearly zero bending losses.
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CHAPTER 2
BLEACH IMAGED PLASMON PROPAGATION (BLIPP)
IN SINGLE GOLD NANOWIRES1

2.1 Abstract
Here, we present a novel approach to visualize propagating SPPs through
plasmon-exciton interactions between single gold nanowires (Au NWs) and a thin film of
a fluorescent polymer. A plasmon polariton was launched by exciting one end of a single
Au NW with a 532 nm laser. The local near-field of the propagating plasmon modes
caused bleaching of the polymer emission. The degree of photobleaching along the NW
could be correlated with the propagation distance of the SPPs. Using this method of
bleach-imaged plasmon propagation (BlIPP), we determined a plasmon propagation
distance of 1.8 ± 0.4 µm at 532 nm for chemically grown Au NWs. Our results are
supported by finite difference time domain electromagnetic simulations.

2.2 Introduction
One-dimensional metallic nanostructures such as NWs, stripes, or NP chains are
widely studied as potential optical waveguides.22,

25, 31, 32, 36, 37, 40, 58, 59

By coupling

electromagnetic waves to collective electron oscillations in the metal known as SPPs,33, 34
light can be guided over distances exceeding tens of micrometers and then emitted at the
opposite end of the plasmonic waveguide.21 Critically important in the design of metallic
1

Reprinted (adapted) with permission from “Bleach Imaged Plasmon Propagation (BlIPP) in Single Gold
Nanowires” by David Solis Jr., Wei-Shun Chang, Bishnu Khanal, Kui Bao, Peter Nordlander, Eugene
Zubarev, and Stephan Link, Nano Letters 2010, 10, (9), 3482-3485. Copyright 2013 American Chemical
Society.
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waveguide structures is the minimization of radiative and nonradiative losses that cause
reduced SPP propagation distances. The high crystallinity and smooth surfaces of
chemically prepared Ag NWs have been shown to drastically improve SPP propagation
distances compared to lithographically fabricated structures.25, 40, 58, 59 For this reason,
NWs are promising as interconnects in integrated optical and electronic circuits.
Chemically grown Au NWs have in principle the same advantages as Ag NWs,
but Au is intrinsically more lossy, especially at optical frequencies.60 This makes it more
difficult to accurately determine SPP propagation distances in Au NWs, especially if the
NWs are longer than the SPP decay length. In contrast, for NWs shorter than the SPP
propagation distance, excitation at one of the NW ends allows for photons to couple with
SPP modes, which are then converted back into light at the opposite NW end as observed
by far-field distal end emission.25, 58, 59 Because the SPPs are also partially reflected at the
NW ends creating Fabry−Perot type cavity resonances,40,

41, 61, 62

the emitted light

intensity by itself is however not a sufficient parameter for determining the SPP
propagation distance. An alternate approach is to use multiple or variable input couplers
positioned at different locations along the NW (e.g., sharp NW kinks, closely spaced NP
antennas, or other waveguides)25, 38, 58 but this requires precise control over the launch
sites, which can often be difficult.
A different approach, which does not rely on the conversion of SPPs back into
photons and hence is applicable to NWs much longer than the propagation distance, is to
directly measure the plasmon-induced near-field. This has been accomplished using, for
example, near-field scanning optical microscopy or photoemission electron microscopy.40,
41, 63, 64

Although these are excellent techniques for mapping the SPP near-field intensity
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and propagation distance, lower resolution far-field detection can often be less expensive,
easier to implement, and more straightforward to interpret. Taking advantage of energy
transfer between the SPP field and fluorescent molecules, it has been shown that the
optical near-field of SPPs can be visualized using far-field fluorescence microscopy.43, 65
However, for short SPP propagation distances the fluorescence intensity due to direct
laser excitation masks the much weaker signal originating from SPP excited fluorescence.
In addition, a drawback of this method can be the irreversible photobleaching of the
fluorescent probe.43 Hence, it remains an important challenge to accurately measure the
SPP decay in metallic NWs to address the needs in the fast growing field of plasmonic
waveguiding.
Here, we introduce a far-field method that exploits the photobleaching of a thin
film of fluorescent polymer coated on top of Au NWs.27 We demonstrate that the SPP
near-field can be imaged through the bleaching of the polymer emission along the NW,
thereby obtaining the SPP propagation distance. Because bleach-imaged plasmon
propagation (BlIPP) does not rely on light emission at the distal NW end or input
couplers along the NW, it can be applied to any plasmonic NW but is particularly suited
to measure highly damped SPPs. In particular, we applied BlIPP to determine the SPP
propagation distance in chemically grown Au NWs at 532 nm, where interband
absorptions strongly damp the SPPs. In conjunction with simulations, we identified
several higher order SPP modes with surprisingly long propagation distances.
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2.3 Experimental
2.3.1 Materials and Sample Preparation
First, cetyltrimethylammonium bromide (CTAB) coated 30 nm wide NWs (NWs)
were synthesized by tip selective growth of purified pentahedrally twinned Au nanorods50.
The NWs used in this study were then grown by fast side wise deposition of Au on the
pre-synthesized NWs. The lengths and widths were determined by scanning electron
microscopy (SEM). The Au NWs were measured to have average dimensions of 6.1 ± 1.2
µm x 400 ± 80 nm from SEM images taken at a magnification of 2,000 (Figure 2.1A) and
11,000 (Figure 2.1B) on a JEOL 6500F SEM operating at a voltage of 15 kV.

Figure 2.1 (A) shows an SEM image of Au NWs taken at a magnification of 2,000. (B) shows an SEM
of a single Au NW taken at a magnification of 11,000.

A drop of the Au NW solution was spin cast (Headway Research Inc.) at 2000
rpm for 40 seconds onto a glass coverslip (Fisher Scientific). The coverslips were first
sonicated (Branson 2510) for 15 minutes in Acetone (Fisher Scientific) and then oxygen
plasma cleaned (Harrick Plasma). The sample was then dipped in warm deionized water
and dried with a low nitrogen flow in order to remove excess CTAB. Afterwards a
8.5*10-3 g/mL solution of poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene]
(MEH-PPV, Mn = 40,000-70,000, Sigma Aldrich) in toluene (Fisher Scientific) was spin
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cast onto the Au NWs at 3000 rpm for 40 seconds which created a continuous 60 nm
thick MEH-PPV film covering the Au NWs as well as the glass surface. The film
thickness of the fluorescent polymer was measured by scratching the polymer film and
imaging the scratch using atomic force microscopy (Digital Instrument Nanoscope IIIA).

2.3.2 Experimental Setup
Fluorescence images were acquired using a 532 nm laser excitation source
(Coherent Verdi V6), an XY translation piezo stage (Physik Instrumente P-517.2CL), an
inverted microscope (Zeiss Observer), a 100x magnification 0.75 NA objective (Zeiss
Epiplan), and an avalanche photodiode detector (Perkin Elmer, SPCM-AQRH-15-FC).
The laser beam was focused to a diffraction limited spot size (FWHM = 300 nm) at the
sample. Circular and linear polarizations were controlled by a quarter and half waveplate
(Thorlabs), respectively. To make sure that only fluorescence was detected, a 532 nm
notch filter was placed into the detection path and an appropriate dichroic was used in the
microscope. Photons collected by the detector were digitized as TTL signals and counted
by a counting board (National Instruments DAQ PCI-6602). The photon counting board
and scanning stage were controlled by a LabVIEW program. Typically, sample scanned
fluorescence images were taken of 10 x 10 µm areas with an integration time of 5
ms/pixel and a resolution of 256 x 256 pixels. Fluorescence spectra in the wavelength
range of 400 – 800 nm were acquired by redirecting the fluorescence to a monochromator
(Horiba Jobin Yvon TRIAX 190) coupled to a liquid nitrogen cooled CCD camera
(Horiba Jobin Yvon Symphony). Note that the MEH-PPV film covered both the NW and
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the surrounding area and was facing the excitation light. The laser focus was optimized
carefully for each measurement.

Figure 2.2 (A) shows spectra taken from a MEH-PPV coated Au NW sample on (red solid line) and
next to (blue dashed line) a single NW. The excitation power was 34 pW. (B) shows spectra taken from
a non-coated NW sample on (red solid line) and next to (blue dashed line) a single NW. The inset shows
a fluorescence image of a non-coated Au NW. The peak at 532 nm corresponds to the laser excitation
wavelength which could not be entirely blocked at a higher laser power of 109 µW.

Fluorescence spectra of a MEH-PPV coated Au NW sample recorded with a 10
seconds exposure time and an excitation power of 34 pW are shown in Figure 2.2A. The
fluorescence spectrum taken from an area on top of a Au NW is indistinguishable from
the MEH-PPV fluorescence collected next to the NW. This shows that only the intensity
was enhanced while the spectrum of the conductive polymer did not change.
To ensure that intrinsic luminescence from the NW did not contribute to the
observed intensity, we measured the fluorescence image of the Au NW before coating it
with the MEH-PPV film. At the same excitation power as used for the NW – MEH-PPV
sample we did not observe any luminescence from the Au NW. Only after increasing the
laser power by more than a million was the intrinsic luminescence from the NW
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Figure 2.3 Fluorescence spectra taken from a MEH-PPV coated Au NW as a function of excitation
power. The inset shows a plot of the fluorescence intensity at the maximum wavelength vs. laser power

detectable. Figure 2.2B shows the luminescence spectrum of a Au NW using an
excitation power of 109 mW. A fluorescence image of a non-coated Au NW is shown in
the inset. The background spectrum in Figure 2.2B was collected with the laser
positioned next to the NW. All spectra were corrected by subtracting detector dark counts.
We also performed a power dependence measurement for the MEH-PPV
fluorescence collected from an area above a Au NW. The normalized spectra are shown
in Figure 2.3 and the inset is a plot of the fluorescence intensity at the maximum
wavelength (610 nm) vs. laser power. The spectra slightly broaden with increasing
excitation power as also observed for spectra of MEH-PPV without Au NWs present.
More importantly, no spectral narrowing indicative of stimulated emission was observed
as otherwise expected for gain due to plasmon-exciton interactions. The intensity
furthermore follows initially a linear power dependence and then saturates at higher
excitation powers, probably due to photobleaching (see inset).
The fluorescence enhancement of the MEH-PPV film was found to be
independent on the laser polarization. Figure 2.4 illustrates that fluorescence images of a
MEH-PPV coated Au NW showed no difference in the measured intensity when light
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polarized parallel (Figure 2.4A) or perpendicular (Figure 2.4B) to the long NW axis was
used. The excitation power was carefully adjusted to the same value of 30 pW for both
laser polarizations.

Figure 2.4 (A) shows a sample scanned fluorescence image of a MEH-PPV coated NW. The excitation
source was polarized parallel to the long axis of the NW. (B) shows a sample scanned fluorescence
image of the same NW as in Figure 2.4A except that in this image the excitation source was polarized
perpendicular to the long axis of the NW. The laser power for both images was 30 pW.

2.3.3 Description of BlIPP Method
For the BlIPP experiments, a fluorescence image was first taken of a single MEHPPV coated Au NW using a low excitation power of a few picowatts, shown in Figure
2.5A. The excitation power was adjusted with neutral density filters so that the
fluorescence collected from on top of a NW was around 50 counts per 10 ms integration
time. The exact power therefore varied slightly from NW to NW, probably due to a small
variation in the thickness of the MEH-PPV film. The piezo scanning stage was then
positioned such that the laser was focused onto one end of the Au NW and the laser
power was raised by a factor of 10,000 (OD filter of 4) for a certain exposure time.
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Figure 2.5 (A) Shows a fluorescence image taken over an area with Au NW present as shown by the
area with enhanced fluorescence signal. (B) Shows the fluorescence image of the same area taken after a
9 min high power laser exposure. (C) Shows the difference image created by subtracting (B) from (C).
The green highlighted area is then made into a width averaged line section as shown in (D). (D) Also
shows a green line which is a fit of the data using the derived bleach intensity function, Equation 2.5.

During laser exposure at the Au NW tip, photons met the momentum matching
criterion due to the sharp break in symmetry at the NW tip and successfully launched
SPPs. Because of the MEH-PPV coating, the propagating SPP waves along the Au NW
interacted with excitons of the MEH-PPV causing the MEH-PPV near the Au NW to
fluoresce. At high excitation powers and long exposure times the MEH-PPV
photobleached due to both direct laser excitation at the focal point near the NW tip and
along the Au NW due to plasmon-exciton coupling.
To probe the MEH-PPV photobleaching, the laser power was lowered again to the
previous level and a second fluorescence image was taken of the same area, Figure 2.5B.
Therefore a destructive technique, namely photobleaching, was used to image plasmon
propagation along the Au NW. Note that the laser power and exposure time per pixel
were so low for the acquisition of the fluorescence images that photobleaching can safely
be neglected. It also needs to be mentioned that during the continuous laser exposure we
ensured that the laser remained in focus and sample drift was minimal. For each
fluorescence image, the microscope focus was furthermore carefully optimized.
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To create images of photobleach intensity the second image taken after the laser
exposure was subtracted from the initial image using a program written in MATLAB
(version R2007b). This created a difference image shown in Figure 2.5C, which
visualized the effect of SPP assisted photobleaching of the MEH-PPV thin film coating.
The difference image was analyzed to determine the SPP propagation distance as outlined
in the next section.
However, before subtracting the two fluorescence images obtained before and
after photobleaching, a background correction factor was determined to correct for small
fluctuations in background intensity either due to a slightly different focus or small
change in laser power. The background correction factor was calculated by choosing a
small background area of 40 x 40 pixels from the same areas in both fluorescence images.
All pixels in these areas were first averaged and then their ratio determined, thus yielding
the correction factor.
Next, in order to create a width averaged photobleach intensity line section along
the long NW axis from the difference image, the width of the NW in the image was first
determined by taking an intensity line section perpendicular to the NW. A Gaussian curve
was then fitted to this line section using the curve fitting tool in MATLAB. The number
of pixels contained within the full width at half maximum of the Gaussian curve was
chosen as the NW width. This width and a user defined distance along the NW were used
to create an area of interest for the NW in the difference image. Pixels within this area
were then averaged in the direction perpendicular to the NW, thereby creating a width
averaged line section which covered a user defined distance along the NW in units of
pixels, as shown in Figure 2.5D. The physical distance in micrometer was obtained from
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the known dimensions of a pixel for a typical scan area of 10 x 10 µm and pixel
resolution of 256 x 256 pixels.

2.3.4 Data Analysis Routine BlIPP
The SPP propagation distance was determined by fitting the width averaged line
sections to the following model, which considered the MEH-PPV photobleaching as a
first order decay reaction due to two components: direct laser excitation at one end of the
Au NW modeled by a Gaussian intensity profile and indirect excitation through plasmonexciton coupling between the MEH-PPV and the exponentially decaying SPP near-field
along the Au NW. The MEH-PPV concentration as a function of time t is given by:

[MEH − PPV]t = exp(− kI (x)t − kI (x)t )
G
SPP
[MEH − PPV]0

Equation 2.1

Here [MEH-PPV]0 and [MEH-PPV]t are the initial concentration of MEH-PPV
and the concentration at time, t. kISPP, and kIG are the products of the photobleaching rate
constant k of MEH-PPV and the incident intensities due to the SPP near-field and the
Gaussian laser excitation, respectively. The intensities for both processes are given by
spatially varying functions assuming an exponential decay of the SPP intensity along the
NW and a Gaussian profile for the laser beam according to:

ISPP(x) = ISPP,0 exp(− x / x0 )

(

I G (x) = I G,0 exp − x 2 / σ 2

)

Equation 2.2
Equation 2.3

x0 is the inverse propagation distance of the SPP and σ the width of the Gaussian laser
beam. By inserting Equations 2.2 and 2.3 into Equation 2.1, the following expression for
the time varying concentration of fluorescent MEH-PPV species is obtained:
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[MEH − PPV]t = exp(− kI t exp(− x2 / σ 2 ) − kI t exp(− x / x ))
G, 0
SPP, 0
0
[MEH − PPV]0

Equation 2.4

The bleach intensity as a function of x and t as measured in the BlIPP experiments
is then given by:

(

(

)

)

I bleaching( x, t ) = 1 − exp − kIG,0t exp − x 2 / σ 2 − kI SPP,0t exp(− x / x0 )

Equation 2.5

The fits in Figures 2.5 and 2.6 (shown in the next section) were created by fitting
Equation 2.5 and adjusting the variables x0, kISPP,0, and kIG,0 to obtain the best agreement
with the experimental data. This model well describes the experimental photobleach
intensity profiles and accounts for the contributions from both the direct laser excitation
and the SPP near-field. In particular, the increasing offset for BlIPP experiments as a
function of exposure time, t for the same Au NW is well explained by this model yielding
the same propagation distance for each image. We also verified that kISPP,0 does not
depend on the radial distance from the NW in the x,y sample plane by comparing the
results between width averaged line sections with photobleach intensity profiles that were
taken along the center of the NW and not averaged over the NW width.
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Figure 2.6 Confocal fluorescence images recorded with 4 pWof 532 nm laser light for a MEH-PPV coated
6 µm long Au NW before (A) and after (B) continuous excitation of the left NW end for 9 min with a
power of 40 nW. (C) Difference image generated by subtracting (B) from (A). (D) Width averaged
intensity line section (points) taken along the long NW axis from a difference image taken after a 2 min
exposure. The green line is a fit to the data yielding a SPP propagation distance of 1.7 µm.. (E) Width
averaged line section (points) and fit (green line) obtained from the difference image shown in (C) for a 9
min exposure time. The arrow marks the end of the NW where after the longer exposure time an offset in
the photobleached intensity became visible due to continued SPP aided photobleaching. The recovered SPP
propagation distance remained unchanged consistent with the described photobleaching mechanism.

2.4 Results and discussion
2.4.1 BlIPP on NWs
Figure 2.6A shows a confocal fluorescence image of a Au NW that has been
coated with a 60 nm thick film of MEH-PPV. Excitation was carried out with a circularly
polarized 532 nm laser coupled into an inverted single-molecule microscope equipped
with a scanning stage and an avalanche photodiode. The Au NWs used in this study had
an average length and thickness of 6.1 µm and 400 nm, respectively. At a wavelength of
532 nm these NWs were too long to cause observable distal end emission due to SPP
propagation. The Au NW in Figure 2.6A is visible because the fluorescence of the MEHPPV is enhanced by the plasmonic near-field compared to the background.66-69
Fluorescence enhancement near plasmonic NPs depends strongly on the distance to the

22

metal surface as at very close separations the fluorescence is instead quenched.66,

70

Although the distance between the MEH-PPV film and the Au NW was not controlled,
direct contact between MEH-PPV and the Au was avoided by the presence of the CTAB
coating of the chemically prepared NWs. We calculated a fluorescence enhancement
factor of 3 by taking the ratio of the background signal and the intensity at the center of
the NW.
To investigate SPP propagation for the Au NW in Figure 2.6, we first positioned
the sample such that the laser was focused at the left NW end. After raising the laser
power to 40 nW, the NW was exposed to continuous excitation with 532 nm light for 9
min, which was followed by acquiring a second fluorescence image at the initial power of
4 pW. As shown in Figure 2.6B, the fluorescence intensity of the MEH-PPV film
decreased to about zero in a circular area around the left NW end, which can be assigned
to photobleaching of the MEH-PPV due to direct photoexcitation by the 532 nm laser.
However, a closer inspection of the fluorescence image in Figure 2.6B
furthermore reveals that the MEH-PPV film was also photobleached along the NW, but
in no other directions from the laser spot. To better visualize this effect, image Figure
2.6B was subtracted from panel A, creating a difference image given in Figure 2.6C,
where a higher intensity corresponds to a larger degree of MEH-PPV photobleaching.
The SPP near-field can be related to the photobleach intensity in Figure 2.6C.
While the laser was focused on the NW end, SPPs were excited and propagated along the
NW. The SPPs interacted with the MEH-PPV through plasmon-exciton coupling.71-73 The
excitations in the MEH-PPV film then decay radiatively by fluorescence or through
nonradiative channels, which include a small but significant yield of irreversible
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photochemical reactions permanently turning off the MEH-PPV fluorescence
(photobleaching). The concentration of photobleached polymers as measured by the
photobleach intensity is directly related to the rate of photobleaching and the spatial
distribution of the incident excitation intensity, which is governed by the laser power,
strength of the plasmonic near-field, and the exposure time.
The effect of the exposure time is illustrated in Figure 2.6D,E, which shows the
width averaged line sections along the major NW axis taken from the difference images
after exposure times of 2 (Figure 2.6D) and 9 (Figure 2.6E) min. The photobleach
intensity profiles consisted of contributions from the direct laser excitation at the left NW
end and the indirect excitation of the MEH-PPV film through plasmon-exciton
interactions. Direct photobleaching by the laser was more efficient as can be seen from
the complete bleaching of the MEH-PPV within the laser spot even for the shortest
exposure time. In contrast, because of the much weaker indirect excitation of the MEHPPV by the plasmonic near-field, the degree of bleaching increased with time. As
indicated by the arrow in Figure 2.6E, this can be seen by the offset in the photobleach
intensity at the right NW end. A higher laser power had the same effect as a longer
exposure time as the laser power determined the initial amplitude of the SPP modes (data
not shown).
Assuming that the rate of MEH-PPV photobleaching as a function of incident
intensity follows a first order decay process, the measured photobleach intensity along
the NWs can be quantitatively described by considering the contributions from direct
laser excitation and the SPP near-field. The laser intensity was modeled by a Gaussian
profile and the damping of the SPPs along the NWs by an exponential function.33 The fit
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using Equation 2.5 then yielded the same SPP propagation distance of 1.7 µm for the 2
and 9 min exposure times. The independence of the SSP propagation distance on the
exposure time and the drop in photobleach intensity at the right NW end are furthermore
consistent with the described plasmon-exciton mediated photobleaching mechanism.
To characterize the nature of the SPP modes in these Au NWs, we performed
BlIPP experiments with excitation polarized parallel and perpendicular to the main NW
axis as shown in Figure 2.7A,B, respectively. The insets show the difference images for
two NWs with similar lengths and the same exposure time of 8 min and laser power of 90
nW. The fluorescence enhancement was found to be independent of laser polarization
(Figure 2.4) and no further corrections were necessary. The fits to the experimental data
in Figure 7A,B give SPP propagation distances of 2.1 and 1.7 µm, respectively. The
mean SPP propagation distances as obtained from a total of 20 NWs were 1.9 ± 0.4 and
1.7 ± 0.2 µm for parallel and perpendicular excitation, suggesting that the SPP
propagation distance is only weakly dependent on the excitation polarization. However, a
direct comparison of the fits shown in Figure 2.6C reveals that the amplitude of the SPP
near-field is larger for excitation with parallel polarized light because of the larger offset
in the photobleach intensity. These measurements demonstrate that although both
longitudinal and transverse polarized SPPs were excited, parallel excitation was more
efficient.
The histogram in Figure 2.7D summarizes the SPP propagation distances obtained
for 27 independent BlIPP measurements on Au NWs. The average propagation distance
was 1.8 ± 0.4 µm. The width of the distribution can be attributed to several factors
including the variation in NW diameters and tip shape as well as differences in surface
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roughness which influence the confinement and damping of the SPP modes.33,

59

In

addition, the MEH-PPV film thickness and homogeneity including locally varying
polymer chain conformations could cause changes in the MEH-PPV photobleaching rate
and hence affect the fitted SPP propagation distances.

Figure 2.7 Width-averaged intensity line sections and fits obtained from the difference images shown in
the insets for excitation polarization parallel (A) and perpendicular (B) to the long NW axis. The
difference images were obtained after 8 min exposure to an excitation power of 90 nW. For the
fluorescence imaging a laser power of 9 pW was used. (C) Comparison of the fits to the plasmon bleach
intensity for the two NWs shown in (A) and (B). The larger offset for parallel polarized excitation (red)
indicates a larger SPP amplitude for this polarization. (D) Histogram of SPP propagation distances
measured by BlIPP for 27 individual Au NWs.
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2.4.2 Finite Difference Time Domain (FDTD) Simulations
To further verify our experimental results we performed finite difference time
domain (FDTD) simulations, the results of which are shown in Figure 2.7. A Gaussian
excitation beam with parallel (Figure 2.8A) and perpendicular (Figure 2.8B) polarization
coupled to several SPP modes at the left NW tip. The initial decay of the electric field
intensity was due to a superposition of mostly localized and higher order multipolar SPs.
At 1 µm from the NW tip, the dominant SPP with a propagation distance of 1.1 µm was
the m = 2 mode as identified by cross sectional views of the surface charge distribution.
In agreement with experiment, this quadrupole SPP mode could be excited with parallel
and perpendicular polarization, slightly favoring parallel excitation as seen by the larger
amplitude. A weaker m = 1 SPP mode with an even longer propagation distance of 4 µm

Figure 2.8 FDTD simulations for a 400 nm thick Au NW with a 532 nm Gaussian laser beam (fwhm =
330 nm) having parallel (A) and perpendicular (B) polarization incident on the left NW end. Several SPP
modes were excited and identified based on their surface charge distributions. Cross sectional views of
the surface charges are shown as insets, where the scale from red to blue represents changes from
positive to negative. The fast decay of the electric field intensity at the NW tip can be assigned to a
mixture of mostly localized plasmon modes. Further along the NW the dominant SPP is the m = 2 mode
followed by a less intense and slower decaying m = 1 SPP.
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was also supported by this NW. The length of the simulated NW was chosen to be 10 µm
in Figure 2.8 to clearly identify the m = 1 mode.

Figure 2.9 FDTD simulations for a 120 nm thick Au NW with a 532 nm plane wave having parallel (A)
and perpendicular (B) polarization incident on the left NW end. The length of the NW was 10 µm. Cross
sectional views of the surface charges for the NW in a vacuum medium are shown as insets, where the
scale from red to blue represents changes from positive to negative. The main decay of the electric field
intensity for parallel and perpendicular excitation can be assigned to the m =1 SPP with a propagation
distance of 2.0 mm for both polarizations. The fast decay for parallel polarization corresponds to the m =
0 SPP mode, which is localized at the NW tip. Fitting a decay constant for the m = 0 mode is difficult
because of the overlap with localized plasmons excited by the plane wave.

While the m = 2 SPP is the dominant mode, the m = 1 mode also contributed to
the measured averaged propagation distance of 1.8 µm. In particular, the relative
amplitudes of these two modes depend critically on the NW diameter as well as the shape
of the NW tip.59 The latter strongly determines the coupling efficiency of the laser light to
different SPP modes. FDTD simulations for different Au NW diameters, the smallest of
which 120 nm diameter is shown in Figure 2.9, furthermore show that the m = 1 SPP
mode starts to dominate for thinner NWs as the m = 2 mode could no longer be supported.
Interestingly, the fundamental m = 0 mode was always strongly localized at the NW tip
with a large damping yielding sub-micrometer propagation distances independent of NW
diameter.
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Because the FDTD simulations treated the MEH-PPV film as a simple dielectric,
the interactions between NW plasmons and MEH-PPV excitons were entirely neglected.
Hence, possible gain due to conversion of excitons back into plasmons along the NW
effectively increasing the SPP propagation distance were not taken into account and
could also explain the longer SPP propagation distance in the BlIPP studies. However,
the good agreement between the FDTD calculations and the experimental and modeled
photobleach intensity line sections for all NWs including time dependent BlIPP
measurements on the same NWs suggests that gain, if at all, was only a minor contributor
to the measured SPP propagation distance. A laser power dependence on the fluorescence
spectra also showed no spectral narrowing indicative of stimulated emission and gain.74

2.5 Conclusions
In summary, we report a new method, BlIPP, by which it is possible to visualize
SPP propagation in the far-field via plasmon-exciton coupling mediated photobleaching
of an organic chromophore coated on top of a plasmonic waveguide. BlIPP creates a
permanent record of the spatial intensity profile of the SPP near-field, particularly suited
to read out short SPP propagation distances without the interference by a much stronger
signal from the excitation source. We applied BlIPP to visualize SPPs in chemically
prepared highly crystalline 6.1 µm × 400 nm Au NWs. Even for a wavelength of 532 nm,
where interband absorption losses are significant in Au, we found a propagation distance
of 1.8 ± 0.4 µm. These results are in very good agreement with FDTD simulations and
the analysis of the surface charge distribution revealed that the main SPP is a quadrupole
mode that can only be supported by these thicker NWs. We expect that the simplicity of
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the BlIPP method, and its utility in investigating even strongly damped SPPs, will make it
a useful tool to determine SPP propagation distances in a wide range of plasmonic
materials.
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CHAPTER 3
ELECTROMAGNETIC ENERGY TRANSPORT IN NANOPARTICLE CHAINS
VIA DARK PLASMON MODES2

3.1 Abstract
Using light to exchange information offers large bandwidths and high speeds, but the
miniaturization of optical components is limited by diffraction. Converting light into
electron waves in metals allows one to overcome this problem. However, metals are
lossy at optical frequencies and large-area fabrication of nanometer-sized structures by
conventional top-down methods can be cost-prohibitive.

We show electromagnetic

energy transport with Au NPs that were assembled into close-packed linear chains. The
small inter-particle distances enabled strong electromagnetic coupling causing the
formation of low-loss sub-radiant plasmons, which facilitated energy propagation over
many micrometers.

Electrodynamic calculations confirmed the dark nature of the

propagating mode and showed that disorder in the NP arrangement enhances energy
transport, demonstrating the viability of using bottom-up NP assemblies for ultracompact opto-electronic devices.

3.2 Introduction
Minimizing losses is a critical goal in energy and information transport
applications that range from electricity transmission to fiber optic communication2, 75-77.

2

Reprinted (adapted) with permission from “Electromagnetic Energy Transport in Nanoparicle Chains via
Dark Plasmon Modes” by David Solis Jr., Britain Willingham, Scott Nauert, Liane Slaughter, Jana Olson,
Pattanawit Swanglap, Wei-Shun Chang and Stephan Link, Nano Letters 2012, 12, (3), 1349-1353.
Copyright 2013 American Chemical Society.
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At the same time, a continuing demand for improved technology requires the creation of
increasingly smaller transport structures1. When using light as the transport vehicle, this
goal is hampered by the optical diffraction limit, which puts a large lower boundary on
the widths of optical communication fibers77. This problem can be overcome by exciting
coherent electron waves in metals9, 12, 23, 78, 79, known as SPs. However, metals are lossy
at optical frequencies2, 75, 76, 80, 81, and large-area fabrication of nanometer-sized structures
by conventional top-down methods can be expensive.
Several different waveguide geometries have been explored to guide SPs in subwavelength dimensions9, 32, 82-84. NP chains are an attractive, complementary structure to
straight NWs. Complex chain geometries within which light can be transported around
corners, including sharp 90˚ turns31, 85, could offer flexible interconnects between more
rigid waveguides. In groundbreaking work,32 Maier et al. demonstrated experimentally
that electromagnetic energy transport is indeed possible in chains of lithographically
prepared Ag nanorods with large inter-rod gaps (50 nm), but the relatively short
propagation distance (~500 nm) proved discouraging to further exploration of NP chain
waveguides. A particularly interesting alternative to structures fabricated by a serial topdown process is parallel bottom-up assembly of metal NPs into chains55,

86-91

. This

approach has the advantage of enabling cost-effective fabrication of arbitrary NP chain
geometries - straight, bent, branched, and so forth, over large areas55, 88. In addition,
chemically synthesized nanostructures are single crystalline, thereby minimizing losses
due to scattering of electrons at grain boundaries40, 49. Finally, this synthesis method
allows much smaller inter-particle spacings (~ 1-5 nm) that result in stronger plasmon
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coupling86, 87, 89, 91-93, which is one prerequisite for increasing propagation distances in
these materials.
Here we show that we can increase the propagation distance in assembled chains
of closely-spaced Au NPs by at least an order of magnitude compared to previous
studies32. This is made possible by exploiting enhanced inter-particle coupling and the
resulting dark plasmon modes that support low-loss energy propagation30, 94-98. Using a
novel imaging method, BlIPP27, we determined a plasmon propagation distance of L0 =
3.9 ≤ 0.6 mm for these Au NP chains when exciting the dark modes, in contrast to no
measurable propagation when exciting the bright single NP mode. This propagation
distance is long enough to be comparable to other promising waveguide structures such
as Au NWs20,
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.

Electrodynamic calculations furthermore showed that plasmon

propagation is supported over a large bandwidth and that disorder in the NP arrangement
actually enhances energy transport.

3.3 Experimental
3.3.1 Materials
Spherical Au NPs (NPs) were purchased from Nanopartz. Indium tin oxide (ITO)
glass used as the substrate had a resistance of 8-12 ohms, was 0.7 mm thick and was
obtained from Delta Technologies. A solution of 4% 495 kg/mol poly(methyl
methacrylate) (PMMA) in anisole was ordered from MicroChem and used as the
photoresist. The developer, 1:3 MIBK (methyl isobutyl ketone) in isopropanol was
purchased from Sigma-Aldrich. Rhodamine 6G chloride (R6G) dye (R634) purchased
from Invitrogen and Cardiogreen dye (I2633) purchased from Sigma-Aldrich were used
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for the 514 and 785 nm excitation experiments, respectively. Methanol and acetone were
also purchased from Sigma-Aldrich.

3.3.2 Fabrication of Nanoparticle Chains
Preparation of the chain array sample started by cleaning ITO glass using the
RCA-1 procedure beginning with a mixture of 1:4:20 ammonium hydroxide, hydrogen
peroxide, and water heated to 60° C. The ITO glass was then plasma cleaned (Harrick
Plasma). After the ITO glass was cleaned it was coated with a thin film of PMMA in
anisol. Electron beam lithography (JEOL 6500) was used to cut rectangular trenches of
size 15 µm x 300 nm into the photoresist. The trenches were developed in MIBK solution
for 25 seconds followed by a stop bath of isopropanol. Fully developed trenches were
verified by dark-field microscopy using an inverted microscope (Zeiss Axiovert 200) and
a 50x Zeiss air-spaced objective with a numerical aperture (NA) of 0.8. The trenches
were filled by dropping 5 µL of the NP solution onto the sample. As the solution dried
over the trench arrays, the NPs filled in the trenches to form chains of NPs. To create
free-standing NP chains as shown in Figure 3.1, the PMMA surrounding the filled
trenches was removed by dipping the sample into acetone followed by drying with
compressed N2. In a sense, this assembly method represents a combination of the best of
top-down and bottom-up methods in that small inter-particle distances can be achieved
because we use chemically-synthesized NPs but the chain itself or any other geometry
can be created reproducibly using lithographic preparation methods.
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Figure 3.1 SEM characterization of NP chain assemblies. (a) SEM image of an array of chains made from 47 ≤ 4
nm Au NPs. (b) SEM image of the NP chain highlighted by the red box in a. (c) SEM image taken for the green area
indicated in b to show the close-packed arrangement of the NPs. NPs were assembled in trenches formed in a
polymer, which was then removed together with excess NPs not assembled in the designed patterns to yield freestanding NP chains on a glass substrate. Typical chain structures measured 300 nm x 15 µm, were 5 – 6 NPs wide,
and approximately 2 – 3 layers high, and contained approximately 1500 particles/layer. Based on the SEM images
the average inter-particle distance is estimated to be below 5 nm with the separations likely being smaller
considering the limited resolution of the SEM.

Once the NP chain arrays were made, the sample was coated with cardiogreen in
a methanol solution with a concentration of 5 mg/mL for 785 nm diode laser (Power
Technology Inc.) excitation or R6G in a methanol solution with a concentration of 5
mg/mL for 514 nm Ar+ laser (Modu-Laser) excitation. For each sample, 60 µL of the
dye/methanol solution was spin coated at 6000 rpm for 40 seconds followed by an
additional rinse with 5 µL of methanol at 6000 rpm for 40 seconds.

3.3.3 BlIPP Measurement
BlIPP measurement27 of the dye coated chain sample was performed by first
taking a 128 pixel x 128 pixel fluorescence image, A, of a 20 µm x 20 µm region of the
sample containing a chain assembly at a pixel integration time of 10 ms/pixel. The
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fluorescence image was acquired by a sample scanning fluorescence confocal microscope
setup (Axiovert 200) with a piezo electric scanning stage (Physik Instrumente) and
surface probe controller (RHK Technology) as shown in Figure 3.2a. Circularly polarized
laser light was focused through a 50x Zeiss air-spaced objective with a 0.8 NA.
Fluorescence light from the laser excited dye molecules was then collected by an
avalanche photodiode (APD, Perkin Elmer SPCM-AQR-15). The resolution for 785 nm
excitation, shown in Figure 3.2b, was determined by imaging 25 x 86 nm Au nanorods on
glass coated with index-matched oil to reduce the background scattering signal. Au
nanorods were used for 785 nm excitation because we had no fluorescent dye beads
available for this wavelength range. To collect scattering from single Au nanorods, the
785 nm notch filter was replaced with a 4 OD neutral density filter. The image in Figure
3.2b was created by collecting the scattered light with an APD while scanning the
sample. The full width at half maximum (FWHM) of the line section for an individual
nanorod given in Figure 3.2c is 340 nm. The resolution for 514 nm excitation, shown in
Figure 3.2d, was determined by imaging 100 nm fluorescent polystyrene beads. This was
achieved in the same way as the BlIPP experiments with 514 nm excitation. The full
width at half maximum (FWHM) of the line section for an individual 100 nm bead given
Figure 3.2c is 280 nm.
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Figure 3.2 Microscope setup and optical resolution. (a) The green and red lines represent the excitation
and emission paths, respectively. f, is a dichroic filter; l, is a lens; m, is a mirror; n, is a notch filter; APD
is an avalanche photodiode detector. The excitation laser (either 514 or 785 nm) was reflected by a
dichroic mirror and focused by an objective to excite the dye on the NP chains. The fluorescence of the
dye was collected by the same objective and focused on an APD. Scattered laser light was rejected by a
notch filter. (b) Scattering image of a 25 x 86 nm Au nanorod covered with index-match oil and excited
by the 785 nm laser. The scale bar is 600 nm. (c) Intensity cross section of the image along the dotted
line in b. The full width at half maximum (FWHM) is 340 nm. (d) Fluorescence image of a 100 nm dye
bead excited by the 514 nm laser. The scale bar is 300 nm. (e) Intensity cross section of the image along
the dotted line in d. The FWHM is 280 nm.

After the image was acquired, the stage was positioned so that the laser was
focused onto an end of the chain. The laser power was then increased from the low
imaging power to a higher exposure power for a given exposure time depending on the
sample (imaging power and exposure power are listed in the captions of all BlIPP
Figures). During the exposure, light from the laser, whose intensity profile is
characterized by a Gaussian curve, launched SPPs along the chain waveguide. The nearfield of the propagating plasmons interacted with the dye coating causing the dye to
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photo-bleached irreversibly over time. Two intensity profile components are associated
with bleaching along the chain: 1) the intensity profile of the Gaussian beam centered
about the point of direct laser excitation and 2) the intensity profile of the propagating
plasmon near-field which is characterized by an exponential decay function.
After the exposure time period was completed the laser power was adjusted back
to the low imaging power. The focus of the microscope was adjusted to insure that the
fluorescence intensity collected by the APD was optimal. A second fluorescence image,
B, of the same region was then acquired.

3.3.4 BlIPP Analysis
The analysis was carried out using Matlab 2010a. To account for small sample
and focus drift during the exposure period, before the creation of the difference image, D,
we performed an image shift correction and background scalar correction. Drift
correction of image B was accomplished by overlaying image B on image A to determine
the correct shift. A drift corrected image B’ was then created. Background scalar
correction was accomplished by finding the mean value of the same background area
from A and B’, aBG and b’BG. The scalar value of aBG/b’BG was then multiplied to the
image matrix of B’ and image matrix B’’ was created. To highlight the effect of photobleaching along the chain that occurred during the high power exposure period, the
difference image D was created by subtracting image matrix B’’ from image matrix A.
Once the difference image D was created, we took a width-averaged line section
from the area along the chain of interest. This was done by first rotating the image by an
angle θ so that the long chain axis in the image lay parallel to the x axis using a built-in
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Matlab matrix rotation function. The center of the short axis of the chain was then located
by finding the peak of a Gaussian curve fitted to a line section taken for the chain along
its short axis. The width of the width-averaged line section was 3 pixels centered about
the peak of the Gaussian curve along the short axis line section. We established the length
of the chain by manually specifying where a chain began and ended from the image. The
same area was then taken from image A and image B’’ after rotating them by the same
angle θ. Width-averaged line sections (WALS) AWALS, B’’WALS, and DWALS were then
created from the defined regions from A, B’’, and D.
To study the photo-bleach intensity as a function of distance x, we calculated the
normalized

line

section

Dnorm

by

normalizing

to

DWALS

AWALS

such

that

Dnorm(x)=DWALS(x)/AWALS(x). The data from Dnorm was then analyzed using the following
equation:

[

]

I bleaching( x, t ) = 1 − exp − kIG,0t exp(− x 2 / σ 2 ) − kISPP,0t exp(− x / L0 )

Equation 3.1

where Ibleaching(x,t) is the photo-bleach intensity, t is the exposure time, x is the distance
along the chain, σ is the width of the Gaussian laser beam, L0 is the plasmon propagation
distance and kISPP,0 and kIG,0 are the products of the photo-bleaching rate constant k of the
dye and the maximum incident intensities due to the SP near-field and direct Gaussian
laser excitation, respectively. More details about BlIPP can be found in previous work27.

3.3.5 Numerical Simulations
Numerical simulations were performed with a self constructed version of the
partial scattering solution to generalized Mie theory, following the derivation by Gérardy
and Ausloos99.

A parallel implementation facilitated the electrodynamic scattering
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solutions of large collections of spherical particles. Electrodynamic fields of up to 1200
50 nm NPs could be fully analyzed at specific wavelengths when using 50 quad-core 2.4
GHz Intel Xeon (Nahalem) CPUs with 8 MB cache. Computer resources were provided
by Rice University's research computing support group, specifically the use of the sharedtightly integrated cluster (STIC).

Computation times varied depending upon the

wavelength of excitation, with normal run times averaging 2 to 3 hours. The particles
were assumed to be perfect spheres embedded in a host medium of index of refraction n =
1.5. The material description of each sphere was consistent with the bulk response of Au,
with complex dielectric components interpolated from the values tabulated by Johnson
and Christy60.

3.3.6 Generalized Mie Theory
For a single sphere, the electrodynamic solution to Maxwell's equations is the
well known Mie-Lorenz theory, in which the scattered and incident fields are represented
as a complete expansion of vector spherical harmonics with appropriate weighting
coefficients. Subsequent analysis of energy flow provides analytical equations for the
optical cross-sections as functions of the scattered field coefficients. By extending this
solution to N particles, whereby the incoming scattered fields from neighboring spheres
act as further excitations, the scattering coefficients for each of the N spheres is solved by
considering a system of linear equations. Analogous to single particle Mie-Lorenz theory
for N = 1, analytical solutions for the electrodynamic fields and optical cross-sections can
then be formed. Excitation of particle chains is carried out by considering the local
approximation to the fundamental TEM00 mode of a laser.

Here, the integral
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representations of the beam expansion coefficients are approximated as an analytical
expression100. The Gaussian beam, expressed within its local frame, is then translated to
particle centers by using the vector spherical wave addition theorem.

Incident

coefficients are subsequently implemented within the system of linear equations, and the
appropriate partial scattering coefficients are solved as in the plane wave case.
Theoretical width-averaged line sections were obtained by averaging the intensity
values of the calculated near-field for each 1200 NP chain over a Nx by Ny grid in the x-y
plane (z = 0). External values of the electromagnetic fields were sampled just outside the
structure boundary and throughout the interstitial space between constituent NPs. Values
lying in the y-direction, perpendicular to the long-axis of the chain and at the same xcoordinate, were then summed up for each of the Nx columns. Of the Ny positions at each
x, only values external to the particle surfaces were accumulated to form the widthaveraged line section, allowing each final value along x to be normalized by the total
number of collected points at that respective position. Calculations of the width-averaged
charge followed the same method, deviating only by accumulating x and y values within
the boundaries and along the surface of individual particles.

3.3.7 Particle Array Creation
The psuedo-random particle positions were created using a self constructed,
collision-driven molecular dynamics algorithm101, 102. The Fortran 90 code creates 2dimensional packed structures within a lattice formation while considering hard-wall
boundary conditions. N point particles are allowed to uniformly grow with time as
collision dynamics alters their predicted trajectories. As time evolves, the collisions
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become more frequent until eventual particle growth causes the collision rate to diverge,
at which time the particles occupy their final resting positions. In this close-packed state,
a majority of the particles are touching. All particle sizes are then reduced to their final
value of 50 nm in diameter in order to satisfy a minimum surface to surface separation of
1 nm.
3.4 Results and discussion
The increased plasmon coupling for small interparticle distances allows the
formation of sub-radiant plasmon modes.30,

94-98

Sub-radiant plasmons correspond to

collective excitations in which the phase for each NP can differ, leading to reduced
overall charge separation and reduced coupling to light. The practical advantage in
exploiting these dark modes for plasmon propagation is that they have decreased energy
losses in comparison to the brightest, super-radiant mode, in which all individual NP
plasmons are in phase, or the bright single NP plasmon.
The advantage of dark-mode plasmon propagation, as compared to bright-mode
propagation, is illustrated in Figure 3.3. When BlIPP is performed at 785 nm, where dark
modes are present, energy propagation persists over several micrometers for the Au NP
chain (Figures 3.3a-d and Figure 3.4 for the corresponding SEM image). In contrast, no
measurable energy propagation was observed when the chains were excited at the bright
single NP mode at 514 nm (Figures 3.3e-h). Figures 3.5 and 3.6 show the scattering and
extinction spectra of single 50 nm Au NPs and the chain assembly, respectively, and
demonstrate several important points. First, these measurements confirm that exciting at
514 nm coincides with the single Au NP plasmon mode.
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Figure 3.3 BlIPP of a NP chain for 785 and 514 nm circularly polarized excitation. (a) Fluorescence
image of a chain coated with the dye cardiogreen and excited at 785 nm with a laser power of 66 nW. (b)
Fluorescence image taken after exposure of the left end of the chain to 7.2 µW of 785 nm laser light for
20 minutes. Photo-bleaching due to plasmon propagation is most apparent in the difference image, (c)
and the normalized intensity line section (red) along the NP chain, (d) Fitting the BlIPP data (green)
yielded a plasmon propagation distance of L0 = 4.2 µm. The contribution from direct laser excitation
(blue) to the photo-bleaching is also indicated. (e) Fluorescence image of a chain coated with rhodamine
6G and excited at 514 nm with a laser power of 31 nW. (f) Fluorescence image taken after exposure of
the left end of the chain to 75 µW of 514 nm laser light for 5 minutes. The difference image, (g) and the
normalized intensity line section (red) along the NP chain, (h) show no evidence of plasmon propagation
as the BlIPP data was best described by photo-bleaching due to only direct laser excitation (blue).

Figure 3.4 SEM image of the chains shown in Figure 3.3. (a) SEM image of the chain used for the
BlIPP experiment with 785 nm excitation (Figures 3.3a-d). (b) SEM image of the chain used for the
BlIPP experiment with 514 nm excitation (Figures 3.3e-h).
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Next, the NP chain extinction spectrum shows that the lowest energy super-radiant
plasmon mode was located at 1150nm, confirming that dark modes were present around
785 nm30, 94, 96. Furthermore, the absence of an intense extinction feature at even longer
wavelengths confirms that, although the NPs are closely spaced in the strong-coupling
regime, the metal surfaces of the NPs were not touching103.

Figure 3.5 Scattering spectrum of a representative single 50 nm spherical Au NP.

Figure 3.6 Extinction spectrum taken at the end of the chain shown in Figure 3.3. The absence of a
plasmon mode at wavelengths longer than the peak at 1150 nm confirms the absence of conductive
plasmon coupling of the NPs.
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A line section of the photo-bleaching intensity taken along the chain in Figure
3.3c yielded a dark-mode plasmon propagation distance of L0 = 4.2 mm, approximately an
order of magnitude longer than measured previously32 for weakly-coupled NP chains
excited at a bright mode. Figure 3.3d shows the data together with the best fit to a
previously developed model for BlIPP, which is based on the photo-bleaching kinetics of
the dye due to direct laser excitation and indirect excitation by the plasmonic near-field
that decays exponentially along the waveguide.
Because coupling strongly depends on the geometry of the waveguide tip,
absolute values for the coupling efficiency of light to NWs and NP chains are difficult to
assess59, 104. Relative coupling efficiencies can be determined though by comparing the
bleach intensities for the same incident power and exposure time as was done for parallel
and perpendicular polarized excitation at 785 nm. We observed no significant difference
in the propagation distances measured by BlIPP or relative coupling efficiency based on
the bleach intensity between parallel and perpendicular excitation as shown in Figures 3.7
and 3.8, respectively. Interestingly, coupling to a propagating plasmon mode can also be
achieved by exciting away from the waveguide end for these chains yielding again the
same propagation distance (Figure 3.9). In contrast to NWs, for which conversion of
photons into plasmons only occurs at the NW ends, any NP within the chain can
effectively act as an input coupler.
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Figure 3.7 BlIPP experiment for a NP chain using 785 nm excitation polarized parallel to long axis of
the chain. (a) Fluorescence image of a chain using a laser power of 66 nW acquired with an integration
time of 10 ms/pixel. (b) Fluorescence of the same area in a after exposure to 9.8 µW of 785 nm linearly
polarized laser light for 20 minutes. (c) Difference image created by subtracting b from a. (d) Plot of the
normalized width-averaged line section of the photo-bleach intensity along the NP chain in c is shown
by the red dots. The green line is a fit of the BlIPP data to the model presented above, giving a
propagation distance of L0 = 3.2 µm. The solid blue line indicates the contribution of direct laser
bleaching to the BlIPP data. (e) SEM image of the chain shown in a.
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Figure 3.8 BlIPP experiment for a NP chain using 785 nm excitation polarized perpendicular to long
axis of the chain. (a) Fluorescence image of a chain using a laser power of 66 nW acquired with an
integration time of 10 ms/pixel. (b) Fluorescence of the same area in a after exposure to 9.8 µW of 785
nm linearly polarized laser light for 20 minutes. (c) Difference image created by subtracting b from a.
(d) Plot of the normalized width-averaged line section of the photo-bleach intensity along the NP chain
in c is shown by the red dots. The green line is a fit of the BlIPP data to the model presented above,
giving a propagation distance of L0 = 3.4 µm. The solid blue line indicates the contribution of direct laser
bleaching to the BlIPP data. (e) SEM image of the chain shown in a.
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Figure 3.9 BlIPP experiment for a NP chain with 785 nm excitation away from the end of the chain. (a)
Fluorescence image of a chain using a laser power of 60 nW acquired with an integration time of 10
ms/pixel. (b) Fluorescence of the same area in a after exposure to 12 µW of 785 nm circularly polarized
laser light for 20 minutes. (c) Difference image created by subtracting b from a. (d) Plot of the
normalized width-averaged line section of the photo-bleach intensity along the NP chain in c is shown
by the red dots. The green line is a fit of the BlIPP data to the model presented above, giving a
propagation distance of L0 = 4.0 µm even for excitation away from the end of the chain. The solid blue
line indicates the contribution of direct laser bleaching to the BlIPP data. (e) SEM image of the chain
shown in a.

In contrast, no energy propagation was observed at 514 nm within the spatial
resolution of our BlIPP technique (Figures. 3.3e-h and Figure 3.4). The difference image
(Figure 3.3g) and the line section (Figure 3.3h), illustrate that photo-bleaching of the dye
occurred only due to direct laser excitation as the bleached area was well described by
only a Gaussian beam with no detectable contribution from an exponential plasmon
decay. Independent photo-bleaching experiments without the NP chain (Figures 3.10 and
3.11) gave bleached areas with sizes comparable to the Gaussian laser component of the
fit in Figure 3.3. The absence of long range energy propagation for 514 nm excitation at
the single NP resonance can be attributed to larger radiative losses in combination with
interband absorptions37.
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Figure 3.10 Direct photo-bleaching of a dye film excited at 785 nm. (a) Fluorescence image of a dye
coated glass slide taken with a laser power of 66 nW. The dye film was created by spin coating a glass
slide at 6000 rpm for 40 seconds with 3 µL of a cardiogreen/methanol solution having a concentration of
5 mg/mL. (b) Fluorescence image of the same area in a after high intensity laser exposure at 6.6 µW for
20 minutes. (c) Difference image created by subtracting b from a. (d) Plot of the normalized widthaveraged line section from the difference image. Data points are given by the red dots yielding a FWHM
of 3.4 µm. The solid blue line is a Gaussian curve representing the photo-bleaching due to direct laser
excitation and was obtained by fitting the data with Equation 3.1 assuming no plasmon propagation. The
width of the Gaussian curve is comparable to the laser component obtained for the analysis of the BlIPP
data shown in Figure 3.3d. It is important to note that the conditions (laser power and exposure time) for
the dye film were similar to the BlIPP experiments performed on the NP chains.
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Figure 3.11 Direct photo-bleaching of a dye film excited at 514 nm. (a) Fluorescence image of a dye
coated glass slide taken with a laser power of 31 nW. The dye film was created by spin coating a glass
slide at 6000 rpm for 40 seconds with 3 µL of a rhodamine 6G/methanol solution having a concentration
of 5 mg/mL. (b) Fluorescence image of the same area in a after high intensity laser exposure at 75 µW
for 5 minutes. (c) Difference image created by subtracting b from a. (d) Plot of the normalized widthaveraged line section from the difference image. Data points are given by the red dots yielding a FWHM
of 5.3 µm. The solid blue line is a Gaussian curve representing the photo-bleaching due to direct laser
excitation and was obtained by fitting the data with Equation 3.1 assuming no plasmon propagation. The
width of the Gaussian curve is comparable to the laser component obtained for the analysis of the BlIPP
data shown in Figure 3.3h. It is important to note that the conditions (laser power and exposure time) for
the dye film were similar to the BlIPP experiments performed on the NP chains.
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Figure 3.12 BlIPP for a NP chain as a function of exposure time for 785 nm excitation. The red and blue
data points show the normalized photo-bleach intensity line sections obtained for two different exposure
times of 1 and 5 minutes, respectively. The fluorescence images were recorded using 30 nW while end
excitation was carried out at a higher exposure power of 30.3 µW.

To ensure though that the results for 514 nm were not due to a difference in
relative efficiency for coupling light into the waveguide, we varied the laser power and
exposure time for 785 and 514 nm excitation. While for 785 nm the bleach intensity
along the chain increased due to plasmon propagation (Figure 3.12), for 514 nm, only
direct laser excitation caused photo-bleaching despite using higher laser powers and
longer exposure times (Figure 3.13).

These results also rule out the possibility of

thermally-induced photobleaching. We can furthermore neglect the presence of the dye
itself as the cause for the observed energy transport because destroying a section of the
dye on a waveguide prior to the BlIPP measurement had no effect on the propagation
distance (Figure. 3.14).

However, similar to other far-field measurements of SP

propagation it is possible that BLIPP is more sensitive to certain modes. For example,
leakage radiation is only a measure of propagating plasmons within the substrate light
cone105, 106.
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Figure 3.13 BlIPP for a NP chain as a function of exposure time for 514 nm excitation. The red and blue
data points show the normalized photo-bleach intensity line sections obtained for two different exposure
times of 5 and 10 minutes, respectively. The fluorescence images were recorded using 31 nW while end
excitation was carried out at a higher exposure power of 75 µW.
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Figure 3.14 Effect of dye on the propagation distance. (a) Fluorescence image of a Au NW using a laser
power of 66 nW at 785 nm acquired with an integration time of 10 ms/pixel. (b) Fluorescence image of the
same area in a after exposure to 7.5 µW of 785 nm laser light for 40 minutes. (c) Difference image created
by subtracting b from a. (d) Fluorescence image of another Au NW using a laser power of 66 nW acquired
with an integration time of 10 ms/pixel. The large gap in fluorescence in the middle of the NW (highlighted
by the dotted line) was created by photobleaching the dye by direct excitation at that spatial location by 785
nm laser light at an exposure power of 10 µW for 5 minutes. (e) Fluorescence image of the same area in d
after exposure to 10 µW of 785 nm laser light for 40 minutes at the left end of the NW. (f) Difference
image created by subtracting e from d. Photobleaching due to plasmon propagation is clearly visible along
the entire length of the NW despite the noticeable gap in the fluorescence in the middle of the wire. The
sample was prepared by drop-casting a solution of Au NWs (12-18 µm x 50-100 nm) onto a cleaned glass
slide. The thin film dye coating was created by spin coating 30 µL of a 0.05% solution of cardiogreen in
methanol onto the sample at 6000 rpm. No methanol rinse was performed after the spin coating procedure,
which causes a larger residual background fluorescence in these images compared to the NP chains. Both
Au NWs were found to have comparable propagation distances indicating that the presence of the dye has
no significant effect on the determination of the propagation distance. This experiment was performed
because gain media like dye molecules can in principle compensate absorption losses and therefore
enhance the plasmon propagation distance. This however, requires strong optical pumping of the gain
medium to achieve population inversion. In our BlIPP experiments, intense photo-excitation was limited to
only one end of the chain and furthermore quickly destroyed the dye molecules there at the beginning of
the experiment, while photo-bleaching along the NP chain slowly accumulated over time through
interactions with a much weaker plasmon near-field. In fact, because of enhanced losses due to ground state
absorption by the chromophores, BlIPP might slightly underestimate the plasmon propagation distance in
these NP chains. These experiments on the Au NWs shown here further confirm that coupling between
plasmon and dye excitations do not play any other role than to monitor the intrinsic plasmonic near-field
that decays exponentially along the waveguide structure. The NW was chosen for this test because
bleaching of the dye in the middle of the waveguide leads to plasmon propagation for the NP chains as
illustrated in Figure 3.9.

A generalized Mie theory simulation both supports our experimental results and
contributes new insights. The simulated near-field intensity for a 10 mm long NP chain
excited at 785 nm indeed confirmed long plasmon propagation (Figure 3.15a). By fitting
the intensity profile along the NP chain an exponential decay distance of L0 = 1.7 µm was
obtained(Figure 3.15b). The shorter theoretical propagation distance is likely because the
calculations. The simulated charge distribution (Figure 3.16) confirmed the sub-radiant
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Figure 3.15 Generalized Mie theory simulations of plasmon propagation in Au NP chains. (a) Near-field
intensity of the laser profile and plasmon propagation in a 1200 NP chain for excitation at 785 nm. (b)
Decay of the width-averaged near-field intensity along the NP chain for 785 nm (red) compared to 514
nm (blue) excitation. The latter mimicked the laser intensity (cyan) confirming minimal energy
propagation for excitation near the single NP plasmon resonance because of the strong intrinsic damping
of Au. In contrast, the coupled plasmon modes excited at 785 nm sustained energy transport due to
minimized losses with a propagation distance of L0 = 1.7 mm. A hexagonal close-packed (hcp)
arrangement gave a shorter propagation distance of L0 = 1.1 mm (black, open symbols), illustrating that
disorder enhances energy transport. (c) Section of the chain modeled in a, showing closely spaced 50 nm
spherical Au NPs with random positions to account for local disorder. The minimum surface to surface
separation was always kept at 1 nm. (d) Propagation distances for different wavelengths demonstrating
the large bandwidth that is achievable for plasmon propagation via low-loss sub-radiant modes. The
errors were calculated by simulating different random NP arrangements.

nature of this plasmon mode30, 92, 96, 107. However, 514 nm excitation resulted in minimal
actual NPs were faceted and packed in three dimensions with separations possibly
smaller than the minimum separation of 1 nm used in the energy propagation. It is
important to note that, because of strong coupling that results from the small inter-particle
distances, 15 multipole modes were considered in these simulations. In contrast, it is
primarily the dipole mode that contributes in assemblies with larger inter-particle
distances32, 108.
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Figure 3.16 Sub-radiant response of a hexagonal close-packed array of 50 nm Au NPs upon coherent
plane wave excitation at 785nm. (a) The sub-radiant nature of the excited plasmon modes is identified
by bands of alternating positive and negative charge domains (red and blue, respectively) along the
length of the chain in the calculated charge plots. Charge contributions can be separated into domains of
different phase, being localized to regions on the edge and within the interior of the NP assembly as
further highlighted by the higher magnification charge plot in the right-hand panel. (b) Width-averaged
line section of the surface charge highlights the standing wave oscillations, characteristic of the subradiant eigen-response of the system. (c) Closer inspection (red-box) of the charge oscillations illustrates
that the resonant domains are roughly 180± out of phase.

Interestingly, the new information provided by the simulations is the discovery
that including disorder of the NP arrangement in the simulations to represent the
experimental structures increased the plasmon propagation distance, similar to effects
observed in photonic quasicrystals109.

The NP chain was modeled as a random 2-

dimensional assembly (Figure 3.15c). Comparing different random NP arrangements to
an ordered hexagonal close-packed (hcp) array showed enhanced plasmon propagation if
local disorder was included (Figure 3.15b and Figure 3.17).

55

Figure 3.17 Comparison of the plasmon propagation distances for a 2-dimensional hexagonal closedpacked Au NP chain vs. five randomly created NP assemblies in which disorder has been introduced.
Excitation at 785 nm for a hexagonal closed-packed arrangement of 50 nm Au NPs resulted in a shorter
propagation distance compared to chain structures of the same length with added local disorder.

Furthermore, sub-radiant plasmon modes have the advantage of a large frequency
bandwidth30. To show this, we calculated plasmon propagation distances for excitation
wavelengths in the range of 600 -1050 nm (Figure 3.18). As summarized in Figure 3.15d,
a propagation distance as long as L0 = 2.6 µm was obtained at 950 nm, while all values
were larger than 1.5 µm for the entire bandwidth sampled.
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Figure 3.18 Decay of the width-averaged near-field intensity along a NP chain for different excitation
wavelengths. The intensity is plotted on a logarithmic scale and fitting of the data points to the right of
the laser response yielded 1/e propagation distances L0, which are summarized in Figure 3.15d.

The long energy propagation in these NP chains was observed to be highly
reproducible. The dark-mode 785 nm BlIPP experiment was repeated for 59 structures,
and evidence was found for energy transport in ~ 90% of the chains. Figures 3.19 and
3.20 show two additional examples of plasmon propagation along the entire length of the
chain, as found for ~ 40% of the waveguides yielding an average propagation distance of
L0 = 3.9 ≤ 0.6 mm. Long range plasmon propagation also does not require broad chains
(Figure 3.21), as reducing the width of the chains to about 3 NPs had no measurable
effect on the propagation distance. Further reducing the width of the chains to only one
NP while avoiding larger gaps (see below) is, however, challenging with the current
procedure. Simulations indicate that such a system, while offering stronger confinement,
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is not necessarily desirable, as the calculated propagation distance is reduced by a factor
of 3 (Figure 3.22). A similar tradeoff between confinement and propagation distance has
also been observed for other plasmonic waveguides106.

Figure 3.19 BlIPP experiment for a NP chain using 785 nm excitation. (a) Fluorescence image of a
chain using a laser power of 66 nW acquired with an integration time of 10 ms/pixel. (b) Fluorescence of
the same area in a after exposure to 7.2 µW of 785 nm circularly polarized laser light for 20 minutes. (c)
Difference image created by subtracting b from a. (d) Plot of the normalized width-averaged line section
of the photo-bleach intensity along the NP chain in c is shown by the red dots. The green line is a fit of
the BlIPP data to the model presented above, giving a propagation distance of L0 = 5.5 µm. The sold
blue line indicates the contribution of direct laser bleaching to the BlIPP data. (e) SEM image of the
chain shown in a. This sample is different from the chains shown in Figure 3.3 and Figure 3.20.
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Figure 3.20 BlIPP experiment for a NP chain using 785 nm excitation. (a) Fluorescence image of a
chain using a laser power of 66 nW acquired with an integration time of 10 ms/pixel. (b) Fluorescence of
the same area in a after exposure to 7.2 µW of 785 nm circularly polarized laser light for 20 minutes. (c)
Difference image created by subtracting b from a. (d) Plot of the normalized width-averaged line section
of the photo-bleach intensity along the NP chain in c is shown by the red dots. The green line is a fit of
the BlIPP data to the model presented above, giving a propagation distance of L0 = 4.2 µm. The sold
blue line indicates the contribution of direct laser bleaching to the BlIPP data. (e) SEM image of the
chain shown in a. The inset shows a magnified SEM image at the end of the chain where laser excitation
was carried out. The image was taken after the BlIPP experiment and shows no damage due laser
heating. This sample is different from the chains shown in Figure 3.3 and Figure 3.19.

59

Figure 3.21 BlIPP experiment ffor a narrower NP chain using 785 nm excitation. (a) Fluorescence
Fluo
image
of a Au NP chain having a wid
width of 200 nm using a laser power of 30 nW acquired with
wit an integration
time of 10 ms/pixel. (b) Fluore
Fluorescence of the same area in a after exposuree to 24 µW of 785 nm laser
light for 30 minutes. (c) Differ
Difference image created by subtracting b from a. (d) Plot of the normalized
width-averaged linee section of the photo-bleach intensity along the NP chain in c is shown
sh
by the red
dots. The green linee is a fit of th
the BlIPP data to the model presented above, giving
iving a propagation
prop
distance
of L0 = 3.8 µm. Thee sold blue lline indicates the contribution of direct laser bleaching to the BlIPP data.
(e) SEM image of the chain sho
shown in a. The high magnification image in the
he inset shows
show that the chain
is ~ 3 NPs wide, and 1 – 2 layer
layers high.

Figure 3.22 Generalized
alized Mie th
theory simulation of a one particle wide chain. (a) Near-field
Near
intensity of
the laser profile andd plasmon ppropagation in a 200 NP long ideal linear chain
ain for excitation
excita
at 785 nm.
The total length of the chain is tthe same as for all other chains modeled. (b) Decay of the width-averaged
near-field intensity along the NP chain for 785 nm, shown in blue. Fitting reveals
reve
a measured
propagation length of 0.6 µm as shown by the red line.

60

Figure 3.23 Energy localization at a chain defect. (a) Fluorescence image of a Au NP chain coated with
cardiogreen and excited at 785 nm with a laser power of 63 nW. The white arrow highlights a region of
increased fluorescence intensity. (b) Normalized photo-bleaching intensity along the NP chain obtained
from the BlIPP analysis. The location of the area shown in a is highlighted by the black arrow and is
associated with a sharp decrease of the bleach intensity indicating a break in the plasmon propagation for
this waveguide. (c) SEM image of the same chain region demonstrates that energy propagation was
hindered by the presence of a large defect composed of several missing NPs.

In contrast, energy transport is strongly damped at large-scale defects along the
NP chain (Figure 3.23 and Figures 3.24 and 3.25). The fluorescence image in Figure
3.23a, taken before photo-bleaching, shows an area of increased fluorescence intensity at
7.5 mm, which corresponds to an abrupt drop in the bleach intensity (Figure 3.23b). SEM
images revealed a large hole defect in the NP arrangement at this position (Figure 3.23c).
This explains why 50% of the chains showed energy transport but could not be fitted to
an exponential decay. The larger hole defects, when examined in the SEM images, are of
the same dimensions as the inter-particle separations for top-down fabricated chains.
This emphasizes why long range energy transport was not observed before in such
structures.
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Figure 3.24 Correlation of breaks in plasmon propagation to chain defects. (a) Fluorescence image of a
chain using 785 nm laser excitation recorded at a power of 30 nW with an integration time of 10
ms/pixel. (b) Fluorescence of the same area in a after an exposure period of 5 minutes with 24 µW. (c)
Difference image created by subtracting b from a. (d) Plot of the width-averaged line section of the
photo-bleach intensity along the NP chain in c is shown by the red dots. (e) SEM image of the chain
shown in a. The chain was excited at the bottom end in the SEM image. The white arrows in a, b, c, and
e and the black arrow in d highlight the same region of the chain as shown in the higher magnification
SEM image in the inset of e. The drop in the photo-bleach intensity and hence plasmon propagation in d
is directly correlated with a large defect composed of missing NPs as shown in the inset of e. This
sample is different from the chains shown in Figure 3.23 and Figure 3.25.
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Figure 3.25 Correlation of breaks in plasmon propagation to chain defects. (a) Fluorescence image of a
chain using 785 nm laser excitation recorded at a power of 30 nW with an integration time of 10
ms/pixel. (b) Fluorescence of the same area in a after an exposure period of 3 minutes with 24 µW. (c)
Difference image created by subtracting b from a. (d) Plot of the width-averaged line section of the
photo-bleach intensity along the NP chain in c is shown by the red dots. (e) SEM image of the chain
shown in a. The chain was excited at the bottom end in the SEM image. The white arrows in a, b, c, and
e and the black arrow in d highlight the same region of the chain as shown in the higher magnification
SEM image in the inset of e. The drop in the photo-bleach intensity and hence plasmon propagation in d
is directly correlated with a large defect composed of missing NPs as shown in the inset of e. This
sample is different from the chains shown in Figure 3.23 and Figure 3.24.

3.5 Conclusions
In summary, we present evidence that dark-mode plasmon propagation in
strongly-coupled Au NPs can be exploited to obtain micrometer-scale energy transport.
Additionally, simulations suggest that the intrinsic heterogeneity of bottom-up NP
preparations can actually increase propagation distances. Finally, the combination of
large area printing methods to create ordered templates110, together with bottom-up NP
synthesis and assembly, opens the possibility of preparing inexpensive chain assemblies
for novel plasmonic opto-electronic applications.

These results have important

implications for engineering ultra-compact opto-electronic devices with NP plasmons, in
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that they suggest the possibility for large area fabrication of NP assemblies that yield
close inter-particle distances, while tolerating or even exploiting the types of
heterogeneity intrinsic to bottom-up assembly methods.
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CHAPTER 4
A MECHANISTIC STUDY OF BLEACH-IMAGED
PLASMON PROPAGATION (BLIPP)3

4.1 Abstract
Bleach-imaged plasmon propagation, BlIPP, is a far-field microscopy technique
developed to characterize the propagation length of SPPs in metallic waveguides. To
correctly extract the propagation length from the measured photobleach intensity, it is
necessary to understand the mechanism by which dye photobleaching occurs. In
particular, 1- vs. 2-photon bleaching reactions yield different propagation lengths based
on a kinetic model for BlIPP. Because a number of studies have reported on the
importance of 2-photon processes for dye photobleaching, we investigate here the nature
of the photobleaching step in BlIPP. We are able to demonstrate that only 1-photon
absorption is relevant for typical BlIPP conditions as tested here for a thin film of
indocyanine green fluorescent dye molecules coated over Au NWs and excited at a
wavelength of 785 nm. These results are obtained by directly measuring the excitation
intensity dependence of the photobleaching rate constant of the dye in the presence of the
metallic waveguide.

4.2 Introduction
Sub-wavelength wide plasmonic waveguides have the ability to confine
electromagnetic energy on length scales below the diffraction limit and to transfer this
3

Reprinted (adapted) with permission from “A Mechanistic Study of Bleach-Imaged Plasmon Propagation
(BlIPP)” by David Solis Jr., Aniruddha Paul, Wei-Shun Chang and Stephan Link, The Journal of Physical
Chemistry B ASAP, XX, (XX), XXXX-XXXX. Copyright 2013 American Chemical Society.
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energy over distances much larger than the lateral size of the waveguide through coupling
of incident light to coherent oscillations of the free electrons, known as SPPs.1, 9, 18, 31, 37,
111

Metallic waveguides are, however, inherently prone to loss, and many studies have

been aimed at understanding and minimizing these unwanted losses. Examples include
controlling the waveguide morphology and crystallinity,30,

47, 112-114

optimizing light

coupling schemes,63, 115 and using metamaterials76 and different surface coatings.42, 78, 116,
117

The damping of a SPP is characterized by an exponential decay of the near-field

intensity from the point of optical excitation. This plasmon propagation length, L0, has
been measured through several methods such as near-field scanning optical microscopy,40,
63

leakage radiation microscopy,42, 113, 118 and far-field fluorescence microscopy including

direct fluorescence imaging28,

43

and its inverse analogue bleach-imaged plasmon

propagation (BlIPP).26, 27, 29
In fluorescence microscopy methods, a thin film of a fluorescent dye or polymer
is coated on top of the plasmonic waveguide and indirect excitation of the chromophore
by the near-field of the propagating SPP is read out by a standard far-field microscope.
Direct fluorescence imaging and BlIPP are in many aspects complementary to each other
and have different advantages. Direct fluorescence imaging is usually carried out by
imaging the fluorescence intensity directly on a CCD camera to spatially resolve the
fluorescence intensity along the plasmonic waveguide while exciting one end with a laser.
This method is characterized by short acquisition times and allows multiple
measurements on the same waveguide. However, the laser excitation itself creates a
strong fluorescence background that, especially for short propagation distances, can
completely mask weaker fluorescence induced by the plasmonic near-field.
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Photobleaching of the dye film for high laser excitation intensities and long or repeated
exposure times can also potentially affect the measured plasmon propagation length.
BlIPP, on the other hand, utilizes the photobleaching of the fluorescent molecules
to create a permanent map of the plasmonic near-field, which is then read out by a low
intensity, non-destructive probe beam. Because direct photobleaching by the excitation
laser stops when all dye molecules are bleached, short propagation lengths as well as
weak modes can be amplified in comparison, as indirect photobleaching through the
plasmonic near-field continuously increases with increasing exposure time. Furthermore,
by taking into account the spatial intensity profile of the excitation beam, BlIPP has
successfully been used to record plasmon propagation lengths shorter than 2 µm in Au
NW excited at 532 nm27. However, as with other indirect detection schemes, the correct
extraction of the plasmon propagation length using BlIPP strongly depends on the
underlying mechanism of the dye photobleaching reaction on top of the plasmonic
waveguide structures. In previous BlIPP studies, the photobleaching mechanism was
assumed to be based on a one-photon process,26,

27, 29

although at high excitation

intensities two-photon induced photobleaching is also possible.119-121
In this study we examine in detail the photobleaching reaction in BlIPP
measurements and its effect on the determination of the plasmon propagation length. We
first present a kinetic model describing the measured signal intensity in BlIPP and then
take a closer look at the excitation intensity, I, dependence of the photobleaching rate
constant, kbl. In particular, we investigate if photobleaching on top of a Au NW occurs
solely via one-photon absorption or whether two-photon absorption also plays a role as
these two photobleaching mechanisms give plasmon propagation lengths that differ by a
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factor of 2. This is important because both 1- and 2-photon photobleaching reactions are
well-documented in the literature.119-122 We therefore determined kbl as a function of I,
where a 1-photon process should give a linear relationship between kbl and I, whereas a 2photon process should show a quadratic dependence with kbl being proportional to I2.119,
121

4.3 Experimental
4.3.1 Materials and Sample Preparation
Samples were prepared by first drop casting a solution of CTAB
(cetyltrimethylammoniun bromide) capped Au NWs (10-15 µm long with a diameter of
90 ± 10 nm) onto a clean glass coverslip. Excess CTAB was removed from the substrate
by washing with ethanol followed by drying under a nitrogen flow. The Au NWs were
synthesized via tip selective growth of purified pentahedrally twinned Au nanorods, a
method which has been shown to produce smooth, highly crystalline NWs.26, 51 The Au
NWs were coated with a thin dye film, which was created by spin coating 30 µL of a 0.5
mg/mL indocyanine green (ICG, Sigma Aldrich) solution in methanol onto a glass
coverslip decorated with Au NWs at 6000 rpm for 50 seconds. The dye film thickness
was measured to be 5 ± 1 nm as determined by atomic force microscopy (Veeco).26 This
sample was then placed on a home-built confocal fluorescence microscope, which used a
diode laser (Power Technology) with an operating wavelength of 785 nm for the
measurements reported here. Circular polarized light with a ratio of the minor
polarization axis to the major polarization axis > 0.6 was used and the laser intensity was
varied using neutral density filters. The small degree of elliptical polarization had no
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effect on the fluorescence enhancement and dye photobleaching. The laser beam was
directed into the body of an inverted microscope (Zeiss) where it was reflected by a
dichroic mirror into a 50× objective (numerical aperture of 0.8) and focused onto the dye
coated side of the Au NW sample, which was attached to a XYZ piezo scanning stage
(Physik Instrumente). Fluorescence from the excited dye molecules was then collected
by the same objective in an epi-fluorescence geometry and focused onto an avalanche
photo-diode detector (Perkin Elmer). Fluorescence images were acquired by scanning the
sample with the piezo stage which was controlled by a surface probe microscope
controller (RHK Technology).68 Fluorescence intensity time transients were collected on
a separate counter board (Becker & Hickl). Fluorescence intensity data and image
processing were performed using Matlab. The beam waist of the focused laser at the
sample, as defined by the diameter measured at the 1/e2 intensity values, was measured to
be 1000 ± 60 nm using the confocal scattering signal from individual Au nanorods and
was used to calculate the excitation intensity per unit area.

4.3.2 BlIPP Experimental Overview
BlIPP at 785 nm is demonstrated in Figure 4.1 for Au NWs overcoated with ICG.
A fluorescence image of the dye emission was first collected at a low excitation intensity
by scanning the sample over a tightly focused laser beam. This low excitation intensity
was found to cause negligible photobleaching as evaluated in Figure 4.2. The
fluorescence of the ICG molecules was enhanced on top of the Au NW due to coupling to
the NW plasmon modes.68, 123 The image in Figure 4.1A shows the Au NW on top of
background fluorescence. The Au NW was then positioned in such a way that the same
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Figure 4.1 Bleach-Imaged Plasmon Propagation (BlIPP). (A) Sample scanned confocal fluorescence
image of an Au NW coated with ICG dye excited at 785 nm using a laser intensity of 8.0 W/cm2. (B)
Fluorescence image of the same area after irradiating with a laser intensity of 1.25 kW/cm2 at the left end
of the NW for 20 minutes. (C) Difference image obtained by subtracting (B) from (A) yielding the
bleach intensity. (D) Width-averaged intensity line-sections along the long NW axis shown for before
(black squares) and after (red circles) photobleaching as well as the beach intensity line section (blue
triangles) extracted from the difference image, where each point of the difference line-section has been
normalized to its corresponding point in the fluorescent image before photobleaching. The black line is a
fit to equation 7 yielding a propagation length of L0 = 7.5 ± 1.0 µm.

excitation laser was exciting one of the NW ends (the left end for Figure 4.1) at a higher
excitation intensity. Because of symmetry breaking at the NW end the laser can couple to
propagating SP modes, which decay exponentially along the NW due to mostly intrinsic
non-radiative damping.9,

34, 36, 40

The near-field of the propagating plasmon modes,

however, also excited the ICG molecules, which due to their limited photostability,
photobleached as the end-excitation was continued for 20 minutes. This photobleaching
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was then measured
ured by acq
acquiring another fluorescence imagee (Figure 4.1B) with the
original lower excitation
xcitation inte
intensity. Because photobleaching also
o occurred from
fr
direct laser excitation
itation at the NW end, it is easier to visualize thee degree of photobleaching
p
along the NW by creating a difference image (Figure 4.1C). The photobleach
photobl
intensity
averaged over the width of the NW as shown in Figure 4.1D (blue data points)
p
is then
used to extract the plasmon propagation length, L0. For Au NWs as the one shown in
Figure 4.1 we previously
reviously ob
obtained an average propagation length of <L0> = 7.5 ± 2.0 µm,
which corresponds
nds to the hi
higher order m = 1 mode because thee fundamental
fundamenta m = 0 mode
is quenched under
der these exp
experimental conditions.26

Figure 4.2 Fluorescence
ence intensity as a function of time for a total exposure time
ime of 20 minutes
min
and at an
excitation intensity of 8.0 W/cm2 corresponding to the low intensity valuee that was used
u
to acquire
fluorescence images before phot
photobleaching in BlIPP experiments. This data demonstrates
demonstrate that the low
excitation intensity of 8.0 W/cm2 still leads to photobleaching for long exposure times.
tim
However,
considering the associated
ciated photob
photobleaching rate of kbl = (3.5 ± 1.1)*10-4 s-1 and average exposure
exp
time per
area given by the speed
eed of image acquisition, we can conclude that this low excitation intensity
int
leads to
overall negligible photobleaching
otobleaching. In particular, for typical fluorescence images
ges of 20 µm x 20 µm with
a resolution of 128 x 128 pixels and an integration time of 10 ms/pixel wee estimate that
th the average
exposure time for an area corre
corresponding to the laser beam with a beam waist of 1 µm (diameter
measured at the 1/e2 intensity val
values) is approximately 320 ms. This analysis yields a negligible
neg
0.01 %
loss of fluorescence intensity.
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4.3.3 Mechanism Dependent Bleach Intensity Function
BlIPP is based on photobleaching, which renders the dye molecule non-emissive
after repeated absorption and emission cycles. In addition to the radiative process of
emission, which typically occurs from the lowest excited singlet state, an excited
molecule can also relax non-radiatively to the ground state or relax into a dark triplet
state.124,

125

While in the triplet state, aided by its longer lifetime, the molecule can

undergo an irreversible reaction effectively turning off the fluorescence. In many cases it
is singlet oxygen, which reacts with the photoexcited molecule in its triplet ground state.
This photobleaching mechanism can be described by a 3-level system122,

126

which

requires the absorption of only one photon. However, at high excitation intensities it has
been shown that a 5-level system122,

127

or 2-photon photobleaching mechanism may

dominate, where the molecule in the triplet state first absorbs a second photon before
undergoing an irreversible chemical reaction, or the molecule may absorb a second
photon while in the first excited state and then undergoes intersystem crossing from the
excited singlet state to an excited triplet state, followed again by an irreversible chemical
reaction. This 2-photon absorption brings the molecule to a more reactive higher energy
triplet state, thereby increasing the likelihood of a photobleaching event to occur. The
photobleaching rate constant, kbl, therefore depends on the excitation intensity: in the case
of a 1-photon process,

, whereas for the 2-photon mechanism,

.119, 121 This

difference in excitation intensity dependence of the photobleaching reaction may lead to
an erroneous estimation of the propagation length in plasmonic waveguides using BlIPP.
We show first how the type of photobleaching reaction leads to different propagation
lengths by presenting in detail the derivation of the rate equation model used to fit the
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photobleach intensity in Figure 4.1D and then experimentally determine whether
photobleaching in our BlIPP measurements occurs via a 1- or 2-photon pathway.
Assuming a first order reaction, the fluorescence intensity, F, at time, t, can be
expressed by Equation 4.1, where F0 is the initial fluorescence intensity at time zero.

F (t ) = F0 exp ( −kbl t )

Equation 4.1

For a spatially varying excitation intensity, I(x), with the direction along the plasmonic
waveguide taken to be the x direction and considering first a one photon reaction, kbl can
be written as given by Equation 4.2.

kbl = k0 I ( x )

Equation 4.2

where k0 represents the product of several intrinsic properties of the dye, including the
composite microscopic rate constants of photobleaching from all possible excited states,
the absorption cross section, and the radiative rate constant.120, 122 Substituting Equation
4.2 into Equation 4.1 and rearranging Equation 4.1, we can write the ratio of fluorescence
intensities at time t over the initial fluorescence intensity as a function of position x
according to Equation 4.3.

(

F (t )
= exp −k0 ( IG ( x ) + I SPP ( x ) ) t
F0

)

Equation 4.3

Here IG(x) is the spatial intensity distribution of the Gaussian laser beam with σ
describing its width and centered at the point of excitation (x = 0), which corresponds to
the center of the laser exciting the NW end, as given by Equation 4.4. Ispp(x) is the spatial
intensity distribution of the near-field of the propagating SP wave that can be described
by a exponential decay curve with propagation length, L0, according to Equation 4.5.
I G ( x ) = I G ,0 e

− x2
2σ 2

Equation 4.4
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I SPP ( x ) = I SPP ,0 e

−x
L0

Equation 4.5

IG,0 and ISPP,0 are the maximum intensities at x = 0. Upon substitution of Equation 4.4 and
Equation 4.5 into Equation 4.3 we obtain Equation 4.6, which describes the fluorescence
intensity normalized by the initial fluorescence intensity as a function of time, t, and
position, x.
−x
− x2
 
F (t )
2
2
σ
= exp  − t  k 0 I G ,0 e
+ k 0 I SPP ,0 e L0
 
F0
 






Equation 4.6

The photobleach intensity measured by BlIPP is then given by subtracting Equation 4.6
from the value of 1, the initial fluorescence intensity in this normalized equation. This
yields Equation 4.7, which describes the intensity of fluorescence bleaching at time t and
position x.
−x
− x2
 
2
2
σ

I bl ( x , t ) = 1 − exp − t  k 0 I G ,0 e
+ k 0 I SPP ,0 e L0
 
 






Equation 4.7

Equation 4.7 well describes the BlIPP data as verified by performing time-dependent
measurements.26, 27 The propagation length, L0, is then determined by fitting the widthaveraged line-section of the photobleach intensity along the NW (x direction) to Equation
4.7 (see black line in Figure 4.1D). The coefficients, k0IG,0 and k0ISPP,0, are treated as
variables, typically within a fairly narrow range of ~ 20% (1.2 × 10-3 ± 2.2 × 10-4 s-1 and
4.1 × 10-4 ± 0.8 × 10-4 s-1, respectively) to achieve the best agreement between the fit and
the experimental data from NW to NW. Small variations can be explained by differences
in the local film thickness, which is expected to lead to changes in IG,0 as the intensity is
modified by the absorption of individual and aggregated dye molecules, and considering
the fact that the shape of the NW tips often varies, therefore affecting the coupling
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efficiency between photons with the propagating plasmons and hence ISPP,0. The width of
the Gaussian laser profile, σ, was obtained separately by performing BlIPP experiments
on dye coated glass coverslips where no NWs were present. In those experiments the
bleach intensity line-section was described by only the Gaussian intensity profile of the
laser resulting in values of σ = 1.5 ± 0.2 µm. In our fitting routine σ was then adjusted
within this range of the experimental error. It should be noted that σ of the Gaussian
intensity profile for the photobleaching was slightly larger than the excitation beam spot
profile itself (see experimental section) because scattered light from the NW end and the
glass substrate might also contribute to photobleaching of the dye.
Equation 4.7 follows from a 1-photon photobleaching mechanism, but as
mentioned above, at higher excitation intensities 2-photon pathways are also possible.122
Instead of Equation 4.2 we now have to consider that the photobleaching rate constant
depends on the square of the excitation intensity according to Equation 4.8, which then
results in Equation 4.9 and Equation 4.10 following the same derivation as outlined
above for Equation 4.7.

kbl = k0 I 2 ( x )

(

2
F ( x)
= exp −k0 ( IG ( x) + Ispp ( x) ) t
F0

..Equation 4.8

)
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 2σ 2 L 
2
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I bl ( x, t ) = 1 − exp  − k0 t  I G ,0 e
+ 2 I G ,0 I SPP ,0 e
+ I SPP
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Equation 4.9

Equation 4.10
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Away from the point of laser excitation (large x values) the first two terms in Equation
4.10 become very small so that the contribution from the SP intensity dominates the
bleaching intensity. Equation 4.10 can hence be simplified as given by Equation 4.11.

 
 

 
 −x   
 
  L0  
  2
     
 2 
I bl , large x ( x, t ) = 1 − exp  −t  k0 I SPP

,0 e
 

 
 


 

Equation 4.11

The difference between Equation 4.7 and Equation 4.11 is the factor of 2 in the
denominator of the exponential, which means that, if a 2-photon process dominates the
photobleaching mechanism in a BlIPP measurement, the true propagation length of the
plasmonic waveguide would be twice of the value that is obtained with Equation 4.7. It is
therefore important to experimentally verify if the primary photobleaching mechanism in
BlIPP occurs via a 1- or 2-photon process. We therefore measured the photobleaching
rate constant, kbl, as a function of excitation intensity both on single Au NWs and on
areas on the glass coverslip where only dye molecules were present.

4.4 Results and discussion
To measure kbl for the dye photobleaching on the Au NW we positioned the stage
such that the laser was focused onto a single NW. The middle region of an Au NW was
chosen to minimize the effect of enhanced scattering at the NW tips while still probing
the dye fluorescence enhanced by the metal. The integrated fluorescence intensity for the
chosen sample position was measured with a single element avalanche photo-diode
detector as a function of time using a photon counting board set to a time resolution of 5
ms and a total acquisition time of 5 minutes. This experiment was repeated for different
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Au NWs and different excitation intensities, which were comparable to the values used
for BlIPP. The same measurements were then carried out under identical conditions with
the sample positioned so that the laser excited a background area where no Au NW was
present, but where strong fluorescence from the continuous dye film could be observed.
The fluorescence images in Figures 4.3A and 4.3B illustrate these experiments by
showing a sample area with a Au NW before and after localized photobleaching was
performed on top of the NW as well as next to it. Figure 4.3C shows a typical example of
a fluorescence transient recorded on top of a Au NW with an excitation intensity of 1.2
kW/cm2. The decrease in the fluorescence intensity with time is due to laser induced
photobleaching.

Figure 4.3 (A) Fluorescence image of a 20 µm x 20 µm area containing a Au NW acquired with a low
excitation intensity of 7.8 W/cm2 (B) Fluorescence image of the same area recorded after measuring kbl
in the middle of the NW and in a background area to the right of the NW at a laser intensity of 1.2
kW/cm2. (C) Fluorescence intensity observed on top of a Au NW as a function of time. The laser
excitation intensity was 1.2 kW/cm2 at 785 nm. The experimental data is shown in red and a
biexponential fit with decay constants of k1 = 3.1 × 10-2 s-1 and k2 = 2.7 × 10-3 s-1 is given by the blue
line. k1 is assigned to kbl.
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Each fluorescence transient as the one shown in Figure 4.3C was best described
by a biexponential decay instead of the monoexponential behavior given by Equation
4.1.120

We assign the fast component, k1, of the fitted biexponential curve to the

photobleaching rate constant of the dye, kbl. The 5 ms bin time did not allow us to resolve
fast photoblinking events from single molecules, which would have also been averaged
out by the high dye concentration of the film.120, 128, 129 The second slow photobleaching
component, k2, originates from the spatially non-uniform Gaussian excitation beam. In a
theoretical treatment, Berglund130 has shown that photobleaching by an excitation source
with a spatially varying intensity profile such as a Gaussian laser beam follows a nonexponential behavior independent of the underlying mechanism (1- vs. 2-photon), but can
be described by a sum of exponential decay functions. For the present case, we have
chosen the simplest version of a sum of two exponential decays, where the fast
component represents the photobleaching of the dye molecules in close proximity to the
Gaussian beam center, while the slow component corresponds to photobleaching of the
dye molecules at the edges of the laser spot where the excitation intensity is much lower.
This approach is consistent with the fact that in these experiments with the single element
detector without scanning the sample, no spatial information was obtained as with the
BlIPP measurements. The spatially integrated signal was chosen because we were able to
acquire the fluorescence transients with a higher time resolution compared to imaging.
Another explanation for the non-exponential decay of the fluorescence intensity in Figure
4.3C is that non-uniformities in the dye concentration of the thin film may also lead to
heterogeneities in the observed photobleaching dynamics, as reported previously.131, 132
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The assignment of k1 to kbl is furthermore consistent with the observation that the decay
times fitted for the slow com
component, k2, varied randomly within the range of 8-20 minutes.

Figure 4.4 Intensity
ty dependenc
dependence of the photobleaching rate constant kbl. (A) Dependence
Dependen of kbl on the
excitation intensity measured fo
for the plasmon enhanced fluorescence on top
p of Au NWs.
NW (B) Same as
(A) but measured inn the backgro
background near the Au NWs, where the dye is deposited
osited only on
o glass. kbl was
obtained as the firstt component of a biexponential fit to time transients such
h as the one shown
s
in Figure
4.3C. The solid lines
es in (A) an
and (B) are linear fits to the data points based on Equation
Equatio 4.2. For each
intensity, the measurements
urements we
were repeated at least 8 times and the error bars represent
represe the standard
deviation. The variation
ation in the vvalues for kbl are likely due to local difference
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excitation intensity. The error bars were calculated as the standard deviation from at least
8 measurements on 7 independent samples. The trends in Figures 4.4A and 4.4B show a
linear relationship in agreement with Equation 4.2, establishing that the photobleaching
mechanism of the ICG dye film used in these BlIPP studies is based on a 1-photon
process. Fits associated with the 2-photon photobleaching mechanism (Equation 4.8) are
given in Figure 4.4 as shown by the green dashed line, and fail to describe the
experimental data. Furthermore, the slopes of the linear fits in Figures 4.4A and 4.4B are
identical within the error bounds at a value of 2.5 × 10-2 (s-1)/(kW/cm2). This last
conclusion indicates that, while the fluorescence is enhanced over the Au NWs, coupling
between the dye molecules and the plasmonic near-field has no or little effect on the
photobleaching rate constant, kbl, and hence the chemical reaction causing the
photobleaching.
Further experimental verification of the 1-photon photobleaching mechanism was
obtained by comparing BlIPP experiments carried out for different Au NWs as a function
of excitation intensity. Using the bleach intensity recorded by BlIPP instead of direct
laser excitation measurements as in Figures 4.3 and 4.4 allows for the observation of the
intensity dependent photobleaching due to the indirect excitation of the dye molecules via
the propagating SP near-field. Figure 4.5A shows the width-averaged line-sections from
the difference images of three different Au NWs measured by BlIPP at 0.6 kW/cm2, 3.5
kW/cm2, and 7.8 kW/cm2. This comparison is important because photobleaching by the
plasmonic near-field occurs on much slower time scales compared to direct laser
excitation and it was difficult to access such a low excitation intensity regime in Figure
4.4 with direct laser excitation as the measurement noise increased dramatically with
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Figure 4.5 Intensity dependence of BlIPP at exposure time, t = 20 min. (A) Width-averaged bleach
intensity line-sections along the long NW axis as extracted from the difference images for 3 different Au
NWs exposed to laser intensities of 0.6 kW/cm2, 3.5 kW/cm2 and 7.8 kW/cm2 with fits (lines) according
to Equation 4.7. (B) Laser excitation intensity dependence of the bleach intensity according to Equation
4.13 measured for Au NWs excited with a 785 nm laser at xlarge = 8.5 µm away from the NW tip that was
exposed during the BlIPP measurements. Each data point was measured for a different Au NW and
extracted from the corresponding width-averaged bleach intensity line-section, such as those shown in
(A). The error bars were estimated from individual BlIPP traces, by calculating the average deviation of
± 3 data points from the central data point.

lower laser intensities. The bleach intensity line-sections in Figure 4.5A demonstrate that
an increase in the excitation intensity increases the total bleach intensity signal along
each Au NW. For the first 3 µm closest to the point of laser excitation it appears that the
two higher excitation intensities have caused saturation of the photobleach intensity.
Photobleaching in this region is dominated by direct photobleaching by the incident laser,
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whereas photobleaching far from the point of excitation along the NW is most indicative
of the excitation intensity dependent coupling and bleaching of the dye molecules by the
near-field of the propagating plasmon modes.
To quantitatively analyze the excitation intensity dependence of the BlIPP signal
in Figure 4.5A, we first rewrite Equation 4.7 according to Equation 4.12 to demonstrate
the exponential relationship of the photobleach intensity Ibl with the excitation intensity at
a given position, x, along the NW.
− ln (1 − Ibl ( x, t ) ) = tk0 ( I G ( x ) + I SPP ( x ) )

Equation 4.12

In Figure 4.5B, we therefore plot –ln(1-Ibl(x,t)) at a given exposure time, t = 20 min, and
at a large distance of xlarge = 8.5 µm away from the excited NW tip as a function of laser
excitation intensity, where we assume that ISPP is directly proportional to the laser
intensity. At distances far from the point of excitation, the contribution of the Gaussian
excitation beam approaches zero, which means that Equation 4.12 can be further
simplified as given by Equation 4.13.

(

)

(

− ln 1 − I bl ( xlarge , t ) = tk 0 I SPP ( x large )

)

Equation 4.13

The data shown in Figure 4.5B was collected from 15 NWs. The spread in measured
values is likely due to the fact that each measurement at a different excitation intensity
had to be carried out on another NW with a slightly different tip geometry and width,
which both influence the coupling efficiency of the excitation light to the propagating SP
modes and hence cause variations in ISPP. Nevertheless, the dependence of the dye
photobleaching on the intensity of the SP near-field follows the linear trend given by
Equation 4.13, i.e. –ln(1-Ibl(x,t)) linearly depends on ISPP(x), rather than a quadratic
relationship scaling with (ISPP(x))2. Bleach intensities were furthermore evaluated at x = 5
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µm and x = 10 µm as shown in Figure 4.6, and the same linear dependence as in the case
of x = 8.5 µm is observed. These results indicate that both direct excitation of the dye by
the laser and indirect excitation by the near-field of the propagating plasmon follow a 1photon photobleaching mechanism.

Figure 4.6 Laser excitation intensity dependence of the bleach intensity according to Equation 4.13
measured for Au NWs excited with a 785 nm laser at (A) xlarge = 5.0 µm (B) xlarge = 10.0 µm away from
the NW tip that was exposed during the BlIPP measurements. Each data point was measured for a
different Au NW and extracted from the corresponding width-averaged bleach intensity line-section. The
error bars were estimated from individual BlIPP traces, by calculating the average deviation of ± 3 data
points from the central data point.
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4.5 Conclusion
In conclusion, we have investigated the excitation intensity dependence of the
photobleaching reaction that gives rise to the signal in BlIPP. Our experimental results
show that photobleaching of the dye ICG coated over Au NWs occurs via a 1-photon
photobleaching mechanism. It is important to establish the dye photobleaching
mechanism, as the kinetic model developed for BlIPP predicts that a 2-photon process
would lead to a propagation length that is larger by a factor of 2. Our results also show
that the coupling between the dye molecules and the plasmonic near-field has no or little
effect on the chemical reaction responsible for the photobleaching. Furthermore, it is
worth pointing out that with the values determined for the photobleaching rate constant,
kbl, under the conditions evaluated here for ICG molecules, it should be possible to
extract from the fitting values the initial intensity of the excited SP modes at the NW tip,
ISPP,0. This means that with further careful BlIPP studies, NW in-coupling efficiencies
may be experimentally determined. This will be further tested with NWs having different
tip geometries.
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CHAPTER 5
TURNING THE CORNER: EFFICIENT ENERGY TRANSFER ALONG BENT
CHAIN WAVEGUIDES4

5.1 Abstract
Application of plasmonic waveguiding components such as NWs, grooves, and
stripes onto small scale optical circuit chips has remained a difficult problem in the field
of plasmonics. Recently closely packed metallic chain structures made of small NPs has
demonstrated excellent waveguiding properties with the added benefit of being created
with precise control over chain geometry by using electron beam lithography to define
the chain structures. In this work we use the BlIPP method to observe the efficient
transfer of energy along Ag NP (AgNP) chain waveguides over long distances along
straight waveguides and around sharp 90º corners via coupling of light to subradiant
propagating modes when excited at 633 nm. Straight and bent chain structures made of
closely packed 54 ± 5 nm AgNPs were studied with BlIPP to measure a propagation
length for both straight and bent structures of 8.0 ± 0.7 µm and 8.0 ± 0.4 µm respectively
with no significant bending losses around the corner in the case of the bent waveguides.
Polarization dependent BlIPP studies also revealed an insensitivity of plasmon
propagation along straight and bent chains to incident polarization.

4

This chapter is based on the manuscript titled “Turning the Corner: Efficient Energy Transfer Along Bent
Chain Waveguides” by David Solis Jr., Aniruddha Paul, Jana Olson, Liane S. Slaughter, Pattanawit
Swanglap, and Stephan Link, and is a manuscript in progress to be submitted.
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5.2 Introduction
A growing need to transfer information at high speeds and subdiffraction length
scales has fueled the development of many novel optical waveguide structures.1, 9, 18, 35, 48,
133-135

Metallic NWs,11, 25, 26, 28, 37, 38, 40, 58, 136 stripes,54, 79, 137 and patterned thin films such

as grooves in a metal24, 45 have been studied for their ability to couple light to coherent
waves of electrons, known as SPPs.9,

12, 31

Energy losses due to interband transitions

within plasmonic materials,118, 138 radiative leakage at lattice imperfections or breaks in
the geometry of a waveguide,38, 42, 46, 47, 113 as well as inefficient light input and output
coupling lead to reduced plasmon propagation distances.36, 39, 59 An effort to reduce such
decay channels has remained a priority in achieving lossless plasmonic energy transfer
along straight metallic waveguides. In addition to propagating energy efficiently along
straight waveguides, in plasmonic circuit applications, it will be necessary to guide
energy around complex structures such as bends and splits. In the case of waveguiding
along bent structures another energy loss mechanism due to the momentum mismatch at
the bend leads to an added attenuation factor to the SPP intensity, known as the bending
loss. 45, 139
Typically in bent NWs and grooves, the bend must be gradual to avoid creating a
sudden change in the SPP momentum which would lead to the emission of photons and is
typically designed with an arc corresponding to the curvurture radius of a circle.139-141 In
NWs which use kinks to achieve a bent structure, light has been observed emitting from
the kink as in the case of antenna sites.139 Both forms of radiative energy losses at a bend
in a NW have been described as bending losses which increase the attenuation of the SPP
without changing the intrinsic plasmon propagation length of the waveguide.45, 139 For
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previous studies bending losses of nearly 5 dB for a curvature radius as large as 30 µm
for NWs at 785 nm139 and nearly 3 dB for a curvature radius of 0.83 µm for S shaped V
groove patterns at longer wavelengths of 1425 nm45 or a 1.9 dB bend loss in the case of a
90° sharp bend in Au stripe have been reported.54 These studies show that in the case of a
straight waveguide the SPP signal would be much more intense than the SPP signal at the
end of a waveguide with added bending losses.
Recently, closely packed NP chains with small gaps of ~ 1-5 nm, have
demonstrated plasmonic waveguiding properties similar to NWs.29, 30 These structures,
created by using a top down method via the use of e-beam lithography for trench pattern
creation are assembled through deposition of NPs from solution into the trenches under
normal lab conditions. This method of sample preparation allows for the creation of
complex waveguide designs without the need for micromanipulators48 or optical
trapping52, 53 to bring each waveguide into position on a substrate one structure at a time.
In previous work,29 plasmon propagation lengths for AuNP chains were measured to be
3.9 ± 0.6 µm with the use of BlIPP.26, 27, 29, 44 In these closely packed chain structures
subradiant propagating modes were formed, allowing energy to transfer from particle to
particle with suppressed radiative energy losses over long distances. This particle to
particle mechanism of energy transfer in chain structures was further believed to have
beneficial properties in efficient energy transfer around bent structures,31 however, only
straight chains were studied to verify the long distance plasmon propagation possible in
tightly packed chain structures.
In this work, we report on the highly efficient transfer of energy around chains of
spherical Ag NPs with a sharp 90º bend via coupling to the sub-radiant response of the
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waveguide at an excitation wavelength of 633 nm. In comparison to straight AgNP chains
of similar size we observe no strong evidence of bending losses in the case of bent chains
and using BlIPP we measure propagation lengths of 8.0 ± 0.4 µm for the bent structures
and 8.0 ± 0.7 µm for the straight structures. We further verify that these long propagation
lengths occur when coupling light to subradiant propagating modes of the chain structure
through the use of extinction spectroscopy, dark field-scattering spectroscopy and
comparison of BlIPP measurements for 785 nm excitation. For 785 nm, the propagation
length is shortened drastically due to the coupling of light to super-radiant modes of the
chain, where radiative energy losses are dominant.

5.3 Experimental
5.3.1

Materials and Sample Preparation
The AgNP chain structures were made by first creating trench patterns into a

polymer resist film using e-beam lithography. In preparation for lithography, the indium
tin oxide (ITO) glass substrate (8-12 ohms, Delta technologies) was first cleaned by
sonicating the slide for 20 min in a 1:4:20 ammonium hydroxide, hydrogen peroxide, and
water mixture, then sonicating in deionized water twice for 10 min, followed by plasma
cleaning (Harrick Plasma). The ITO slide was then coated with a thin film of photoresist,
poly(methyl methacrylate) (PMMA) from a 4% 495 kg/mol PMMA in anisole solution
(MicroChem).
Electron beam lithography (JEOL 6500) was then used to cut an array of 15 µm x
200 nm rectangular trenches and 90 degree "L" shaped rectangular structures of 200 nm
in width and side lengths of 7.5 µm into the photoresist. The trenches were developed in
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methyl isobutyl ketone in isopropanal (MIBK) (Sigma-Aldrich) solution for 25 s
followed by a stop bath of isopropanal.
After lithography was completed the trenches were then filled by drop casting 10
uL of citrate capped 54 ± 5 nm spherical AgNP (Ted Pella, PELCO NanoXact) in
solution onto the center of the trench array and allowing the droplet to dry in air at a
slight angle of 10-20 degrees. As the droplet evaporated AgNP filled into the trenches
leaving close-packed AgNP chain structures surrounded by PMMA film. The sample was
then inspected with a combination of dark-field and bright-field microscopy to determine
the quality of trench filling. In many samples 2-3 such depositions were necessary to
achieve a significant number of well filled trenches. The polymer surrounding newly
formed AgNP chains was then lifted off by dipping the sample into a beaker of acetone
with slight agitation (gentle stirring of the sample in acetone) for 10 s and drying the
sample with a gentle nitrogen gas stream. A second rinse of the polymer was then
performed by placing the beaker of acetone into a sonicator and dipping the sample into
the beaker for periods of no more that 1 s at a time for up to 5 s total (10 s total as the
maximum in order to avoid loss of particles from the formed chains).
Scanning electron microscopy (SEM) was then used to screen the free standing
AgNP chain samples at low magnification and to locate unbroken close-packed chains
which would be used for optical measurements later. Examples of the free standing
straight and bent chain structures can be seen in Figures 5.1A and 5.1F, respectively.
These SEM images were taken after the BlIPP experiments were completed to further
avoid the possibility of melting from e-beam exposure during high magnification imaging.
For BlIPP measurements, the samples were then coated with a dye film. For 633 nm
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excitation experiments the sample was spin coated with 60 µL of 0.2 mg/mL solution of
LDS821 dye (Exciton) in methanol at 6000x RPM for 40 s. In the case of 785 nm
excitation the sample was spin coated with 30 µL of 0.1 mg/mL solution of Cardiogreen
(Sigma-Aldrich) in methanol at 6000x RPM for 40 s.
The sample was then loaded onto an XYZ piezo stage (Physik Instrumente)
mounted on a fluorescence confocal microscope (Zeiss Axiovert 200). The laser
excitation source was then directed into the microscope and focused onto the dye coated
chain sample by a 50× Zeiss air space objective (NA 0.8). Two lasers were used in these
studies, a 633 nm He-Ne laser (JDSU) and a 785 nm diode laser (Power Technology Inc.).
Fluorescence from the dye was then captured by the objective and directed and focused
onto an avalanche photodiode detector (APD, Perkin Elmer SPCM-AQR-15). Raster
scanning of the sample was then performed to assemble a fluorescence image of the
sample as shown in Figure 5.1B and 5.1G with the use of imaging software (XPM Pro)
and an RHK Technology piezo stage controller (SPM 100).

5.3.2

BlIPP Experimental Overview
The BlIPP method was performed by first taking an initial fluorescence image of

the region of interest on a particular chain structure, Figure 5.1B and 5.1G. The piezo
stage was then positioned in such a way that the laser was focused directly above the end
of the chain structure. The laser power was then increased from the image scanning
power in the range of 27 - 42 nW, to a bleaching power in the range of 12.0 - 12.6 µW
for an exposure period of 5 min. After the exposure time, the power was decreased back
to the scanning power and a second image was taken. This bleaching procedure was
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performed 3 more times, which finally gave us the image shown in Figures 5.1C and
5.1H which were taken after 20 minutes of total exposure to the bleaching laser. The four
step bleaching process was used in order to fit the propagation length of the BlIPP curve
with the evolution of photobleaching over time. During the high power bleaching
exposure at the end of the chain structure, laser light was coupled to propagating
plasmons which created a near-field intensity that decayed exponentially from the point
of excitation. Over time, interaction between the plasmonic near-field and the fluorescent
dye above the structure lead to irreversible photobleaching.44 This photobleaching
resulted in the significant loss of fluorescence intensity along the waveguide after each
exposure, which can be seen in the after exposure image shown in Figures 5.1C and 5.1H.
To highlight photobleaching along the NP chain due to the propagating SP a
difference image was created by subtracting the after exposure image from the initial
image before exposure, shown in Figures 5.1D and 5.1I. A width averaged line section
was then taken from the area over the chain as shown by the red dotted data set in Figures
5.1E. Acquiring the line section from the bent structure as shown in Figure 5.1J was done
by first cutting and rotating the region of the chain after the corner, then stitching the
images together and proceeding with the width averaged linesection as in the case of
straight NP chains. The BlIPP equation was then used to fit the linesection data and
determine the propagation length of the SP.44 The fitting analysis was performed with
Matlab. Sigma values to describe the Gaussian beam profile of the excitation laser used
in the fitting equation were found experimentally by performing the BlIPP experiment on
dye coated glass slides. σ633nm = 1.5 ± 0.1 µm and σ785nm = 1.5 ± 0.2 µm were used.
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5.4 Results and discussion
Using BlIPP to characterize the propagation length for close-packed AgNP
straight chains, we measured a propagation length of 8.0 ± 0.7 µm, substantially larger
than the propagation length reported for AuNP chains previously.29 Further, study of
plasmon propagation along chains with the same width, length, and materials but that
incorporates a sharp 90º bend at the midpoint of the chain as shown in Figure 5.1F,
revealed that the propagation length does not change, with a measured propagation length
of 8.0 ± 0.4 µm. Analysis of the linesection of the difference image for the bent structure,
Figure 5.1I, also demonstrates that at the point of the bend, 7.5 µm along the chain, there
is no significant drop in bleaching intensity. The fact that the bleach intensity does not
drop at the bend and the propagation length does not change for bent structures
demonstrates that plasmon propagation around this sharp bend does not suffer bending
losses, unlike in other bent waveguide structures.45, 139 Recently, work by Hasegawa et
al.142 demonstrated theoretically that large radiative losses of the SPP at an infinitely
sharp corner of a waveguide reduced by embedding a small SPP microresonator such as a
spherical NP which creates an alternative transmission channel for the SPP to couple
thereby mitigating energy losses at the corner, which ultimately increases the propagation
efficiency of the SPP around the corner, reported transmission coefficient increased
from .07 to .17 with the addition of 1 NP.142 The efficient and low bend loss propagation
of the SPP in bent chain structures is attributed to a similar effect though on a much
larger scale as in the chain structure the bend region is composed of nearly 60 AgNPs in
3 dimensions each of which transfers energy to its neighbors in all directions via sub-
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significant differences in propagation length and bleaching intensity were observed for
polarized excitation consistent with studies indicating that plasmon propagation along
chain structures is independent of polarization for straight structures.29 We also find that
propagation of energy around the sharp corner is also unaffected by excitation
polarization. Again, the 3 dimensional coupling of disordered tightly packed AgNPs in
the chain is believed to cause an overall mixing of any polarization dependence shortly
after coupling to the waveguide.
Extinction spectra of the AgNP chains as shown in Figure 5.3A revealed a peak at
734 nm which corresponds to enhanced scattering at the super radiant mode as indicated
by the dark field scattering spectra taken in the same region as shown in the inset of
Figure 5.3A. From this scattering spectra, we also confirm that the scattering intensity is
much larger at 785 nm than at 633 nm for the structure, signifying that at 633 nm
radiative losses are strongly suppressed whereas at 785 nm excitation radiative losses are
dominant. By exciting at a blue shifted wavelength, 633 nm, from the super-radiant
response at 734 nm we were able to suppress radiative losses by coupling to the chain’s
band of sub-radiant modes.30 This assignment was further verified by BlIPP
measurements of AgNP straight chains at energies which were red-shifted from the
extinction peak. BlIPP measurement at 785 nm yielded a propagation length of only 3.6
µm as shown in Figures 5.3B and 5.3C. The radiative energy losses associated with the
coupling of light to super-radiant modes at an excitation wavelength of 785 nm resulted
in a significant reduction of the plasmon propagation length and may be avoided by
choosing an excitation wavelength blue shifted from the maximum extinction and which
lies in the sub-radiant bandwidth of NP chains, such as excitation at 633 nm .
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which we attribute to low damping losses in the visible for AgNPs in comparison to
AuNPs. Further, no significant differences in propagation length for different excitation
polarizations were observed for both the AuNP and AgNP chain studies.
In light of previous AgNW26,

40

studies we find that the propagation length

measured for the AgNP bent and straight structures when excited in the sub-radiant band
is on average similar, though slightly less, than the propagation length measured in other
work, 11.3 µm58 at 650 nm excitation for 100 nm AgNW, 10 ± 0.4 µm115 at 628 nm
excitation for 100 nm AgNW, 11.6 µm47 for 200 nm wide AgNW, and 10 µm40 for
AgNWs of approximately 100 nm in diameter. At 633 nm excitation of AgNW we might
expect a decrease in the propagation length which would make the propagation length of
AgNP chains longer than AgNWs, because the propagation length of NWs is dependent
on the diameter of the waveguide as well, which would increase the propagation length of
AgNWs substantially when the diameter is doubled26, 28, 40 to the same width as the AgNP
chains, 200 nm.

5.5 Conclusions
In conclusion, sub-radiant SPP modes of AgNP chains exhibited long SPP
propagation for straight and bent chains, i.e. L0,straight = 8.0 ± .7 µm and L0,bent = 8.0 ± .4
µm, with minimized radiative losses at sharp 90º corners as compared to straight AgNP
chains of the same dimensions. Parallel and perpendicular polarization excitation studies
at 633 nm demonstrated insensitivity of plasmon propagation in the chain system to
incident polarization due to the nature of the interparticle energy transfer of these closepacked chain structures. Extinction and scattering spectra verified the subradiant nature
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of long plasmon propagation in these chain waveguides. BlIPP measurement at an
excitation wavelength of 785 nm, yielded a short propagation length of 3.6 µm which is
consistent with radiative losses attributed to super-radiant modes. The unique ability of
closely packed NP chains to propagate energy across long distances via sub-radiant
modes also allows for lossless energy transfer around sharp corners and brings the
concept of designed plasmonic circuits one step closer to reality. In future studies it will
be interesting to study the energy splitting in "Y" or "T" shaped NP chain structures,31 the
use of high aspect ratio metallic nanorods to make the chains,143 and investigation of the
subradiant mode bandwidth tunability in chains of spherical NP shells144.
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CHAPTER 6
CONCLUSIONS

The goal of one day using plasmonic devices and circuitry as a real answer to the
future problems of electronic device performance and miniaturization is a difficult one to
reach. The research presented, reveals many unique and beneficial characteristics for the
propagation of energy in chain waveguides via sub-radiant modes.
First, the chain structure itself is quite versatile. The chain structure is created by
filling trenches made by electron beam lithography with small metallic NPs, followed by
a polymer lift-off procedure. As demonstrated by the study of straight and bent Ag NP
chains, the chains can be made into any complex design by simply changing the design
used in e-beam lithography. Further the filling technique used in this study was rather
simple and was performed under normal laboratory conditions. For this reason several
topics may be addressed in future work for optimized filling of the trenches, such as
temperature and humidity to control the evaporation rate of the droplet, surface
functionalization to increase the efficiency of the NP deposition, and investigation into
the NP size and its effect on efficient trench filling.
Second, despite the issues mentioned above for chain creation, not addressed in
this work, multi-layered, tightly packed chain structures were still able to be created and
studied with the use of BlIPP, and demonstrated excellent waveguiding properties in
comparison to their solid NW counterparts. Using BlIPP, we were able to measure long
propagation lengths for Au NP chains and Ag NP chains. These long propagation lengths
were attributed to the coupling of light to sub-radiant propagating modes of the structure.
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When coupled to these modes, radiative channels of energy losses are suppressed
resulting in longer propagation lengths for the waveguide. Further, we were able to
demonstrate the highly efficient propagation of energy, through these sub-radiant modes
around bent chain structures with no significant bending losses. These results are highly
promising for future plasmonic applications in electronic devices as the chain structures
may be written into any complex structure and our findings support the idea that even in
such configurations, plasmon propagation in chains will not be negatively affected. The
propagation length of chains might also be optimized by exploring NP size, NP material,
and the use of tunable nanoshells rather than solid NPs as used in these studies.
Perhaps the most important contribution of this research to the field as a whole is
the development of the BlIPP method used to characterize the propagation lengths of
these waveguides. Several new waveguide structures with various geometries and
materials are developed every year, with this research we reveal a new addition to the
tools for propagation length measurement and comparison. BlIPP may be performed on
any fluorescence confocal microscope imaging setup with no need for other specialized
equipment so long as the dye is correctly chosen for the excitation wavelength.
In the future, BlIPP studies on other complex chain structures will be important
such as the study of plasmon propagation in Y structures where the energy is split, and
more importantly in logic systems where phase interference of the propagating plasmon
may result in selective and predictable emission or non emission of light from particular
waveguide branches.
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