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A major challenge with studying plasmon-mediated emission events is the small size of plasmonic
nanoparticles relative to the wavelength of light. Objects smaller than roughly half the wavelength
of light will appear as diffraction-limited spots in far-field optical images, presenting a significant
experimental challenge for studying plasmonic processes on the nanoscale. Super-resolution imaging
has recently been applied to plasmonic nanosystems and allows plasmon-mediated emission to be
resolved on the order of ∼5 nm. In super-resolution imaging, a diffraction-limited spot is fit to some
model function in order to calculate the position of the emission centroid, which represents the loca-
tion of the emitter. However, the accuracy of the centroid position strongly depends on how well the
fitting function describes the data. This Perspective discusses the commonly used two-dimensional
Gaussian fitting function applied to super-resolution imaging of plasmon-mediated emission, then
introduces an alternative model based on dipole point spread functions. The two fitting models
are compared and contrasted for super-resolution imaging of nanoparticle scattering/luminescence,
surface-enhanced Raman scattering, and surface-enhanced fluorescence.
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1 Introduction

Noble metal nanoparticles have long attracted re-
searchers due to their unique interactions with light,
through the excitation of localized or propagating sur-
face plasmons [1–3]. Plasmons are the light-driven col-
lective oscillation of surface conduction electrons in ma-
terials with a small positive imaginary and negative real
dielectric function. Interest in plasmons derives from the
diverse array of applications available, including waveg-
uiding, optical trapping, sensing, and surface-enhanced
spectroscopies such as surface-enhanced Raman scatter-
ing (SERS) and surface-enhanced fluorescence [3–13]. In
surface-enhanced spectroscopy, molecules located on or
near the surface of the plasmonic nanostructure are ex-
cited by plasmonically-enhanced electromagnetic fields
at the nanoparticle surface; these fields may be locally
enhanced by 10–104 depending on the nanoparticle struc-
ture, generating a corresponding enhancement of the
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spectroscopic signal from the nearby molecule [10, 11].
Because the plasmonic properties of a nanoparticle de-

pend strongly on its size and shape, many researchers
have performed experiments relating the optical proper-
ties of the nanoparticle to its nanoscale structure [14–
17]. However, one major challenge with these experi-
ments is the small size of the nanoparticle relative to the
diffraction-limit of light. Any object smaller than roughly
half the wavelength of light will appear as a diffraction-
limited spot when imaged with a far-field optical micro-
scope. Figure 1 shows an example of a gold nanorod,
imaged with both scanning electron microscopy [SEM,
Fig. 1(a)] as well as dark-field imaging [Fig. 1(b)]. Un-
like the SEM image, the shape of the nanorod cannot be
determined from the optical image, and all information
relating the optical scattering from the nanorod to its un-
derlying structure is completely obscured. This problem
is even more dramatic in plasmon-mediated molecular
emission processes, such as SERS or surface-enhanced
fluorescence. In these cases, both the molecule and the
nanoparticle are smaller than the diffraction limit, so it
is not possible to resolve the shape of the nanoparticle or
the position/orientation of the molecule on its surface.

Fig. 1 (a) SEM image of a gold nanorod. (b) Dark-field scat-
tering image of a gold nanorod, illustrating the challenge of the
diffraction limit of light.

Recently, a far-field optical imaging technique known
as super-resolution imaging has been used to overcome
the diffraction limit of light and optically image plas-
monic nanoparticles with nanoscale resolution [18–34].
In super-resolution imaging, a diffraction-limited image
is fit to some model function, typically a two-dimensional
(2D) Gaussian, in order to extract some parameter(s)
of interest [35, 36]. Most often, the centroid position
of the emission is extracted from the fit, as this rep-
resents the location of the emitter. Using this approach,
the position of the emitter can be determined with res-
olution better than 5 nm, which is over an order of
magnitude better than the diffraction-limited resolution
[36, 37]. It is worth noting that super-resolution imaging
is one of several sub-diffraction limited optical imaging
techniques available, in addition to near-field scanning
optical microscopy (NSOM), stimulated emission deple-
tion (STED), and structured illumination microscopy

(SIM) [38–41]. However, super-resolution imaging does
not require a (potentially perturbative) scanning probe
(as in NSOM) nor external manipulation of the excita-
tion source (as in STED or SIM), which makes it a sim-
ple and relatively straightforward method for overcoming
the diffraction-limit of light.

One challenge in super-resolution imaging is the choice
of the fitting function used to model the diffraction-
limited spot. In all reports of super-resolution imaging of
plasmonic nanoparticles to date, a 2D Gaussian is used
as the fitting function. However, the actual shape of the
diffraction-limited spot is a complex convolution between
the angular distribution of emission from the emitter at
or near an interface, and the light collection properties of
the imaging optics [42–46]. The actual shape of the emis-
sion spot, known as the point spread function (PSF),
may not be well-represented by a 2D Gaussian, which
can introduce error in the determination of the centroid
position [45, 46]. This potential lack of centroid local-
ization accuracy represents a significant challenge in the
super-resolution imaging field at large.

This Perspective will compare and contrast the 2D
Gaussian fitting approach with an alternative approach
based on modeling the PSF of a dipole emitter. In Sec-
tion 2, we will introduce super-resolution imaging and
show several examples in which the 2D Gaussian model
has been successfully applied to the study of plasmonic
nanostructures. In Section 3.1, we introduce the dipole
PSF model and discuss why it is superior for localizing
emission from a single dipole. Next, we will compare the
two models for three different plasmon-mediated emis-
sion scenarios: (i) direct nanoparticle emission via scat-
tering or luminescence, (ii) plasmon-mediated molecular
emission via SERS, and (iii) plasmon-mediated molec-
ular emission via surface-enhanced fluorescence. In all
cases, we will consider whether the dipole PSF model
is appropriate for the system under study and describe
the associated complexities of applying the PSF model
over the 2D Gaussian. Because this field is only several
years old (the first report of super-resolution imaging of
a plasmonic nanostructure was published in 2010) [18],
this Perspective is intended to stimulate further discus-
sion and discovery of how best to apply super-resolution
imaging methods to highly complex, coupled molecule-
plasmon systems.

2 Super-resolution imaging of
plasmon-mediated emission

2.1 Principle of super-resolution imaging

As discussed in the introduction, the preferred model for
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fitting the emission of a sub-wavelength object is a 2D
Gaussian, as shown in Eq. (1):

I(x, y) = z0 + I0e
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In this expression, I(x, y) represents the intensity of the
diffraction-limited spot as a function of position, z0 is
the intensity of the background, I0 is the peak intensity
of the diffraction-limited spot, sx and sy are the widths
of the Gaussian, and x0 and y0 represent the centroid
position. The centroid position is the primary parameter
of interest because it represents the location of the emit-
ter. With sufficient signal-to-noise, the location of the
emitter can be determined with precision better than 5
nm using this approach [36, 37].

When multiple species are emitting simultaneously,
the PSF will be a super-position of all emitters. To re-
solve each emitter uniquely, we need a way to modulate
the emission, such that only one emitter is on at a time
[35]. If we can do this, then we can fit the single ac-
tive emitter and localize its centroid position. Repeating
this process as individual emitters turn on and off over
time allows the position of each emissive species to be
localized [47, 48]. A super-resolution image is then con-
structed from the results of each fit by plotting the cen-
troid positions of each emitter. Signal modulation is ac-
complished via a host of different mechanisms, including
the use of light-driven photoswitchable probes [47, 48],
the exploitation of “blinking” inherent to many emitters
(such as quantum dots, or single molecule SERS signals)
[18, 49], or the shelving of molecules into dark triplet
states (known as ground state depletion) [50, 51]. By
modulating emission from different species and fitting
the PSF of each one individually, super-resolution im-
ages can be constructed that offer resolution at least an
order of magnitude better than a traditional diffraction-
limited image.

2.2 Examples of super-resolution images from
plasmon-mediated emission

Super-resolution imaging of plasmonic nanoparticles falls
into two categories: direct imaging of signals from
the nanoparticle itself (e.g. scattering or luminescence)
[20, 23, 25, 27, 33] or plasmon-mediated emission from
molecules at or near the surface of the nanoparticle [18,
19, 21, 26, 28–32, 34]. One example of the former ap-
proach is called photostable optical nanoscopy, or PHO-
TON [20]. In PHOTON, multiple nanoparticles within
a diffraction-limited spot can be resolved based on dif-
ferences in their scattering spectra. First, a series of
dark field scattering images are collected with each im-

age corresponding to scattering at a different wavelength.
Next, each image is fit to a 2D Gaussian to extract
the wavelength-dependent centroid position. By repeat-
ing this process over multiple image frames, it is possible
to reconstruct the position of each individual nanopar-
ticle within a single diffraction-limited spot. As a proof-
of-principle, four biotinylated silver nanoparticles were
bound to the four binding sites of streptavidin, creat-
ing a nanoparticle tetramer with fixed spacing between
each nanoparticle. The resulting PHOTON images show
that each nanoparticle within the tetramer is uniquely
resolved, with the reconstructed inter-particle distances
of 8–9 nm in strong agreement with the predicted spacing
based on the size of the streptavidin molecule [20].

For super-resolution imaging of plasmon-mediated
emission from molecules at or near the nanoparticle sur-
face, three different approaches have been employed: (i)
measuring surface-enhanced fluorescence from molecules
spaced from the nanoparticle surface using surface-
bound ligands [26, 34], (ii) imaging surface-enhanced flu-
orescence from solute molecules that diffuse near the sur-
face of the plasmonic nanostructure [19, 30-32], and (iii)
tracking SERS from molecules physisorbed on the sur-
face of the nanoparticle [18, 21, 28, 29, 52]. The results
of the various plasmonic super-resolution studies have
yielded diverse insight into the structures of plasmonic
nanoparticles [26, 34]; shape, size, and electromagnetic
field enhancements of plasmonic “hot spots;” [18, 19, 21,
29, 32] and local catalytic activity at the surface of plas-
monic nanoparticles [30, 31].

Figure 2 shows an example in which the shape of
a plasmonic nanostructure is determined by fitting the
PSFs of fluorescent species spaced from the nanoparticle
surface using a surface-bound ligand [34]. In this exam-
ple, a gold nanowire is used as a substrate, which has
an extended dimension along its length (∼2 μm) and
a sub-diffraction-limited width (∼70 nm). The inability
of traditional far-field imaging [as in Fig. 2(a)] to accu-
rately reproduce the width of the nanowire [Fig. 2(c)] is
obvious. However, by fitting the position of individual
carboxytetramethyl rhodamine (TAMRA) fluorophores
attached to the nanowire surface with double stranded
DNA, we can reconstruct the shape of the underlying
nanowire using super-resolution imaging [Fig. 2(b)] and
find that the dimensions agree extremely well with the
actual structure, as determined by SEM [Fig. 2(d)] [34].

Figure 3 shows several examples of using super-
resolution imaging to reconstruct the shape and elec-
tromagnetic enhancement associated with a plasmonic
hot spot (e.g. regions of sizable electromagnetic field
enhancement between adjacent nanoparticles). In the
example shown in Fig. 3(a), individual fluorescent
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Fig. 2 (a) Dark-field image of a gold nanowire. (b) Recon-
structed super-resolution image using fluorescence bursts from
bound fluorophores. (c) SEM image of the nanowire, contrasted
to emphasize the edges. (d) Overlay of super-resolution image on
the SEM image showing dimensional agreement. All images have
a common 500 nm scale bar. Adapted with permission from Ref.
[34], Copyright c© 2012 Royal Society of Chemistry.

molecules diffuse to the surface of a silver nanoparticle
aggregate; when the molecule enters the hot spot, a burst
of fluorescence is observed, which is fit to a 2D Gaussian
[19]. By measuring the position of each fluorescent burst
and correlating it with the intensity of the fluorescence,
an image of the hot spot can be reconstructed. The hot
spot has dimensions of 13.2 nm × 20.3 nm, and shows
an exponential decay profile in intensity as the centroid
position moves away from the region of peak intensity.
Figure 3(b) shows a similar result, using SERS from a
physisorbed analyte to map out the hot spot [21]. As
with the previous result, the hot spot shows a region of
peak intensity, accompanied by an exponential decay in
intensity as the centroid position shifts away from the
region of peak intensity. In this example, a correlated
SEM image was also obtained [Fig. 3(c)], allowing us to
match the shape of the hot spot with the structure of the
SERS-active nanoparticle aggregate [Fig. 3(d)]. We note
that the size and the shape of the hot spot map shows
excellent agreement with the leftmost junction region of
the nanoparticle aggregate, suggesting that this is the
site being probed by the SERS reporter molecule.

While these examples are not meant to be exhaustive,
they highlight the power of applying super-resolution
imaging to plasmonic nanoparticles. Moreover, the

Fig. 3 Measuring hot spots in silver colloidal aggregates by dif-
ferent methods. (a) Hot spot map showing fluorescence intensity as
a function of spatial origin. Reprinted with permission from Ref.
[19], Copyright c© 2011 Nature Publishing Group. (b) Hot spot
map showing SERS intensity as a function spatial origin. (c) SEM
of the SERS-active nanoparticle aggregate. (d) Overlay of hot spot
map from (b) on SEM image from (c). Reprinted with permission
from Ref. [21], Copyright c© 2011 American Chemical Society.

super-resolution images often reproduce structural fea-
tures of the nanoparticle as determined by electron mi-
croscopy, verifying that super-resolution imaging can ex-
plore the underlying nanostructures with the relevant
nanoscale resolution [20, 21, 29–31, 34]. These results
(and others) also suggest that the 2D Gaussian model is
sufficiently robust to produce excellent representations of
both the shapes of the underlying nanostructures as well
as their plasmonic properties, such as electromagnetic
hot spots.

6 Katherine A. Willets, Front. Phys., 2014, 9(1)
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3 Alternative PSF models for
super-resolution imaging: The dipole PSF

3.1 Problems with the Gaussian model: Lessons from
single molecule fluorescence

Although the examples in Section 2.2 serve as convinc-
ing evidence that the 2D Gaussian model has value for
super-resolution imaging in plasmonics, it is worth con-
sidering the applicability of other models. In particular,
the single molecule fluorescence community has recog-
nized that using 2D Gaussian fitting can introduce er-
rors in the localization accuracy of an emitter, especially
when using high numerical aperture objectives. In the
case of a single dipole emitter, the PSF will depend
strongly on the orientation of the dipole [43, 44, 53–56].
Figure 4 shows examples of fluorescence emission of sin-
gle DiIC18 molecules immobilized in a polymer film and
imaged under total internal reflection illumination using
a 1.4 NA objective [53]. In Fig. 4(a), the image is in fo-
cus, while in Fig. 4(b), the image is defocused by 300 nm
to highlight the asymmetry inherent to emitting dipoles
at a dielectric interface. Importantly, the shape of the
PSF depends strongly on the orientation of the emitting
dipole, with out-of-plane emitters having a characteris-
tic “donut” pattern (as seen as the top emitter in both
panels), and in-plane emitters showing wings that reflect
their orientation within the sample plane. Even if this
pattern is less obvious in the focused images, the PSFs
have slight asymmetries in their shapes that are related
to the orientation of the dipole emitter.

Fig. 4 Fluorescence from single molecules in a polymer film. Im-
age is (a) in-focus and (b) defocused by 300 nm. Reprinted with
permission from Ref. [53], Copyright c© 1999 American Chemical
Society.

To explore how fitting a dipole PSF with a 2D Gaus-
sian affects localization accuracy, Selvin and cowork-
ers calculated the characteristic dipole emission patterns
from a collection of molecules [45]. To do this, they calcu-
late the z-component of the Poynting vector associated
with the emitter imaged through the relevant optics and
projected onto an imaging CCD with fixed pixel size. The

z-component of the Poynting vector (S) is calculated ac-
cording to Eq. (2) [44–56]:

S =
c

8π
êz(E × B∗) (2)

In this expression, c is the speed of light, and E and B

are the electric and magnetic fields, respectively, of the
emitter. Unlike the 2D Gaussian, the dipole PSF calcu-
lation is not a single analytical expression, and must be
evaluated for each position on the CCD camera.

For each PSF calculation, the centroid was fixed at
some known position (xactual and yactual) and various in-
puts for the azimuthal (in-plane) and axial (out-of-plane,
or inclination) angles were chosen [45]. The resulting PSF
was then fit to a 2D Gaussian, and the centroid value of
the fit was determined (xfit and yfit). By repeating this
process for a population of theoretical molecules with
fixed out-of-plane angles and varying in-plane angles,
the authors could calculate the average mean-squared-
displacement of the centroid position (σ2) in both x and
y, where 〈σ2〉 = 〈(xfit−xactual)2〉 = 〈(yfit−yactual)2〉 (due
to the symmetry of the system, the differences in both
x and y should be equivalent, for a large enough popu-
lation of molecules). Figure 5 shows the results of these
calculations as a function of the out-of-plane dipole an-
gles, as well as different experimental parameters such as
numerical aperture and detector pixel size [45]. In each
plot, the number of emitted photons is also varied from
500 to infinity. These results show that the error in the
localization accuracy using a 2D Gaussian fit can exceed
10 nm, especially when relatively few photons are emit-
ted. The localization inaccuracy is further exacerbated
when the image is out-of-focus or optical aberrations are
present [46, 57]. Thus, a 2D Gaussian model may yield
significant errors in the localization accuracy of a single
emitting dipole, and the more rigorous dipole PSF should
be used for fitting single-molecule super-resolution data
with maximum accuracy [45, 46].

Unlike the 2D Gaussian, which has six fitting pa-
rameters associated with it (z0, I0, x0, y0, sx, sy as
defined in Section 2.1), dipole PSF calculations have (at
least) eleven input parameters. Typically, these can be
described as static parameters that are dictated by the
experiment and fit parameters that are specific to each
emitter. The static parameters include numerical aper-
ture, total magnification of the system, the size of each
pixel in the imaging CCD, the position of the focus, and
the refractive indices of the sample environment, sub-
strate, and imaging medium. The fit parameters include
the distance of the emitter from the substrate surface,
the wavelength of the emission, the in-plane and out-of-
plane dipole angles, the background intensity, and the
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Fig. 5 Calculated error in the centroid using a 2D Gaussian fitting function as a function of out-of-plane dipole angle.
Each graph shows calculations for different number of emitted photons. From top to bottom: 500, 1000, 2000, 4000, 8000,
16000, and infinite. Reprinted with permission from Ref. [45], Copyright c© 2006 The Optical Society of America.

number of emitted photons. For localizing the position
of the emitter, the centroid position must also be in-
cluded, bringing the number of adjustable parameters to
(at least) thirteen. In most cases, assumptions can be
made about the system with respect to the fit param-
eters (for example, emission wavelength), but this still
represents a large parameter space for fitting relative to
the 2D Gaussian function. Thus, despite the improved
localization accuracy of the dipole PSF fit, the 2D Gaus-
sian remains the preferred model because of the reduced
computational expense.

In addition to the choice of the fitting model, the al-
gorithm used for evaluating the fit must also be con-
sidered. While many researchers use least squares mini-
mization for PSF fitting, others have reported that max-
imum likelihood estimators yield vastly superior results,
with precisions down to the theoretical limit as deter-
mined by information theory [58, 59]. Development of
new, less computationally expensive fitting algorithms
has been the topic of a number of recent publications;
however, most of these approaches still use the simpler
2D Gaussian or Airy disk function to model the PSF of
the emitter [60–63]. Rather than summarize all of the
recent approaches for super-resolution imaging, we will
focus here on the potential applicability of dipole PSFs
for fitting plasmon-mediated emission events.

3.2 Dipole PSF models in single nanoparticle
scattering/luminescence

Having shown that localizing single fluorescent molecules
by fitting their PSF to a 2D Gaussian introduces signif-
icant error into the fit accuracy, the question now be-
comes how these results apply to super-resolution imag-
ing in plasmonic systems. Most plasmonic nanoparticles
support multiple plasmon modes: dipolar, quadrupolar,
etc.; however, in most cases, the dipole mode is the dom-
inant scattering mode regardless of nanoparticle shape
(sphere, rod, etc.) [14, 64]. In principle, this dipole mode
is analogous to a single radiating dipole, as described in
Section 3.1, and should have a dipole PSF. However, how
the dipole plasmon scattering is imaged in the far-field
will depend very strongly on the shape of the nanostruc-
ture and the polarization of the excitation.

We begin by considering scattering from a gold
nanorod. Gold nanorods support three dipole modes:
two transverse modes associated with the short (width
and depth) dimensions and one longitudinal mode asso-
ciated with the length dimension. Given that the longi-
tudinal dipole mode scatters much more strongly than
the transverse modes, we expect a far-field image of a
gold nanorod to appear similar to a single dipole [64]. To
illustrate this, Fig. 6 shows a dark field image of a gold
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nanorod with varying degrees of defocusing [64]. As with
the single molecule example shown in Fig. 4, significant
asymmetry is observed in the shape of the diffraction-
limited image, indicative of the dominance of the lon-
gitudinal dipole mode. Similar dipolar behavior from
nanorods has been reported by other groups, using both
scattering and luminescence from the nanoparticle [33,
65–67]. By fitting the experimental diffraction-limited
image to a single dipole PSF model, the 3-dimensional
orientation of the nanorod can be determined, although
Wu and coworkers have noted that the fits are supe-
rior when three orthogonal dipole modes are included in
the model [65]. Because of this strong dipolar character
in the scattering of a single nanorod, we would expect
to introduce localization inaccuracies when using a 2D
Gaussian to fit emission from single nanorods. Thus, us-
ing a dipole PSF for modeling gold nanorod scattering
(or luminescence) should provide superior fit quality in
super-resolution imaging. This behavior is expected for
any plasmonic nanostructure showing strong anisotropy
in its scattering, such that a single dipole plasmon mode
dominates all other plasmon modes.

Fig. 6 Measured (top row) and calculated (bottom row) dark-field
scattering from a single gold nanorod under different amounts of
defocusing. Reprinted with permission from Ref. [64], Copyright
c© 2010 American Chemical Society.

If we now consider other shapes, the situation becomes
more complicated. For example, a spherical nanoparti-
cle will also support a dipole plasmon mode, but the
dipolar plasmon has no preferred orientation due to the
infinite rotational symmetry of the sphere. Even when
excited by linear polarized light, the resulting scattering
from a sphere can be depolarized, such that no single
dipole dominates the emission [68]. The situation is sim-
ilar for other nanoparticle shapes with rotational sym-
metry that can support multiple dipolar plasmon modes;
for example, our group recently showed that a threefold
rotationally symmetric silver nanoprism behaves (to a
first approximation) like an isotropic scatterer [69, 70].

Mortenson et al. have shown that the PSF from a col-
lection of isotropic dipoles (such as a fluorophore-doped
nanosphere) is well-modeled by a Gaussian function [58].
Thus, while the dipole PSF model is most appropriate
when fitting far-field scattering or luminescence images
from anisotropic nanoparticles, such as nanorods, the
2D Gaussian model may provide sufficient localization
accuracy for structures with rotational symmetry like
nanospheres or even nanoprisms or nanocubes. This con-
clusion is consistent with the PHOTON results described
in Section 2.2, in which the reconstructed distances be-
tween spherical nanoparticles attached to streptavidin
agreed extremely well with the predicted distances [20].

3.3 Dipole PSF models in SERS

Next, we will consider plasmon-mediated emission pro-
cesses, in which a molecule is located at or near the
nanoparticle surface. We begin with SERS where the
emission is strongly coupled into and radiated into the
far-field by the plasmon modes of the underlying nanos-
tructure [71]. We will focus here on aggregated nanos-
tructures, which have electromagnetic hot spots within
the junctions between adjacent nanoparticles and are fre-
quently used in SERS experiments.

In the case of a nanoparticle dimer, the longitudinal
dipole plasmon mode (oriented along the long axis of
the dimer) is well-known to dominate the SERS emis-
sion, much like the anisotropic nanorods described in
the previous section [16, 72] To determine whether this
dipole-like emission could be captured by standard wide-
field imaging, our group imaged individual SERS-active
nanoparticle dimers labeled with ∼1 Rhodamine 6G
molecule per aggregate [73]. Figure 7 shows several ex-
amples of the resulting diffraction-limited spots, which
show remarkable similarity to the single molecule images
shown in Fig. 4. However, in this example, we had suffi-
cient signal-to-noise to observe the side lobes without the
need for defocusing the images. Next, we used correlated
atomic force microscopy (AFM) to measure the struc-
ture of the SERS-active nanoparticles. From the AFM
images, we determined an in-plane and out-of-plane an-
gle for the nanostructure based on the orientation of the
long axis of the dimer and the nanoparticle height asym-
metry, respectively. We then calculated the theoretical
dipole PSF by modeling the dimer as a single dipole ori-
ented at the in- and out-of-plane angles determined by
AFM. The resulting calculated dipole PSFs are shown
in Fig. 7 (right column) and show remarkable agreement
with the experimentally-measured counterparts (Fig. 7,
center), which suggests that a dipole PSF model may
be appropriate for SERS-active nanoparticle dimers [73].

Katherine A. Willets, Front. Phys., 2014, 9(1) 9
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We note that the calculations shown in the right column
of Fig. 7 are based purely upon the geometric parameters
of the nanoparticles, as determined by AFM, and are not
fits to the experimental data. Nonetheless, the agreement
between the calculated single dipole PSF and the SERS
emission is extremely strong, suggesting that the single
dipole model may be more accurate for determining the
centroid position in super-resolution imaging.

Fig. 7 AFM images (left column), measured SERS images (cen-
ter column), and calculated dipole PSF (right column) for three
different SERS-active nanoparticle dimers. Reprinted with permis-
sion from Ref. [73], Copyright c© 2011 American Chemical Society.

On the other hand, higher order aggregates present
more of a challenge. Figure 8 shows experimental im-
ages of several different SERS-active aggregates labeled
with multiple Nile Blue molecules [74]. As before, the
dimer nanostructure shows a strong dipole-like emis-
sion pattern, despite the higher number of SERS re-
porter molecules adsorbed to the nanoparticle surface.
This dipolar emission pattern is preserved whether the
SERS is excited with 532 nm or 642 nm light, further
supporting the dominance of the longitudinal dipole plas-
mon mode in determining the SERS emission properties.
For comparison, two trimer nanostructures are also in-
cluded and show markedly different behavior. The bent
trimer in Fig. 8(d) also shows dipole-like character when
excited at 642 nm [Fig. 8(e)], but the lobes rotate when
532 nm excitation is used [Fig. 8(f)]. The clustered trimer
in Fig. 8(g) shows a symmetric emission pattern under
642 nm excitation [Fig. 8(h)], with a low-intensity ring-
like pattern surrounding the central high intensity spot.
In both of the trimer cases in Fig. 8, multiple plasmon
modes are contributing to the emission, which becomes
apparent in the non-single dipole properties of the ex-

perimental diffraction-limited images.

Fig. 8 AFM images (left column), measured SERS emission pat-
tern with 642 nm excitation (center column), and measured SERS
emission pattern with 532 nm excitation (right column) for three
different SERS-active nanoparticle aggregates. Reprinted with per-
mission from Ref. [74], Copyright c© 2012 American Chemical So-
ciety.

This phenomenon was also explored by Käll and
coworkers, using a slightly modified imaging geometry.
Rather than directly imaging the SERS emission on a
CCD placed at the imaging plane of the microscope, they
imaged the SERS at the Fourier plane of the microscope
(Fig. 9) [17]. The Fourier plane allows the angular distri-
bution of radiation to be mapped. The radial coordinate
of a Fourier image reflects the angle at which light is
emitted by the nanostructure, while the angular coor-
dinate represents the location of the emission in space.
Thus, intensity in the center of the image corresponds
to light traveling parallel to the optical axis of the mi-
croscope, while light on the edges reflects higher angle
emission. For the SERS-active dimer shown in Fig. 9(A),
high angle emission is observed only at specific angles
along the angular coordinate, which are perpendicular
to the long-axis of the nanoparticle dimer. This type of
Fourier plane image is consistent with dipolar emission
[55], and once again confirms that SERS emission from a
dimer is dominated by the longitudinal dipolar plasmon.
For comparison, the Fourier plane image of SERS from a
clustered trimer is shown in Fig. 9(B) [17]. Similar to the
SERS image from Fig. 8(h), the high angle emission is
symmetric and shows a ring-like pattern, indicating that
the emission does not behave like a single dipole, but is
coupled to multiple plasmon modes.

Figure 10 shows the calculated Fourier plane images
based on the structures of the two nanoparticle aggre-
gates [17]. In these calculations, the dipole PSF is calcu-
lated as previously described, but then projected into the
Fourier plane, rather than the image plane. For the dimer
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Fig. 9 (A-a) Dark field image, (A-b) SERS image and (A-c)
SEM image of a SERS-active nanoparticle dimer. (A-d) Fourier
plane image of the SERS emission. (B) Same as (A) but for
a nanoparticle trimer. Reprinted with permission from Ref. [17],
Copyright c© 2011 American Chemical Society.

modeled as a single dipole aligned along the longitudi-
nal axis of the nanostructure [Fig. 10(a)], there is excel-
lent agreement between the calculated [Fig. 10(b)] and
experimentally measured [Fig. 9(A)] patterns. For the
clustered trimer, the calculation is modeled as the sum of
three incoherent dipole modes, each pointing along an in-
dividual nanoparticle junction as indicated by the red ar-
rows in Fig. 10(c). As before, the agreement between the
calculated [Fig. 10(d)] and measured [Fig. 9(B)] Fourier

plane images is clear. These data indicate that it may be
possible to model SERS emission as a single (or sum of)
dipole PSF(s), and calculate the centroid position follow-
ing the approach described by the single molecule fluo-
rescence literature [17]. Thus, localization accuracy may
be improved in the super-resolution SERS data shown in
Section 2.2, simply by using a more sophisticated model.

Fig. 10 Calculated Fourier plane images for various nanoparticle
clusters based on dipole PSFs. (a) Nanoparticle dimer modeled as
a single dipole as indicated. (b) Calculated Fourier plane image for
the dimer from (a). (c) Nanoparticle trimer modeled as the sum of
three incoherent dipoles as indicated. (d) Calculated Fourier plane
image for the trimer from (c). Reprinted with permission from Ref.
[17], Copyright c© 2011 American Chemical Society.

While the dipole PSF model seems like a promising ap-
proach for finding the SERS centroid based on the data
presented here, there are two major caveats. The first
is that we must know the structure of the underlying
nanoparticle in order to create the appropriate model.
For example, the two trimer nanostructures shown in
Fig. 8 have vastly different local structures, with the
trimer in Fig. 8(d) having two junctions and the trimer
in Fig. 8(g) having three junctions. Thus, we need to
know the structure of the nanoparticle in order to build
a reasonable dipole PSF model, such as the one shown in
Fig. 10(c). The second caveat is that each junction in a
higher order aggregate may not be contributing equally,
making it important to include the dipole strength in the
overall model when multiple modes are contributing [75].
For homogenous nanoparticles, as modeled in Fig. 10, as-
sumptions can be made based upon the alignment of each
junction relative to the polarization of the excitation.
However, for more realistic samples (such as the clus-
ters shown in Figs. 8 and 9), the size differences among
the three nanoparticles will lead to subtle but important
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differences in how well the scattered light couples into
the various nanoparticle plasmon modes [15, 76]. This
is especially problematic in single molecule SERS, where
the junction occupied by the single molecule is expected
to dominate the emission, with all other junctions con-
tributing weakly [16, 29, 76]. Thus, we have to consider
a weighted sum of different dipole modes when dealing
with more realistic nanostructures in order to accurately
model the PSF of the plasmon-mediated emission. As a
result, the dipole PSF may be appropriate for centroid
localization with SERS-active dimers, but may introduce
too much additional uncertainty into the calculation for
higher order aggregates, offsetting the potential improve-
ment in accuracy over a 2D Gaussian.

3.4 Dipole PSF models in surface-enhanced
fluorescence

In surface-enhanced fluorescence, emitters are spaced
from the nanoparticle surface by 5–15 nm; thus the flu-
orescence may not couple efficiently into plasmon modes
and may be a convolution of direct far-field emission
and plasmon-coupled emission [77]. On first glance, it
appears that the lessons from the single molecule flu-
orescence community (Section 3.1) may directly apply
to measuring surface-enhanced fluorescence from single
molecules. However, even in the case of direct molecular
emission into the far-field, the PSF can be significantly
distorted by the presence of the metallic nanostructure
[26, 78]. Figure 11 shows calculations of how the angular
PSF of a single dipole is perturbed by the presence of a
metallic nanowire [26]. In this case, the collection angle of
the microscope is highlighted in gray in each polar plot.
The resulting distorted dipole PSF depends not only on
the position of the molecule on the nanoparticle surface,
but also the orientation of the transition dipole of the
molecule relative to the nanowire. For example, the PSF
of a dipole positioned on the side of the nanowire facing
the collection optic will be dominated by low angle emis-
sion if the dipole is oriented perpendicular to the optical
axis [Fig. 11(B), vii)]; this PSF will most likely be well-
described by a 2D Gaussian. On the other hand, if the
dipole is oriented parallel to the optical axis [Fig. 11(B),
viii)], the PSF will be dominated by high angle emis-
sion and will have a pattern similar to the donut shaped
emission from Fig. 4. For a dipole located on the opposite
side of the nanowire, the situation changes dramatically:
minimal emission will be observed if the dipole is ori-
ented perpendicular to the optical axis [Fig. 11(B), i)],
but will have sizable emission collected by the objective
when oriented parallel to the optical axis [Fig. 11(B), ii)].
The differences in the angular distribution of radiation

from each of the fluorophores in these different examples
will result in vastly different PSFs in the accompanying
fluorescence images.

Fig. 11 (A) Schematic of a gold nanowire, viewed from the end,
immobilized in a PVA film. Fluorescence is detected from the bot-
tom edge as indicated. (B) Angular distribution of fluorescence
from a radiating dipole positioned near the nanowire surface as in-
dicated. The gray shaded region represents the collection angle of
the objective. Reprinted with permission from Ref. [26], Copyright
c© 2011 John Wiley and Sons.

As with the case of SERS, the question becomes: how
much do you need to know about the system in order to
accurately model the PSF? From the calculations, it ap-
pears that we need to know both the location of the emit-
ter as well as its orientation relative to the nanoparticle
surface in order to properly model the PSF. Returning
to the previous example of super-resolution imaging of
fluorescently-labeled surface-bound ligands on nanopar-
ticle surfaces from Fig. 2, we note that this image was
constructed by measuring emission from >100 individual
molecules [34]. Thus, knowing the precise orientation and
position of each fluorophore represents a distinct experi-
mental challenge. By using floppy linkers, we can negate
some of the orientation effects by averaging over all possi-
ble molecular orientations. However, we have no straight-
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forward way to discriminate the position of the emitter
on the nanowire surface, requiring us to introduce ad-
ditional fitting parameters into the PSF calculation and
add to the computational expense. Moreover, the excel-
lent agreement between the reconstructed image and the
SEM of the nanowire structure in Fig. 2 suggests that a
2D Gaussian may be sufficiently accurate for modeling
single molecule fluorescence data in this system [34].

A conflicting view, however, was reported by Uji-i
and coworkers, who also used super-resolution imaging
of fluorescently-labeled surface-bound ligands to recon-
struct the shape of nanowires [26]. In their data, the
width of the reconstructed nanowire image was much
larger than the actual geometry of the nanostructure,
and they hypothesized that this discrepancy was due
to the distortion of the fluorescent PSFs close to the
nanowire surface. This difference between the two data
sets may be due to the fluorophore spacing (we used
DNA to space the fluorophores from the surface, while
they used a biotin-streptavidin linkage), choice of flu-
orophore (the small organic fluorophore TAMRA ver-
sus a large photoactivated protein), rotational mobility
of the fluorophore (ours was tethered by a floppy 6-
carbon chain, while the protein is much more rigid), dif-
ferences in nanowire material (gold versus silver), or even
choice of fluorophore signal modulation strategy (triplet
state shelving versus light-activated photoswitch) [26,
34]. While more work is needed to distinguish why the 2D
Gaussian model was more successful in one experiment
over another, it is clear that distortion of the fluorescence
by the nearby metal nanostructure must be considered
before choosing a fitting approach for super-resolution
imaging.

4 Outlook and conclusion

In this Perspective, we considered the applicability of a
dipole PSF to improve localization accuracy in fitting
plasmon-mediated emission events for super-resolution
imaging. Based on results from the single-molecule flu-
orescence community, we expect that the conventional
2D Gaussian may introduce error into the centroid posi-
tion, which may be mitigated by a more mathematically
rigorous choice of model. Given the dominance of the
dipole plasmon mode in many different plasmonic sys-
tems, using a dipole PSF-based fitting model seemed a
logical first step. We reviewed several different systems
in this manuscript and found that there were indicators
that a dipole-based model might, indeed, serve to im-
prove localization accuracy in centroid determination for
plasmonic systems.

However, before we suggest moving exclusively to-
wards dipole PSF models for plasmonic super-resolution
imaging, we must consider several important factors.
First, the PSF-based model represents considerable com-
putational expense for fitting super-resolution data. In
our hands, fitting a single frame of data to a Gaussian
versus a dipole PSF takes 1 second versus 15 minutes (we
note that this is not a computationally optimized value,
although it gives the reader a sense of the difference in
time scale). This is because the E and B-fields must be
recalculated and propagated through the various optics
for each iteration of the PSF calculation in order to con-
verge to an optimized fit.

Second, we have found that for most cases, knowl-
edge of the plasmonic nanoparticle structure is necessary
to define the correct PSF model. For example, in the
case of the SERS data, the PSF is extremely sensitive
to the number and organization of the various nanopar-
ticles in the aggregate, and depends also on the num-
ber, position and orientation of the SERS probes on the
surface. A similar probe dependence was noted in the
surface-enhanced fluorescence data, where the location
and orientation of the fluorescent molecule could dra-
matically influence the PSF. In fact, the most straight-
forward application of the dipole PSF was in the case of
direct scattering or luminescence of metallic nanorods,
and even these structures are not perfectly modeled by
a single dipole PSF. Without knowing something about
the structure under study, the use of a dipole PSF is
nearly impossible to implement, simply due to the nu-
merous degrees of freedom associated with both the fit
and the number of potential plasmon modes associated
with many nanostructures.

At present, how best to model the PSFs from plas-
monic nanostructures remains an open (and exciting)
question. For now, theory may be the best way to ap-
proach this problem, using techniques like the finite dif-
ference time domain (FDTD) calculations shown in Fig.
11 [26]. By calculating the PSF of a model nanoparticle
(or coupled nanoparticle-molecule emitter) and propa-
gating the contributions of various plasmon modes from
the near-field to a final far-field image, we can fit that
image to a 2D Gaussian to determine the localization
accuracy in the centroid fit (as in the work from Selvin
and coworkers, shown in Fig. 5) [45]. These types of cal-
culations may allow us to determine situations where
the 2D Gaussian is simply inappropriate and another
model must be used. Moreover, by bringing new theo-
retical perspective to this problem, we may be able to
move beyond the somewhat over-simplified picture of an
emitting dipole when considering plasmonic PSFs.

In the meantime, the good news is that the 2D Gaus-
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sian has performed at a sufficiently high level to yield ex-
cellent agreement between the structure of the nanopar-
ticle and the location of the subsequent emission in
multiple systems. As such, experimentalists can con-
tinue to use the 2D Gaussian as a starting point for
their super-resolution imaging studies, as long as they
exercise caution when assigning meaning to their data.
For this reason, correlated optical and structural studies
will remain of critical importance when analyzing super-
resolution imaging data.
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