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Supervisor:  Katherine A. Willets 

 

Dynamics between organic molecules and surface enhanced Raman scattering 

(SERS) hot spots are extracted from far-field optical images by two experimental 

methods presented in this thesis: orientational imaging and super-resolution optical 

imaging.  We introduce SERS orientational imaging as an all-optical technique able to 

determine the three-dimensional orientations of SERS-active Ag nanoparticle dimers.  

This is accomplished by observing lobe positions in SERS emission patterns formed by 

the directional polarization of SERS emission along the longitudinal axis of the dimer.  

We further extend this technique to discriminate nanoparticle dimers from higher order 

aggregates by observing the wavelength-dependence of SERS emission patterns, which 

are unchanged in nanoparticle dimers, but show differences in higher order aggregates 

involving two or more nanoparticle junctions.  Dynamic fluctuations in the SERS 

emission pattern lobes are observed in aggregates labeled with low dye concentrations, as 

molecules diffuse into regions of higher electromagnetic enhancement in multiple 

nanoparticle junctions. 

In order to investigate these dynamic interactions between single organic 

molecules and nanoparticle hot spots we present the first super-resolution optical images 
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of single-molecule SERS (SM-SERS), introducing super-resolution imaging as a 

powerful new tool for SM-SERS studies.  Mapping the dynamic movement of SM-SERS 

centroid positions with +/- 5 nm resolution reveals the position-dependent SERS intensity 

as the centroid samples different positions in space.  We have proposed that the diffusion 

of the SERS centroid is due to diffusion of a single molecule on the surface of the 

nanoparticle, which leads to changes in coupling between the scattering dipole and the 

optical near field of the nanoparticle. 

Finally, we combine an isotope-edited bi-analyte SERS spectral approach with 

super-resolution optical imaging and atomic force microscopy (AFM) structural analysis 

for a more complete picture of molecular dynamics in SERS hot spots.  We demonstrate 

the ability to observe multiple molecule dynamics in a single hot spot and show that in 

addition to the single-molecule regime, a ―few‖ molecule regime is able to report on 

position-dependent SERS intensities in a hot spot.  Furthermore, we are able to identify 

multiple local hot spots in single nanoparticle aggregates. 
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1.1 Raman scattering 

Raman scattering is a type of vibrational spectroscopy able to detect and identify 

an analyte of interest such as the terthiophene molecule pictured in Figure 1.1A by 

exciting that analyte with monochromatic excitation light and collecting the red-shifted 

inelastically scattered light to produce a Raman spectrum such as the terthiophene Raman 

spectrum shown in Figure 1.1B.   

 

 

 

Figure 1.1.  (A) Depiction of a terthiophene molecule being excited by monochromatic 

light resulting in Rayleigh scattered light (green arrows above the molecule) and Raman 

scattered light (red and blue arrows).  (B) Stokes Raman spectrum of a terthiophene 

crystal.  (C) Energy level diagram showing states involved in Rayleigh, anti-Stokes 

Raman, and Stokes Raman.   

 

When light is scattered, three scenarios can occur: the scattered light remains at 

the same energy (elastic or Rayleigh scattering), loses energy (Stokes shift), or gains 
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energy (anti-Stokes).  Figure 1.1 C shows energy level diagrams for these three scenarios.  

Stokes Raman scattering is a higher probability event than anti-Stokes Raman scattering 

and is therefore the light generally collected to produce a Raman spectrum such as the 

one seen in Figure 1.1B.  The intensity and Raman shift of each peak in the Raman 

spectrum are characteristic of specific rotational or vibrational modes of the analyte.  This 

allows the Raman spectrum to act as a molecular fingerprint for the analyte. Raman 

scattering has excellent molecular specificity for identifying analytes; however, it is a 

very low probability scattering event.  Due to this inherently low signal, Raman 

scattering can easily be overwhelmed by molecular fluorescence or any other background 

signal present, limiting its applications.  The next section describes how surface enhanced 

Raman scattering (SERS) enables Raman signals to be enhanced by orders of magnitude.  

1.2 Surface enhanced Raman scattering (SERS) 

If a molecule of interest is adsorbed to a nanoscale roughened metal surface 

(Figure 1.2A) while being excited by monochromatic excitation, the resulting Raman 

scattering signal can be 2-9 (or more) orders of magnitude higher than the normal Raman 

scattering signal.  This phenomenon is called surface enhanced Raman scattering (SERS) 

and is generally accepted to result from two mechanisms: electromagnetic enhancement 

and chemical enhancement.1-10  Only the electromagnetic enhancement mechanism will 

be discussed here. 

 



 4 

 

 

Figure 1.2.  (A) Drawing of a Rhodamine 6G molecule adsorbed to a roughened metal 

surface acting as a SERS substrate.  (B) Excitation of a localized surface plasmon around 

a metal nano-sphere in response to an incident electric field. 

 

SERS enhancement largely originates from the excitation of localized surface 

plasmons on the roughened metal surface.1-9  A plasmon is a collective oscillation of the 

surface conduction electrons in materials such as noble metals that have a negative real 

and a small positive imaginary dielectric constant in response to an incident 

electromagnetic field.  A roughened metal surface is covered in metallic nano-features 

that are much smaller than the wavelength of visible light.  Therefore, when these nano-

features, modeled as metal nano-spheres in Figure 1.2B, are excited with an 

electromagnetic field, all surface conduction electrons surrounding the nano-sphere will 

oscillate in unison in response to the electric field creating a localized surface plasmon.  

The excitation of the localized surface plasmon on the SERS substrate allows it to act as 

an antennae for both the incident excitation light as well as for the scattered Raman light, 

enhancing both.  The size, shape, and dielectric constants of the metal nano-features on 

the roughened metal film or of individual nanoparticles acting as SERS substrates will 

determine the extent of the SERS enhancement.1,11,12  
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1.3 Single-molecule surface enhanced Raman scattering (SM-SERS) 

In certain cases, the enhancement of SERS can be high enough to enable the 

detection of just one single molecule.  To date, the only SERS substrate able to 

reproducibly enable single-molecule SERS (SM-SERS) is randomly-assembled Ag 

nanoparticle aggregates (~50-1500 nm in size) such as the one shown in Figure 1.3.  

Theory predicts that extremely large electromagnetic field enhancements occur at the 

junction of adjacent nanoparticles in these aggregates.10,11,13-15  These junction regions that 

produce the large electromagnetic field enhancements are termed SERS ―hot spots‖.  It is 

predicted that if a single molecule is positioned in a SERS hot spot as depicted in Figure 

1.3, it should be possible to detect SM-SERS signal from that single molecule.  SM-

SERS was first reported over a decade ago but the interaction between the single 

molecule and the SERS hot spot, as well as the properties of the hot spot itself, are still 

not well understood.1-6     

 

       

Figure 1.3.  SEM of a representative 

randomly-assembled Ag nanoparticle 

aggregate and a zoomed-in rendering of a 

Rhodamine 6G molecule positioned in the 

junction region (SERS hot spot), where it is 

predicted to experience the highest 

electromagnetic field enhancement (red 

shading) when excited by an electromagnetic 

field.  Scale bar = 100 nm. 
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Over the past two decades researchers have worked to develop rationally-

designed surface-enhanced Raman scattering (SERS) substrates to enable the highest 

possible SERS enhancements.1,16-20  Understanding the behavior of a single molecule in a 

SERS hot spot and correlating the SERS properties and enhancement factor with the 

corresponding structure of the nanoparticle aggregates is of great importance for 

developing more well-defined and reproducible SERS substrates.1,6,21-24  In order to 

investigate single-molecule interactions with SERS hot spots it must first be confirmed 

that only a single molecule is being observed in an experiment.   

SM-SERS samples are generally made by adding a dilute solution of analyte 

molecules to a solution of Ag nanoparticles in a concentration ratio such that statistically 

only one molecule will adsorb per nanoparticle.  Early optical studies of SM-SERS 

samples accepted SERS intensity fluctuations that occur in single digital steps alternating 

between ―on events‖ (when SERS signal is observed) to ―off events‖ (when only 

background signal is observed) as proof of SM-SERS.  An example of this ―on – off‖ 

behavior is seen in the SERS intensity time trace in Figure 1.4.  Although intensity 

fluctuations such as these suggest a regime close to SM-SERS, they have been shown not 

to be absolute proof of SM-SERS events.2,25-27  

 

 

Figure 1.4.  Intensity time trace acquired by integrating the 

intensity of 400 SERS emission images taken over 160 s. 
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An istotope-edited bi-analyte SERS approach introduced by Van Duyne et. al. has 

been accepted as the strongest proof for identifying SM-SERS events by the single-

molecule community.2,28-32  This bi-analyte method uses equal amounts of two 

isotopologues as the SERS probe molecules, allowing for identification of each analyte 

through distinct marker modes in the SERS spectra.  By using isotopologues, we ensure 

equal Raman cross-sections for both probes, such that the signal from one analyte will 

not overpower the other, as well as equal probabilities of adsorption to the nanoparticle 

surface. Therefore, if marker modes from only one analyte are observed in a SERS 

spectrum, the probability that a single molecule generated that SERS is statistically 

favorable.  Non-deuterated Rhodamine 6G (R6G-d0) and the deuterated isotopologue 

Rhodamine 6G (R6G-d4) are ideal candidates for bi-analyte SERS measurements due to 

the high Raman cross-section of R6G and clearly distinguishable marker modes at 609 

cm-1 (R6G-d0) and 597 and 1334 cm-1 (R6G-d4) with all other vibrational modes 

positioned at identical Raman shifts (Figure 1.6). 

   

 
 

Figure 1.5.  Molecular structures of R6G-d0 (left) and R6G-d4 (right) with the four 

phenyl ring hydrogen molecules of R6G-d4 substituted with four deuterium molecules. 
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Figure 1.6.  Ensemble SERS spectra identifying the marker modes at 609 cm-1 for R6G-

d0 (red)  and 597 and 1334 cm-1 for R6G-d4 (blue).  A Ag film-over-nanospheres 

(AgFONS) was the SERS substrate for these measurements.  The concentration of the 

isotopologues was approximately 1 μM in methanol.  

 

1.4 The diffraction limit of light 

A major challenge we face in SM-SERS optical imaging is the diffraction limit of 

light.  We are unable to measure the exact location and behavior of the molecule in the 

hot spot, because the diffraction limit of light limits our optical resolution to 0.61*λ/N.A. 

or roughly 250 nm when using 532 nm excitation.  Both the molecule (~ 1 nm) and the 

SERS-active nanoparticle aggregate (~100-200 nm) will appear as a single diffraction-

limited spot.  It is impossible to identify the number of emitters in a diffraction-limited 

spot from the optical image alone, as illustrated in Figure 1.7. In order to observe the 

behavior of a single molecule in a SERS hot spot we must beat this diffraction limit.  
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Figure 1.7.  Optical images of emission from a single molecule (left), a single 

nanoparticle (center left), a single nanoparticle (or aggregate) decorated with many 

molecules (center right), and a single nanoparticle aggregate labeled with one molecule 

(right) showing their identical diffraction-limited appearance. 

 

1.5 Structural correlation 

Isotopologue-labeled bi-analyte SM-SERS experiments correlated with electron 

microscopy for nanoparticle structural analysis has shown SM-SERS activity always 

originates from aggregated nanoparticle structures primarily consisting of dimers and 

trimers.1,21-24  This is in good agreement with theory that has predicted that the highest 

electromagnetic enhancement occurs in junction regions between nanoparticles, 

suggesting these junctions are the location of SM-SERS events.10,11,13-15  These 

experiments highlight the power of correlating SM-SERS optical experiments with 

structural analysis of the SERS-active nanoparticles. Howevever, structural images of the 

SERS-active nanoparticles still do not reveal the location of a single molecule in a SERS 

hot spot during a SERS event. 

 

1.6 Scope of this thesis 

In this thesis, we introduce the techniques of SERS orientational imaging and 

super-resolution optical imaging as all-optical methods able to overcome the diffraction 
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limit of light and provide new insight into the interaction of single and few organic 

molecules with SERS hot spots. Chapters 3 and 4 discuss SERS orientational imaging, 

which exploits the coupling properties of SERS probe molecules with specific plasmon 

modes of the SERS-active nanoparticles to extract nanoparticle orientational information 

from a far-field optical image in spite of the diffraction limit of light.  Chapter 3 defines a 

model for SERS orientational imaging and demonstrates its ability to determine the three-

dimensional orientation of nanoparticle dimers.  Correlated structural analysis is 

performed by atomic force microscopy (AFM) as a proof of concept study to validate the 

nanoparticle dimer orientations determined by SERS orientational imaging.  Chapter 4 

extends the application of SERS orientational imaging to discriminate between 

nanoparticle dimers and larger aggregates by using the wavelength-dependence of SERS 

emission polarization.  Chapters 5 and 6 employ super-resolution optical imaging as an 

all-optical method able to reveal dynamics of single and few organic molecules in SERS 

hot spots.  Chapter 5 introduces the technique of super-resolution optical imaging and 

shows its ability to locate the spatial origin of SM-SERS to within +/- 5 nm and obtain 

dynamic SERS intensity and spatial diffusion information over time by applying point 

spread function fitting (PSF) to diffraction-limited SERS emission images.  Chapter 6 

combines the isotope-edited bi-analyte SERS spectral approach discussed above with 

super-resolution optical imaging, showing our ability to identify multiple-molecule 

dynamics in a single SERS hot spot and identify multiple hot spots in a single 

nanoparticle aggregate.  AFM structural analysis is included in Chapter 6 to show how 

super-resolution optical imaging data correlates with the structure of the SERS-active 

nanoparticles.  The overarching accomplishments described in this thesis are the 

application of two optical methods able to beat the diffraction limit of light and provide 

new insight into the interaction between organic molecules and SERS hot spots.     
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2.1 SERS sample preparation 

Ag colloid synthesis 

Ag colloids prepared by the Lee and Meisel method are used as the SERS 

substrate for all SERS experiments described in this thesis.  All glassware and stir bars 

used in the Ag colloid synthesis are cleaned with aqua regia to remove metal 

contaminants.  Aqua regia is highly corrosive and extremely dangerous and should only 

be used in a hood as it generates Cl2 and NOx gases.  Extreme care to follow all 

laboratory safety practices including wearing acid-resistant gloves should be taken when 

working with aqua regia.  Aqua regia is formed by mixing concentrated nitric acid with 

concentrated hydrochloric acid in a volume ratio of 1:3 respectively, and must be 

prepared fresh each time glassware is cleaned.  Generally a 500 mL round bottom flask 

containing a stir bar is filled to 250 mL with aqua regia and allowed to sit for 15 to 30 

minutes.  The aqua regia is then disposed of in the appropriate waste container and the 

500 mL round bottom flask and stir bar are copiously rinsed with nanopure water to 

neutral pH.  The waste container should not be capped tightly as gases will continue to 

evolve from the used aqua regia.   

The Ag colloid synthesis follows the Lee and Miesel protocol exactly at half 

volume.  AgNO3 (45 mg) followed by nanopure H2O (250 mL) is added to the cleaned 

round bottom flask and stir bar.  The solution is placed in an oil bath and heated to 

boiling.  As the solution is being heated, a 1% sodium citrate aqueous solution is made by 

dissolving 50 mg of sodium citrate in 5 mL of nanopure water.  The 1% sodium citrate 

solution is then added to the AgNO3 solution and is kept boiling for 1 hour.  The end 

solution is a greenish brown color with an absorption maximum at 420 nm.  Figure 2.1 

shows scanning electron microscope (SEM) images of several representative nanoparticle 

dimers taken on an indium tin oxide (ITO) substrate to demonstrate the quality of our 
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nanoparticles.  Because the nanoparticles are prepared via the Lee and Meisel method, 

the nanoparticles have strong diversity in shape and size. 

 

Single-molecule SERS sample preparation 

SERS samples are made by adding 100 μL of ~42 nM Rhodamine 6G (R6G) in 

methanol to 1 mL of silver colloid aggregates in nano-pure water prepared as described 

above.1  The sample is vortexed for 30 seconds, and then 1 mL of 20 to 30 mM NaCl or 

NaBr in water is added, followed by vortexing for 30 seconds.  The salt solution is added 

to induce nanoparticle aggregation.  Glass slides are patterned with an alpha-numeric 

aluminum grid by shadow deposition of 40 nm of aluminum through TEM grids taped to 

glass slides.  2 μL of the prepared solution is drop-cast onto an argon plasma cleaned 

patterned glass slide and dried under flowing nitrogen.  The slide is then gently rinsed 

with nano-pure water to remove excess salt and dried under nitrogen again. 

The super-resolution optical imaging experiments in Chapter 3 are not performed 

with structural correlation studies and therefore do not need the alpha-numeric aluminum 

grid on the glass substrate.  For these experiments 10 μL of SM-SERS solution is 

dropcast onto an argon plasma cleaned glass slide and dried under nitrogen.  The SM-

SERS solutions in each chapter are made with slight modifications and will be described 

in the respective chapters. 
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Figure 2.1.  Representative SEM images of silver nanoparticle dimers prepared by 

the Lee and Meisel method.  The scale bars are 100 nm. 

 

AgFONS preparation 

Ag film over nanospheres (AgFONS) are used as the SERS substrate for most 

ensemble SERS measurements described in this thesis.  Round glass slides used to 

prepare AgFONS are first soaked in an acid-piranha solution for 30 minutes at 80° C 

followed by sonicating in a base solution for 60 minutes.  Piranha solution is extremely 

dangerous and should never be allowed to come into contact with organic solvents as it 

will cause a violent reaction.  The piranha solution is made up of concentrated H2SO4 and 

30% H2O2 in a 3:1 volume ratio respectively.  The base solution is made up of nanopure 

water, concentrated NH4OH, and 30% H2O2 in a 5:1:1 volume ratio respectively. The 

slides are then rinsed several times with nanopure H2O to a neutral pH and are stored 

under nanopure H2O in a beaker covered by parafilm.  AgFONS are made by dropcasting 

5 μL of Duke Scientific 4% solid polystyrene 390 nm sphere solution onto the cleaned 

round slides.  The slides are rotated slightly by hand to disperse the solution over the 

entire slide surface and then dried overnight.  Green-blue opalescent layers are formed by 

hexagonally-close-packed spheres as seen in the left image in Figure 2.2.  200 nm of Ag 
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is then deposited on the assembled spheres by thermal deposition. The underlying sphere 

layer disrupts the surface tension of the thin Ag layer, resulting in a roughened silver 

surface as opposed to a smooth one.  The color of the AgFONS made with 390 nm 

polystyrene spheres appear pink in color, as seen in the right image in Figure 2.2, due to 

the localized surface plasmon resonance of the roughened metal surface.   

 

 

 

Figure 2.2.  Hexagonal-close-packed polystyrene 390 nm spheres on a 

glass slide (left) and a 200 nm Ag film over hexagonal-close-packed 

polystyrene 390 nm spheres (AgFONS) on a glass slide (right). 

 

Ensemble SERS sample preparation 

Samples for ensemble SERS measurements are prepared by placing a AgFON at 

the bottom of a 10 mL glass beaker and gently adding 1 mL of the SERS solution.  SERS 

solutions for ensemble measurements are generally 1 μM dye in methanol or ethanol.  

The AgFON is incubated in the SERS solution for 4 or more hours.  The incubated 

AgFON is then dried by N2.  The AgFON is placed on the microscope stage with the 

silver side facing the objective.  An air objective must be used to prevent dye-

contamination on the objective. Slides covered with the hexagonally-packed spheres have 

an indefinite shelf-life; however, once covered by Ag, they should be used within a week 

because Ag oxidizes, degrading the quality of the substrate.  SERS spectra are obtained 

as described below. 
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2.2 Optical microscopy and spectroscopy set-up 

Optical microscope and spectrometer set-up 

Optical experiments are carried out on an Olympus IX-71 inverted microscope 

with an Olympus UPlanFLN 100x oil immersion objective with a 1.30 variable numerical 

aperture in wide-field epi-illumination geometry for all SERS measurements and in a 

dark field scattering geometry for all LSPR measurements.  SERS from the chosen 

organic dye is excited by a laser in epi-illumination and the point spread function (PSF) 

of the resultant scattering is imaged onto a Princeton Instruments ProEM 512 electron 

multiplied CCD (EM-CCD) camera.  Each camera pixel is measured to determine the 

corresponding length in nanometers in the optical image, using a USAF test target for 

calibration.  SERS spectra are collected by a Princeton Instruments ACTON SpectraPro 

2500i spectrograph with a 1200 g/mm grating operated by Winspec software.  Laser 

power and wavelength are varied by experiment and are noted in each chapter.  A 

diagram of the optical microscope set-up is shown in Figure 2.3. 
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Figure 2.3.  Schematic drawing of a microscope set-up in epi-illumination geometry used 

for SERS optical measurements.  The SERS can either be sent to an EM-CCD camera for 

imaging or to a spectrometer and liquid N2 cooled CCD camera for acquiring spectra. 

2.3 Atomic Force Microscope set-up 

All nanoparticle structural correlation data shown in this thesis is taken on a 

combined inverted optical microscope (Olympus IX-71) and AFM (NT-MDT NTEGRA 

Vita) set-up.  Bright-field images are collected with the AFM optical viewing system, 

while dark field images are collected via white light through-the-objective total internal 

reflection (TIR) using a 60x Olympus total internal reflection fluorescence (TIRF) oil 

immersion objective with a 1.45 numerical aperture as depicted in Figure 2.4.  All AFM 

scans are collected in tapping mode using NT-MDT NSG30 semicontact silicon probes.  

The SERS-active nanoparticle dimers imaged with the EM-CCD are easily located on the 

AFM system, using an alpha-numeric aluminum grid (Figure 2.5A) and pattern matching 

the dark field images (Figure 2.5B).   This strategy allows us to unambiguously assign the 
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nanoparticle structure from the AFM studies to each diffraction-limited spot in our 

optical image. 

 

 
Figure 2.4.  Schematic drawing of an AFM interfaced with an optical 

microscope in a white-light through-the-objective TIR geometry. 

 

 

 
 

Figure 2.5.  (A) Bright field image of a gridded coverslip taken with the AFM (overhead) 

optical camera. Aluminum coated areas appear bright in the image.  The AFM cantilever 

is located in grid B-2 in the image.  (B) Dark field image of R6G-labled silver 

nanoparticles on the patterned coverslip from Figure 2.5A taken with a TIRF objective 

using TIR dark field imaging. Scattering from the AFM probe is circled.  The edge of the 

aluminum alignment grid appears dark in this image and is indicated by the yellow 

arrows. 
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2.4 Imaging SERS emission patterns 

The preparation of samples used for imaging SERS emission patterns is 

previously described in section 2.1.  All optical experiments imaging SERS emission 

patterns described in Chapters 3 and 4 are carried out on an Olympus IX-71 inverted 

microscope with an Olympus UPlanFLN 100x oil immersion objective with a 1.30 

numerical aperture as described previously in section 2.2.  R6G or Nile Blue SERS is 

excited by a 532 nm or 642 nm laser in epi-illumination and the resultant scattering is 

imaged on a Princeton instruments ProEM 512 EM-CCD camera.  A matched achromat 

pair used as a relay lens (Edmund Optics) is placed between the optical microscope and 

the camera, providing additional image magnification (calculated at 3.7x using a USAF 

test target for image calibration).  The excitation laser is passed through a quarter wave 

plate to produce quasi-circularly polarized light, and then passed through a linear 

polarizer to select a particular polarization component.  All images are taken with 45˚ 

linearly polarized light, unless otherwise noted. 

Optical and spectral data acquisition 

A single-molecule SERS sample is taped down to the stage of the microscope set-

up described in section 2.2.  The nanoparticles are brought into focus manually while 

viewing a white-light, bright-field view through the microscope eye-piece. A dark field 

scattering view is established to assess nanoparticle coverage on the slide.  If the 

nanoparticle coverage is too high, structural correlation with AFM is difficult and a new 

sample should be made.  An example of good nanoparticle coverage can be seen in the 

dark field image in Figure 2.6 acquired with the EM-CCD camera.  This dark field image 

shows the entire 512 X 512 pixel field-of-view of the EM-CCD camera.  The bright 

diagonal lines running across the top-right and bottom-left of the image are the edges of a 
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channel in the aluminum alpha-numeric grid deposited on the glass slide used for image 

correlation when switching samples from the optical set-up to the AFM set-up. 

 

 

 

Figure 2.6.  Dark field EM-CCD image of a typical field-of-view with good nanoparticle 

coverage imaged for SERS emission patterns.  The bright diagonal lines in the upper-

right and lower-left corners are edges of the aluminum alpha-numeric grid deposited on 

the glass slide.  Image size is 20 x 20 μM. 

 

If the nanoparticle coverage is acceptable, SERS is excited with a 532 nm or 642 

nm laser in a wide-field epi-illumination geometry. A SERS-active nanoparticle 

aggregate, identified by bright flashing, is selected by eye.  The SERS emission pattern is 

then imaged onto the EM-CCD camera with continuous image collection at a 0.1 second 

integration time. Great care is taken to ensure the image is in-focus on the EM-CCD. 

Once the SERS emission pattern is in-focus a series of images are collected over the 

course of an 80 second experiment, with each image corresponding to a 0.1 second 

integration time.  An example of a SERS emission pattern is shown in Figure 2.7A where 

several image frames are added together and the intensity of the central emission pattern 
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feature is saturated to optimize the emission pattern image for analysis as discussed in 

Chapters 3 and 4. By integrating the intensity of a SERS emission image in each frame 

over all frames in the image stack, we are able to construct an intensity time trace, such 

as the one shown in Figure 2.7B.  This is done by defining a region of interest around the 

diffraction limited spot and calculating the z cross-section in the WinSpec software.  

Experimental parameters specific to individual experiments are described in Chapters 3 

and 4. 

 

 
 

Figure 2.7. (A) Nile Blue SERS emission pattern excited with 642 nm 

excitation with a scale bar corresponding to 1 μm.  (B) Intensity time trace 

acquired by integrating the intensity of a SERS emission image in each 0.4 

second frame over all 160 frames in the image stack. 
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2.5 Super-resolution optical imaging 

Single-molecule SERS optical measurements 

SM-SERS samples are prepared as described previously in section 2.1.  Before 

dropcasting the SM-SERS solution onto the glass slide, 200 µL of 286x diluted 

Spherotech Blue Sky fluorescent beads in water is added, followed by vortexing for 30 

seconds.  The fluorescent beads are added as alignment markers for optical experiments 

to correct for stage drift.  10 µL of the prepared solution is drop-cast onto an argon-

plasma cleaned glass slide and dried under flowing nitrogen.  The prepared SM-SERS 

sample slide is then taped down to the stage of the microscope set-up described in section 

2.2.  R6G SERS is excited by a linear polarized 532 nm laser in epi-illumination and the 

point spread function of the resultant scattering is imaged onto the EM-CCD camera.  

Figure 2.11 shows an example EM-CCD camera image of a typical region of interest.  It 

is important to have a minimum of two fluorescent alignment marker beads present in the 

imaged area to ensure confidence in stage-drift corrections accounted for in super-

resolution image data processing discussed later in this chapter.  The two alignment 

marker beads in the EM-CCD image in Figure 2.8 are circled and the single SERS point 

spread function present in the image is below the arrow.    
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Figure 2.8.  Example optical image of R6G-labeled silver colloid (bright 

dot below arrow) and BlueSky nanosphere alignment markers (circled 

bright dots) with 532 nm excitation. Scale bar = 2 μM. 

 

Point spread function (PSF) fitting algorithm 

To illustrate the basic principle of the PSF fitting algorithm, we will use a sample 

in which the point spread functions of the nanoparticle ―baseline‖ scattering and the 

SERS contribution can be resolved by eye (Figure 2.9A).  We begin by plotting a time 

trace of the background subtracted integrated intensity vs. time, as shown in Figure 2.9B.  

A user-defined threshold is used to discriminate times when the SERS signal from the 

molecule and the scattering from the nanoparticle both contribute signal (above the 

threshold) versus events when only the nanoparticle is producing signal (below the 

threshold).  The threshold is chosen to be as close to the nanoparticle signal as possible, 

in order to prevent small intensity fluctuations from the SERS signal from biasing our fit 

(as will be described later).   
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Figure 2.9.  (A) Point spread function showing both the nanoparticle scattering and the 

SM-SERS contribution.  (B) Intensity time trace showing how the integrated intensity 

changes with time.  A user defined threshold allows us to discriminate times when only 

the nanoparticle is scattering (below the threshold) versus times when both the 

nanoparticle and the molecule are contributing (above the threshold).   (C-D) Diffraction-

limited images showing when both the nanoparticle and the molecule are contributing to 

the signal (above the threshold, C) and when only the nanoparticle is contributing to the 

signal (below the threshold, D). 

 

The point spread function for all frames in which the integrated intensity is below  

the user-defined threshold are fit to a single 2-dimensional Gaussian function as follows: 
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In this fit, z0, Io, x0, y0, sx and sy are all adjustable parameters.  The fit is performed 

using a bounded simplex search algorithm which minimizes the standard error of the fit 

based on homewritten Matlab code.  Figure 2.10A shows a scatter plot of (x0, y0) for the 
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nanoparticle, and histograms showing the deviations from the mean values of x0 and y0 

are shown in Figure 2.10B with standard deviations of ~3 nm.  There is some bias in the 

nanoparticle fit towards the upper left corner which, as will be seen, is due to the 

influence of the SERS contribution to the signal. 

 

 

 

Figure 2.10.  (A) PSF fits to x0 and y0 for the nanoparticle scattering (all data points 

below the intensity threshold in Figure 2.9B) presented as a displacement from the mean 

value.  (B-C) Histograms of the displacement in x and y, with standard deviations of 3 

nm in the fit.  A bias towards the upper right corner is due to a contribution from the 

SERS centroid. 

 

Once the parameters associated with the nanoparticle are fit, the mean values of 

z0, Io, x0, y0, sx and sy for the nanoparticle are calculated.  These describe the nanoparticle 

contribution to the PSF when the intensity is above the user-determined threshold.  In 

order to describe the PSF of the SERS scattering, we subtract off the nanoparticle 

contribution, as illustrated in Figure 2.11(A-C). 

The remaining signal (Figure 2.11C) is assigned to the SERS contribution to the 

PSF.  This is fit to equation 2-1, using the same procedure described above to fit z0, Io, x0, 

σ = 3 nm

σ = 3 nm

A

B

C
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y0, sx and sy (Figure 2.11D).  Figure 2.11E shows the resulting fit for (x0, y0) for both the 

nanoparticle and the SERS components of the point spread function.  As expected from 

the original PSF (Figure 2.9A), two distinct positions can be resolved. 

 

 
 

Figure 2.11.  Illustration of the SERS centroid fitting algorithm.  The average PSF fit for 

the nanoparticle position and intensity (B) is subtracted from the raw data (A) which 

contains both the nanoparticle and SERS contribution.  The difference between (A) and 

(B) is shown in (C), which represents the PSF of the SERS signal.  This is then fit with 

equation 2-1 to yield the fit shown in (D).  (E) The centroid position results of the fitting 

algorithm.  The positions of the nanoparticle (blue) and the SERS centroid (red) are well-

resolved. 

 

Key assumptions in this fitting algorithm are (1) the position of the nanoparticle 

scattering is constant and (2) the intensity of the nanoparticle scattering is constant.  

Controls in the absence of R6G have been performed to test these assumptions and they 

are valid for unlabeled nanoparticles at the laser intensity of our experiments, suggesting 

that the origin of the nanoparticle background signal is not impurities (which demonstrate 

SERS fluctuations) but instead photoluminescence from the silver metal.4   
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We have also used an approach in which we fit the sum of two Gaussian 

functions, allowing values of z0, Io, x0, y0, sx and sy to be fit for both the nanoparticle and 

the SERS contribution simultaneously (i.e. 12 adjustable parameters in a single fit).  

Signal-to-noise limits the quality of these fits, and they often do not converge.  Fitting the 

raw data to a single Gaussian (i.e. neglecting the contribution from the background 

scatter of the nanoparticle) also shows centroid diffusion that is correlated with the 

measured SERS intensity.  Thus, the reported data are not artifacts of our subtraction 

algorithm. 

Because of mechanical drift in the system, alignment markers are used to correct 

the positions of the fit.  The alignment markers used here are fluorescent spheres as 

described above; the PSF of the spheres are fit to a single Gaussian (i.e. equation 2-1) and 

the drift at each frame is calculated as x0,y0(frame 1) – x0,y0(frame n).  The drifts are 

averaged over multiple alignment markers to create a correction file.  This correction is 

then applied to all of the subsequent fits.  The correction algorithm was checked by 

creating a correction file from two alignment markers, then using a third alignment 

marker to check the performance of the correction. 
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Chapter 3:  SERS orientational imaging of silver nanoparticle dimers 
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3.1 Introduction 

Noble metal nanoparticle dimers are used as substrates in surface-enhanced 

spectroscopies, enabling highly sensitive molecular detection.1-8  The polarization-

dependent optical properties of these aggregates are dictated by their orientation relative 

to the sample plane.9,10  Dimer orientation has conventionally been determined through 

structural characterization techniques, such as atomic force microscopy (AFM) and 

electron microscopy, or through optical anisotropy measurements, in which the scattering 

or emission intensity originating from the nanoparticle dimer is recorded as a function of 

a rotating polarization analyzer.9,11-15  These techniques are time consuming and are not 

readily able to provide out-of-plane orientations in the case of a vertically-oriented 

nanoparticle dimer.  Here we introduce surface-enhanced Raman scattering (SERS) 

orientational imaging as an all-optical, far-field imaging technique able to quickly 

determine silver nanoparticle dimer orientations as well as nanoparticle height asymmetry 

in a single experiment. 

Orientational imaging has long been used in the single-molecule fluorescence 

community to determine the orientation of single fluorophores and quantum dot emission, 

and has recently been applied to Rayleigh scattering from a single gold nanorod.16-23  In 

this far-field imaging technique, angular lobes appear in the diffraction-limited image of 

a single emitter, which correspond to the orientation of the emission dipole (in the case of 

a single fluorophore) or the longitudinal dipole axis of the scattering nanorod.  Often, 

these images are obtained by slightly defocusing the optical image, in order to enhance 

the contrast in the lobes of the dipole emission pattern; this is due to the low signal-to-

noise typically associated with these emitters (single molecule fluorophores in particular).  

Here, we are able to image the angular lobes while the sample is in focus, due to the high 

signal-to-noise associated with the strong bursts of SERS activity. 



 34 

3.2 Dipole model 

For our studies, we describe SERS emission from a nanoparticle dimer as a 

simple dipole emitter, using the angles as described in Figure 3.1A.  The first angle (φ) 

defines the orientation of the long axis of the nanoparticle dimer in the sample plane 

(Figure 3.1B) and the second angle (θ) defines the tilt (out-of-plane) angle of the dimer 

from the optical axis, defined by the relative height of the two nanoparticles (Figure 

3.1C).  Although modeling a nanoparticle dimer as a dipole is a simple approximation, 

previous work in the literature suggests this is a valid strategy for modeling our data.9,14  

For example, Haran et al. have used polarization anisotropy measurements to show that 

single molecule SERS (SM-SERS) from a nanoparticle dimer behaves as a single dipole 

oriented parallel to the long axis of the two nanoparticles, while Käll et al. have used 

Fourier plane imaging of nanoparticle dimers decorated with ~10,000 molecules to 

demonstrate similar dipole-like behavior.9,14 These data, along with our own data shown 

below, supports a simple dipole as a valid model for SERS emission from a nanoparticle 

dimer. 
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Figure 3.1.  (A) A single emitting dipole (red arrow) can be defined by two angles in a 
three-dimensional coordinate system where phi (φ) defines the rotation of the dipole in 

the sample plane (x-y plane) in reference to the x-axis and theta (θ) defines the tilt of the 

dipole in reference to the optical axis (z).  Three examples of dimers with varied phi 

values are shown in (B) and three examples of dimers with varied theta values are shown 

in (C).  For the asymmetric nanoparticle pair in (C), the value of theta is calculated using 

the center-to-center distance as shown by the red arrow. 
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3.3 Experimental and theoretical SERS emission patterns 

We prepare single-molecule SERS samples with R6G adsorbed on silver colloid 

aggregates synthesized by the Lee and Meisel method as described in Chapter 2.1.  The 

R6G concentration (1 nM) is in the regime typically associated with single molecule 

SERS.13,29  R6G SERS is excited by linear polarized 6 mW 532 nm laser in epi-

illumination using a 100x, NA 1.3 oil immersion microscope objective.  The resulting 

SERS scatter is collected by the same objective and passed through appropriate dichroic 

and longpass filters and imaged onto a Princeton Instruments ProEM 512 electron-

multiplied charge-coupled device (EM-CCD) camera.  All images are taken with 45˚ 

linearly polarized light, unless otherwise noted (as in Figure 3.7).  Dark field scattering 

images of the same region of interest are also collected using a dark field condenser in a 

transmission geometry.   

After optical imaging, the sample is transferred to an AFM (NT-MDT, NTegra 

Vita) mounted on top of an optical microscope for structural imaging.  The AFM also has 

simultaneous dark field imaging capability for pattern matching between the optical and 

AFM images as described in Chapter 2.3.30  Moreover, the sample is prepared on a glass 

slide patterned with an alpha-numeric alignment grid allowing rapid image registration 

between the optical set-up and an AFM for optical-structural correlation (Figure 2.5). 

Figure 3.2 shows three examples of R6G SERS emission patterns (center column) 

and the associated nanoparticle dimer structures, as determined by AFM (left column).  A 

series of SERS emission images are collected with the EM-CCD over the course of an 80 

second experiment, with each image corresponding to a 0.1 s integration time.  By 

integrating the intensity of a diffraction-limited SERS emission image in each frame over 

all frames in the image stack, we are able to construct an intensity time trace, such as 

those discussed later in Figure 3.3.  To obtain SERS emission patterns, such as those 
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shown in Figure 3.2 (center column), we sum together several image frames that 

correspond to strong intensity bursts in the respective intensity time trace.  This is 

discussed in more detail below.   

Using a Matlab interface called QDControl, developed and made available online 

by Jörg Enderlein, we are able to produce an exact wave-optical calculation of an image 

of a single emitting dipole at an air-glass interface (Figure 3.2, right column).23  The 

required input consists of two angles describing the dipole orientation (φ and θ), the 

image magnification, N.A. of the objective, and the amount of image defocusing (several 

other parameters are available to account for multiple dipole axes, but these are set to 

include only contributions from a single dipole).  We set the amount of image defocusing 

in our calculations to 0 nm, which shows strong agreement between our experimental and 

theoretical results.  Because this program calculates emission patterns at an air-glass 

interface, we have used a glass substrate in our experiments for direct comparison with 

theory; thus, we use AFM for structural characterization of our samples because it is 

compatible with this substrate, unlike electron microscopy.  The resolution of our AFM is 

sufficient to confirm that we are imaging nanoparticle dimers, and also provides the 

orientation of the nanoparticle junction used to determine φ and (unlike electron 

microscopy) the critical height information that we require for our calculation of the out-

of-plane dipole angle, θ. 
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Figure 3.2.  (A, D, and G) AFM topography images of three SERS-active silver 

nanoparticle dimers with (B, E, and H) correlated optical images of R6G SERS emission 

patterns originating from the respective dimers and (C, F, I) theoretical dipole emission 
patterns.  The angles for each are as follows: (A-C) φ = 60°; θ = 90°, (D-F) φ = 115°; θ = 

84°, and (G-I) φ = 100°; θ = 78°.  The AFM image scale bar is 100 nm and the intensity 

scale bar is in units of nm.  The optical image scale bar is 500 nm.  Emission patterns in 

figures B and E are summed over four image frames, while figure H is summed over 

three image frames. 

 

Figure 3.2A shows a dimer of nanoparticles with equal heights based on the AFM 

topography and the dimer long-axis rotated approximately 60 degrees (φ) from the x-axis.  

We expect the plasmon mode enabling SERS to lie parallel to the long-axis of the dimer 

(φ = 60˚) and in the plane of the sample (θ = 90°) due to the equal heights of the two 

nanoparticles (see Figures 3.5 for AFM cross sections).  Figure 3.2B shows the 

experimental SERS emission image corresponding to the nanoparticle dimer in Figure 

3.2A, and Figure 3.2C shows the calculated emission pattern based on the angles 
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determined from the AFM image.  The theoretical emission image is in excellent 

agreement with the experimental image, confirming that SERS emission originating from 

a nanoparticle dimer can be modeled as a single emitting dipole described by the 

structure and orientation of the dimer relative to the substrate.   

The second nanoparticle dimer example (Figure 3.2D) is made of nanoparticles 

with unequal heights, resulting in a tilt angle (θ) of approximately 84˚ from the optical 

axis based on the nanoparticle heights.  Again, we expect the in-plane component of the 

emission to be oriented parallel to the long axis of the nanoparticle dimer (φ = 115˚).  

Using these values of φ and θ, we obtain the theoretical emission image in Figure 3.2F, 

which is in near perfect agreement with the measured emission pattern in Figure 3.2E. 

The third dimer example (Figure 3.2G) consists of a nanoparticle dimer with a 

more extreme height and size difference between the nanoparticles based on our AFM 

measurements.  The dipole tilt (θ) associated with this asymmetric dimer is 

approximately 78° from the optical axis, based on our height measurements.  The 

associated SERS emission pattern (Figure 3.2H) shows a small degree of asymmetry in 

the emission pattern lobes, with the ends of the lobes appearing blunted at the lower right 

of the image, and appearing sharper and extending further past the central feature at the 

upper left of the image.  A similar trend is observed in the emission pattern lobes in the 

theoretical image (Figure 3.2I), but there is a notable elongation observed in the central 

feature in the calculated emission pattern, which is not observed in the experimental 

image.  This suggests that the dipole model may not be appropriate for highly asymmetric 

systems, and that electrodynamic calculations may be required to fully model the 

emission behavior of more complex systems.  Nonetheless, even with our simplified 

dipole model, we still find strong agreement between our experimental and calculated 
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images, and can optically determine the orientation of the SERS-active dimer based on 

the alignment of the emission pattern lobes. 

The time traces in Figure 3.3A, B, and C show the fluctuation of integrated R6G 

SERS intensity over time, measured from each of the SERS-active nanoparticle 

aggregates shown in Figure 3.2A, D, and G respectively.   

 

 

 

Figure 3.3.  Time traces showing the fluctuation of integrated R6G SERS intensity over 

time, measured from all SERS-active nanoparticle aggregates in Figures 3.2, 3.7, and 3.8.   

(A) Figure 3.2A, (B) Figure 3.2D, (C) Figure 3.2G,  (D) Figure 3.7, (E) Figure 3.8A, and 

(F) Figure 3.8B.    

 

Each emission image in Figure 3.2(B), (E), and (H) corresponds to frames 

exhibiting strong intensity bursts in our image stacks (Figure 3.3(A), (B), and (C) 
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respectively), which is consistent with R6G SERS activity as shown in Figure 3.4 

discussed below.8,15  To obtain SERS emission patterns, such as those shown in Figure 

3.2, we sum together several image frames (typically, 3-6) that correspond to strong 

intensity bursts.  Although summing multiple image frames is not necessary for 

observing the lobes associated with directional SERS emission in these samples at our 0.1 

second integration time, adding the frames together provides higher contrast and allows 

for more straightforward comparisons with theory.  Image frames corresponding to weak 

background emission, typically assigned to nanoparticle luminescence, do not show 

emission patterns with the 0.1 second integration time used in these studies. 

We can attribute the high intensity points in the time traces in Figure 3.3 to R6G 

SERS and the low intensity points to background silver luminescence from the 

nanoparticles.2  This is supported by Figure 3.4 in which two examples of SERS-active 

nanoparticle aggregates are shown, where emission images were acquired in parallel with 

spectral data.  The correlated spectral data in 3.4B and 3.4D show that the high intensity 

time points in the intensity time traces in 3.4A and 3.4C result from R6G SERS and that 

there is no SERS present during the low intensity time points.  The images were obtained 

at a 0.4 second integration time, while the spectra were obtained with a 1 second 

integration time.  Every 20th spectrum is shown for clarity in Figure 3.4B and D.   
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Figure 3.4.  Time traces A and B show the fluctuations of integrated R6G SERS intensity 

over time originating from two separate SERS-active silver nanoparticle aggregates.  

Spectral data taken in parallel with A and B is shown in B and D, respectively.  The 

integration time for the time trace data is 0.4 s, while the spectra data is acquired with a 1 

s integration time.  Every 20th spectrum is shown. 

 

The beam splitter that must be inserted into the optical path to acquire spectral 

data in parallel with emission images causes an image distortion called ghosting in the 

optical images and therefore we are unable to use these emission images to analyze 

SERS-active nanoparticle orientations.  Thus, we rely upon the time fluctuations in the 

intensity time traces constructed from our optical images (Figure 3.3) to assign SERS 

activity.  All emission patterns shown in this chapter are from high intensity time points 

in the respective intensity time traces, when R6G SERS is expected to be present.   
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One possible concern with these data is how much of the signal is contributed by 

photons from R6G SERS versus photons due to the well-known continuum background 

that typically accompanies SM-SERS experiments or even stray R6G fluorescence.13,24,25  

Brus and coworkers have noted that the continuum background can dominate SERS 

spectra of R6G on silver colloids, and have proposed that electron tunneling between the 

SERS analyte and the silver nanoparticle is responsible for this background.26  Stray 

fluorescence may also contribute photons to the overall signal, although we expect 

fluorescence to be strongly quenched on the silver surface and to couple to the radiative 

plasmon mode in a similar manner to the SERS signal.  In our experiments, we note that 

the photons contributed from non-SERS sources can dominate by up to a factor of 10, yet 

it is impossible to separate the sources of background from our SERS signal, since the 

two are intimately connected and one is not observed without the other.13  This confirms 

that the emission patterns are a SERS-mediated phenomenon.   

We also note that images collected from a different dye, Nile Blue, which shows a 

much smaller background than R6G and has no fluorescence contribution, still result in 

strong emission patterns as seen in Figure 3.5.  The Nile Blue SERS emission patterns in 

Figure 3.5 are excited by 642 nm excitation (Figure 3.5A) and 532 nm excitation (3.5B).  

Nile Blue SERS spectra acquired from the Nile Blue labeled silver colloid aggregates 

producing the SERS emission patterns are shown below the respective emission images.  

Both Nile Blue SERS spectra clearly show the majority of the photons originate from 

Nile Blue SERS rather than background signal, confirming the emission patterns are 

SERS-mediated.  Nile Blue SERS samples are prepared in a similar manner to the R6G 

SERS samples using 20 mM NaBr, an incubation time of 1 to 2 hours, and a final Nile 

Blue concentration of 1 nM.  A 532 nm, 3 mW laser and a 642 nm, 2 mW laser are used 

to excite the Nile Blue SERS emission patterns and spectra.   
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Figure 3.5.  Nile Blue SERS spectra and SERS emission patterns (insets) acquired from a 

Nile Blue labeled silver colloid aggregate excited by 642 nm excitation (A) and a 

different aggregate excited by 532 nm excitation (B). 

 

Topography images, phase images, and cross-sections of the dimers discussed in 

Figures 3.2 and 3.7 are shown in Figure 3.6.  The intensity contrast in the phase images 

results from changes in the AFM tip oscillations usually accompanying topography 

changes in the sample.  The color contrast in the phase images creates more apparent 

representations of dimers as compared to the topography images; however, it must be 

remembered that the phase images are not actually showing the topography of the 

samples.  The topography cross sections shown in the right column of Figure 3.5 are used 

to define the tilt (out-of-plane) angle (θ) of the long-axis dipole of a dimer relative to the 

optical axis that is used to calculate a theoretic emission pattern.  The value of theta is 

calculated using the center-to-center distances between the nanoparticles. 
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Figure 3.6.  Topography images (left column), phase images (center column), and 

topography cross-sections (right column) of the nanoparticle dimers from Figures 3.2 and 

3.7.  The cross sections represent the topography along the teal lines drawn across the 

dimers in the left column.  All scale bars are 100 nm. 
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3.4 Polarization studies 

We now look closer at the polarization behavior of our SERS emission patterns.  

We imaged R6G SERS originating from the nanoparticle dimer in Figure 3.7D, while 

rotating the excitation polarization to 90, 45, and 0 degrees (Figure 3.7, A-C).  The 

calculated emission pattern based on the AFM image is shown in Figure 3.7E.  The lobes 

of the SERS dipole emission pattern are oriented perpendicular to the long-axis of the 

nanoparticle dimer, as before, and their location remains unchanged at each excitation 

polarization, as expected.  The intensity of the SERS does change in response to the 

excitation polarization rotation, with the highest intensity occurring when the excitation 

polarization is parallel to the long-axis of the nanoparticle dimer.  If the dipole model was 

insufficient to describe our data, we would expect the emission pattern to change in 

response to different excitation polarizations, due to excitations of different plasmon 

modes.  However, given that our data is well-modeled as a dipole, independent of 

excitation polarization, we are confident that this is a reasonable model to describe this 

nanoparticle dimer system. 
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Figure 3.7. R6G SERS emission patterns (A, B, and C) originating from the silver 

nanoparticle in (D) upon excitation with light polarized at 90°, 45°, and 0°.  (E) shows a 

theoretical dipole emission pattern using φ = 75° and θ = 96°.  Five images are summed 

to produce the optical images in (A) and (B), while ten images are summed to produce 

the image shown in (C).  The AFM image scale bar is 100 nm and the optical image scale 

bar is 500 nm.   

 

3.5 Vertically oriented plasmon modes 

All of the examples we have discussed up to this point are made of two 

nanoparticles with the long-axis oriented roughly in the sample plane, with at most a 12˚ 

tilt from the substrate.  We now look at SERS emission patterns consistent with strong 

out-of-plane dipole components in Figure 3.8.  Corresponding AFM images (Figures 3.9-

3.11) provide no insight into the geometry of the nanoparticle aggregates in these 

examples; this is because AFM is only sensitive to height, and cannot report on how 

many objects contribute to the measured height in the case of stacked nanoparticles.  

However, the SERS emission patterns shown in Figure 3.8 tell us that the nanoparticles 

must have a strong out-of-plane component, due to the ―donut‖ like emission patterns.  

For example, we can match the experimentally observed SERS emission pattern in Figure 

3.8A to a theoretical prediction (Figure 3.8C) in which the dipolar SERS active plasmon 
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mode is tilted 34˚ from the optical axis and is rotated 55˚ from the x-axis.  In Figure 3.8B, 

we observe a nearly radially-symmetric donut pattern, indicative of a radiating dipole 

oriented almost perfectly perpendicular to the sample plane (θ = 0˚).  Although the image 

in Figure 3.8B shows a slight intensity bias towards the upper left, we have modeled this 

as a vertically oriented dipole due to subsequent images of the same region of interest 

which do not show this bias (Figure 3.9).  Figure 3.10 shows data from a third movie, in 

which the excitation polarization is rotated over several different linear polarizations 

resulting in no change in the SERS emission pattern image.  In the case of the 

corresponding theoretical map (Figure 3.8D), we arbitrarily choose φ = 0˚, although 

symmetry will produce the same image, regardless of the value of φ.   

 

 

 

 

Figure 3.8.  Experimental SERS emission patterns (A and B) and corresponding 
theoretical dipole emission patterns (C: φ = 55°; θ = 34°) and (D: φ = 0°; θ = 0°) arising 

from silver nanoparticle aggregates with strong out-of-plane plasmon modes.  A is 

summed over six image frames, while B is summed over five image frames.  The scale 

bar is 600 nm. 
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Figure 3.9.  Images from two successive movies, showing the time progression of the 

vertically oriented emission dipole frome Figure 3.8B.   The top row is from the first 

movie when the intensity is high (SERS, see  F in Figure 3.3) and the middle row 

represents images when the intensity is low (luminescent background). The bottom row 

show images from high intensity bursts associated with a second movie, taken after the 

first.  Although the signal-to-noise is better in the second movie, the donut shape is 

consistent across all frames.  Integration time = 0.1 s. 

 

 

 

 
 

Figure 3.10.  Images of the vertically oriented emission dipole from Figure 3.8B, taken at 

different excitation polarizations, as indicated by the arrow in the image.  Each image is 

four added frames. 

 

Figure 3.11 shows the topography image, phase image, and topography cross 

section of the SERS-active nanoparticle aggregate producing the SERS emission pattern 



 50 

in Figure 3.8A that displays a strong out-of-plane dipole component.  The AFM images 

suggest the presence of multiple nanoparticles in the aggregate; however, it is impossible 

to define a dipole to model the SERS-emitting nanoparticle aggregate from these images.  

Moreover, we know from the emission pattern that there is a strong out-of-plane 

component to the SERS emission, yet AFM is poorly suited to report on vertically 

aligned dimers, as indicated in the figure below. 

 

 
 

Figure 3.11.  AFM topography image (A), phase image (B), and cross-section (C) of the 

nanoparticle aggregate producing the SERS emission pattern in Figure 3.8A of the 

manuscript.  The cross section represents the topography along the teal line drawn across 

the topography image in A.  All scale bars are 100 nm. 

 

The ―donut‖ shaped SERS emission pattern seen in Figure 3.8B suggests that the 

respective SERS-active nanoparticle aggregate is a stacked conformation of two or more 

nanoparticles oriented perpendicular to the coverslip.  AFM is unable to determine the 

number of nanoparticles in the aggregate because it is only sensitive to height, so we 

increased the free oscillating amplitude and decreased the setpoint of the AFM in an 

attempt to knock over the suspected vertically oriented nanoparticles to confirm the 
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presence of more than one nanoparticle. Figures 3.12 and 3.13 show this progression of 

AFM scans. 

 

 
 
Figure 3.12.  AFM topography image (A), phase image (B), and cross-section (C) of 

suspected stacked nanoparticles producing the ―donut‖ shaped SERS emission pattern in 

Figure 4B of the manuscript. Images were collected with low tapping amplitude and high 

setpoint.  The cross section represents the topography along the teal line drawn across the 

topography image in A.  All scale bars are 100 nm. 

 

 

 
 
Figure 3.13.  AFM topography (a) and phase (b) image of suspected stacked 

nanoparticles from Figure 3.12 after pushing on the nanoparticle.  The cross section 

represents the topography along the teal line drawn across the topography image in A.  

All scale bars are 100 nm.  

 

While the cross sections between Figures 3.12 and 3.13 change upon AFM 

pushing, we cannot tell exactly what the topography of the individual nanoparticles 

comprising the dimer are.  Again, this is a limitation of AFM and shows how SERS 

imaging is a highly complementary technique to structural analysis. 



 52 

The data shown in Figures 3.2, 3.7, and 3.8 all highlight our ability to determine 

the orientation of a SERS-active nanoparticle dimer simply by observing the SERS 

emission image acquired from that dimer.  All three figures show that SERS emission 

pattern imaging is able to clearly determine the rotation of a nanoparticle dimer in the 

sample plane, and Figure 3.2G demonstrates that we are sensitive to at least a 12˚ tilt of 

the SERS active plasmon mode away from the sample plane, resulting from differences 

in nanoparticle heights.  Moreover, the use of a high numerical aperture microscope 

objective introduces a sufficient z-polarized component to our excitation light such that 

we are able to excite, and observe, out-of-plane emission patterns using standard wide-

field epi-illumination.16,27  Although the overall intensity of these modes are reduced 

compared to the other examples (see Figure 3.3), we are able to clearly resolve the 

emission patterns at our 0.1 second integration time (Figure 3.9). 

Defocusing emission patterns as discussed in the introduction of this chapter is a 

well-established technique to make emission patterns of emitters with low signal 

apparent.  We show several images below illustrating how defocusing our optical images 

changes the resulting SERS emission pattern.  We do not know the extent to which the 

optical image is defocused, but we note that the defocused experimental image (Figure 

3.14E) is in reasonable agreement with the theoretical image shown in Figure 3.14C, 

suggesting that we are defocused by roughly 100 nm.  We also note that defocusing is not 

necessary to observe the SERS emission patterns in our experimental data, but we have 

included these images to show consistency with work from the single molecule 

fluorescence community. 
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Figure 3.14.  (A-C) Theoretical dipole emission patterns (φ = 0°; θ = 90°) with 

defocusing of (A) 0 nm, (B) 30 nm, and (C) 100 nm.  (D-E) Optical images of a SERS 

emission pattern both (D) in focus and (E) slightly defocused by an unknown amount.  D 

is 6 added frames and E is 5 added frames.  The scale bar is 500 nm.   

 

3.6 Conclusions 

SERS emission pattern imaging provides a convenient all-optical technique able 

to identify nanoparticle dimer orientation that does not require transferring the 

nanoparticle sample to a secondary instrument (like an AFM or SEM) and does not 

require additional components in the optical set-up (like anisotropy or Fourier plane 

imaging).  We have verified this claim in Figure 3.8, by showing examples of SERS 

emission patterns where we can easily determine the emission orientation, despite the 

inadequate structural information provided by the AFM.  We have observed that slightly 

defocusing the SERS emission image exaggerates the resulting pattern, as expected, 

(Figure 3.14) and note the possibility of a systematic defocusing study in the future with 

the addition of a z-axis piezo stepper to our system.  We have also observed that higher 

A B C

0 nm 30 nm 100 nm

D E
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order nanoparticle aggregates (trimers, tetramers, etc) yield strong SERS emission 

patterns, but these examples require a more rigorous theoretical analysis.  Chapter 4 will 

introduce methods to discriminate between dimers and higher order aggregates.  

In conclusion, we have introduced SERS orientational imaging as a simple 

technique able to determine the orientations of SERS-active silver nanoparticle dimers.  

We have shown SERS emission patterns can be modeled as single emission dipoles with 

excellent agreement between experimentally observed SERS emission patterns and 

theoretical single emitting dipole images modeled with parameters determined by our 

correlated AFM images.  We used correlated AFM images as a proof-of-concept study to 

confirm that SERS emission patterns report on the SERS active plasmon modes of 

nanoparticle dimers.  Importantly, SERS orientational imaging can be a stand-alone 

technique used to determine silver nanoparticle dimer orientations, which is especially 

important when the nanoparticle geometry leads to vertically oriented SERS active 

plasmon modes that are extremely challenging to identify with traditional structural 

characterization techniques.  We believe this approach will have utility for rapid 

structural analysis of rationally-designed nanoparticle dimers for surface-enhanced 

spectroscopy as well as potential for resolving dimeric structures in more complex 

aggregated systems. 
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Chapter 4:  Discriminating nanoparticle dimers from higher order 

aggregates through wavelength-dependent SERS orientational imaging 
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4.1 Introduction 

Over the past two decades researchers have worked to develop rationally-

designed surface-enhanced Raman scattering (SERS) substrates to enable the highest 

possible SERS enhancements.1-7  In particular, researchers have targeted nanoparticle 

aggregates (dimers, trimers etc) due to the formation of ―hot spots,‖ or regions of strongly 

enhanced electromagnetic fields, that occur in the junction region between adjacent 

nanoparticles.8-12  Correlating the SERS properties and enhancement factor with the 

corresponding structure of the nanoparticle aggregates is of great importance for 

developing more well-defined and reproducible SERS substrates.13-17  Conventionally this 

type of correlation study is done by acquiring SERS optical data followed by transferring 

the sample to an electron microscope to acquire the corresponding nanoparticle structural 

data.  Electron microscopy is not only expensive, but also damaging to the sample and 

cannot be performed at the same time as the SERS data is acquired.  However, structural 

correlation is of high importance in assessing and comparing the SERS enhancement 

properties of noble metal nanostructures, especially in populations where mixtures of 

dimers and higher order aggregates may be present.18-22 

Optical characterization of dimer structure and orientation is most often 

accomplished by measuring the polarization-dependent localized surface plasmon 

resonance (LSPR) scattering spectra from assembled or fabricated dimers.23-29  For these 

studies, the nanoparticle aggregates are typically analyzed one at a time in order to 

determine the polarized LSPR response over the full spectral range, reducing the 

throughput of this approach.  Moreover, while this strategy works well for fabricated or 

homogeneous dimers, challenges arise for heterogeneous systems.  Dimer LSPR spectra 

strongly depend on the orientation, shape, and size of the individual nanoparticles that 

comprise the dimer, leading to significant differences between individual dimer 
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spectra.23,24,30  As a result, it is not straightforward to discriminate dimers from higher 

order aggregates, such as trimers or tetramers, which also show strong variations in their 

polarization-dependent Rayleigh scattering, depending on the shape and relative 

orientations of the nanoparticles.31-34  Because of these challenges, polarization-dependent 

Rayleigh scattering is not always a useful strategy for structural assignment in complex 

nanoparticle systems and is often accompanied by corresponding structural analysis such 

as electron microscopy. 

In Chapter 3 we demonstrated the ability to use optical imaging for determining 

the alignment of SERS-active silver nanoparticle dimers, by analyzing the SERS 

emission pattern resulting from an excited R6G molecule(s) adsorbed to the dimer 

surface.35  SERS orientational imaging of a nanoparticle dimer is analogous to single-

molecule orientational imaging using defocused fluorescence, but instead of measuring 

the pattern produced by the spatially directed emission from an emitting dipole, we 

measure the pattern from polarized SERS emission coupled to and emitted from the 

longitudinal plasmon mode of a nanoparticle dimer.36-43   Unlike single-molecule 

orientational imaging, SERS images do not need to be defocused to observe emission 

patterns because the inherent high-signal nature of SERS produces enough high-angle 

light to form the emission pattern features.  In this chapter we demonstrate the ability of 

wavelength-dependent SERS orientational imaging to discriminate between nanoparticle 

dimers and higher order aggregates, allowing for all-optical structural characterization. 

 

4.2 Wavelength dependence of SERS emission patterns 

  Shegai et al. have shown that SERS originating from dye-labeled nanoparticle 

dimers is linearly polarized along the long axis of the dimer, independent of the 
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excitation wavelength, while the polarization properties of SERS from a nanoparticle 

trimer changes with excitation wavelength.44  In the dimer case, the linear polarized SERS 

emission is not excitation wavelength-dependent because it is coupled to a single 

plasmon mode: the longitudinal plasmon parallel to the long axis of the dimer.44,45  As a 

result, we expect the SERS emission pattern, which reflects the polarized emission from 

the SERS-active dimer, to also be independent of the excitation wavelength.  In the case 

of a trimer, multiple nanoparticle junctions are present, leading to coupling between 

different plasmon modes.  For a molecule coupled to one of the junctions in the trimer, 

symmetry breaking caused by the presence of the third nanoparticle will lead to a rotation 

of the emission polarization away from the long axis of the occupied junction.  The 

degree to which the third nanoparticle can perturb the SERS emission properties depends 

on the excitation wavelength, leading to different emission polarization properties as the 

excitation wavelength is changed.  Because the polarization of SERS originating from a 

higher order aggregate changes with wavelength, the appearance of the SERS emission 

pattern will also change with wavelength, serving as an optical signature of a higher order 

aggregated structure.  This technique has several advantages over the polarization-

dependent Rayleigh scattering described in section 4.1: first, it is a high throughput 

imaging technique, allowing multiple nanostructures to be analyzed simultaneously, and 

second, it is insensitive to nanoparticle heterogeneity and is able to discriminate dimers 

from higher order aggregates regardless of the component nanoparticle shape and size. 

SM-SERS samples are prepared as described in Chapter 2 with a final Nile Blue 

concentration of ~1 nM and 20 mM NaBr to aggregate the nanoparticles.  Optical 

experiments are carried out on the microscope set-up described in Chapter 2.  Nile Blue 

SERS is excited either by a 208 W/cm2 642 nm laser or a 422 W/cm2 532 nm laser in epi-

illumination and the resulting scatter is imaged onto a Princeton Instruments ProEM 512 
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EM-CCD camera.  The excitation lasers are passed through a quarter wave plate to 

produce quasi-circularly polarized light with a 68:32 max:min polarization ratio for the 

642 nm laser and a 59:41 max:min polarization ratio for the 532 nm laser.  Dark field 

scattering images of the same region of interest are also collected using a dark field 

condenser in transmission geometry.  The optical data in Figure 1 of this manuscript is 

taken in the same manner with the addition of a 50/50 beam splitter sending half of the 

collected scatter to a Princeton Instruments ACTON SpectraPro 2500i spectrograph with 

a 1200 g/mm grating onto a Spec-10 liquid nitrogen cooled CCD camera.  Following 

SERS emission pattern imaging with the EM-CCD optical set-up, the sample is 

transferred to the AFM set-up for structural correlation (described in detail in Chapter 2).  

Figure 4.1 demonstrates correlated spectral and SERS emission pattern imaging 

for a nanoparticle dimer labeled with Nile Blue (a non-fluorescent analyte).  The Nile 

Blue concentration (~1 nM) is in the regime typically associated with few- or single-

molecule activity, verified by the on/off intensity fluctuations of the SERS spectra in 

Figure 4.1B, with the low intensity spectra only showing background signal.  700 SERS 

images and 140 corresponding spectra are acquired over 140 seconds, with integration 

times of 0.2 s and 1 s, respectively.  Figure 4.1C shows a SERS emission image from a 

single image frame, which corresponds to the spectrum acquired at time 120 s.  The lobes 

of the SERS emission pattern lie on either side of the long-axis of the nanoparticle dimer 

as determined by AFM (Figure 4.1A), allowing for the orientation of the dimer to be 

determined from the optical emission image alone.  Figure 4.1D shows an emission 

image from an image frame corresponding to the low-intensity background spectrum 

taken at time 100 s.  Resolved lobes are not apparent in this image; however, when 

compared with the SERS emission image in 4.1C, the background emission image shows 

a similar intensity distribution, with higher intensity on either side of the central feature 
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perpendicular to the long-axis of the dimer.  This indicates that the background signal is 

also plasmon-mediated and has some polarization defined by the longitudinal plasmon 

mode of the dimer.  We have chosen to use Nile Blue as our SERS tag because it has an 

extremely low fluorescence quantum efficiency in polar solvents such as ethanol and 

water, which are the only solvents expected to be present on the nanoparticle surface due 

to the sample preparation and ambient imaging conditions, respectively.46  Moreover, our 

SERS spectra do not show any features of Nile Blue fluorescence, as previously reported 

by Galloway et al on silver nanoparticles.46 Because of this, we are confident that the 

background signal is not molecular fluorescence, and is therefore most likely silver 

luminescence from the dimer.47,48  Recent super-resolution optical studies in our 

laboratory suggest silver luminescence is plasmon-mediated, and thus we expect it to 

track with the orientation of the nanoparticle dimer.49  The low signal and poorly 

understood mechanism of silver luminescence makes it difficult to use luminescence in 

place of SERS to identify nanoparticle orientations through orientational imaging; 

however, it may provide useful information in instances where the inclusion of organic 

dyes is not possible.47,48   
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Figure 4.1.  (A) AFM topography of a SERS-active Nile Blue labeled (~1nM) 

nanoparticle dimer with (B) corresponding selected SERS spectra taken over 140 s with 1 

s acquisition times.  (C) Nile Blue SERS emission pattern image corresponding to the 

spectrum taken at 120 s, and (D) background emission image corresponding to the 

spectrum taken at 100 s.  The emission images are acquired with 0.2 s acquisitions.  The 
scale bar in A is 100 nm and the scale bar in C is 1 μm.     

 

In the above data, a plate-beamsplitter was installed in our optical microscope in 

order to acquire SERS emission images at the same time as SERS spectra.  The inclusion 

of spectral data is useful in determining the phenomenological origin of the patterns seen 

in the emission images and verifying that SERS is the responsible mechanism; however 

the beamsplitter does not reflect or transmit s- and p- polarized light equally.  The 

polarization of the SERS emission and the orientation and shape of the nanoparticles of 

interest are intimately connected, and therefore acquiring SERS emission images through 

a plate-beamsplitter will not give the most accurate information about the nanoparticle 

orientations.  All emission images after Figure 4.1 are taken with a mirror in place of the 

beam-splitter and therefore no spectral data is taken in parallel.  Additionally, quasi-

circularly polarized excitation light is used to excite all emission images after Figure 4.1 

to access all plasmon modes in the nanoparticle aggregates of interest. 
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Figure 4.2.  (A, D, G) AFM topography images of SERS-active silver nanoparticle 

aggregates, labeled with a low concentration of Nile Blue (1 nM). Correlated Nile Blue 

SERS emission patterns (B, E, H) excited with 642 nm excitation and (C, F, I) excited 

with 532 nm excitation, originating from the respective nanostructures.  The scale bars in 

the AFM images all correspond to 100 nm and the scale bar in the optical image in B is 1 

μm.  The colored dots indicate the excitation wavelength color, with a red dot 

corresponding to 642 nm excitation and a green dot corresponding to 532 nm excitation. 

 

Varying the SERS excitation wavelength can be used to differentiate nanoparticle 

dimers from larger aggregates, as described above.  In the dimer case, such as the one 

pictured in Figure 4.2A, different excitation wavelengths do not change the orientation of 

the SERS emission pattern lobes in relation to the central feature in Figures 4.2B and 

4.2C, when excited by a 642 nm and 532 nm laser, respectively.  The emission patterns 

remain consistent because there is only one plasmon mode coupling to and polarizing the 

SERS emission. Changing the excitation wavelength will change the measured intensity 

of the SERS if the plasmon mode is excited more efficiently by one excitation 

wavelength over the other, but will not change the output polarization of the emitted 

SERS.44,50  We also note that 642 nm is resonant with the absorption spectrum of Nile 

Blue, leading to surface enhanced resonance Raman scattering (SERRS) in this case; 
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however, this does not change the observed emission pattern because the plasmon 

dictates the polarization of the emission. 

In the case of a trimer with two nanoparticle junctions such as the one pictured in 

Figure 4.2D, there are two possible SERS-active junctions: the first along the long-axis 

between particles one and two, and the second along the long axis between particles two 

and three.  Because of the low concentration of Nile Blue used in these studies, we expect 

that one junction will be occupied, while the other unoccupied, if we are indeed at the 

single molecule limit (as indicated by fluctuations in the measured intensity over time).  

The corresponding SERS emission pattern lobes seen in Figure 4.2E are not oriented 

parallel to either of the junctions, in contrast to the dimer example, due to the presence of 

multiple nanoparticles, which leads to plasmon-mode mixing, as described by Shegai et 

al.44  Because of the presence of a third nanoparticle, the symmetry of the system is 

broken, rotating the polarization of the emitted light away from the occupied nanoparticle 

junction and also generating elliptically polarized, rather than linearly polarized, 

emission.  Using the SERS emission pattern to determine which junction is occupied by 

the single emitter and therefore responsible for the SERS emission is complex and will be 

the focus of a future publication, but is dependent on many factors including the spacing 

between the different nanoparticles, the size of the nanoparticles, the position of the 

nanoparticles relative to each other, and the excitation wavelength.51  We can, however, 

utilize the influence of these coupled plasmon modes to discriminate between 

nanoparticle dimers and higher order aggregates by exciting SERS with two different 

excitation wavelengths.  The ability of the SERS emission to couple to these symmetry-

broken plasmon modes will be wavelength dependent and therefore the lobes of the 

SERS emission patterns originating from non-linear trimers will not be identical at two 

different excitation wavelengths.  This excitation wavelength-dependence is apparent in 
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the SERS emission patterns originating from the trimer in Figure 4.2D excited by 642 nm 

(Figure 4.2E) and 532 nm (Figure 4.2F).  The axis perpendicular to the emission pattern 

lobes rotates by approximately 15 degrees between 4.2E and 4.2F, due to the wavelength-

dependent rotation of the polarized emission.   

The trimer in Figure 4.2G has three nanoparticle junctions, and therefore has three 

possible SERS-active sites.  As with the trimer in Figure 4.2D, the lobes of the SERS 

emission patterns in Figure 4.2H and Figure 4.2I rotate as the excitation wavelength is 

changed from 642 to 532 nm, respectively.  Unlike the previous examples, the emission 

pattern lobes are less defined in both of these images, indicating that the emitted light is 

mostly likely more strongly elliptically polarized, especially in comparison to the dimer 

example.  The higher image contrast in the 642 nm excited Nile Blue SERS emission 

patterns may stem from the resonance of the first electronic transition of Nile Blue with 

642 nm excitation, producing a higher overall signal-to-noise.  Also, longer wavelengths 

are not focused as tightly as shorter wavelengths, spreading the emission pattern images 

from 642 nm excited SERS emission patterns over more camera pixels compared to the 

532 nm excited SERS emission patterns.  Because of the fluctuating signal intensity and 

low signal-to-noise in some cases, the SERS emission patterns in Figures 4.2 through 4.5 

are the sum of several high-intensity image frames, re-contrasted in the imaging software 

to make the emission pattern lobes easier to see. 

 

4.3 Effects of dye concentration 

The nanoparticles in Figure 4.2 clearly demonstrate that excitation wavelength-

dependent SERS orientational imaging allows dimers and higher order aggregates to be 

discriminated in the single- or few-molecule labeling regime.  In Figure 4.3 we 
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investigate how dye labeling concentration affects the appearance of the SERS emission 

patterns.  For these examples, the Nile Blue concentration is increased two orders of 

magnitude, to ~100 nM, allowing for multiple junctions to be occupied in the case of 

higher order aggregates.  For the dimer pictured in Figure 4.3, A-C, the SERS emission 

pattern lobes remain resolved from the central feature and appear similar to those in the 

low concentration labeled dimer in Figure 4.2.  This discrete nature of the SERS emission 

pattern lobes at high dye concentrations reconfirms that the longitudinal plasmon mode of 

the dimer dominates the SERS emission polarization, producing linear polarized emission 

oriented along the long axis of the nanoparticle dimer.  The position of the SERS 

emission pattern lobes of the dimer in Figure 4.3, B and C, are wavelength-independent 

when excited by 642 nm and 532 nm excitation, respectively.   

 

 
 

Figure 4.3.  (A, D, G) AFM topography images of SERS-active silver nanoparticle 

aggregates, labeled with a high concentration of Nile Blue (100 nM). Correlated Nile 

Blue SERS emission patterns (B, E, H) excited with 642 nm excitation and (C, F, I) 

excited with 532 nm excitation originating from the respective nanostructures.  The scale 

bars in the AFM images all correspond to 100 nm and the scale bar in the optical image 

in B is 1 μm. 
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The position of the SERS emission pattern lobes originating from the two-

junction trimer in Figure 4.3D remain wavelength dependent, even at higher dye 

concentrations, with the 642 nm excited SERS emission pattern lobes in Figure 4.3E 

rotated approximately 45 degrees from the 532 nm excited SERS emission pattern lobes 

in Figure 4.3F.  The positions of the lobes in the 642 nm excited SERS emission pattern 

in 4.3E appear to be influenced more by the longitudinal plasmon mode between particles 

1 and 2, while the lobes in the 532 nm excited SERS emission pattern in 4.3F appear 

more strongly influenced by the longitudinal plasmon mode between particles 2 and 3.  

This is most likely due to stronger excitation of one plasmon mode at a particular 

wavelength, due to the difference in size between the nanoparticles.  Despite the high 

density of dye on the nanoparticle surface, we still observe a strong wavelength-

dependence in the SERS emission from this asymmetric trimer.  

Figure 4.3G shows a more symmetric trimer with three junctions that are all 

expected to be SERS-active.  Previous work from Käll has shown that trimer structures 

with a high degree of symmetry show nearly isotropic emission polarization behavior.50  

The SERS emission pattern excited by 642 nm (Figure 4.3H) appears like a nearly 

symmetric ring around the bright central feature, consistent with isotropic emission.  The 

532 nm excited SERS emission pattern in Figure 4.3I shows a similar ring pattern around 

the central feature, although with a slight bias towards the upper left, providing a small, 

but distinct, difference in the two emission patterns.  The smearing of the lobe features in 

the emission patterns in 4.3H and 4.3I into an isotropic ring pattern results from SERS 

originating from a higher number of molecules present in multiple junctions, creating an 

overall SERS signal with a more isotropic polarization.  This type of ring emission is not 

possible in a nanoparticle dimer, providing us with an easily identifiable characteristic of 

the presence of a higher order aggregate.  Moreover, when screening nanoparticles 
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labeled with high concentrations of dye, this strategy allows simple discrimination of 

dimers, asymmetrically-assembled trimers, and symmetrically-assembled trimers for 

rapid comparison of SERS signal enhancements as a function of available SERS-active 

junctions.  We have repeated this experiment using an even higher dye labeling 

concentration (10 μM) and observed identical results.  We note that as the cluster sizes 

increase beyond trimers and possibly tetramers, our ability to identify structures 

diminishes, although we are still able to uniquely discriminate dimers from other higher 

order structures. 

 

4.4 Vertically oriented plasmon modes 

If we return to the low dye-concentration (1 nM Nile Blue) samples, we look at 

nanoparticle aggregates possessing plasmon modes oriented vertically to the sample 

plane.35  The simplest case of a vertically-oriented plasmon mode is one nanoparticle 

stacked directly on top of a second nanoparticle, which is the case with the nanoparticle 

dimer in Figure 4.4A.  The only clue in the AFM topography image in Figure 4.4A that 

we have two stacked nanoparticles is that the height of the nanostructure is 122 nm, 

which is higher than the average single nanoparticle (usually between 50 and 90 nm in 

height).  However, the radially-symmetric donut shape of the SERS emission patterns in 

Figure 4.4B and 4.4C reveals the presence of the vertically oriented plasmon mode.36,52  

The SERS emission patterns excited by the 642 nm and 532 nm lasers in Figures 4.4B 

and 4.4C appear identical because there must be only one longitudinal plasmon mode 

present to couple with the SERS, as described previously for the in-plane nanoparticle 

dimers.  Thus, despite the lack of structural information provided by AFM, we are 

confident that the nanoparticle in Figure 4.4A is a stacked nanoparticle dimer, based on 

orientational imaging. 
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Figure 4.4.  (A) AFM topography of a SERS-active silver nanoparticle stacked dimer 

and (B, C) the corresponding SERS emission pattern images excited with (B) 642 nm and 

(C) 532 nm light.  (D) AFM topography of a higher order nanoparticle aggregate 

containing a strong out-of-plane plasmon mode.  (E, F) Corresponding SERS emission 

pattern images excited with (E) 642 nm and (F) 532 nm light.  The scale bars in A and D 
are 100 nm, and the scale bar in B is 1 μm.    

 

The nanoparticle aggregate example in Figure 4.4D, on the other hand, is 

composed of at least four nanoparticles.  The lobes and solid central feature of the 642 

nm excited SERS emission pattern in Figure 4.4E indicates that the emission originates 

from a plasmon mode located in the plane of the sample.  However, the asymmetric 

donut shape of the 532 nm excited SERS emission pattern in Figure 4.4F reveals the 

presence of an out-of-plane plasmon mode that is strongly coupled to the higher energy 

excitation.  As with the previous examples, we observe a change in the wavelength-

dependent emission pattern for the higher order aggregate, which is not observed for the 

vertically-stacked dimer in Figure 4.4A.  These data further confirm our ability to use 

SERS orientational imaging to assign the structure of SERS-active nanoparticles, even 

when traditional structural imaging strategies such as AFM fail to provide sufficient 

topographical information. 
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4.5 Temporal dynamics 

Again considering the low dye-concentration (1 nM Nile Blue) samples, we note 

that we occasionally observe dynamic switching of the SERS emission pattern lobes 

between two different orientations.  Figure 4.5 shows an example of a nanoparticle 

tetramer (Figure 4.5A) that displays this switching behavior.  The integrated Nile Blue 

SERS intensity excited by a 642 nm laser is plotted as a function of time over 400 s in 

Figure 4.5E.  The SERS intensity fluctuates with time, indicative of single- or few-

molecule SERS.  The SERS emission pattern images taken during the first second of the 

acquisition are added together to produce the image in Figure 4.5B, and show polarized 

emission oriented in the vertical direction.  Figure 4.5C shows the SERS emission pattern 

from the same nanoparticle excited by 642 nm, corresponding to the sum of forty image 

frames acquired between 76 and 115 s.  During this later time, the SERS emission pattern 

has rotated from the original orientation to a new orientation, offset by nearly 70˚.  

Previous calculations from Xu and coworkers have shown that the emission polarization 

from a molecule located in a fixed nanoparticle junction is stable, regardless of the 

orientation of the molecule.51  Thus, the discrete switching behavior of the SERS 

emission patterns indicates that the SERS emission is originating from a different 

junction within the tetramer.  This is excellent evidence that we are observing single- or 

few-molecule SERS from molecules that are dynamically exploring the nanoparticle 

surface, consistent with our work using super-resolution imaging that will be discussed in 

Chapters 5 and 6.17,49  For comparison, Figure 4.5D shows the background emission from 

the silver nanoparticle aggregate at time 396 s when no SERS is present and only 

luminescence is expected.  No distinct emission pattern features are apparent in the 

background emission image because the signal is very low due to the poor excitation of 

silver luminescence at 642 nm.53,54  This verifies that the signal in Figures 4.5B and 4.5C 
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is originating from a SERS-active molecule, exploring spatially distinct junctions on the 

surface of the nanoparticle tetramer. 

 

 
 

Figure 4.5.  (A) AFM topography of a SERS-active silver nanoparticle tetramer labeled 

with a low concentration of Nile Blue (1nM). Correlated Nile Blue SERS emission 

patterns excited by 642 nm excitation acquired during (B) time = 0 – 1 second and (C) 

time = 76 - 115 seconds.  (D) Luminescent background emission pattern acquired during 

time = 396 s.  (E) Integrated SERS intensity vs. time plot showing the time-dependent 

fluctuation in the Nile Blue SERS.  The scale bar in A is 100 nm and the scale bar in B is 

1 μm.    

 

4.6 Nanoparticle LSPR spectra 

The wavelength dependence of SERS emission patterns is dictated by the LSPR 

of the participating nanoparticles and thus several representative nanoparticle dimers and 

higher order aggregates and their corresponding LSPR spectra are included below for 

reference.  The examples below are all additional examples from the previously discussed 

examples in this chapter with the exception of A, J, K, P, and Q which correspond to the 

nanoparticles in Figure 4.3 A, D, G, and Figure 4.2 D, G respectively.  The left column 

are AFM topography images of Ag nanoparticle dimers and higher order aggregates 
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labeled with 100 nM (A-O) and 1 nM (P, Q) Nile Blue.  Correlated Nile Blue SERS 

emission patterns originating from the respective nanostructures in the left column are 

excited by 642 nm (second column) and 532 nm (third column) excitation.  The colored 

dots indicate the excitation wavelength color, with a red dot corresponding to 642 nm 

excitation and a green dot corresponding to 532 nm excitation.  Correlated localized 

surface plasmon resonance (LSPR) spectra originating from the respective nanostructures 

in the left column are shown in the fourth column.    The scale bars in the AFM images 

all correspond to 100 nm and the scale bar in the optical image in the first row is 1 μm.    
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Figure 4.6.  Representative dimer and higher order aggregate nanoparticle AFM images 

(left column) with corresponding SERS emission patterns [λex = 642 nm (middle left 

column) and λex = 532 nm (middle right column)] and corresponding nanoparticle LSPR 

spectra (right column). 

The above examples substantiate the excitation wavelength dependence of SERS 

emission patterns, which are unchanged in nanoparticle dimers, but show differences in 

higher order aggregates, even though there are variations in the LSPR spectra both 

between dimers and between higher order aggregates. 

 

4.7 Conclusions 

In conclusion we have extended the application of SERS orientational imaging to 

discriminate between silver nanoparticle dimers and higher order aggregates including 

stacked aggregates by imaging SERS emission patterns at two different excitation 
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wavelengths and observing changes in the SERS emission patterns.  We demonstrated 

that this strategy works at both high and low dye labeling concentrations and discussed 

how different dye concentrations affect the appearance of the emission patterns in dimers 

versus trimers with two or three SERS active junctions.  The SERS emission patterns 

from nanoparticle dimers were unaffected by both excitation wavelength and dye labeling 

concentration, unlike the lobes of the two-junction and three-junction trimer SERS 

emission patterns that change with excitation wavelength and appeared more elliptically 

or even circularly polarized at the higher dye labeling concentration.  A benefit to 

working at a low dye labeling concentration is the possibility of observing dynamic 

changes in the SERS emission patterns as molecules probe multiple nanoparticle junction 

regions.  Our next step for improving this technique is to develop a model to describe 

wavelength-dependent SERS emission patterns in higher order aggregates.  This goal will 

move us closer to an all-optical far-field imaging technique able to describe nanoparticle 

structure and map SERS-active plasmon modes in higher order nanoparticle aggregates.  

However, even without a model, SERS orientational imaging provides a rapid, all-optical 

technique for structural discrimination of nanoparticle dimers from higher order 

aggregates, which is critical for characterizing rationally-designed SERS substrates.  
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Chapter 5:  Super-resolution optical imaging of single-molecule SERS 

hot spots 
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5.1 Introduction 

Single molecule SERS (SM-SERS) was first reported over a decade ago, but 

despite extensive research aimed at understanding the ―hot spots‖—regions of significant 

electromagnetic field enhancement that enable single molecule detection—many 

questions remain about the location and behavior of the molecule in the hot spot and the 

shape, size, and enhancement properties of the hot spot itself.1-9  To date, SM-SERS has 

primarily been observed from single molecules adsorbed to randomly-assembled metal 

nanoparticle aggregates (~50-1500 nm in size).  Theory predicts that extremely large 

electromagnetic field enhancements occur at the junction of adjacent nanoparticles in 

these aggregates, leading to SM-SERS activity.9-11  However, we are unable to measure 

the exact location and behavior of the molecule in the hot spot, because the diffraction 

limit of light limits our optical resolution to 0.61*λ/N.A. or roughly 250 nm when using 

532 nm excitation.  In this chapter, we demonstrate that super-resolution imaging allows 

us to overcome the diffraction limit of light and provides new insight into SM-SERS hot 

spots.  Super-resolution optical imaging has been widely applied to fluorescence in 

biological systems, optically revealing sub-20 nm structural features and allowing 

dynamic cellular processes to be observed with unparalleled resolution.12-22 Applying this 

same approach to SM-SERS reveals real time dynamics associated with the coupling 

between the optical near field of a silver nanoparticle and a single diffusing molecule, as 

well as new insight into the size and even the abundance of hot spots in a single 

diffraction-limited spot. 

 

5.2 Point Spread Fuction (PSF) fitting 

In super-resolution imaging, the point spread function of a diffraction-limited spot 

is fit to a 2-dimensional Gaussian, as shown in equation 5.1.21-23 
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In this equation, I is the intensity, z0 is the background, x0 and y0 are the centroid 

of the fit, and s is the standard deviation.  Using this approach, we can approximate the 

position of a single emitter as the location of the centroid of the fit, i.e. (x0, y0).  In the 

case where multiple emitters are present in the same diffraction-limited spot, the point 

spread functions will be superimposed, and equation 5.1 generates the centroid position 

averaged over all emitters.  High resolution fluorescence imaging techniques, such as 

stochastic optical reconstruction microscopy (STORM) and photoactivated localization 

microscopy (PALM), overcome this limitation by using photoswitchable dyes, which can 

be stochastically modulated between an emissive and non-emissive state, such that only a 

single fluorophore is emitting at a given time.12, 13  This allows the position of each 

individual emitter to be determined uniquely, in order to construct a high resolution 

optical image.  In our case, we take advantage of the natural intensity fluctuations 

associated with SM-SERS to construct a high resolution optical image of the SM-SERS 

hot spot.22 

  In the present study, we optically observe SERS from R6G molecules adsorbed 

on silver colloid aggregates prepared by the Lee and Meisel method.24  The concentration 

of R6G is chosen to be ~10-9 M, placing us in the concentration regime associated with 

single molecule SERS.1, 8, 10, 25, 26  R6G SERS is excited by a linear polarized 532 nm laser 

in epi-illumination and the point spread function of the resultant scattering is imaged onto 

a Princeton Instruments ProEM 512 EM-CCD camera.  Each camera pixel corresponds to 

46 nm in the optical image, calibrated using a USAF test target.  SERS spectra are 
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collected by a Princeton Instruments ACTON SpectraPro 2500i spectrograph coupled to 

a Spec-10 liquid nitrogen cooled CCD camera.  A representative SERS spectrum from 

our sample is shown in Figure 5.1A demonstrating that the intensity and frequencies of 

the SERS signal fluctuate as expected from a single R6G molecule.1, 2, 8, 10, 25  While this is 

not absolute proof of a single molecule, this behavior is consistent with SM-SERS and 

places us in the single molecule regime. 

The scattering intensity from each spectral acquisition is integrated and plotted 

against time in Figure 5.1B.  There are two clear intensity levels in this  data: (1) signal 

originating from the R6G SERS (high intensity) and (2) signal originating from the 

nanoparticle background, most likely silver luminescence, although minor contributions 

from carbonaceous species are also possible (low intensity).27-31  The grey line indicates 

an intensity threshold defining when SERS is observed versus when only background 

emission from the nanoparticle is present.   Figure 5.1C compares diffraction-limited 

spots of a sample R6G-labeled nanoparticle aggregate when SERS is present versus when 

only nanoparticle emission is observed.  Aside from differences in the intensity, the two 

diffraction-limited spots are indistinguishable, highlighting the need for a super-

resolution approach to analyze the data when both SERS and nanoparticle emission occur 

simultaneously.  
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Figure 5.1.  Illustration of SM-SERS behavior.  (A) SERS spectra (1 second 

acquisitions) for 80 seconds with every 5th spectrum plotted up to the 50th spectrum.  (B) 

Integrated SERS intensity over all 80 spectra plotted versus time.  (C) Diffraction-limited 

spots of a sample R6G-labeled nanoparticle aggregate when SERS is present (left) versus 

when only nanoparticle emission is observed (right). 
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Because we have two overlapping emission sources in a single diffraction-limited 

spot, we exploit the on-off blinking behavior characteristic of SM-SERS to fit the distinct 

location of both emitters.12, 13, 22  To do this, we fit the position of the nanoparticle 

emission during the times when no SERS is observed (e.g. below the threshold) and then 

reconstruct the original position of the SERS emission from the super-position data 

(above the threshold, see Chapter 2.6 for more details).22  This analysis requires that the 

intensity of the nanoparticle signal is stable and originates from a single centroid position.  

To demonstrate that this is indeed the case, we studied a sample of aggregated Ag 

colloids with no R6G present as a control.  The point spread function (PSF) of the 

nanoparticle emission resulting from 532 nm excitation is imaged onto an EM-CCD with 

0.1 second acquisitions for 800 frames.  Images of both the emission from the 

nanoparticle excited by a 532 nm laser (Figure 5.2A) as well as the Rayleigh scattering of 

the same nanoparticle taken with transmission darkfield (Figure 5.2B) appear as 

diffraction-limited spots.  The integrated emission intensity from each frame over the 80 s 

(Figure 5.2C) shows a steady intensity originating from the nanoparticle with a few 

spikes in signal that most likely originate from transient carbonaceous species.27, 28  

Moreover, we note that this background is present even in the absence of R6G, so it is not 

coupled to any residual fluorescence of the dye or other charge-transfer species; for this 

reason, we assign the steady signal as metal luminescence.28, 32, 33 

In order to extract information about the location of the silver nanoparticle 

emission, we locate the centroid position by fitting the PSF in each of the 800 image 

frames to equation 1.  The resulting centroid positions are shown in the scatter plot in 

Figure 5.2D and reveal that the nanoparticle emission originates from a single region with 

a standard deviation of 6 nm and an experimental precision of ±15 nm (limited by the 

signal-to-noise and the pixel size of our camera).21  The symmetric distribution of scatter 
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events indicates the scatter is originating from a stationary location.  Repeating this 

experiment for several other unlabeled nanoparticles revealed the same trend, indicating 

that our background nanoparticle emission is indeed stable and originates from a single 

centroid position on a nanoparticle aggregate.   

 

 

Figure 5.2.  (A) Image of the PSF of the nanoparticle emission resulting from 532 nm 

excitation. (B) Rayleigh scattering of the same nanoparticle taken with transmission 

darkfield.  (C) Integrated emission intensity from (A) over 80 seconds with 0.1 second 

acquisitions for 800 frames. (D) Scatter plot of the emission centroid positions located by 

fitting the PSF in each of the 800 image frames to equation 1 showing the nanoparticle 

emission originates from a single region with a standard deviation of 6 nm and an 

experimental precision of ±15 nm. 
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The same fitting technique is now applied to a diffraction-limited spot originating 

from R6G-labeled Ag nanoparticles in which both R6G SERS and nanoparticle emission 

are excited by a 532 nm laser (Figure 5.3A).  The intensity from this diffraction-limited 

spot is integrated and plotted for all frames, producing the intensity time trace shown in 

Figure 5.3B.  The red line is an intensity threshold defining when SERS is observed 

(above the threshold) versus when only background emission from the nanoparticle is 

present (below the threshold).  Again, the background emission remains steady below the 

threshold, indicative of metal luminescence.  We first fit the position of the nanoparticle 

emission, using all data points below the threshold, and find that the centroid position 

converges to a single location, as shown in Figure 5.3D, with a standard deviation of ~8 

nm (black data).  We set the average position of the emission centroid at (0, 0) for clarity 

and report all other positions relative to that value.  We then fit the position of the R6G 

SERS centroid by subtracting the centroid position of the nanoparticle background from 

the combined PSF (Figure 5.3C).22   The SERS signal may also contain contributions 

from residual R6G fluorescence or the well-known continuum background.  The former 

should be co-localized with the R6G SERS since they originate from the same dipole; the 

latter is more challenging to assign spatially, although it is believed to originate from 

electronic Raman scattering from the metal itself, induced by the molecule acting as a 

surface defect.32, 34  The fits to the R6G SERS centroid are shown in Figure 5.3D (red 

data) and reveal distinct and well-resolved positions between the SERS and nanoparticle 

emission centroids.  The offset position of the SERS centroid relative to the nanoparticle 

emission centroid is apparent from our reconstructed image (Figure 5.3D), although these 

distinct positions cannot be resolved by traditional far-field microscopy (Figure 5.3A and 

5.3C). 
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Figure 5.3.  (A) Diffraction-limited spot originating from a R6G-labeled Ag nanoparticle 

in which both R6G SERS and nanoparticle emission are excited by a 532 nm laser.  Scale 

bar is 500 nm. (B)  showing the fluctuation of the integrated R6G SERS intensity with 

time.  (C) PSF of (A) which has contributions from both the nanoparticle and the R6G 

SERS.  Scale bar is 500 nm.  (D) PSF fits of x0 and y0 for the nanoparticle emission 

(black) and the SERS contribution (red) to the PSF.  Positions are reported relative to the 

mean position of the nanoparticle emission. 

 

The offset between the average position of the SERS and nanoparticle emission 

centroids is reproducible across many samples and many data sets.  To understand this, 

we bin the SERS centroid data from Figure 5.3D (red data only) into two-dimensional 

histograms representing the position and intensity distributions of the SERS centroid 

(Figures 5.4A and 5.4B).  The position histogram (Figure 5.4A) shows the frequency 

(color scale) with which a particular SERS centroid position (x and y axes) is fit to a 4.6 

x 4.6 nm bin, indicating the distribution of SERS centroid locations over the monitored 

80 seconds.  The SERS centroid position distribution has an elliptical shape, instead of 

the symmetric distribution expected from a scattering center at a fixed location, with the 

upper right corner of the ellipse located at (0, 0), e.g. the average position of the 
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nanoparticle emission as described above.   The center of mass of the SERS centroid 

position histogram is offset from the nanoparticle emission, indicating that the majority 

of the SERS signal originates from a location that is spatially distinct, yet within ~20 nm 

of the centroid of the nanoparticle emission. 

 

5.3 Spatial intensity maps  

The spatial intensity map (Figure 5.4B) is a spatial map showing the average 

intensity (color scale) measured at each SERS centroid position (x and y axes) within a 

bin.  The histogram in Figure 5.4B reveals a clear relationship between the SERS 

centroid position and the measured SERS intensity.  There are two interesting outcomes 

of this histogram analysis: (1) the highest SERS intensity (i.e. the hottest spot) is 

measured at the upper right corner of the ellipse, e.g. (0, 0) and is thus co-localized with 

the centroid of nanoparticle emission and (2) the intensity of the SERS decreases in 

gradient fashion as the position of the SERS centroid moves away from (0, 0); this 

intensity gradient appears to have directionality and extends much farther (~40 nm) than 

the predicted size of the SERS hot spots (~1-10 nm).8, 34, 35  Performing the same 

histogram analysis on the nanoparticle emission (black data in Figure 5.3D as well as 

data from Figure 5.2D) shows no relationship between the nanoparticle centroid position 

and the emission intensity (Figure 5.5), indicating that this behavior is unique to the 

SERS centroid. 

Although the average positions of the SERS emission centroid and the 

nanoparticle emission centroid do not overlap, it is important to note that we see overlap 

between the hottest spot (e.g. the position of highest SERS intensity) and the average 

centroid position of nanoparticle emission.  As we shall see below, this is not a general 
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result, but it can be explained by considering the relationship between the 

electromagnetic enhancement of the metal nanoparticle in both near field and the far 

field.  This will be discussed in a later section of this chapter. 

Plotting the SERS centroid coordinates (relative to the position of maximum 

intensity) from Figure 5.3D as a function of time produces the diffusion trajectory shown 

in Figure 5.4C. The diffusion trajectory shows how the SERS centroid position (x, y) and 

the SERS intensity (color scale) fluctuate with time.  The position of the SERS centroid 

wanders from position to position in a continuous fashion, rather than in discrete jumps, 

suggesting that the motion is associated with a single diffusing object.  The trajectory 

also reveals that the intensity fluctuations associated with SM-SERS are related to the 

diffusion of the SERS centroid over time; that is, the SERS intensity decreases as the 

SERS centroid position diffuses away from the hottest spot.  Diffusion of single analyte 

molecules within the hot spot has been speculated as a source of the intensity fluctuations 

observed in SM-SERS, and these data are consistent with this mechanism.8, 36, 37 
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Figure 5.4.  (A-B) Two dimensional histograms showing (A) the number of times a 

particular range of SERS centroid positions was fit (color bar = number of events) and 

(B) the average SERS intensity measured at each centroid position (color bar = 

background subtracted ADC counts).  Bin size is 4.6 nm. The nanoparticle emission 

centroid is set at (0, 0).  (C) Diffusion trajectory showing how the position (x and y) and 

intensity (color scale, arbitrary units) of the SERS centroid changes with time. 
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Figure 5.5.  Position (left) and intensity (right) histograms for the nanoparticle 

contribution to the scattering spectrum.  The nanoparticle shown here is the same 

nanoparticle seen in Figure 5.3D (black data). 

 

A second example of R6G centroid diffusion is shown in Figure 5.6.  The 

intensity from a selected diffraction-limited spot is integrated and plotted for all frames to 

produce the intensity time trace, shown in Figure 5.6A.  Again, the red line is an intensity 

threshold defining when SERS is observed (above the threshold) versus when only 

background emission from the nanoparticle is present (below the threshold).  This 

intensity time trace exhibits several discrete ‗on‘ and ‗off‘ steps of R6G SERS; three are 

highlighted in the figure as I, II, and III.  The diffusion trajectories of these discrete steps 

(Figure 5.6B) show the SERS centroid reproducibly diffusing towards and away from the 

hottest spot (shown as light blue in the associated color scale).  Because we see the SERS 

centroid return to the same position multiple times, we can rule out hot spot annealing as 

a mechanism of SERS centroid diffusion. 
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Figure 5.6.  (A) Time trace showing the fluctuation of the integrated R6G SERS intensity 

with time, exhibiting several discrete ‗on‘ and ‗off‘ steps.  Three ‗on‘ events are 

highlighted as I, II, and III.  (B) Diffusion trajectories of I, II, and III from (A) showing 

how the SERS centroid position and intensity change with time.  In all cases, the centroid 

begins around (-80, 10) and moves towards (0, 0), while the SERS intensity increases 

(shown as a color change from dark to light blue).    (C) Two dimensional histogram 

showing the average SERS intensity measured at each centroid position.  Bin size is 4.6 

nm.  The nanoparticle emission centroid is set at (0, 0).   
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Figure 5.6C shows the spatial intensity map of the SM-SERS centroid for this 

second R6G-labeled nanoparticle.  Again, there is a clear intensity gradient with strong 

directionality in the spatial intensity map, and the hottest spot is co-localized with the 

position of the nanoparticle emission (set at (0, 0)).  In this case, the SERS centroid 

explores a region around 80 nm in length, but only 20 nm wide (recall that 20 nm defines 

our experimental imaging resolution, see Figure 5.2D).  If we define the ―SM-SERS 

active region‖ as the region in space where we observe measurable SM-SERS intensity, 

we can see that the size and shape of the SM-SERS active regions are distinctly different 

for the two nanoparticle examples.  Figure 5.7 shows several additional SM-SERS 

centroid spatial intensity maps, and again, the size and shape of the SM-SERS active 

regions are unique.  This indicates that the centroid positions are strongly linked to the 

structure of the nanoparticle, since Ag colloids are well known to produce a diverse range 

of shapes and sizes (see Chapter 2).  Figures 5.7B and 5.7C also show a new behavior in 

the spatial intensity maps: the hottest spot is no longer co-localized with the site of 

nanoparticle emission.   
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Figure 5.7.  (A-C) Two dimensional SERS spatial intensity maps showing the average 

intensity measured at each centroid position (color bar = background subtracted ADC 

counts).  Bin size is 4.6 nm.  The nanoparticle emission centroid is set at (0, 0).  Three 

different examples are shown, illustrating the correlation between the spatial position of 

the centroid location and the average SERS intensity at that spot. 
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because the excitation photons (ωexc) and the Raman scattered photons (ωRaman) couple to 

the enhancing metal nanoparticle via different mechanisms.38-41  In the case of the 

excitation light, we can model the excitation field as plane waves impinging on the 

nanoparticle surface leading to a local electromagnetic field enhancement of the 

excitation light.38, 41  On the other hand, Raman emission originates from a scattering 

dipole (e.g. the molecule) coupled into the optical near field of the metal nanoparticle, 

and is thus enhanced via a different coupling mechanism.38, 40, 41  In the dipole case, the 

coupling is highly local and depends on the position of the molecule relative to the 

nanoparticle surface.   

Ausman and Schatz have recently modeled the near field scattering from a 

spherical nanoparticle dimer coupled to a single dipole.38  The near field intensity varies 

spatially over the dimer surface, depending on the location of the molecule on the dimer.  

If the molecule is located along the longitudinal axis of the dimer, the optical near field 

due to dipole scattering is uniform over the dimer surface, with slightly higher intensity 

in the gap.  However, if the molecule is located along the transverse axis of the dimer--for 

example, on the top of the leftmost sphere--then the near field intensity is dominated by a 

less intense and strongly asymmetric transverse mode, localized on the leftmost sphere.   

If we integrate the near field maps, we see that both the center of mass and the intensity 

of the scattering are different in the two cases, depending on the position of the single 

radiating dipole.  As the far field is essentially the spatial integral of the near field, we 

expect that the shift in the center of mass in the near field leads to a shift in the position 

of the point spread function in the far field.  

If we now apply this model to our data, we conclude that the SERS centroid is 

reporting on the spatial distribution of the near field scattering of the nanoparticle as it is 

perturbed by a radiating dipole.  If the R6G changes position over time (either spatially or 
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through a change in orientation), then the dipole-nanoparticle coupling will change.  This 

changes the near field scattering properties of the nanoparticle, resulting in a shift in our 

far field point spread function.  We must be careful to note that we are not directly 

imaging the position of the molecule; rather we are imaging the position of the molecule 

coupled to the plasmon modes of the nanoparticle.  However, as the coupling is dictated 

by the position of the molecule on the nanoparticle surface, this provides an indirect 

snapshot into how the position of the molecule is changing over time.  As the molecule 

diffuses away from the region of highest electromagnetic field enhancement (the hot 

spot), we expect a steady decrease in the SERS intensity as well as an associated shift in 

the centroid position, leading to the gradient behavior in our spatially resolved SM-SERS 

spatial intensity maps.  Although this discussion has focused primarily on translational 

diffusion, orientational diffusion can also play a role in perturbing the dipole-plasmon 

coupling, although it is less obvious how this perturbation will lead to a shift in the 

centroid.  The presence of multiple hot spots in a single aggregate can further complicate 

the picture, as will be discussed below.42   

In the case of nanoparticle photoluminescence, the centroid of emission remains 

stable over time because we do not have a mobile dipole.    Instead, the metal emission is 

coupled to the plasmon modes of the nanoparticle, which are defined by the geometry of 

the nanoparticle.33, 38, 43, 44  For example, near field photoluminescence studies on bowtie 

nano-antennae reveal multiple emitting sites on the nanostructure surface, with the bulk 

of the luminescence generated in the gap, but a small fraction also generated at the outer 

edges of the individual nano-triangles.43   The near field image is in strong agreement 

with theoretical predictions of plasmonically-generated electromagnetic field 

enhancements in the bowtie structure, indicating that the strongest luminescence will 

occur where the local electromagnetic fields are most strongly enhanced.43  Imaging the 
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same bowtie nano-antennae via far field photoluminescence shows a single diffraction-

limited spot, with a symmetric point spread function.45  In this case, the far field image 

represents the super-position of all photoluminescent sites on the nanoparticle surface.  If 

we assume our Ag colloids have multiple plasmon modes (and thus multiple sites from 

which photoluminescence originates), then the point spread function of the 

photoluminescence would be an intensity-weighted average of all of these modes, since 

they are all emitting simultaneously within the timescale of our experiment.  In the case 

when the hot spot dominates this intensity-weighted average, the emission centroid will 

appear co-localized with the hottest spot of the SM-SERS centroid.  On the other hand, if 

there are multiple hot spots in a single diffraction-limited spot, the point spread function 

of the nanoparticle emission will be a super-position of all hot spots, while the molecule 

will only be sampling a single hot region.  In this case, the two centroids will not overlap, 

as is the case in Figures 5.7B and 5.7C. 

The next questions that we must address is why the spatial intensity maps show 

strong directionality towards the most intense SM-SERS centroid position and why the 

SM-SERS active region extends over a much larger area than expected for a SM-SERS 

hot spot.  If we analyze the diffusion trajectories, such as the one shown in Figure 5.4C, 

by calculating the mean-squared-displacement as a function of time lag, we see 

signatures of both subdiffusion and confinement (<r2> = t
α
 where α < 1 and α = 0, 

respectively).  Both are suggestive of obstacles that prevent Brownian motion, suggesting 

that the molecule is not able to diffuse freely on the nanoparticle surface.46-50  Without 

correlated structural data (incorporated in Chapter 6), we cannot assign the nature of the 

obstacles to Brownian diffusion, but we can speculate that nanoparticle structure must 

play a role, since the directionality is different for every trajectory analyzed.   

Interestingly, we have observed directionality in our spatial intensity maps when we use 
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circular polarized excitation light as well, supporting our hypothesis that structure 

influences the diffusion of the analyte.  This will be discussed in greater detail in a future 

publication.   

In order to understand the size mismatch between the predicted hot spot size (1-10 

nm) and the extended size of our ―SM-SERS active regions‖ (20-100 nm), we, again, will 

benefit immensely from correlated structural measurements.  However, we can also 

consider the possibility that a nanoparticle aggregate with multiple hot spots could lead to 

the molecule sampling—and reporting on—multiple antennae simultaneously.  For 

example, if we consider a nanoparticle trimer excited by linear polarized light, we have 

up to three possible hot spots.51, 52  If the molecule is spatially located close to one hot 

region, we expect strong dipole-plasmon coupling between the molecule and the single 

hot spot, which will be reflected in its SERS centroid position.  However, if the molecule 

is located between two spatially distinct hot spots, the molecule may be able to couple 

into both, and the SERS centroid will reflect an intensity-weighted super-position of the 

two hot spot locations (much like the metal luminescence described above).  In this case, 

both spatial position and molecular orientation will play a strong role in the dipole-

plasmon coupling.  Considering multiple hot spots contributing to the signal from a single 

molecule may help explain why the SERS active region extends much further than the 

expected size of a hot spot. 

 

5.4 Conclusions 

In conclusion, we have demonstrated that super-resolution imaging is a powerful 

tool for analyzing SM-SERS hot spots and has revealed new dynamics associated with 

SM-SERS as well as new insight into differences in the optical near fields of metal 
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nanoparticles and molecule-nanoparticle conjugates.  We have observed that the centroid 

of nanoparticle luminescence is typically associated with the region of strongest SERS 

intensity, but that this relationship is not always true, most likely due to the presence of 

multiple hot spots in a single diffraction-limited spot.  We have also shown that the 

position of the SM-SERS centroid wanders over time, sampling different positions in 

space that lead to different SERS intensity values.  Following recent results from the 

theoretical literature, we have proposed that the diffusion of the SERS centroid is due to 

diffusion of a single molecule on the surface of the nanoparticle, which leads to changes 

in coupling between the scattering dipole and the optical near field of the nanoparticle.  

Ultimately, these results demonstrate the power of super-resolution imaging for providing 

new experimental insight into the coupling between nanoparticle hot spots and a single 

radiating dipole as well as its impact on SM-SERS. 
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Chapter 6. Super-resolution optical imaging of SERS hot spots outside 

the single-molecule regime 
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6.1 Introduction 

In Chapter 5 we introduced super-resolution optical imaging as a new technique 

able to report on the dynamics of a single molecule exploring a SERS hot spot and 

showing a correlation between the SERS intensity and the SERS centroid position.  We 

based our speculation of single-molecule events on SERS intensity fluctuations which 

have been shown to suggest single-molecule SERS activity; however, SERS intensity 

flucuations alone have also been shown not to be absolute proof of single-molecule SERS 

(SM-SERS) events.1-4  As discussed in the introduction of this thesis, the istotope-edited 

bi-analyte SERS approach introduced by Van Duyne et. al. has been accepted as the 

strongest proof for identifying SM-SERS events by the single-molecule community.2,5-9  

This bi-analyte method uses equal amounts of two isotopologues as the SERS probe 

molecules, allowing for identification of each analyte through distinct marker modes in 

the SERS spectra.  By using isotopologues, we ensure equal Raman cross-sections for 

both probes, such that the signal from one analyte will not overpower the other, as well as 

equal probabilities of adsorption to the nanoparticle surface. Non-deuterated Rhodamine 

6G (R6G-d0) and the deuterated isotopologue Rhodamine 6G (R6G-d4) are ideal 

candidates for bi-analyte SERS measurements due to the high Raman cross-section of 

R6G and clearly distinguishable marker modes at 609 cm-1 (R6G-d0) and 597 and 1334 

cm-1 (R6G-d4) with all other vibrational modes positioned at identical Raman shifts. 

Ensemble SERS spectra for the two isotopologues can be seen in Figure 1.6 in Chapter 1. 

Isotopologue-labeled bi-analyte SM-SERS experiments correlated with electron 

microscopy (SEM or TEM) has shown SM-SERS activity always originates from 

aggregated nanoparticle structures primarily consisting of dimers and trimers.2,10,11  This 

is expected because theory has predicted that the highest electromagnetic enhancement 

occurs in junction regions between nanoparticles, suggesting these junctions are where 
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the ―hottest‖ hot spots are located.12  Previous experiments done in our lab, performed by 

a co-worker, in which super-resolution optical images of SERS hot spots were correlated 

with the corresponding structures of the SERS-active nanoparticle aggregates, show 

remarkable agreement between the SERS spatial intensity maps and the geometry of the 

nanoparticle junction regions.13,14  In agreement with the data discussed in the last 

chapter, these data also show a relationship between the measured SERS intensity and the 

position of the SERS centroid, and indicate that the highest SERS intensity occurs when 

the SERS centroid is located closest to a nanoparticle junction and decreases as the SERS 

centroid position moves away from a nanoparticle junction.15  In contrast to initial 

speculations that a SM-SERS hot spot is only large enough for a single molecule to fit 

inside, our super-resolution optical imaging data has suggested hot spots can extend 

across an entire nanoparticle junction, reaching sizes upwards of 50 nm.2,13-17  Many 

questions remain to be answered about SERS hot spots such as whether more than one 

molecule can fit inside a SERS hot spot and whether there can be more than one hot spot 

in a nanoparticle junction. 

 

6.2 Combining the isotope-edited bi-analyte spectral approach with super-resolution 

optical imaging and nanoparticle structural analysis 

In this chapter we discuss super-resolution optical imaging experiments using 

R6G-d0 and R6G-d4 isotopologues in a bi-analyte scheme, enabling us to asign specific 

SERS centroid behavior to individual molecules.  Following SERS spectral/imaging data 

collection, atomic force microscopy (AFM) is used to determine the structure of the 

SERS-active nanoparticles. 

We prepare SM-SERS samples by the methods noted in the introduction with the 

addition of incoorporating two analytes.  10 L of a bi-analyte solution (21 nM R6G-d0; 
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21 nM R6G-d4) in methanol is added to 100 L of Ag colloids prepared by the Lee and 

Miesel method (ref) followed by vortexing for 30 s.  100 L of 20 mM NaCl(aq) is added 

to the solution to aggregate the Ag colloids followed by vortexing for 30 s.  The solution 

is then incubated over night (~15 hrs) in a place with no light exposure.  A glass slide 

patterned with an aluminum alpha-numeric grid (deposited by thermal evaporation) is 

soaked in a ~1% 3-aminotriethoxysilane (APTES) solution in methanol to produce a 

surface to which the Ag nanoparticles will strongly adhere in order to prevent 

nanoparticle pushing during structural analysis with AFM.  The gridded slide is then 

washed copiously, first with methanol then nanopure water, to remove any excess 

APTES, followed by drying with N2. 2 L of the SM-SERS solution is then dropcast onto 

the gridded portion of the slide and allowed to sit for about 10 s before being blown off 

by N2. 2 L of a 100x diluted solution of BlueSky fluorescent spheres is then dropcast on 

top of the gridded portion of the slide and partially dried by N2 before being blown off.  

These fluorescent beads are used as alignment markers in the super-resolution imaging 

experiments to correct for any mechanical drift in the microscope stage, and it is 

important to get good coverage of the beads over the entire gridded portion of the slide so 

that on average at least 2 are present in each ~20 x 20 M region imaged by the EM-

CCD. 

Optical experiments are carried out on the microscope set-up described in Chapter 

2 with a quasi-circular polarized 532 nm laser with an irradiance of 811 W/cm2.  All 

experiments are taken with the internal beam-splitter in place in the microscope to send 

half of the SERS signal to be imaged on the EM-CCD (for super-resolution image 

processing) with the integration time of the acquisitions at 0.4 s, and the other half of the 

SERS signal is sent to the 2500i Acton SpectraPro spectrometer to acquire SERS spectra 

with 2 s integration times.  Following all optical data collection the sample slide is 
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transferred to an AFM to acquire structures of the SERS-active nanoparticles as described 

in Chapter 2. 

 

6.3 Multiple molecule dynamics in a single hot spot 

The intensity time trace shown in Figure 6.1A is acquired by integrating the 

scatter intensity originating from a single SERS-active diffraction-limited spot over all 

0.4 s image frames taken over 150 s (375 frames total).  This SERS intensity time trace 

exhibits step-like behavior going from high intensity from 0 – 20 s to a lower intensity 

from 20 – 126 s before a final off-step to background.  These two time intervals, in which 

the SERS signal fluctuates around two different average intensities before the final 

intensity step to background, suggests the presence of multiple molecules contributing to 

this SERS on-event.  This behavior is in contrast to the intensity time traces shown in 

Chapter 5, where the average intensity of a SERS on-event fluctuated around a single 

intensity level before the SERS signal turned off, suggesting behavior more consistent 

with a single-molecule event. 
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Figure 6.1.  (A)  Time trace showing the fluctuation of the integrated SERS intensity 

with time. (B) Spatial intensity map of the SERS centroid positions for the SERS event in 

(A) showing the average SERS intensity measured at each centroid position (color bar = 

background subtracted ADC counts).  Bin size is 3.8 nm. The average SERS centroid 

position is set at (0, 0). (C) AFM of the corresponding SERS-active nanoparticle trimer.  

(D) Qualitative overlay of the spatial intensity map from B (rescaled) over the trimer 

AFM image from (C).    

 

The point-spread-function (PSF) of each of the 315 diffraction-limited SERS 

emission images taken over the 126 s SERS on-event are individually fit to a single 2-

dimensional Gaussian, as shown in equation 6.1, reproduced from Chapter 5: 
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In this equation, I is the intensity, z0 is the background, x0 and y0 are the centroid 

of the fit, and s is the standard deviation.  Using this approach, we can approximate the 

position of a single emitter as the location of the centroid of the fit, i.e. (x0, y0). Spatially 

binning the 315 SERS centroid positions into 3.8 nm bins, we create a spatial intensity 

map (Figure 6.1B) showing the average intensity (color scale) measured at each SERS 

centroid position (x and y axes).  Similar to the spatial intensity maps shown in Chapter 

5, the one in Figure 6.1B reveals a clear relationship between the SERS centroid position 

and the measured SERS intensity.  Interestingly, the AFM of this SERS-active 

nanoparticle aggregate (Figure 6.1 C) reveals it is a nanoparticle trimer; therefore, it 

theoretically has two possible SERS hot spots.12,18  However, the spatial intensity map 

shows all SERS activity originates from a single region approximately 20 x 20 nm in 

size, which is too small to contain SERS contributions from both junctions. 

We resize the spatial intensity map from Figure 6.1B to have the same scale bar as 

the AFM image and qualitatively overlay them (Figure 6.1D).  Based on previous work, 

we place the spatial intensity map along the rightmost junction of the nanoparticle trimer.  

The orientation of the high intensity edge of the spatial intensity map shows excellent 

agreement with the geometry of this junction, and the corresponding SERS intensity 

decreases as the SERS centroid moves away from the junction, consistent with previously 

published data from our lab.13-15  It is important to note that these super-resolution 

imaging fits differ from those discussed in Chapter 5, in which the PSF of the 

nanoparticle Ag luminescence had to be individually fit and subtracted away in order to 

isolate the SERS PSF.  In the system described here, the Ag luminescence was below the 

signal-to-noise threshold of our imaging CCD.  This means that we can assign all of the 

emission PSF intensity as SERS and do not need to subtract away the luminescence 

background PSF.  Because the origin of the nanoparticle luminescence remains a subject 
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of active inquiry, it is unclear why the signal is strongly damped in this system relative to 

previous experiments, although we note that this sample preparation involves APTES 

nanoparticle immobilization, unlike all previous studies. 

Returning to the idea of two molecules participating in this SERS on-event, as 

suggested by the two average SERS intensities in the time trace in Figure 6.1A, we plot 

the calculated x and y coordinates of the fitted SERS centroids against time in Figure 

6.2A (right two columns).  The intensity time trace from Figure 6.1A is rotated by 90  

and re-plotted in the left-most column in Figure 6.2A to provide easy correlation between 

SERS centroid x and y positional movement and fluctuations in the intensity time trace.  

SERS spectra taken at the same time as the SERS emission images are assigned as R6G-

d0 when only the 608 cm-1 is present, as R6G-d4 when only the 593 cm-1 is present, and 

as both when both marker modes are present.  Sequential spectra assigned to the same 

analyte (or pairs of analyte) are averaged and plotted in Figure 6.2B.  Events in which 

only R6G-d4 is observed occur between 0 – 6 s, 8 – 14 s, and 120 – 126 s, while events in 

which only R6G-d0 is observed occur between 18 – 36 s and 46 – 94 s.  Signatures from 

both analytes are observed between 6 – 8 s, 14 – 18 s, and 94 – 120 s.  The intensity time 

trace and x and y SERS centroid fits in Figure 6.2A are color-coded based on the identity 

of the analyte producing the SERS signal at that time, with blue points corresponding to 

R6G-d4, red corresponding to R6G-d0 and black corresponding to both.  The grey points 

correspond to unidentifiable spectra (36 – 46 s).   
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Figure 6.2.  (A) Intensity time trace from Figure 6.1A rotated by 90° and color coded as 

described below (left graph) and corresponding SERS centroid diffusion trajectories 

showing how the position (x and y) of the SERS centroid changes with time (two right 

graphs).  All points in the time trace and centroid diffusion trajectories are color-coded 

according to the analyte producing SERS at that time point with the following 

assignments: R6G-d4 (blue), R6G-d0 (red), and both (black).  Unassigned points 

including background signal are colored grey.  (B) SERS spectra of the marker modes for 

R6G-d4 (593cm-1) and R6G-d0 (608 cm-1) averaged over the noted times (right) that 

correspond to regions marked in (A) by alternating grey to white background color.    

 

In Figure 6.3 we zoom in on time 0 – 36 s from Figure 6.2, where the SERS 

centroid fits are more tighly confined spatially compared to the entire time trace.  The 

intensity time trace and x and y SERS centroid positions are plotted against time in 

Figure 6.2A, with the corresponding spectral data shown on the right.  Again the intensity 

time trace and x and y centroid positions are color-coded according to the analyte 

identified in the SERS spectrum during that time.  Each SERS spectrum is 2 s and each 

SERS emission image is 0.4 s so there are approximately 5 SERS centroid fits per 
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spectrum.  Because of this difference in time resolution, the analyte assignments are 

limited to the time resolution of the spectra.   

Based on the SERS spectra, we know there are at least one R6G-d0 and one R6G-

d4 contributing to the measured SERS during this time period.  If the two molecules are 

competing for a single hot spot only large enough to accommodate a single molecule, we 

would expect the SERS centroid fits corresponding to R6G-d0 and R6G-d4 to lie directly 

on top of each other, and we would not expect to see SERS spectra corresponding to both 

events unless analyte exchange in the hotspot occurs faster than our spectral resolution.  

We create a scatter-plot of all SERS centroid fits from time 0 – 30 s in Figure 6.3B, 

color-coded with the same analyte assignments.  This plot shows that the SERS centroid 

positions corresponding to only R6G-d0 or R6G-d4 are offset from each other by an 

average of about 5 nm, and that the events corresponding to emission from both dyes 

(black data) are positioned directly between the R6G-d0 and R6G-d4 only events.  In the 

case when two spatially-distinct molecules are emitting simultaneously, we expect to see 

the fitted centroid report a super-position of the two emission centroids; these data are 

consistent with this expectation.  The entire range of centroid fits spans over a region 

approximately 15 x 10 nm in size. 
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Figure 6.3.  (A) Intensity time trace and x and y SERS centroid trajectories from Figure 

6.2A, zoomed in to the time period from 0 through 36 s.  Each SERS spectrum (right) 

corresponds to approximately 5 calculated SERS centroid positions, highlighted by 

alternating grey to white background (left).  (B) Scatter-plot of all SERS centroid 

positions from time 0 – 30 s from (A) with (0, 0) set at the average SERS centroid 

position from the entire dataset (Figure 6.2.A).  Color assignments are the same as in 

Figure 6.2:  R6G-d4 (blue), R6G-d0 (red), and both (black).  
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Figure 6.4A shows scatter-plots of the SERS centroid positions from the entire 

SERS on-event from Figure 6.2A (0 – 126 s) separated into three plots by analyte 

assignment.  The R6G-d0 SERS centroids for the entire on-event remain roughly 

centered around (0, 0), similar to the data from Figure 6.3B, but extend over a larger 

region (~ 15 nm in size).  On the other hand, the R6G-d4 and ―both‖ scatter-plots show an 

additional average SERS centroid position corresponding to negative x and y values, in 

contrast to the data from Figure 6.3B.  It is interesting to note that there is a gap between 

the average positions of the two R6G-d4 events, which is located at the average R6Gd-d0 

SERS centroid position, suggesting that the R6G-d4 is unable to explore that region of 

the nanoparticle due to the presence of the R6G-d0 at that location.  Because the R6G-d4 

centroid positions start at (+x, +y) values and end at (-x, -y) values, this suggests that 

either a single R6G-d4 molecule navigates around the R6G-d0 molecule from one region 

of the hot spot to a second region of the hot spot, or that one R6G-d4 molecule leaves the 

hot spot at (+x, +y) values after 18 s, and then a second R6G-d4 enters the hot spot on the 

opposite side of the R6G-d0 molecule.  In either case, our ability to resolve these single-

molecule dynamics of multiple molecules exploring a single hot spot is remarkable, as 

the long-axis length of a R6G molecule is ~1.4 nm.19 
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Figure 6.4.  (A) Scatter-plots of SERS centroid positions from the entire dataset from 

Figure 6.2A, separated into three plots by analyte assignment. (B) Overlay of all scatter-

plots from (A). (C) Spatial intensity map from Figure 6.1B reproduced here for 

comparison with analyte positions in (B).  

 

The spatial intensity map from Figure 6.1B is reproduced in Figure 6.4C to 

compare to the color-coded centroid scatter plot in Figure 6.4B.  The high and low 

intensity points in the spatial intensity map have contributions from both isotopologues, 

yet still shows the ability of super-resolution optical imaging to report on the local 

electromagnetic field enhancement of a hotspot.  In this case, the strongest SERS 

enhancement occurs along the rightmost edge of the hot spot, with a decrease in intensity 

as the SERS centroid moves away from the ―hottest‖ region, regardless of whether the 

signal originates from R6G-d0, R6G-d4, or both.  The spatial range (~20 x 20 nm) over 
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which SERS centroids are fit for the full 126 s SERS event is smaller than the perceived 

size of the nanoparticle junction imaged in Figure 6.1D, although we are limited by the 

resolution of the AFM.  This suggests either that the R6G molecules are spatially 

confined to one region of the hot spot or that only one local region of the nanoparticle 

junction can act as a hot spot.   

  

6.4 Two local hot spots with a single nanoparticle junction 

Figure 6.5A shows a second example of a SERS intensity time trace with 

calculated x and y SERS centroid positions plotted against time.  The corresponding 

SERS-active nanoparticle dimer is shown in the AFM image in Figure 6.5B.  The 

intensity time trace and x and y SERS centroid positions are color-coded according to the 

analyte producing SERS at that time (assigned by corresponding spectra) with the same 

color assignments as in previous figures.  Again, the grey points correspond to times 

when spectra are unable to be assigned to one analyte or the other.  These unidentifiable 

points most-often correspond to lower intensities in the intensity time trace.  The spatial 

intensity map in Figure 6.5C reveals two regions of higher electromagnetic field 

enhancement (e.g. the hottest spots) in distinct positions, separated by about 30 nm, with 

lower SERS intensity points appearing between these hottest sites.  The AFM image in 

Figure 6.5B shows there is only one junction in this SERS-active nanoparticle aggregate, 

but does not provide sufficient resolution to speculate on the positions of the two regions 

responsible for the highest electromagnetic field enhancement shown in the SERS spatial 

intensity map (Figure 6.5C). 
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Figure 6.5.  (A) Time trace showing the fluctuation of the integrated SERS intensity with 

time (left graph) and corresponding SERS centroid diffusion trajectories showing how 

the position (x and y) of the SERS centroid changes with time (two right graphs).   (B) 

AFM of the corresponding SERS-active nanoparticle dimer.  (C) Spatial intensity map of 

the SERS centroid positions for the SERS event in (A) showing the average SERS 

intensity measured at each centroid position (color bar = background subtracted ADC 

counts).  Bin size is 3.8 nm. The average centroid position is set at (0, 0). 

 

Figure 6.6A replots the SERS spatial intensity map from Figure 6.5C with a white 

arrow pointing to the average SERS centroid position from the entire time trace.  Figure 

6.6B and C plots the SERS spatial intensity maps associated with two distinct time ranges 

within the original data set: Figure 6.6B corresponds to time 0 – 73 s in Figure 6.5A 

(white background) and Figure 6.6C corresponds to time 73 s – 250 s in Figure 6.5A 
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(shaded background).  The white arrows in 6.6B and C point to the average SERS 

centroid position from the entire time trace.  Separating the spatial intensity maps by 

these two time regions shows the SERS centroids start out positioned in the lower right 

region and then move to the upper-left region after 73 s.   

The scatter-plots in Figure 6.6D and E plot the SERS centroid positions from the 

time periods in 6.6B and C, respectively, with the centroid positions color-coded by 

analyte.  The scatter-plot in 6.6D shows similar behavior to the one shown in 6.3B, with 

SERS centroids corresponding to R6G-d0 and R6G-d4 in spatially distinct positions with 

―both‖ centroid positions occuring between the two isotopologue positions.   The scatter-

plot in 6.6E shows two distinct SERS centroid average positions, which both originate 

from R6G-d4.  The transition between these two centroid positions corresponds to a sharp 

digital step in the intensity time trace in Figure 6.5A at time 163 s.  This transition brings 

up the question of whether a single digital intensity step from a higher to a lower SERS 

intensity could occur from a single molecule moving from one region of a hotspot to a 

second region.   

Considering the SERS spatial intensity map for the entire time of this SERS on-

event (Figure 6.6A) shows that a single nanoparticle junction can have two spatially 

distinct hotspots; however it is unclear whether or not these two local hot spots lie on the 

same or opposite sides of the nanoparticle dimer junction imaged in Figure 6.5B.  The 

~10 nm off-set in the average y positions of the calculated SERS centroids from the two 

time periods mapped in Figure 6.6B and C suggests local hot spots positioned on 

opposite sides of the junction as a likely possibility considering the horizontal orientation 

of the junction.  As in the first example (Figure 6.1), the spatial range of fitted SERS 

centroids in this example is smaller than the perceived size of the junction region in the 

AFM image. 
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Figure 6.6.  (A) Spatial intensity map from Figure 6.5C. (B) Spatial intensity map from 

(A) for SERS centroids fitted from 0 – 73 s in 6.5A. (C) Spatial intensity map from (A) 

for SERS centroids fitted from 73 – 250 s. The white arrows in (A), (B), and (C) point to 

the average SERS centroid position fitted for the entire time (0 – 250 s) to provide a 

common reference point among the three spatial intensity maps. (D) and (E) show 

scatter-plots of the SERS centroid positions from the time periods in (B) and (C), 

respectively, with the centroid positions color-coded by analyte with R6G-d4 positions in 

(E) plotted in blue (73 – 163 s) and in cyan (163 – 250 s).     
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6.5 Two SERS-active junctions in a trimer 

Figure 6.7A shows the SERS intensity time trace and x and y SERS centroid 

positions plotted against time originating from the SERS-active trimer composed of a 

sphere and two rods shown in the AFM image in Figure 6.7B.  The color-coding is 

arbitrarily chosen by intensity jumps because the corresponding SERS spectra marker 

modes are not high enough quality to assign to either isotopologue, although 

characteristic Rhodamine peaks are observed in the spectra.  The scatter-plot in Figure 

6.7C plots the SERS centroid fits from Figure 6.7A, color coded by time periods 

corresponding to the time trace data.  Each color-coded intensity region corresponds to a 

localized position that is spatially distinct from the other data.  For example, the early 

high-intensity time points (shown in red) are positioned in the left-most region of the 

scatter-plot, while the lowest intensity time points (shown in blue) are positioned in the 

upper-right of the scatter-plot.  The later high intensity time points (shown in green) 

occur in a third position found in the lower-right of the scatter-plot.  These same trends 

are also reproduced in the spatial intensity map shown in Figure 6.7D, although the 

evolution of the spatial position of the SERS centroid with time is less obvious from this 

representation. 

If we now compare the spatial origin of the SERS signals to the nanoparticle 

structure we see good agreement of the average distance between the fitted centroids 

from the two highest-intensity regions (darker red and green) at ~30 nm with the distance 

between the two junction regions on either side of the sphere where it touches each rod. 

The average position of the centroids fit during the lowest SERS intensity region (blue) 

relative to the centroids fit during the highest SERS intensity regions suggest the 

molecule(s) is located in the region between the two rods up and to the right of the two 

junction regions during the low-intensity SERS activity.   
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Figure 6.7.  (A) Time trace showing the fluctuation of the integrated SERS intensity with 

time (left graph) and corresponding SERS centroid diffusion trajectories showing how 

the position (x and y) of the SERS centroid changes with time (two right graphs).   (B) 

AFM of the corresponding SERS-active nanoparticle dimer.  (C) Scatter-plot of all SERS 

centroid positions from (A) with (0, 0) set at the average SERS centroid position.  Color 

assignments in (A) and (C) are arbitrarily assigned to regions separated by intensity 

jumps in the time trace. (D) Spatial intensity map of the SERS centroid positions for the 

SERS event in (A) showing the average SERS intensity measured at each centroid 

position (color bar = background subtracted ADC counts).  Bin size is 3.8 nm. The 

average centroid position is set at (0, 0). 
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6.6 Conclusions 

In conclusion, we have combined an isotope-edited bi-analyte SERS spectral 

approach with super-resolution optical imaging to show that we can obtain position-

dependent SERS intensity information outside of the single-molecule regime.  

Additionally we are able to resolve the position of two molecules occupying a single hot 

spot positioned no more than 10 nm apart and observe their individual SERS centroid 

behaviors as well as the super-position of the SERS centroid behaviors when both 

molecules are emitting simultaneously.  We have also shown that nanoparticle aggregates 

can contain multiple spatially distinct hotspots, in both dimer (single junction) and trimer 

(multiple junction) structures.  These data are made possible, in part, by the inclusion of 

multiple dyes on the nanoparticle surface, each of which is reporting on its own local 

environment, thus veryifying the utility of working in the few-molecule labeling regime.  

Identification of the highly localized nanoparticle geometry that produces these spatially 

distinct hotspots will require the incoorporation of high-resolution transmision electron 

microscopy imaging of the SERS-active nanoparticles.  The combination of an isotope-

edited bi-analyte SERS spectral approach with super-resolution optical imaging and 

correlated structural analysis has proven itself as an invaluable method to provide insight 

into the dynamics between organic molecules and SERS hot spots and shows promise to 

answer many questions that remain about SERS hot spots. 
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