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Precise localization and correlation of single nanoparticle optical
responses and morphology
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We demonstrate nanometer scale localization of the nonlinear optical response of single
nanoparticles and aggregates and correlate this with their morphology. The essence of our approach
is to create position markers on an optical and electron-transparent substrate �Si3N4 thin film� that
allows optical measurements and transmission electron microscopy �TEM� imaging of the identical
nanoparticles or aggregates. The second harmonic activity optical image of individual Ag
nanostructures is registered with the TEM image. Centroid localization of the optical signals allows
correlation with better than 25 nm precision. This is sufficient to determine the origin of optical “hot
spots” within multiparticle aggregates. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2213518�
Understanding the structure-property relationship of
nanoparticles and tailoring their optical and electronic
properties are prerequisites to designing functional
nanomaterials.1 “Bottom-up” fabrication of materials based
upon nanoscale building blocks �nanoparticles or nanocrys-
tals� is being extensively pursued.2–8 The dimensions of
nanocrystals �typically 2–100 nm� lie between bulk crystals
and single molecules. Electron confinement effects give the
nanocrystals unique properties that are fundamentally differ-
ent from their bulk or atomic cluster counterparts.8–10

The linear and nonlinear optical properties of metal and
semiconductor nanocrystals are of particular interest for op-
tical and biosensing applications.11,12 Most previous studies
examined bulk properties of nanoparticle solutions, such as
linear scattering, absorption and second harmonic �SH� gen-
eration �SHG�.3,4,13–15 These ensemble measurements pro-
vide information averaged over the nanoparticle size and
morphology distributions, and thus, the precise structure-
property relationship of individual nanoparticles is obscured.
Therefore, single-particle measurements are necessary to
gain a deep and complete understanding of their optical
properties and those of individual particle aggregates.16–23

In optical microscopy-based single-particle measure-
ments, the diffraction limit prevents the morphology of
single nanoparticles from being revealed.16 Although one
might identify single nanoparticles by scrutinizing their op-
tical signatures �e.g., linear scattering spectra�, in some
cases, this may not be sufficient due to similarity of optical
signatures of different nanostructures; e.g., both nanorods
and nanoparticle dimers can exhibit transverse and longitu-
dinal plasmon modes at similar wavelengths;4,10,24 therefore,
resolving the fine structure of the nanoparticles requires joint
analysis with nanoscale imaging. Near-field optical
microscopy25 extends the optical and topographic resolution
to �50 nm but involves a complicated excitation field, in-
cluding tip-sample optical �plasmon� interactions.22 Atomic
force microscopy �AFM� allows in situ imaging and correla-
tion with optical measurements,26–28 but still with limited
lateral resolution �1–5 nm� and nontrivial tip-sample convo-
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lution. Transmission electron microscopy �TEM� has signifi-
cantly higher resolution �0.1 nm� than AFM or scanning
electron microscopy �SEM� and also allows elemental and
structural analyses on the subnanometer scale. Therefore, in-
tegrating optical measurements and TEM imaging would be
a powerful way to precisely correlate the structure-property
relationship in nanomaterials.

This letter reports a facile methodology for correlating
optical measurements and TEM imaging of identical nano-
particles or multiparticle aggregates in pursuit of a precise
structure-function relationship. The essence of our approach
is to create position markers on an optical and electron-
transparent substrate �e.g., Si3N4 thin film�. This permits ex
situ correlation of optical and TEM images. The utility is
demonstrated by correlating optical SH activity of single Ag
nanoparticles and their precise structure imaged by TEM.

The substrate is a Si3N4 thin film window �0.2
�0.2 mm2, film thickness �100 nm� supported on a silicon
wafer ��3 mm diameter, �0.2 mm thickness� �SPI Sup-
plies�. The position markers were fabricated by electron-
beam lithography using PMMA as a resist �Fig. 1�. Two sizes
of position markers were fabricated �Fig. 2�a��: micron scale
bars �0.75�7.5 �m2� and nanometer scale dots ��100 nm
diameter�. The bar markers allow one to easily identify the
imaged area in both optical microscopy and TEM analysis,
as well as coarse superposition of the two images. The nan-
odot markers permit precise registration of the optical signals
with the high-resolution TEM images.

The PMMA pattern was translated into metal markers by
thermal evaporation of a 30 nm thick Cr or Ag film onto the

FIG. 1. �Color online� Fabrication of position markers on a Si3N4 window �

100 nm thick�. See text for further explanation.
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substrate. Finally, the substrate was soaked in acetone at RT
for �15 min to lift off the polymer/metal film. The substrate
was further coated with a layer of positively charged poly-
�diallyldimethylammonium chloride� �PDDA, low molecular
weight, Aldrich� to enhance the Ag nanoparticle adhesion to
the substrate surface. In a typical experiment, the Si3N4/SiO
window was immersed in a 0.2 wt % PDDA aqueous solu-
tion for several hours, allowing deposition of a layer of
PDDA polymer on the window surface. The substrate was
rinsed with water and dried. The roughness of the final sub-
strate is �0.5 nm �rms�.

Ag nanoparticles were synthesized by citrate reduction.10

A 5 ul aliquot of the Ag colloidal solution �1:4 diluted with
water� was pipetted onto the window, allowed to stand for
5–10 min for nanoparticle deposition via electrostatic inter-
action �the Ag nanoparticles are negatively charged�, then
rinsed with water and dried. TEM imaging of the marked
window area was carried out with a Tecnai F30 TEM
equipped with a Schottky field emission gun.

Figure 2�a� shows a TEM image of a typical position
marker pattern consisting of bars and nanodots. A zoomed-in
area is shown in Fig. 2�b�. Figure 3 compares the AFM and
TEM images of an identical area. Due to tip-sample convo-
lution, AFM cannot resolve fine structures and interparticle
gaps revealed by TEM.

The Si3N4 window substrate with position markers can
be used in absorption, scattering, and nonlinear optical mea-
surements. This letter demonstrates correlation and localiza-
tion of optical SH activity of single Ag nanoparticles or ag-
gregates and their precise structure imaged by TEM. The SH
activity map �e.g., Fig. 2�c�� was acquired with a homebuilt
nonlinear optical microscopy system consisting of an in-
verted microscope �Nikon TE2000� and a tunable femtosec-
ond pulsed Ti:sapphire laser source �Spectra Physics Mai-Tai
broadband� described elsewhere.10

Prior to the SHG measurements, a bright field image of
the marked area of the sample was acquired with white light
illumination from a halogen lamp. The sample position was
mechanically fixed and the femtosecond pulses were then
introduced. Careful adjustment of the focal plane ensured an

FIG. 2. �Color online� �a� TEM image of a position marker pattern consistin
image �false color image� of the same area as �b�. The circled spots in �b�
forming a hexagonal pattern are the dot markers ��100 nm diameter�. �d� Z

FIG. 3. �Color online� AFM and TEM images of a bar marker and nearby

Ag nanoparticles.
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optimized SH signal from the Ag nanoparticles. Epi-
scattered SH signals were collected. Figure 2�c� shows the
SH image of Ag nanoparticles for the identical area as in Fig.
2�b�. Emission spectra, laser polarization, and excitation
wavelength dependence confirmed that the detected signals
are SH activity and not two-photon fluorescence.10 Nanopar-
ticles with a nonspherical shape �e.g., Ag nanorods� exhibit
much greater SH activity than isolated single quasispherical
nanoparticles �Fig. 2�d��. The direct and precise correlation
of the structure and SH activity �and other spectral
properties10� allow concluding that the SH signal from the
highly active Ag nanostructures �i.e., nanorods, touching
dimers, and clusters� arises from a mechanism of one-photon
resonant excitation of the longitudinal plasmon mode of na-
norods or dimers.10 The plasmon excitation creates a nonlin-
earity, radiating harmonics �such as 2� and 3�� of the laser
driving frequency ���. This nonlinearity would be enhanced
from the large local field associated with the longitudinal
plasmon excitation,9,29 which is significantly larger than that
from the dipole plasmon of quasispherical particles.

For multiparticle �aggregate� structures, an important
fundamental issue is to localize the SH emission site�s�
within the aggregate. Previous research has reported different
types of optically active �fractal� nanostructures,30–33 how-
ever, lacking sufficient structural information and image-
structure correlation to allow accurate electrodynamic simu-
lation. Our methodology allows facile and precise
determination of the SH emission site within an aggregate
structure. We register the SH optical micrograph and TEM
image with a linear mathematical transformation �image
stretching and rotation, see supporting information� of the
SH image �Fig. 4�a��. The nanodot markers, visible in both
the SH and TEM images, serve as reference points �the dots
marked with squares in Fig. 4�a�� to determine the linear
transform. The centroid of the optical point spread function
is calculated for each reference marker. The signal-to-noise
ratio �S/N� of the SH response typically allows this to be
determined with �10 nm precision. Next, the centroids of
SH emission spots �Fig. 4�a�, red circles� for single Ag nano-
particles or individual aggregates are determined by a two
dimensional Gaussian fit34,35 and transformed into the TEM
image frame �Fig. 4�a��. The error of image correlation is
estimated to be �25 nm.

Since aggregates exhibit multiple plasmon resonance
bands in the visible and near infrared,19,36 we investigated
the SH activity of Ag nanoparticle aggregates for different
excitation wavelengths �Figs. 4�b�–4�e��. Aggregate 1 shows
two emission centroids �red circles in Figs. 4�b� and 4�c��,
one of which shifts as the excitation wavelength changes
from 830 nm �Fig. 4�b�� to 880 nm �Fig. 4�c��, while the
other essentially remains unshifted. For those small clusters

bars and nanodots. �b� 5� magnified view of a region in �a�. �c� SH optical
c� are single Ag nanorods giving SH signals. The spots marked by squares
-in images of single nanorods �1 and 2� shown in image �b�.
g of
and �
�e.g., 2 in Figs. 4�d� and 4�e��, no distinct shift was observed
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within the error. Higher-resolution TEM measurements al-
lowed determining the precise structure of SH-active “hot”
sites in relatively simple multiparticle aggregates, such as a
SH-active cavity formed by three adjacent particles �see sup-
porting Fig. S4�. Wavelength-dependent data �not shown�
point to a resonance enhancement mechanism10 for the ag-
gregates. The SH activity arises from the nonuniform polar-
ization responses of the highly driven plasmon excitation.37

The SH activity would also be enhanced from the large local
field associated with the plasmon excitation within an aggre-
gate structure, reminiscent of surface-enhanced Raman
scattering.38 We believe that the centroid shifting is related to
the plasmon responses of the different spectral response of
the various optical hot sites. Taken together, these results
indicate that the nanoparticle aggregates have complex opti-
cal behavior due to their structural complexity, e.g., multiple
optically active sites. Further work on the comparison of
various linear and nonlinear optical behaviors, high-
resolution structural characteristics of those SH-active sites
in an aggregate, and theoretical modeling of the local field
distribution is underway.

The methodology for correlating and localizing the opti-
cal response of single nanoparticles or aggregates and TEM
imaging of particle morphology enables determining the ori-
gin of optical hot spots within multiparticle aggregates. This
method is general and can be adapted for single-particle Ray-
leigh scattering, surface-enhanced Raman scattering �SERS�,
and ultrafast pump-probe studies.39
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FIG. 4. �Color online� �a� Registered and colocalized SH optical and TEM
images of an area ��ex=830 nm�, blue: SH emission, red circles: the cen-
troids of SH emission spots. The lithographically fabricated dots �marked
with squares� serve as reference points for the image superimposition. �b�–
�e� Centroid analysis of SH emission from multiparticle aggregates 1 and 2,
�b� and �d�: �ex=830 nm, �c� and �e�: �ex=880 nm.
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