REPORT DOCUMENTATION PAGE 1 Form Approved OMB NO. 0704-0188

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions,
searching existing data sources, gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments
regarding this burden estimate or any other aspect of this collection of information, including suggesstions for reducing this burden, to Washington
Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington VA, 22202-4302.
Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any oenalty for failing to comply with a collection

of information if it does not display a currently valid OMB control number.
PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE 3. DATES COVERED (From - To)
29-08-2014 Book Chapter :
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

Near-Field Spectroscopy and Imaging of Single Nanoparticles WOI11NF-12-1-0076
5b. GRANT NUMBER

5¢c. PROGRAM ELEMENT NUMBER
206022
6. AUTHORS 5d. PROJECT NUMBER

Yohannes Abate

5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAMES AND ADDRESSES 8. PERFORMING ORGANIZATION REPORT

California State University - Long Beach NUMBER

California State University Long Beach Foundation
6300 State University Drive, Ste. 332

Long Beach, CA 90815 -4670
9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS 10. SPONSOR/MONITOR'S ACRONYM(S)
(ES) ARO

U.S. Army Research Office 11. SPONSOR/MONITOR'S REPORT

P.O. Box 12211 NUMBER(S)

Research Triangle Park, NC 27709-2211 60430-MS-REP.12

12. DISTRIBUTION AVAILIBILITY STATEMENT
Approved for public release; distribution is unlimited.

13. SUPPLEMENTARY NOTES
The views, opinions and/or findings contained in this report are those of the author(s) and should not contrued as an official Department

of the Army position, policy or decision, unless so designated by other documentation.

14. ABSTRACT

The purpose of this entry is to review nanoscale near-field imaging and spectroscopy of single isolated
nanoparticles

and core—shell nanostructures using scattering-type scanning near-field optical microscopy

(s-SNOM). Few representative examples have been chosen from the authors research work that are either
plasmon or phonon resonant, quantum dots (QDs) and coated core—shell nanoparticles.

15. SUBJECT TERMS
nanoparticles, core—shell nanostructures, scattering-type scanning near-field optical microscopy (s-SNOM), plasmons, phonons,

quantum dots (QDs)

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF |15. NUMBER [19a. NAME OF RESPONSIBLE PERSON
a. REPORT [b. ABSTRACT [c. THIS PAGE |ABSTRACT OF PAGES  |Yohannes Abate

uu uu UU uu 19b. TELEPHONE NUMBER
562-985-4912

Standard Form 298 (Rev 8/98)
Prescribed by ANSI Std. Z39.18



Report Title
Near-Field Spectroscopy and Imaging of Single Nanoparticles

ABSTRACT

The purpose of this entry is to review nanoscale near-field imaging and spectroscopy of single isolated nanoparticles
and core—shell nanostructures using scattering-type scanning near-field optical microscopy

(s-SNOM). Few representative examples have been chosen from the authors research work that are either

plasmon or phonon resonant, quantum dots (QDs) and coated core—shell nanoparticles.



Editor Query Form

Journal title: Dekker Encyclopedia of Nanoscience and Nanotechnology, Third Edition
Author: Yohannes Abate
Article id: E-ENN3-120050582

The following queries have arisen during copy-editing your manuscript. Please provide an answer
in the right-hand column below and on your proofs. Many thanks for your help.

Query No. Query Response

EDQ1 Please provide in-text call out for Fig. 3.




Near-Field Spectroscopy and Imaging of Single Nanoparticles

Yohannes Abate

Department of Physics and Astronomy, Georgia State University, Atlanta, Georgia, U.S.A.

Abstract

The purpose of this entry is to review nanoscale near-field imaging and spectroscopy of single isolated nano-
particles and core—shell nanostructures using scattering-type scanning near-field optical microscopy
(s-SNOM). Few representative examples have been chosen from the authors research work that are either
plasmon or phonon resonant, quantum dots (QDs) and coated core—shell nanoparticles.

INTRODUCTION

One of the most fascinating phenomenon in material sci-
ence is the role size plays in altering the optical responses
of nanoparticles.'"! Emerging synthesis methods allow fab-
rication of nanoparticles with a specific size and shape,
which enable to tailor their optical response for clearly
defined applications.”>* Plasmon resonances of metal
nanoparticles can be tuned by controlling their size." The
past decade has witnessed an explosion in the use of plas-
monic metal nanoparticles for light localization and near-
field enhancement applications such as surface-enhanced
Raman spectroscopy (SERS) and metal-enhanced fluores-
cence.”®! A great deal of research has been focused on
quantum dots (QDs) with an interest in being able to tune
their optical properties for integrated optoelectronic devices
upon existing silicon technology infrastructure. Significant
tuning of their band gaps can be achieved as a function of
reduced size.!”! Tuning optical and chemical properties by
reducing the size of materials has tremendously extended
the potential of nanoscience that has received a major
research focus.

As the ability to synthesize smaller and smaller com-
plex core—shell nanostructures improves, an increased
need to detect and map these materials on the nanoscale
with material and spectroscopic sensitivity is recog-
nized.®® %" Optical methods, in addition to being non-
destructive and chemically specific, allow investigation
of structure—property relationships, effects of size and
geometry on light-induced resonant properties of nano-
structures (such as absorption and scattering), and
plasmon—plasmon interactions. Classical light microscopy
allows the resolution of sample features down to about
half the illumination wavelength (~250 nm in the visible).
This limited resolution hinders single particle charac-
terization and spectroscopic investigation. Scattering-type
scanning near-field optical microscopy (s-SNOM) offers
ultrahigh optical resolution that depends on the radius
of curvature of the probe and not on the wavelength of
light used.!''~'4

S-SNOM is typically based on an atomic force micro-
scope (AFM), where the sharp metallic probe tip is illumi-
nated by a focused laser beam. The tip functions as an
antenna converting the illuminating radiation into a highly
localized and enhanced near field at the tip apex. Owing
to the near-field interaction between the tip and sample,
the tip-scattered radiation is modified in both its amplitude
and its phase, depending on the local dielectric properties of
the sample. Interferometric detection of the backscattered
light thus yields nanoscale-resolved amplitude and phase
images, rendering the local, complex dielectric function of
the sample. From the near-field images, the absorption
and scattering properties, local structure, material composi-
tion, and the free-carrier concentration, can be derived. The
focus of this entry is to give a brief description of s-SNOM
followed by a summary of recent works on single nano-
particle imaging with s-SNOM in the frequency range
UV-visible to mid-infrared.

DESCRIPTION

Background-free successful optical imaging with s-SNOM
(shown in Fig. 1) relies on: 1) Artifact-free topographic
mapping; 2) high harmonic demodulation using lock-in
amplifier; and 3) interferometric detection of the demodu-
lated signal.

Topography

One of the most important, yet least emphasized, advan-
tages of s-SNOM is its ability to acquire topographic infor-
mation simultaneously with optical images. Successful
operation of s-SNOM, and optical image interpretation
relay on quality topographic imaging, it is therefore crucial
to insure artifact-free topographic image before acquiring
optical images with s-SNOM.

In AFM, the force interaction between a sharp probe tip
affixed to a flexible cantilever and surface is measured. A
reflected laser from the back of the cantilever is focused
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Fig. 1 Schematics of the experimental setup showing optical
beam paths of the s-SNOM for visible (left side of tip) and infrared
frequencies (right side of tip). M = mirror, OI = optical isolator,
BE = beam expander, and BS = beam splitter.

to a detector, which translates the signal to a topographic
image based on the vertical deflection of the cantilever.
All s-SNOM is based on tapping mode AFM, because oscil-
lation of the tip with near-resonant frequency is crucial to
the optical near-field detection through high harmonic
demodulation (described below). During tapping mode
operation, the cantilever is allowed to oscillate at its slightly
shifted resonance frequency with a free amplitude. A
cantilever brought in close proximity to the surface taps
the surface resulting in a decreased cantilever oscillation
amplitude compared to the free amplitude. A feedback
loop guarantees image formation through raster scanning
over the sample surface and adjustments to the vertical dis-
placement of the scanner.

High Harmonic Demodulation

Regular optical lens can focus a laser spot down to a micron
diameter spot. When such a focused beam is directed to the
AFM tip, it illuminates not only the desired tip apex but
also the large portion of the shank of the tip and the sample
surface. As a result the desired near-field signal is buried
in the large unwanted “background” scattering coming
from reflection from the shank of the tip and the sample sur-
face. To extract the small near-field interaction, the signal
is modulated at higher harmonics of the tip oscillation
frequency using a lock-in amplifier. Because of the strongly
anharmonic response of near-field signal with respect to the
harmonic oscillation of the probe, compared to the nearly
harmonic response of the scattered signal from the tip,
this background term can be selectively removed by record-
ing the signal at the higher harmonics (2Q, 3, ...) of the
probe oscillation frequency.

Background reduction by harmonic demodulation
becomes directly visible in approach curves such as those
shown in Fig. 2. At the first harmonic frequency (®) stand-
ing wave features that extend far beyond the near-field inter-
action zone dominate. These result from interference of
different background contributions and may mask the
expected near-field increase. With increasing modulation
order (20, 3w, 4...), however, the near-field contribution
becomes clearly visible and even steepens, whereas the
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Fig.2 Retraction curves at 1%, 2", 3" and 4™ harmonics of res-
onance frequency of the probe.

standing wave features are suppressed and are even lost in
noise (Fig. 2). At small tapping amplitude (<50 nm) and
large setpoint of the AFM feedback (>0.9), mechanical har-
monics are negligibly small and so all the high harmonic
signal comes from the optical near field. Taking approach
curve measurements similar to the ones shown in Fig. 2
before taking s-SNOM measurements helps to fully exclude
unnecessary contamination on the optical signal.

Interferometric Detection

To amplify the weak near-field interaction signal modulated
at higher harmonics of the tip resonance frequency, interfer-
ometric detection scheme is generally applied. Introducing
interferometric detection with an external reference beam
allows measurement of both the amplitude and the phase
of the near-field scattering interaction, especially enabling
near-field phase-contrast imaging. In pseudoheterodyne
detection technique, the frequency shift is replaced by a
sinusoidal phase modulation of the reference wave.!"*! It
offers the advantage of requiring only one beam splitter
and a vibrating mirror in a Michelson interferometer con-
figuration. It is much easier to implement than a hetero-
dyne setup. Also, the needed components are readily
available over the entire near-UV to far-IR spectral range.
Furthermore, piezoelectric actuators drive the mirror with
kilohertz frequencies and thus leave the useful signal in
the submegahertz range where light detectors offer higher
signal-to-noise ratio compared to detectors required by
other interferometric techniques.

Theoretical Models

Few analytical models exist that predict tip—sample interac-
tion when small particles are probed by s-SNOM. One of
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Fig. 3 Schematics of the finite-dipole where the tip is approximated by a spheroid in a uniform electric field and the point-dipole model
where the tip is substituted by a point dipole located in a sphere at tip apex.

which is a model based on theoretical work of Gozhenko,
Grechko, and Whites,“ﬂ which relays on an analytical sol-
ution of the electrostatic boundary-value problem that takes
into account the effect of the substrate for a system of spher-
ical particles. For the special case of a system of two spheres
above a substrate, an analytical expression for the sphere’s
polarizability is possible in the dipole approximation. In this
approximation, the extreme end of the probe tip and the
nanoparticle are considered as point dipoles interacting
with their own image dipoles generated by the sample sur-
face. The model is further based on the assumption that the
line connecting the centers of the spheres is perpendicular to
the substrate surface. When a nanoparticle is located
between the probing tip and a flat sample the near-field
amplitude signal is commensurate to the effective polariz-
ability of the system of four dipoles, probe tip and the nano-
particle considered as point dipoles and their image dipoles
generated by the sample surface. The effective polarizabil-
ity is then calculated as the sum of the polarizability tensor
of the tip and nanoparticle.

Alternatively a finite-dipole model is proposed to calcu-
late the s-SNOM amplitude and phase contrast of particles
smaller than the tip apex.!"”'®! In this model the scattered
field E,., = oE;, = se'’ E,,; is described by the complex-
valued scattering coefficient o; derived from the near-field
interaction between the illuminated tip and a flat semi-
infinite substrate. The near-field probe is approximated by
an isolated metal spheroid located in a uniform electric
field. The spheroid is then reduced to a finite dipole py,
which consists of the charges Qy and —Qg, of which only
Qo (positioned closer to the sample surface) participates
in the near-field interaction. Because of the interaction
between Qg and the sample surface, an additional point
charge Q; is induced close to the spheroid focus, whereas
the opposite charge —Q; is distributed along the spheroid.
The charges Q; and —Q; form a finite dipole p;, which
describes the scattering from the spheroid that is induced
by its near-field interaction with the sample surface. The
scattered field is obtained by -calculating E., op;E;,.
Assuming a sinusoidally varying tip—substrate distance at
frequency €2, the model yields the time course of the scat-
tered field E.,(¢). By Fourier transformation, we subse-
quently obtain the nth amplitude and phase coefficients,

sn and ¢,. We have employed both the dipole and the
finite dipole models to understand experimental data as des-
cribed below.

NEAR-FIELD SPECTROSCOPY AND IMAGING
OF SMALL NANOPARTICLES

Nanoscale Subsurface- and Material-Specific
Identification of Single Au, SiO, and Hybrid
Au/SiO, Nanoparticles

Au, SiO, capped Au and pure SiO, nanoparticles offer an
excellent sample platform for a comprehensive review of
s-SNOM  near-field spectroscopy and imaging of small
nanoparticles. Plasmonic and strong material contrast is
provided by the Au nanoparticles (AuNPs) in the visible
spectrum. In the infrared spectrum, SiO, provides near-field
phonon spectroscopic investigation of small particles owing
to Si—O stretch frequency accessibility in the range 9-
11 pm. A hybrid SiO,—Au nanoparticles allow a combined
spectroscopy and near-field interaction investigation of
phonons and plasmons, allow substrate-enhanced con-
trast and subsurface imaging. The SiO, coating also offers
excellent layer uniformity while protecting nanoparticles
from aggregation.

Employing s-SNOM direct investigation of the near-
field optical contrast mechanism is presented by imaging
the three types of individual particles (SiO,, Au, and
Si0,-capped AulNPs) each on a Si substrate. Identification
of capped and uncapped nanoparticles with nanoscale spa-
tial resolution is demonstrated by imaging the mixture of
the three types of nanoparticles adsorbed on the same Si
substrate. An increased optical contrast between SiO, and
SiO,-capped AuNPs is observed in the visible spectrum.
The strong tip—substrate coupling allow to distinguish
SiO,-capped AuNPs from bare SiO, particles because of
the dipolar plasmon resonances of AuNPs underneath the
Si0, coating layer near 633 nm. The plasmon-enhanced
near-field coupling between the tip’s near-field and the
Au core through the SiO, cover layer enhances the weak
near-field interaction of the SiO, capping layer. This addi-
tional signal strength, offered by the coupling to the Au



core, results in a brighter contrast (larger amplitude) of the
capped particle at lower tapping amplitude of the probing
tip compared to a bare SiO, nanoparticle.

Such nanoscale resolution identification of mixed nano-
particles is well demonstrated in Fig. 4 which shows topog-
raphy and near-field optical images of a mixture of three
types of particles (SiO,, Au, and SiO,-capped AuNPs) on
a Si substrate at a laser wavelength of, A = 633 nm. In the
topography image (Fig. 4A) all particles look identical
while the optical amplitude image shows that the nanopar-
ticles exhibit three different image contrasts compared to
the substrate. Particles appear either bright, dark, or medium
compared to the Si substrate. In Fig. 4C,D a zoomed-in
image of the three contrast types captured in a 500 nm x
500 nm area is shown. Line plots of AFM heights
(Fig. 4E) and optical amplitude signals (Fig. 4F) of two
selected particles in Fig. 4C,D show that the heights
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Fig. 4 Near-field images of a mixture of three types of nanopar-
ticles: silica, Au, and silica-capped AuNPs absorbed on a Si sub-
strate. (A) AFM topographic image of the mixture and (B) third
harmonic s3 near field amplitude image. (C,D) High resolution
zoom in scan results of the three particle types shown in green cir-
cle in (A) in a 500 nm x 500 nm area, (C) topography, and (D)
third harmonic s3 near-field amplitude. (E) Line profiles of the
topography of nanoparticles (red and blue dashed lines) showing
similar height of the two particles. (F) Different optical signal
line profiles for the two particles shown in red and blue dashed
lines. Amplitude signal line profiles shown in (F) are normalized
to the signal of a Si substrate.

Near-Field Spectroscopy and Imaging of Single Nanoparticles

of the two particles are the same ~50 nm (Fig. 4E). How-
ever, the amplitude signals differ (Fig. 4F), which suggests
that the two particles are not the same type in the mixture
composed of SiO,, Au, and SiO,-capped AuNPs. Fur-
thermore, in Fig. 4D the brightest central particle which
has a normalized amplitude signal of s (s=sAu/sSi)
~3:1, is easily identified as Au as it is well known. Near-
field interaction of the probing tip is expected to be stronger
with the SiO,-capped AuNP than with a bare SiO, particle
due to a strong plasmon-enhanced coupling of the tip
near field with the buried AuNP below the coating. These
observations could suggest that the red line represents a
Si0,-capped AuNP and the blue line a bare SiO, particle.

An experiment performed on two samples containing
only either SiO, nanoparticles or SiO,-capped AuNPs
adsorbed on Si substrate also confirm the above hypothesis
that the signal contrast on capped particles is brighter than
those on bare SiO, particles because of the plasmonic bur-
ied Au nanoparticles. The images used for analysis on these
samples were acquired using the same scanning parameters,
the same scanning tip, and the same tip vibrational ampli-
tude. We performed pixel-by-pixel analysis of the data on
each sample by correlating topography and near-field sig-
nal.""®! This is done by plotting the optical signal amplitude
s53,(x,y) measured at a pixel (x,y) versus the height A(x,y)
extracted from the corresponding topography image on
each nanoparticle. The result of the analysis is plotted in
Fig. 5, which shows the bare SiO, containing sample in
blue and the capped sample in red. For capped particles
(red points), amplitude signal contrast values recorded at
pixels near the center of the particles, which correspond
to larger height values, are brighter than those farther
from the center. These results support our hypothesis that
the signal contrast on capped particles are brighter than
those on bare SiO, particles, thus allowing identification
of particles based on their material contrast.
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Fig. 5 Pixel-by-pixel correlation of measured near-field third
harmonic signal contrast as a function of the topographic pixel
height at 633 nm wavelength recorded for two samples, pure silica
(blue data points) and silica-capped AuNPs (red data points)
adsorbed on a Si substrate. Signal values on Si substrate are
used to normalize all optical data.
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The experimental results are supported by theoretical
calculation using an extended dipole—dipole coupling model
described above. The theoretical calculation agrees excel-
lently with the experimental average data points. Capped
and uncapped particles are identical in the size range
when the height of the capped particle is less than the total
thickness of capping layer (13 nm), and result in an overlap-
ping amplitude signal until up to 26 nm particle height. As
the core AuNP increases in size, the amplitude signal of a
capped SiO, particle becomes stronger than a bare SiO,
nanoparticle of the same size. The broad plasmon resonance
of AuNPs in the visible!*”! (expressed by the negative real
part of the dielectric constant of Au)*! results in resonant
tip—substrate interaction that enhances the near-field
contrast of the capped particles.”?! The increasing signal
level with size is due to the increasing plasmon-enhanced
near-field coupling between tip’s near field and the AuNP
core below the SiO, capping layer. The weak near-field
interaction of the SiO, capping layer is therefore augmented
by the strong near-field interaction of the embedded AuNP.
This additional signal strength offered by the plasmonic Au
core results in a brighter contrast (larger amplitude) of the
capped particle compared to a bare SiO, nanoparticle of
the same size.

Nanoscale Near-Field Infrared Spectroscopic
Imaging of SiO,-Shell/Au-Core, and Pure SiO,
Nanoparticles

The work on near-field imaging of single SiO,-shell/
Au-core and pure SiO, nanoparticles in the infrared (o =
9-11 um) is the first study on spectroscopic imaging of
thin coating layers and complex core—shell nanoparticles
by s-SNOM. By tuning the wavelength of the incident light,
information on the spectral phonon—polariton resonant
near-field interactions of the SiO,-shell/Au-core and pure
Si0, nanoparticles with the probing tip was obtained. The
enhanced near-field coupling between the high index
Au-core and the probing tip achieves spectral near-field
contrast of the thin SiO, coating (thickness ~10 nm). The
sensitivity of s-SNOM imaging is known to improve if
the sample of interest (e.g., nanoparticles or thin films) is
placed on substrates with a high refractive index (e.g.,
Si or Au) due to near-field coupling between the tip
and substrate.

Strong phase contrast is observed in capped particles
with a thin SiO,-shell, which is comparable to pure SiO,
particles of similar height, near the wavelength where near-
field phonon resonant interaction between the SiO,-shell
and the probing tip is expected. This is because of the
enhanced near-field interaction of the probing tip with the
high index Au-core in the capped particles.

The nanoscale optical properties of a homogeneous flat
sample surface located below the illuminated tip, the scat-
tered light and thus the near-field optical image contrast
can be explained by approximating the probe as a dipole

located at the tip apex. The near-field interaction between
the tip dipole and its mirror image in the sample result
in amplitude and phase signals of the scattered light that
depend on the local dielectric function of the sample.
If the sample exhibits infrared vibrational resonances,
s-SNOM optical images can be considered as the resonant
near-field interactions between the sample surface and the
probing tip. The SiO, nanoparticles considered in this
work have optical phonon frequency in the mid-IR, the
characteristic near-field contrasts stem from a phonon—
polariton resonant near-field interaction (which peaks
starting around @ ~ 1000 cm™") between the probing tip
and the SiO, sample surface. In capped nanoparticles, the
dielectric function of the hybrid core—shell nanoparticle
(S8i0,-shell/Au-core) is included in the simulation as a sin-
gle dielectric function taken from Fofang et al.** and Wie-
derrecht, Wurtz, and Hranisavljevic[24] that includes the
dielectric constant of the metal core and the dielectric cons-
tant of the SiO,-shell. The dielectric function for the SiO,
layer is described by a simple damped harmonic oscillator
as described by Huber, Wittborn, and Hillenbrand®' the
model is further improved by taking into account the tip
vibration amplitude (~20 nm) and signal harmonic demod-
ulation to simulate experimental conditions. The demo-
dulated second-harmonic signal is numerically calculated
by Fourier transforming the modulated effective polariz-
ability. Fig. 6 shows stronger amplitudes and phase signals
at ® = 1080 cm ™! near SiO, resonant tip—particle phonon—
polariton interaction is expected and that at @ =952 cm ™'
where such interaction is not expected. In general, for a
given diameter of a particle an increasing amplitude and
phase signals are observed at longer wavelengths close to
Si0, phonon resonance. This is due to the increasing reso-
nant tip—particle phonon—polariton interaction.

Both our experimental and theoretical calculation results
for pure SiO, particles show a similar increasing trend
toward lower wavelength as reported by Huber, Wittborn,
and Hillenbrand®*!. The pure SiO, particles and the SiO,-
shell/Au-core particles result in a higher phase contrast at
higher frequency (= 1000 cm™") where phonon resonant
tip—particle interaction is expected. Owing to the correlation
of the near-field-phase spectra with absorption spectra the
strong phase contrast observed at higher frequency for the
pure particles is not surprising. However, for capped parti-
cles the SiO,-shell is only ~10 nm thick and still exhibits
comparable phase contrast as pure particles at higher fre-
quencies. This is because of the strong near-field interaction
of the probing tip with the high index Au-core in the capped
particles. The use of a metallic substrate such as gold for
infrared wavelengths enhances the spectroscopic near-field
signals of a vibrational fingerprint of the thin sample layer.
This is due to the strong reflection of the incident radiation
at the substrate that enhances the tip illumination and the
enhanced tip—substrate near-field interaction further
increases the local field acting on very thin sample layers
(thickness <25 nm) thereby enhancing the near-field
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Fig. 6 Second harmonic demodulated near-field amplitude and
phase spectra of silica capped-Au and pure silica nanoparticles
on a silicon substrate. Red points represent results for silica capped
Au nanoparticles and blue points represent results for silica nano-
particles, (A) experimental amplitude s2, with error bars (B) exper-
imental phase spectra with error bars. All values are normalized to
that of the Si substrate.

phase signals: which is a manifestation of the absorption
spectra. Although the thin SiO,-shell in the capped parti-
cles contains less-absorbing material compared to that of
a pure SiO, particle, the strong near-field interaction of
the Au-core with the metallic tip allows the capped particles
to exhibit strong phase contrast. Substrate-enhanced
s-SNOM allows spectroscopic identification of nano-
composites with nanometer resolution. This capability of
s-SNOM should lead to the investigation of several impor-
tant problems related to self-assembled monolayers, thin
oxide layers, photoresists, and coatings.

CTAB Capped Au Nanoparticles

It is interesting to compare s-SNOM studies of the effect of
organic capping agent CTAB and SiO, capping layers on
the scattering properties of single metallic nanoparticles.
The optical images obtained for uncapped gold particles
reveal stronger ANSOM signals (on average stronger by
30% compared to the uncapped signal) compared to the

Near-Field Spectroscopy and Imaging of Single Nanoparticles

capped particles of the same total height (gold plus capping
layer) similar to SiO, capped Au particles discussed above.
A capped particle of the same height as an uncapped one has
a smaller gold nanoparticle at its center. The total effect is
due both to the reduced size of the gold nanoparticle and
the displacement of the s-SNOM tip and the displacement
of the gold particle from the supporting substrate due to
the spacer layer.

In this work, the experimental data of the effects of gold
particle size and capping agent spacer layers on the near-
field optical signals were best interpreted using a theoretical
model that was developed. The model is based on an analy-
tical solution of the electrostatic boundary-value problem
that takes into account the effect of the substrate for a sys-
tem of spherical particles.!'® For a system of two spheres
above a substrate, an analytical expression for the sphere’s
polarizability is possible in the dipole approximation. Sim-
ilar to the work in SiO, capped Au samples, the end of the
probe tip and the nanoparticle are considered as point
dipoles interacting with their own image dipoles generated
by the sample surface. The calculations were done using
the dielectric constant of the gold nanoparticle and the Si
substrate used are exp= —11.8 + 1.25i and eg; = 15.1 +
0.16i, respectively, at 633 nm."*®! The model results gave
excellent guidance to interpretation of the experimental
data. It indicated that a capping spacer layer decreases the
near-field coupling signal of a capped nanoparticle due to
three different reasons. First, it increases the separation
between the scattering tip and the nanoparticle by an
amount proportional to the thickness of the layer. Second,
it displaces the nanoparticle from the substrate also by
an amount proportional to the layer thickness. Third,
the gold nanoparticle embedded in the capping layer is
smaller than the uncapped gold nanoparticle of the same
height to which it is compared. It was also possible to
estimate the spacer layer dimension by application of
the theoretical model to the data, which assumes the
embedding organic layer to be a transparent spacer layer
in a first approximation. The calculations also indicated
that the tip—nanoparticle separation and nanoparticle—
substrate separation caused by the capping agent are each
important in causing near-field signal reduction, while the
tip—nanoparticle separation is a stronger effect.

The experiments with the CTAB capped particles were
much harder with the results showing significant signal
fluctuations. This is partly because of the lack of thick-
ness uniformity of the CTAB coating layer. The SiO, coat-
ing overcame this difficulty and resulted in extensive
near-field investigation and identification of capped and
uncapped particles in a mixed sample that contain Au,
SiO, capped/Au and pure SiO, nanoparticles. The high
sensitivity of the change in scattered signal in s-SNOM
opens the possibility to predict quantitative layer thick-
nesses of capping agents on the surface of nanoparticles,
as well as the effect of capping layers on the optical scatter-
ing properties of nanoparticles.
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Nanometer-Scale Dielectric Constant of
Ge Quantum Dots

Nanoscale spectroscopic mapping of band gap properties of
individual QDs and not ensemble averages, is challenging
owing to the small size requirements of carrier confinement.
Studies on single QDs can be performed by utilizing a
widely tunable visible laser to interact with the tip of the
s-SNOM situated over individual dot features. By interact-
ing the s-SNOM tip with single QDs supported on a sub-
strate, the dielectric properties and the effect on the
s-SNOM signals around the vicinity of the band gap can
be probed in detail.

In this work nanometer scale dielectric constant mapping
of single Ge QDs grown on a Si substrate is introduced
using s-SNOM. Two kinds of Ge QDs (dome shaped and
pyramid shaped)®”! were grown on a Si substrate using
an ultrahigh-vacuum chemical vapor deposition system
at high temperature (800°C). To cover the peak spectral
position of the QDs several CW lasers have been used
in the range 1.5-3.1eV, which include a violet diode
laser (3.06eV), an Ar ion laser (2.50 and 2.60eV), a
frequency-doubled Nd:YAG laser (2.33 eV), a Nd:YAG
pumped tunable dye laser employing Rhodamine 6G
(2.10 eV), a HeNe laser (1.96 eV), and a Ti:sapphire laser
(1.55eV). The use of several independent light sources
to cover this spectral region makes the experiments very
challenging. Recently, with the advent of broadband light
sources that allow spectroscopic imaging using FTIR
s-SNOM techniques have provided a means to overcome
such challenges.

The main experimental results are summarized in Fig. 7,
which shows the near-field spectral response of single Ge
QDs, normalized to the Si substrate, at laser frequencies
indicated above. From the topography images we note
that typical base and height sizes of Ge QDs are 270 and
40 nm for dome shape and 220 and 21 nm for pyramid
shape, respectively. Each spectral point in Fig. 7 is extracted
from a topographical and optical images acquired at each
laser frequency with the dome shape shown in solid circles
and pyramidal ones in open circles. Since the spectral con-
trast is formed due to the tip near-field coupling to the Si
substrate and the QD, it is necessary to normalize the near-
field scattering intensity of single Ge QDs, to the Si sub-
strate, for various wavelengths of the incident light. We
used the average value of the scattering intensity of 10-20
individual QDs to normalize by that of the intensity of the
Si substrate at that wavelength.

The normalized scattering intensity spectra show that Ge
QDs are 2.86 times as large in contrast as that from Si
substrate at 2.11 eV, which result in brighter contrast on
amplitude image. However, at 3.10 eV the contrast of the
scattered light images is darker than the substrate. Such con-
trast reversal can be observed because of size effect regard-
less of the dielectric constant of the sample as shown for
both Au nanoparticles and SiN particles. The Ge Qds

Dielectric constant

Contrast Ge/Si

0
15 20 25 3.0
Energy (eV)

Fig. 7 (A) Dielectric constant of bulk Si (gray lines) and Ge
(black lines). €, is the real part (solid lines), €, is the imaginary
part (dashed lines). (B) Experimentally and theoretically obtained
scattering intensity, normalized to the Si substrate, for dome and
pyramid type dots.

considered here are much larger in lateral dimensions and
the contrast reversal observed is a direct effect of the diffe-
rence in dielectric constant between the sample and the sub-
strate. The amplitude image is proportional to the Re(e),
therefore the smaller Re(e) of the Qd at 3.1 eV and larger
Re(e) at 2.11 eV relative to Si will result in a darker and
brighter contrasts, respectively.

The contrast of dome-shaped QDs is 1.3 times as large as
that of pyramidal shaped ones. This is because the penetra-
tion depth of the optical near field is 30-50 nm, comparable
to the height of the QDs. This results in enhanced tip near-
field coupling with the dome-shaped QDs compared to the
pyramidal-shaped ones owing to bigger size effect in the
case of the dome-shaped structures since. In general, larger
size can result in strong contrast due to proportionality of
amplitude signal to the height of the QDs.

The normalized scattering intensity from Ge QDs is
broad and dependent on the wavelength of the incident
light peaking around 2.0-2.5 eV for both of the structures.
Knowledge of the amplitude signal in s-SNOM offers direct
information on the real part of the dielectric function of the
sample as it is evident in the similarity of the normalized
amplitude signal of Ge QDs to that of €. The dielectric con-
stants of bulk Si and Ge are mainly determined by the direct
transition of Si in the UV region and by the El transition at
the Ml saddle point of Ge in the visible region. The exper-
imentally obtained spectral weight of the El transition in a
single Ge QDs, which is shifted to higher energy of about
0.1 eV with decreasing the height. The pyramid-shaped
structures are small enough in height to expect quantum
confinement effects but the base size is too large for such



an effect. Therefore, the observed blueshift is a result of the
interplay between the quantum confinement effect and a
compressive strain due to the lattice mismatch between
the Ge QDs and the Si substrate by the Stranski—Krastanov
growth.[27’28]

NANOSCALE INFRARED ABSORPTION
SPECTROSCOPY OF INDIVIDUAL
NANOPARTICLES

Chemical and structural specific analysis of thin films is
routinely performed using absorption spectroscopy in the
frequency region 400-4000 cm ™' (corresponding to wave-
lengths of 2.5-25 um) also known as the fingerprint region.
Far-field absorption experiments are constrained by diffrac-
tion limited spatial resolution and cannot allow investiga-
tion of individual nanoparticles and molecules. In this
work it is shown that spectroscopic absorption vibrational
finger print mapping of single 5 nm high nanoislands using
s-SNOM phase measurements. The near-field phase spec-
troscopic measurements of the optical phonon—polariton
mode of individual silicon nitride (Si3N,4) nanoislands allow
us to identify the Si—N stretching bond. A novel theoretical
framework based on the near-field interaction between tip,
sample, and substrate, were performed to show that the
near-field phase spectra compare well with calculated
far-field absorption spectra. The results establish that
near-field phase spectroscopy allows far-field absorption
spectroscopy of single nanoparticles where resolution is
limited by the size of the probing tip and not by diffraction.

The SizNy particles were prepared on a cleaned Si wafer
by annealing it in an ultra-high-vacuum chamber. The sur-
face silicon oxide layer gradually decomposes, resulting in
self-assembled silicon nanoislands which was exposed to
nitrogen plasma which yields SizN, pyramidal-shaped
nanoislands with varying heights below 10 nm.

Fig. 8 shows topography and simultaneously recorded
IR amplitude s, and phase ¢, images of the SizN, islands
with heights ranging from 5 to 10 nm. Near-field amplitude
s, and phase ¢, images were recorded on and off the small-
particle IR resonance of SizN, at 950 and 1050 cm™ ',
respectively. The IR amplitude images at the two different
frequencies show no significant change of the contrast
between substrate and nanoislands. However, the near-
field phase images exhibit a pronounced spectral contrast
variation showing at 950 cm™' a clear contrast between
the SizNy particles and the substrate, which nearly vanishes
at 1050 cm™'. Typically, a spectral phase contrast in
s-SNOM reveals an absorption in the sample, for example,
caused by a vibrational resonance. Thus, the spectral phase
contrast of the SizN,4 nanoislands indicates that we map the
vibrational resonance of the Si—N stretching bond.

To ascertain this hypothesis the frequency-dependent
near-field contrast between the SizN4 nanoislands and the
Si substrate were imaged at six different frequencies
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Fig. 8 Experimental images of Si;N, nanoislands. (A) Topogra-
phy as well as (B) IR near-field amplitude and phase at the two fre-
quencies 950 and 1050 cm™'. The line plot shows the height
profile along the dashed orange line in the topography image.

between 890 and 1100 cm™'. Using nanoislands with
heights of 5, 7, and 9 nm the phase ¢, spectra shows a
peak with a maximum at 930 cm~!. Furthermore, the
spectral amplitude contrast As, (Fig. 9A) and the spectral
phase contrast A, (Fig. 9B) decrease with decreasing
height of the nanoisland. These experimental results are
reproduced very well using a novel theoretical model
based on the finite dipole approximation, where the
scattered field E,., = oE,, = se'’E;, is described by the
complex-valued scattering coefficient ¢ is derived from
the near-field interaction between the illuminated tip and a
flat semi-infinite substrate. Using the dielectric function
£(w) of Si3Ny the near-field amplitude s, and phase ¢, spec-
tra for SizN,4 spheres with diameters of 5, 7, and 9 nm were
calculated. While the amplitude spectra (solid lines in
Fig. 9A) are in good agreement with the experimental
data and reveal typical s-SNOM amplitude spectra of a
vibrational resonance, what is striking is the resemblance
of the near-field phase spectra with the absorption spectra
of small particles. To clearly establish this important corre-
lation between near-field phase and far-field absorption
spectra, particularly for nanoparticles, we calculate the
far-field absorption cross-section of SizN, particles on a
Si substrate. We assume an illumination polarization
normal to the Si surface (i.e., grazing incidence). Taking
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Fig. 9 IR spectral characteristics of individual Si;N, nanoparti-

cles. (a) Near-field amplitude. Experimental and (C) calculated
near-field phase of particles. In (A—C), the particles are located
on a Si substrate and both the experimental and the calculated
data are normalized to the IR near-field amplitude, Si and phase,
Si of the flat Si surface. (D) Calculated absorption cross-section
of single SizN, nanoparticles on a Si substrate.

into account the influence of the substrate (coupling
between particle dipole and its image dipole in the sample),
we find for the SizNy particle a polarizability o*g, e =
O('Sphere/[l_aSphere (8 - 1)(8 + 1)71/(167”‘3)]’ yleldlng an
absorption cross-section C*,;,, = kIm[(x*Sphe,e].”g] In
Fig. 9, we show C*,,, for 5, 7, and 9 nm SizN, particles.
Comparing the near-field phase signals ¢, and the far-field
absorption cross-section C*,,,, we find that both exhibit
the same qualitative spectral behavior. This clearly shows
that the phase of the tip-scattered light reveals the absorp-
tion characteristic of small particles, despite the complex
near-field interaction between tip, particle, and substrate.
Fig. 9C shows the phase spectra ¢, exhibit a good agree-
ment with C*,,, the latter being the absorption cross-
section of the particle on the substrate alone, i.e., in the
absence of the tip. We thus conclude that the presence of

the tip does not significantly modify the spectral signature
of the particles.

To explore the sensitivity of s-SNOM, we measure the
spectral IR amplitude and phase contrasts as a function of
the Si;Ny4 particles height and also the signal above the Si
substrate without a particle between tip and the Si surface.
We find that for a given particle height, the amplitude is
larger than the signal measured without a particle between
tip and substrate because the presence of the SizN, particle
enhances the near-field interaction between the tip and sub-
strate. The measured phase contrast increases with an
increasing particle height, while the measured phase signal
on the Si substrate is constant independent of the tip—
substrate separation. Calculations using the finite-dipole
model reproduce the experimental data. The calculations
also show that for particle height h < 5 nm both the ampli-
tude and phase contrast vanish, thus challenging their
experimental detection. The reason for the decreasing
contrast of both the amplitude and phase contrast is the
decreasing particle polarizability when the particle becomes
smaller. Since the optical signal vanishing limit is deter-
mined by the size and the optical properties of the probing
tip, using sharper tips with optimized antenna properties
can push the detection limit further toward smaller particles.

This work demonstrates that the near-field spectroscopic
detection of the IR spectrum of nanoislands with heights
below 10 nm using an interferometric s-SNOM. The results
show that near-field IR phase spectra of small particles
exhibit a significant correlation to the far-field absorption.
It can be understood by the fact that the dielectric properties
of a material are complex-valued numbers, where the real
part describes the refractive and the imaginary part the
absorptive properties. The latter gives rise to a phase shift
of the scattered light with respect to the incident light, which
can be easily recorded by interferometric detection in
s-SNOM. Thus, interferometric s-SNOM has the capability
to map the IR absorption of materials with nanoscale
spatial resolution.

SUMMARY

Spectroscopic investigation of single nanometer size parti-
cles and chemical characterization of complex core—shell
nanoparticles are important in quality control for pharma-
ceutical or nanochemistry, photothermal therapeutic appli-
cations and detecting dopants and defect sites in single
semiconductor nanoparticles. From the fundamental phys-
ics perspective such studies offer insight into the spectral
near-field contrast of nanoparticles. Spectroscopic material-
specific optical contrast imaging capability of nanoparticles
down to a size of 5 nm combined with subsurface local
imaging makes s-SNOM a very attractive tool for single
particle studies and characterization.

The enhanced near-field coupling between the high index
Au-core and the probing tip allows infrared spectroscopic
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near-field imaging of phonon resonant thin silica coating
(thickness ~10 nm) in a silica-shell/ Au-core nanoparticles.
In the visible wavelength the strong plasmon— polariton—
resonant tip—substrate coupling allow to distinguish silica-
capped Au-core nanoparticles from bare silica particles.
The plasmon-enhanced near-field coupling between the
tip’s near field and the Au core through the silica cover layer
enhances the weak near-field interaction of the silica cap-
ping layer'"® allowing easier particle identification. The
near-field detection of the IR spectrum of nanoislands
with heights below 10 nm could be performed using inter-
ferometric s-SNOM. The near-field IR phase spectra of
small particles exhibit a significant correlation to the far-
field absorption. The imaginary part of the absorptive prop-
erties gives rise to a phase shift of the scattered light with
respect to the incident light, which can be easily recorded
by interferometric detection in s-SNOM. Spectroscopic
s-SNOM near-field scattering images of Ge QDs fabricated
on a Si substrate reveal a blueshift of the spectral dispersion
of single QDs as the size is reduced.
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