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he analysis of chemical composition
Tas well as structure is a major topic in
chemical, physical, and biological sci-
ences. A reliable and widely used tool for
this analysis is infrared (IR) absorption spec-
troscopy. However, it normally cannot be
applied to study individual nanoparticles
and molecules, owing to the extremely small
IR absorption cross sections and the diffrac-
tion-limited spatial resolution.
Scattering-type scanning near-field opti-
cal microscopy (s-SNOM)' is a powerful and
versatile scanning probe technique, over-
coming the diffraction limit in the infrared
and terahertz spectral regime by several orders
of magnitude.? s-SNOM is typically based on
an atomic force microscope (AFM), where
the sharp metallic probe tip is illuminated
by a focused laser beam (Figure 1a). The tip
functions as an IR antenna converting the
illuminating radiation into a highly localized
and enhanced near field at the tip apex.> >
Due to the IR near-field interaction between
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
(Figure 1b) of the backscattered light thus
yields nanoscale-resolved IR amplitude and
phase images, revealing the local, complex-
valued, dielectric properties of the sample.
From the near-field images the local struc-
tural properties,®” the material composi-
tion,?®'? and the free-carrier concentra-
tion?"37 "¢ can be derived.
The sensitivity of s-SNOM can be im-
proved by placing the sample of interest
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ABSTRACT Infrared absorption spectroscopy is a powerful and widely used tool for analyzing
the chemical composition and structure of materials. Because of the diffraction limit, however, it
cannot be applied for studying individual nanostructures. Here we demonstrate that the phase
contrast in substrate-enhanced scattering-type scanning near-field optical microscopy (s-SNOM)
provides a map of the infrared absorption spectrum of individual nanoparticles with nanometer-
scale spatial resolution. We succeeded in the chemical identification of silicon nitride nanoislands
with heights well below 10 nm, by infrared near-field fingerprint spectroscopy of the Si—N
stretching bond. Employing a novel theoretical model, we show that the near-field phase spectra of
small particles correlate well with their far-field absorption spectra. On the other hand, the spectral
near-field contrast does not scale with the volume of the particles. We find a nearly linear scaling
law, which we can attribute to the near-field coupling between the near-field probe and the
substrate. Our results provide fundamental insights into the spectral near-field contrast of
nanoparticles and clearly demonstrate the capability of s-SNOM for nanoscale chemical mapping
based on local infrared absorption.

KEYWORDS: scattering-type near-field microscopy - infrared absorption
spectroscopy - nanoparticles - phase contrast - chemical identification - nanoscale
resolution

(e.g., nanoparticles or thin films) on sub-
strates with a high refractive index (e.g., Si
or Au) or with polaritonic properties (e.g.,
SiC).*"” This sensitivity improvement can be
explained by near-field coupling between
tip and substrate, which enhances the field
strength at the tip apex.*'” ~2° The tip—sub-
strate configuration in s-SNOM—acting like
a ground-plane antenna and referred to as
substrate-enhanced s-SNOM*'’—has en-
abled the imaging of gold particles with
sizes below 10 nm,*® the spectral signature
of thin polymer films'” and the secondary
structure of amyloid fibrils*' supported by a
gold substrate. The interpretation of the IR
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Figure 1. s-SNOM imaging of SisN, nanoparticles. (a) Near-
field probing of SisN4 nanoislands with an IR laser illuminating
the scanning-probe tip, which is vibrating at frequency Q.
(b) Experimental setup. A Michelson interferometer is used
for detecting the light scattered by the tip. BS labels the
beam splitter of the interferometer. Pseudoheterodyne de-
tection is performed by oscillating the reference mirror with
frequency M. By demodulating the detector signal at nQ2 + M
and at nQ2 + 2M, both amplitude s,, and phase ¢, are
obtained. (c) lllustration of the finite-dipole model used for
calculating the near-field response of single nanoparticles.

Demodulation | s amplitude s,
nQ+M

nQ + 2M +»phase ¢,

near-field spectra relies on theoretical modeling,**?*

which still is a challenging task. An appropriate de-
scription of the tip-sample-substrate near-field inter-
action should take into account both the finite size of
the sample and the tip, in order to explain size-
dependent spectral near-field contrasts.?*

Here we show that substrate-enhanced s-SNOM
with interferometric detection allows for IR amplitude
and phase resolved spectroscopy of the vibrational
fingerprint of 5 nm high nanoislands. Particularly, we
report near-field spectroscopy of the optical phonon
polariton mode of individual silicon nitride (SisN,)
nanoislands associated with the Si—N stretching bond.?
Using a novel theoretical framework based on the
near-field interaction between tip, sample, and sub-
strate, we perform a detailed analysis of the near-field
amplitude and phase spectra and compare the results
with calculated far-field absorption spectra.

RESULTS AND DISCUSSION

Near-field IR spectroscopic imaging was performed
with a custom-made s-SNOM." It is based on an AFM in
which conventional Pt-coated Si-tips (apex radius R ~
20 nm) are illuminated by a focused CO, laser beam at
frequencies between 890 and 1100 cm™" (Figure 1a).
Operating the AFM in tapping mode, the tip is vertically
vibrating with an amplitude of about 20—30 nm at a
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Figure 2. Experimental images of SisN, nanoislands. (a) To-
pography as well as (b) IR near-field amplitude s, and phase
@, at the two frequencies 950 and 1050 cm™~". The line plot
shows the height profile along the dashed orange line in the
topography image. The numbered circles 1—3 mark the
particles analyzed in Figures 3 and 4.

frequency of Q ~ 300 kHz. A Michelson interferometer
(Figure 1b) is used to detect the tip-scattered light.
Employing a pseudo-heterodyne detection scheme
enables the simultaneous detection of both amplitude
s and phase ¢ of the scattered field. Background
signals are efficiently suppressed by demodulating
the detector signal at the n-th harmonic n-Q of the
tapping frequency.?® In the present experiments sec-
ond-harmonic demodulation (n = 2) was employed,
yielding amplitude s, and phase ¢, images simulta-
neously with topography.

Figure 2a shows a typical topography image and
Figure 2b the simultaneously recorded IR amplitude s,
and phase ¢, images of the SisN, islands with heights
ranging from 5 to 10 nm. The heights of the islands are
directly measured from the topography image. Near-
field amplitude s, and phase ¢, images were recorded
on and off the small-particle IR resonance of SisN, at
950 and 1050 cm™', respectively. In both amplitude
images, the SisN,; nanoislands appear darker than the
substrate. Such a negative contrast has been also
observed for Au® and InGaN?’ nanoparticles in pre-
vious s-SNOM studies.?” Comparing the IR amplitude
images at the two different frequencies, no significant
change of the contrast between substrate and nanois-
lands is seen. The near-field phase images, however,
exhibit a pronounced spectral contrast variation. In the
phase image at 950 cm ™' we observe a clear contrast
between the SisN,4 particles and the substrate, which
nearly vanishes at 1050 cm ™. Typically, a spectral phase
contrast in s-SNOM reveals an absorption in the sam-
ple, for example caused by a vibrational resonance.>**®
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Figure 3. IR spectral characteristics of individual SizN4 nano-
particles. (a) Near-field amplitude s,. Symbols represent
values obtained from particles 1—3 in Figure 2a. The solid
lines display calculations based on the finite-dipole model
(Figure 1c) and SisN, dielectric data taken from the litera-
ture.?’ (b) Experimental and (c) calculated near-field phase
¢, of particles 1—3. 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 s, s; and
phase @, s; of the flat Si surface. (d) Calculated absorption
cross-section of single SisN4 nanoparticles on a Si substrate.

Thus, the spectral phase contrast of the SisN4 nanoislands
indicates that we map the vibrational resonance of the
Si—N stretching bond.

To study the frequency-dependent near-field con-
trast between the SizsN4; nanoislands and the Si sub-
strate in more detail, we imaged the sample at six
different frequencies between 890 and 1100 cm ™.
Near-field spectra are obtained by measuring ampli-
tude s, and phase ¢, on top of individual SisN, nanois-
lands at the different frequencies. We evaluated three
representative nanoislands with heights of 5, 7, and
9 nm (labeled 1—3 in Figure 2a). Experimental ampli-
tude and phase spectra are shown as symbols in
Figure 3a and b. For all three nanoislands, the ampli-
tude s, spectra reveal only a weak signal decrease
between 900 and 1000 cm ™', which explains why in
the amplitude images of Figure 2b the spectral ampli-
tude contrast is barely visible. In the phase ¢, spectra
(Figure 3b) we find a peak with a maximum at 930 cm™".
We furthermore find that both the spectral amplitude
contrast As, (Figure 3a) and the spectral phase contrast
A, (Figure 3b) decrease with decreasing height of the

STIEGLER ET AL.

a s _
) 5 e 5 A
5 S
% \ As, | & // J \\Atp2
SZ - y \\
Frequency Frequency
b)
5 4
- 2r
[0}
N
©
E
g
02 Sy si —d J
0 L I L
c) -
=7 v
s A, =gp - &2r
-~
ﬁ 20 - P -
© ,/
£
s //./ ).
2 Opessresnil. o 4d
0 5 10 15 20
Tip-substrate distance [nm]
10r
d) 101 o
08 — 52 norm

- A P2,norm

15 20

Tip-substrate distance [nm]

Figure 4. IR signals of single SizN, nanoparticles as a func-
tion of the particle diameter d. (a) Definition of spectral
amplitude As, = s3% — s3"" and phase contrast Ap, = ¢35,
(b, ) Experimental (gray diamonds) near-field amplitude s,
and phase ¢ at 950 cm ™ as a function of distance d between
tip and Si substrate. Filled and open symbols in (b) repre-
sent experimentally obtained s3'** and S5"" values, respec-
tively, for particles 13 in Figure 2a, whereas solid black
lines show theoretical s5'* and s3"" values, respectively, for
an increasing particle diameter 2r. Filled symbols in (c) re-
present ¢3'* values for particles 1—3 in Figure 2a, and the
black dashed line represents the theoretical ¢3'** curve. All
values have been normalized to the value taken on the Si
substrate at d = 0. (d) Calculated absorption cross-section
(dotted line), near-field amplitude contrast (solid line), and
near-field phase contrast (dashed line), all normalized to the

corresponding value of a 20 nm SisN,4 particle.

max min

nanoisland. The definitions of As, = 53" — s5
A, = 5 are illustrated in Figure 4a.

To understand the s-SNOM amplitude and phase
contrast of the nanoislands, we use a novel theoretical
framework, which was developed to calculate the am-
plitude s,, and phase ¢, signals of particles smaller than
the tip-apex (Figure 1¢).?° It is based on the finite-
dipole model,>® where the scattered field Ey., = 0E;, =
se'?E,,—described by the complex-valued scattering
coefficient 0—is derived from the near-field interac-
tion 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 po,
which consists of the charges Qu and —Qq, of which

and
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only Q, (positioned closer to the sample surface)
participates in the near-field interaction. Because of
the interaction between Q, 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; o< piEin. Assuming a
sinusoidally varying tip—substrate distance at fre-
quency Q, the model yields the time course of the
scattered field Eg,(t). By Fourier transformation we
subsequently obtain the n-th amplitude and phase
coefficients, s, and ¢,,. To model the near-field signals
of the SisN4 nanoislands, we locate a SisN4 sphere
between the tip and the substrate. We assume a sphere
diameter of 2r, where 2r corresponds to the mea-
sured height d of the nanoislands. The polarizability
of the sphere is given by Osppere = 41 (e(w) —
1)/(e(w) + 2),%° where &(w) represents the dielectric
function of SizN,4. The finite probe dipole p; is now
calculated by considering the near-field interaction
between the tip apex, the sphere, and the substrate,
yielding the near-field amplitude s,(r) and phase
@n(r) signals of the particles as a function of the
particle radius r. A detailed description of this model
can be found in ref 29.

Using literature data for the dielectric function e(w) of
SisN4 from ref 31 we calculate near-field amplitude s,
and phase ¢, spectra for SisN, spheres with diameters
of 5, 7, and 9 nm. The amplitude spectra (solid lines in
Figure 3a) are in good agreement with the experimental
data and clearly reproduce the amplitude decrease
between 900 and 1000 cm ™. These results reveal the
typical s-SNOM amplitude spectra of a vibrational reso-
nance, which has been derived earlier and shown for a
PMMAZ?® film and a tobacco mosaic virus.2* We further
find in Figure 3a that both the experimental and cal-
culated s, signals increase with decreasing particle size,
while the spectral amplitude contrast As, decreases.
The increasing signal level is caused by an enhanced
tip—substrate near-field coupling when the tip—sub-
strate distance d is reduced.* The vanishing spectral
contrast can be explained by the decreasing particle
polarizability asphere When the particle diameter 2r
becomes smaller. We also find good agreement be-
tween the calculated (Figure 3c) and experimental
(Figure 3b) phase spectra ¢,, showing a significant peak
at 950 cm~', which decreases for smaller particle
diameters. The small differences between experi-
ment and theory can be explained by two main
factors: (i) The SisN, islands have pyramidal shape,
as described in the Methods section. In the calcula-
tion, however, we assume spherical particles with
diameters corresponding to the heights mea-
sured from the topography image. (ii) The dielectric
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function of SisN, used for the calculations is taken
from literature,®’ which may differ from the dielectric
function of the Si;N, nanoislands.

Interestingly, the near-field phase spectra resemble
the absorption spectra of small particles. The correla-
tion between near-field phase and far-field absorption
spectra has been already pointed out earlier in ref 28,
where calculated near-field phase and far-field absorp-
tion spectra of polymer bulk samples were compared.
To establish this important correlation, particularly for
nanoparticles, we calculate the far-field absorption
cross-section of SisN4 particles on a Si substrate. We
assume an illumination polarization normal to the Si
surface (i.e., grazing incidence). Taking into account the
influence of the substrate (coupling between particle
dipole and its image dipole in the sample), we find for
the SisN, particle a polarizability 0*sphere = Otsphere/[1 —
(Aspherele — (e + 1)7)/(16zr%)], yielding an absorp-
tion cross-section C*,ps = k IM[0*sphere).>> In Figure 3d,
we show C*,,s for 5, 7, and 9 nm SisN, 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 absorption characteristic of small
particles, despite the complex near-field interaction
between tip, particle, and substrate.

We can understand the relation between the far-
field absorption cross-section C*,, of the particles and
the near-field phase ¢, by considering that the scatter-
ing coefficient o = se'” is given by 0= 0+ 0p e Where
0y is the scattering coefficient of the tip—substrate
configuration without a sample (particle) and o, ¢ the
additional contribution when a sample (particle) is
located between tip and substrate. Assuming that
Sts > Sperr, We Obtain ¢ = arglo] ~ Im[oy, efl/se.s. With
Opeff = k°0p eff (0L orf eing the effective polarizability of
the particle when located between tip and substrate)
and the general relation C,,s = k Im[a] for small
scatterers, we find that the phase of the scattered light
is proportional to the effective absorption cross-sec-
tion of the particle in the tip—substrate system, e
Im[otp,erl > Capsert. Comparing now parts ¢ and d of
Figure 3, we find that the phase spectra ¢, exhibit a
good agreement with C*,;, the latter being the ab-
sorption 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 study the
spectral IR amplitude and phase contrasts (Figure 4a)
as a function of the particle height. To this end, we
show in Figure 4b the measured SisN, amplitude
signals s5'@ (filled symbols) and 3" (open symbols)
as a function of the particle height 2r. For comparison,
we also show the measured amplitude signal s,s;
above the Sias a function of the tip—substrate distance
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d (gray diamonds). Two important observations are
made. (i) For a given particle height 2r, the amplitude
s3'® is larger than the signal s,s; measured for a tip—
substrate separation d = 2r. This is because the pres-
ence of the Si3N,4 particle enhances the near-field inter-
action between tip and substrate.'® (i) For any tip
sample separation d, the amplitude signals s3'*(d) on
top of the SisN, particles are smaller than the ampli-
tude signal s,ci(d = 0) measured directly at the Si
surface. This explains why in the amplitude images in
Figure 2b the particles appear darker than the sub-
strate (note that the oscillating AFM tip is following the
sample surface). In Figure 4c we observe that the
measured phase contrast Ag, (filled symbols) in-
creases with an increasing particle height, while the
measured phase signal ¢, s(d) on the Si substrate (gray
diamonds) is constant, i.e., independent of the tip—
substrate distance d. This explains why the particles in
the phase images at 950 cm ' (Figure 2b) appear
brighter than the substrate. Calculations using the
finite-dipole model (solid and dashed black lines,
respectively) clearly reproduce the experimental
data in Figure 4b and c. We note that the increasing
contrast is valid only for particles smaller than the apex
radius R, which is the approximation underlying the
model. The calculations also show that for particles
with 2r < 5 nm both the amplitude 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 parti-
cle polarizability when the particle becomes smaller.
We note that the particle size where As, and A¢, vanish
is determined by the size and the optical properties
of the probing tip. Thus using sharper tips with radii
below 10 nm and with optimized antenna proper-
ties®>>3* of the tip—substrate configuration, the

METHODS

The SisN, particles were prepared by first annealing Si(111)
wafers in an ultra-high-vacuum chamber with a base pressure of
1 x 1077 Pa. A Si wafer was cleaned by three separate sonications
in acetone, 2-propanol, and methanol, dried in a nitrogen flow, and
transferred into the vacuum chamber. The Si wafer was first heated
to 800 °C and then flashed three times for 60 s at 1020 °C. Under
these conditions the surface silicon oxide layer gradually decom-
poses, resulting in self-assembled silicon nanoislands.>® Next, the
sample was exposed to nitrogen plasma generated with a radio
frequency plasma source. In situ Auger spectroscopy (not shown)
confirmed the formation of silicon nitride, presumably the SisN4
phase, without the incorporation of impurities such as carbon and
oxygen. Finally, the nitrified sample was flash heated again for 10
min at 1020 °C. This procedure yields SisN, pyramidal-shaped
nanoislands with a base radius between 10 and 20 nm and varying

heights below 10 nm at a density of 5 x 10® cm ™2

Acknowledgment. We thank N. Ocelic (Neaspec GmbH,

Martinsried) and P. S. Carney (University of lllinois at Urbana—
Champaign) for discussions. This work was financially supported

STIEGLER ET AL.

detection limit could be pushed further towards
smaller particles.

In Figure 4d we compare the calculated spectral
near-field amplitude and phase contrasts, As, and
A@,, with the far-field absorption C*,,,. We observe
that both the amplitude and phase contrast show a
nearly linear increase with the particle diameter 2r
between 5 and 20 nm, while the absorption cross-
section C*, scales cubically. This beneficial scaling law
for IR near-field spectroscopy can be attributed to the
increased near-field coupling between tip and sub-
strate when the particle size (i.e., the gap width d =2r) is
decreased. The enhanced near-field coupling provides
higher fields for polarizing the reduced amount of
particle matter. Thus it partially compensates the
decreasing particle polarizability.*

CONCLUSIONS

We have demonstrated the near-field detection of
the IR spectrum of nanoislands with heights below
10 nm by 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 absorp-
tion. 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 re-
corded by interferometric detection in s-SNOM. Thus,
interferometric s-SNOM has the capability to map the
IR absorption of materials with nanoscale spatial reso-
lution. By engineering the antenna function of metal
probe tips and by reducing the tip apex below 10 nm,>
we envision s-SNOM to become a valuable tool for IR
absorption spectroscopy of even single macromolecules.
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