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ABSTRACT: We

demonstrate Fourier transform infrared

nanospectroscopy (nano-FTIR) based on a scattering-type
scanning near-field optical microscope (s-SNOM) equipped
with a coherent-continuum infrared light source. We show that
the method can straightforwardly determine the infrared
absorption spectrum of organic samples with a spatial resolution
of 20 nm, corresponding to a probed volume as small as 10
zeptoliter (1072° L). Corroborated by theory, the nano-FTIR
absorption spectra correlate well with conventional FTIR
absorption spectra, as experimentally demonstrated with poly-
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(methyl methacrylate) (PMMA) samples. Nano-FTIR can thus make use of standard infrared databases of molecular vibrations
to identify organic materials in ultrasmall quantities and at ultrahigh spatial resolution. As an application example we demonstrate
the identification of a nanoscale PDMS contamination on a PMMA sample.
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he chemical composition of molecular thin films and
nanocomposites plays a key role in the development of
nanoscale devices or biocompatible surfaces. A widely used tool
for chemical recognition is Fourier transform infrared (FTIR)
spectroscopy’ which determines fingerprint absorption spectra
in the 400—4000 cm™ mid-infrared frequency region
(corresponding to wavelengths of 2.5—2S5 ym). A comparison
of these spectra with widely established databases enables a
rapid identification of materials and thus is commonly used in
analytical chemistry, biology, and even medicine." The spatial
resolution of FTIR microscopy, however, is limited by
diffraction to about one wavelength and thus does not allow
for resolving features smaller than a few micrometers.
Ultraresolving infrared microscopy has recently become
possible with the introduction of scattering-type scanning near-
field optical microscopy (s-SNOM),” which can be regarded as
an extended atomic force microscopy (AFM) that returns an
infrared image together with topography. As sketched in Figure
la, an illuminating infrared beam is focused onto the probing
tip. The usually chosen metallic tip acts as an antenna,
concentrating the incident light at the apex of the tip. The
scattering from the tip depends on the near-field interaction
between the tip and the sample. Recording the scattered light,
while scanning the sample surface, thus yields a near-field
image. Its resolution is not dependent on the illumination
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wavelength, but only on the size of the tip apex, which is
typically in the order of 20 nm.>

Using s-SNOM, nanoscale infrared imaging and spectroscopy
of molecular vibrations in the 6 ym wavelength region have
been successfully demonstrated with polymer and protein
nanostructures,3_6 including single viruses’ and fibrils.® In these
experiments, the illumination of the tip was provided by tunable
CO gas lasers. However, such lasers offer only a relatively
narrow spectral bandwidth, and local spectroscopy requires
repeated imaging at different wavelengths. These disadvantages
have triggered the development and application of broadband
infrared sources for s-SNOMs. Recently, several solutions were
presented that enable the realization of broadband infrared
nanospectroscopy,” > among them (i) the use of a thermal
incoherent infrared emitter,” and (ii) the use of a laser-based
coherent infrared continuum source'>'* for illuminating the s-
SNOM tip (nano-FTIR). However, due to the limited power of
these sources, only strong phonon and plasmon resonances
could be mapped, but not the vibrational contrasts of molecular
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organic substances which rely on relatively weak resonances.
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Figure 1. Nano-FTIR operated with a coherent mid-infrared
continuum source. (a) Experimental setup, showing the Er-fiber-laser
system that emits a pulse train at 1.55 ym (blue) and another one
which is broadened and red-shifted (green). A difference frequency
generator (DFG) unit superimposes both beams in a nonlinear crystal,
which subsequentially emits a mid-infrared (MIR) continuum beam
that is used for illuminating the AFM tip of the nano-FTIR. The
backscattered light is analyzed with an asymmetric Michelson
interferometer comprising a beamsplitter (BS) and a reference mirror
(RM). (b) Output spectra for two settings of the MIR continuum
covering either the lower-frequency fingerprint region 700—1400 cm™"
(red) or the higher-frequency fingerprint region 1300—2100 cm™
(black). Measurements were taken approximately 2 m away from the
source. The fine curves represent the source spectra corrected for
atmospheric absorption. For comparison, the blue line shows the
output spectrum of a previous DFG implementation.16
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Here we demonstrate for the first time that nano-FTIR can
acquire molecular vibrational spectra throughout the mid-
infrared fingerprint region at a spatial resolution of 20 nm, by
imaging a typical polymer sample (poly(methyl methacrylate),
PMMA). This became possible by combining the nano-FTIR
setup with a novel laser-based infrared continuum source,
which is able to provide broadband illumination of sufficient
power for detecting the weak molecular vibrational resonances
of organic samples. We furthermore provide first experimental
evidence that the near-field absorption spectra match well with
conventional (far-field) FTIR absorption spectra and corrob-
orate this observation theoretically. This relates, in particular, to
the spectral line positions, line widths and line shapes, and
therefore allows for direct chemical recognition of nanoscale
materials by consulting standard FTIR databases.

For our experiments we use a commercial s-SNOM
(NeaSNOM, neaspec.com) comprising an AFM and an
asymmetric Michelson interferometer (Figure la). A standard
Au-coated AFM-tip is illuminated by a coherent broadband
mid-infrared beam. The beam is generated by a difference
frequency generator (DFG, lasnix.com), where two near-
infrared, 100-fs pulse trains from a fiber-laser system
(FemtoFiber pro IR and SCIR, toptica.com) are superimposed
in a GaSe crystal. Compared to an earlier implementation,'® the
mid-infrared output power is substantially increased to 0.25
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mW. This mid-infrared source emits a continuous spectrum
with a usable width up to 700 cm™", which can be tuned within
the limits 700—2500 cm ™" dependent on DFG settings (e.g. the
crystal orientation). Figure 1b shows two mid-infrared output
spectra (red and black) for two selected settings that were used
in the presented experiments. Clearly, already these two
settings suffice for a nearly complete coverage of the central
700—2100 cm™' (5—14 pm) molecular infrared fingerprint
region. For comparison we show the output spectrum of ref 16
(blue line), clearly illustrating the significant enhancement of
both spectral coverage and spectral intensity achieved with our
new DFG setup.

The light backscattered from the oscillating metallic tip is
analyzed with an asymmetric Fourier transform spectrome-
ter,g’lé’17 which is based on a Michelson interferometer. In
contrast to conventional FTIR, the sample (together with the
tip) is located in one of the interferometer arms (Figure 1a).
This detection scheme allows for recording both the
amplitude s(w) and phase @(w) spectra of the backscattered
light. The pertaining complex-valued scattering coefficient o(w)
= s(w)e”® relates the scattered field E(w) with the incident
field E;,.(w) according to E(®) = 6(w)E;,(@). To extract the
near-field signals, that is, to suppress background contributions,
the detector signal is demodulated at a higher harmonic nQ of
the tip vibration frequency Q (refs 18 and 19). Translation of
the reference mirror with a piezo stage yields an interferogram
of the demodulated signal. By subsequent Fourier trans-
formation of the interferogram we obtain the complex-valued
near-field spectra E, (@) = 6,(0)R(w)E;, (@) where the index
n denotes the demodulation order and R(w) is the spectral
response of the instrument including the transmission of the
beamsplitter, atmospheric absorption, and responsivity of the
infrared detector. Analogue to conventional FTIR, the near-
field spectra E, (@) are normalized with the help of a reference
spectrum E, {(®). The latter can be readily obtained by
recording a near-field spectrum of a spectrally flat sample
such as Si (where 0,5(®) = const), yielding E, (@) = const
R(w)E;,(w). The normalized near-field spectra thus directly
yield the n-th order scattering coefficient of the tip—sample
System, 6,(@) & Ey()/Ey ().

The scattering coefficient 6,(w) describes the near-field
interaction between tip and sample and carries information
about the local dielectric function, respectively, the refractive
index, of the sample. Earlier experiments with organic samples
indicate that the phase o,(w), respectively the imaginary part
Im[c,(w)] = s,(w)sin[@,(w)], is connected with the local
absorption of the sample.>*** Owing to the lack of broadband
near-field spectra, however, a clear experimental demonstration
with molecular fingerprint spectra has not been provided yet,
nor has a rigorous physical derivation been put forward. Here
we define the nano-FTIR absorption to be a, = Im[c,(®)] and
verify experimentally and theoretically that nano-FTIR
absorption spectra of molecular vibrations correlate well with
conventional far-field absorption spectra.

First we demonstrate the capabilities of our setup for
nanoscale-resolved infrared imaging by mapping the boundary
region of a 90 nm thin film of PMMA on a Si substrate. The s-
SNOM simultaneously records a topographical (Figure 2a,
upper image) and a near-field infrared image (Figure 2a, lower
image). For the latter we fix the reference arm of the Michelson
interferometer at approximately the “white light position”
(WLP). In this case both interferometer arms have equal
optical path lengths. Thus all frequencies are in phase, creating
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Figure 2. Infrared nanoimaging of a polymer thin film (PMMA) on a
Si substrate. (a) Topography (upper) and infrared amplitude image
(lower, spectrally averaged over approximately S—9 um by setting the
interferometer at the WLP). (b) Line profiles of height and infrared
signal extracted at the position indicated by the white dashed line
(averaged over eight lines).

a maximum detector signal. In the optical image we observe a
strong material contrast between the PMMA and the Si regions.
The stronger infrared signal on Si can be explained by its higher
refractive index compared to PMMA.>' The abrupt signal
change at the material boundary verifies the nanoscale spatial

resolution. We note that the infrared signal on the PMMA does
not depend on the different heights of the PMMA surface in
the edge region of the film. This indicates that the probing
depth of the near-field interaction®*? is smaller than the
thickness of the PMMA film.

To demonstrate local fingerprint spectroscopy, we recorded
nano-FTIR spectra of PMMA and Si at the positions marked
with P, and P, in Figure 2a. Owing to the flat spectral response
of Si, the spectrum at P, serves as reference spectrum (as
described above), yielding the local absorption spectrum of
PMMA, a,(w)  P;/P,. The broadband mid-infrared source
was first set to cover the frequency range 1300—2100 cm™". For
a second set of spectra the source was set to the frequency
range 700—1400 cm™'. The resulting nano-FTIR absorption
spectra a,(w) are displayed in Figure 3a. For comparison, a
FTIR absorption spectrum (Figure 3b) of a PMMA film
(thickness of ~$ pm, produced by a solvent-casting method)
was recorded with a conventional FTIR spectrometer (Equinox
SS, bruker.com) in transmission mode. The FTIR spectrum
shows the well-known molecular absorption lines of
PMMA**** around 1730 cm™ (corresponding to C=O
stretching), 1265 cm™' and 1240 cm™' (C—C—O stretching),
1190 cm™' (C—O-C bending), and 1145 cm™' (CH,
bending). Convincingly, all of these lines are also clearly seen
in the nano-FTIR absorption spectrum. As documented by the
dashed gray lines in Figure 3, the near-field absorption peaks
appear at the same positions as the far-field absorption peaks.
The overall agreement of peak positions, peak shapes and
relative peak heights provides clear experimental evidence that
the nano-FTIR absorption a, = Im[6,(®w)] indeed reveals the
local infrared absorption of the sample.

The direct correlation between conventional and nano-FTIR
absorption spectra might be surprising when considering that
nano-FTIR records the scattered light arising from a complex
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Figure 3. Comparison of nano-FTIR with conventional far-field FTIR. (a) Nano-FTIR absorption spectra from a 90 nm thin film of PMMA. (b)
Far-field FTIR spectra from a ~5 pm thick PMMA film. The nano-FTIR data is obtained from two consecutive measurements where the infrared
source spectrum was changed from (2000 to 1400 cm™) to (1400 to 800 cm™"). The acquisition time was 25 min and 16 min, respectively, and the
spectral resolution is 6 cm™". The far-field FTIR spectrum was taken in 20 min with a spectral resolution of 4 cm™". The schematics to the right of

the spectra illustrate nano-FTIR and standard transmission FTIR.
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intriguing phenomenon by theoretical considerations of the
scattering process. It has been shown formerly that the
scattering coefficient ¢ can be successfully described by the
point—digole model” and more accurately by the finite-dipole
model.?® In both models, the scattering coefficient ¢ has the
same structure:

o(w, H) = ag(fp)(1 + 1,)* (1)

where a.g (ff) is the effective polarizability of the tip and r, the
far-field reflection coefficient of the sample surface. § = f(w) =
(e(w) — 1)/(e(w) + 1) is the surface response function, which
is dependent on the complex-valued dielectric function £(®@) of
the sample. f = f(H) is a (model-specific) frequency-
independent function of the tip—sample distance H. For
studies of thin films with a thickness A < A (for infrared light:
A ~ 10 um), r, can be well-approximated by the Fresnel
reflection coefficient from the substrate. In case the substrate is
spectrally flat, like the Si in our experiment, the reflection r, can
be considered as spectrally constant. In the absence of infrared
plasmon or geometrical antenna resonances””~” in the tip, and
for a thin film composed of weak molecular oscillators, such as
PMMA or other organic materials, the condition I|ffl < 1 is
always satisfied. Therefore we can expand o(w, H) into a
Taylor series, which to the first order in (ff§) yields:

o(w, H) % [ag + af (H)B(@)](1 + r,)* ©)

where @, and @, are frequency- and height-independent
constants that are determined by the material and the size of
the tip. Taking into account the demodulation of the detector
signal, which is applied for background suppression in our
experiments, and the normalization of the sample spectra to
those of Si, all height-independent terms vanish, yielding

o (w)  p(w) ®)

Thus, the spectral characteristics of the near-field absorption
a, = Im[6,(®)]  Im[B(w)] are determined exclusively by the
local dielectric function &(w) of the sample. For molecular
vibrations, such as the ones of PMMA, we find that Im[3(®)]
and the imaginary part k of the complex-valued refractive index
N(®) = n(w) + ik(w) have nearly the same spectral behavior
(see supplement), and we can write in good first approximation
k(w) ~ Im[f(w)]. Considering that the far-field absorption A
in conventional FTIR spectroscopy follows the relation A o
k(w), we immediately obtain a,(w) « Im[f(w)] x k(@)  A.
The connection between near-field and far-field absorption is
thus described in good approximation by the simple and model-
independent relation

a,(0) x A (4)

which theoretically explains the experimental observation
documented in Figure 3 and provides a firm ground for
chemical recognition and possibly even chemometrics at
nanoscale spatial resolution.

In Figure 4 we demonstrate nanoscale spectroscopic
mapping of the local infrared absorption. While scanning the
tip across the PMMA edge (Figure 4a), an infrared spectrum is
recorded at each position. Each panel of Figure 4b shows 50
spectra, every single one recorded in 80 s and with 13 cm™
spectral resolution. The distance between the points at which
the spectra are acquired is 20 nm. As before all spectra are
normalized to the reference spectrum taken on the Si surface.
On the PMMA we clearly see the characteristic absorption
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Figure 4. Nanoscale infrared-spectroscopic mapping of PMMA on Si.
(a) Schematics of the sample cross section. (b) Infrared-spectroscopic
line scans recorded while the tip was scanned in 20 nm steps
(horizontal axis) across the sample illustrated in Figure 4a. Each panel
is composed of SO spectra (vertical axis) acquired with the coherent
source set to cover the 1000—1500 cm™ (bottom) and 1500—1900
cm™! (top) spectral ranges.

lines. The peak maxima are nearly constant until the edge is
reached at x = 0.5 pm. Within a single scan step, the strong
C=O0 and CH, absorption peaks vanish completely. This
observation confirms that infrared fingerprint spectroscopy can
be performed at 20 nm spatial resolution. Because the probing
depth of the near-field interaction approximately equals the
lateral spatial resolution,”*>*° we further conclude that the
probed volume is as small as (20 nm)® = 107° L = 10 zL (10
zeptoliter). We note that the spatial resolution in s-SNOM is
determined essentially by the radius of the tip apex,” which is
about 20 nm in our experiments. Decreasing the scan step
below 20 nm thus would not improve the spatial resolution.
Finally we demonstrate the identification of sample
contaminants as an application example of nano-FTIR. Figure
Sa shows the topography image of a scratched PMMA film on a
Si substrate, revealing a particle-like feature at the PMMA edge,
which in the mechanical AFM phase image (Figure Sb) exhibits
a strong phase contrast of about 70°. Such phase contrasts
indicate different materials.>’ Without prior knowledge,
however, we cannot identify the particle-like feature of about
100 nm diameter. By taking a nano-FTIR absorption spectrum
(lower panel in Figure Sc) in the center of the particle (marked
with P,), we find a significantly different spectral signature
compared to the spectrum taken on the PMMA film at the
position marked with P;. While the latter exhibits the known
PMMA vibrational fingerprint (as seen before in Figures 3 and
4), we find at P, a strong and broad peak centered around 1100
cm™!, a sharper peak around 1260 cm™, and a small peak
around 1040 cm™". With the help of conventional FTIR spectra
from literature, we can assign the peak around 1260 cm™ to the
Si-CH; symmetric deformation and the broad peak around
1100 cm ™" as well as the peak around 1040 cm™' to Si—O—Si
asymmetric stretching modes.”> The appearance of these
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Figure 5. Chemical identification of nanoscale sample contaminations
with nano-FTIR. (a) AFM topography image of a scratched PMMA
film on a Si substrate. (b) Mechanical AFM phase image, where the
strong contrast designates a particle that consists neither of PMMA
nor of Si. (c) Nano-FTIR absorption spectra of the PMMA film (taken
at position P;) and of the particle (taken at position P,). The

acquisition time was 7 min, and the spectral resolution is 13 cm™".

spectral lines is typical for polydimethylsiloxane (PDMS).** We
can thus identify the particle-like feature as a PDMS
contamination. We note that the PMMA sample preparation
and precharacterization involved PDMS material, obviously
leaving PDMS remainders on the sample surface.

In conclusion, nano-FTIR with a coherent mid-infrared
continuum source enables a full spectroscopic analysis of
molecular vibrations on the nanometer scale in the important
mid-IR frequency range 800—2000 cm™'. We have shown
experimentally and theoretically that nano-FTIR absorption
spectra correlate well with conventional (far-field) FTIR
absorption spectra. Nano-FTIR thus opens the door to
nanoscale chemical identification of virtually any substance
exhibiting IR vibrational resonances, in ultrasmall quantities and
at ultrahigh spatial resolution, by simply searching for the
corresponding spectra in standard FTIR databases. We
envision, for example, nanoscale chemical mapping of polymer
blends, organic fibers, and biomedical tissue. We furthermore
established a simple relation between nano-FTIR spectra and
the dielectric response of the sample, which in the future will
allow for straightforward reconstruction of both the real and
imaginary part of the local refractive index, respectively the
local dielectric function &(w) of organic, molecular, and
biological materials, nanocomposites, or nanodevices.
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Relation between Im[A(w)] and k(w). This material is available
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B NOTE ADDED IN PROOF

After acceptance of our manuscript we became aware of a
related work demonstrating molecular s-SNOM vibrational
spectroscopy by Xu et al. (Xu, X.; Rang, M.; Craig, 1.; Raschke,
M. Pushing the Sample-Size Limit of Vibrational Nano-
spectroscopy: From Monolayer toward Single Molecule
Sensitivity, J. Phys. Chem. Lett. 2012, 3 (13), 1836-1841).
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