Downloaded via UNIV OF NEW MEXICO on April 1, 2021 at 20:05:25 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

THE JOURNAL OF

PHYSICAL CHEMISTRY

pubs.acs.org/JPCC

Molecular Sensitivity of Near-Field Vibrational Infrared Imaging
Chih-Feng Wang, Bijesh Kafle, Tefera E. Tesema, Hamed Kookhaee, and Terefe G. Habteyes*

Cite This: J. Phys. Chem. C 2020, 124, 21018-21026

Read Online

[ v e

ACCESS |

[l Metrics & More |

Article Recommendations ‘

@ Supporting Information

ABSTRACT: Quantifying the sensitivity limit of scattering-type scanning
near-field optical microscopy (s-SNOM) in vibrational infrared imaging
requires assembly of molecular systems with continuous variation of height
across lateral displacements, which has not been available to date. In this
work, we fabricate a film of poly(4-vinylpyridine) (P4VP) with about 7° angle
of elevation on gold and silicon substrates and compare the chemical contrast
due to the ring stretching vibration of P4VP as a function of sample thickness.
We observe that the near-field contrast starts to change at the same time as
the sample height, which increases at a rate of a nanometer per 10 nm lateral
displacement crossing from the bare substrates to the P4VP-coated region.
Saturation of phase contrast is observed for a thicker than 100 nm sample on
silicon, while it continues to increase even beyond 200 nm on gold. The
presaturation regime on silicon appears to coincide with the higher net field
enhancement in the sample on silicon than on gold, in spite of the higher
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overall scattering amplitude on gold. Although the chemical contrasts are observable as the sample thickness decreases to a sub-
nanometer scale on both substrates, important distinctions are observed because of the roughness of the as-prepared gold film. The
variation in the local tip—sample geometry results in signal fluctuation that creates uncertainty in the chemical contrast when the
sample thickness is comparable to the roughness. The results presented here provide clarity to advance s-SNOM chemical imaging to

the molecular “finger print” region of electromagnetic radiation.

1. INTRODUCTION

Infrared (IR) vibrational spectroscopy is one of the most
powerful analytical techniques for chemical identification as it
probes vibrational transitions that provide “finger print”
information about molecular systems. As a result, a micro-

sufficient to map optical modes of atomically thin two-
dimensional crystals such as graphene.
imaging of plasmon modes on metal nanostructures, the use of
a nonmetallic probe with incident light polarization that does
not excite the probe is necessary
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scopic technique that uses IR radiation is suitable for chemical
imaging of solid surfaces. For organic molecules, the
vibrational transitions are in the wavelength range of 2.7—
16.7 pm, which means that the spatial resolution of a
diffraction limited optical microscope will be in the range of
several micrometers. The discovery of scattering-type scanning
near-field optical microscopy (s-SNOM)"* has provided a
viable approach to overcome the diffraction limit and achieve
spatial resolution down to a scale of few nanometers, regardless
of excitation wavelengths.”~” To mention some examples, s-
SNOM has been applied for mapping optical modes on
metals”®*™'* and on all-dielectric'® nanostructures, IR proper-
ties of organic thin films'°™'® and proteins,'”*® plasmon
resonances in graphene,”' >* phonon-polaritons in two-
dimensional materials,>>™*® carrier localizations in semi-
conductors”~** and intersubband polaritons in IR nano-
antenna.™

In s-SNOM measurement, the strength of the near-field
signal depends on the optical coupling between the probing tip
of the atomic force microscope (AFM) and the sample. For
samples with strong oscillators, the sensitivity of s-SNOM is
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of the inherent optical modes of the sample because of strong
tip—sample optical coupling.'* For molecular systems, on the
other hand, the tip—sample optical coupling is weak, and
obtaining monolayer sensitivity can be difficult.”® In particular,
the phase contrast that is related to the vibrational absorption
resonances>’ can be lost in the background. As a result, in
addition to using a metallic tip with excitation field parallel to
its axis, it is important to use a strongly polarizable substrate to
create large field enhancement at the tip—substrate junction
where the sample is placed.”” However, the field enhancement
needed for enhancing the photoabsorption by the sample
decreases exponentially with the sample thickness that
increases the tip—substrate separation. On the other hand,
the absorbance by the sample of interest increases with
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Figure 1. Experimental setup and resonance of the P4VP sample. (a) Schematic of the s-SNOM setup. The double-headed arrow by the reference
mirror indicates that the mirror is oscillated at ~300 Hz for the pseudoheterodyne interferometric detection. QCL: quantum cascade laser; BS:
beamsplitter. (b) Topography of the P4VP on the Au substrate. The scale bar is S00 nm. (c) Line profile across the dashed line on the topography.
The slope indicates that the P4VP thickness increases very slowly (not abruptly) starting at the boundary. (d) Representative near-field IR
amplitude (S;) and phase (¢;) scan images acquired at different excitation wavenumber of the QCL output for the same region shown in the
topographic image (b). (e) Spectrum of the relative amplitude (solid circles) and the real part of the P4VP dielectric function fit to the data based
on the Lorentzian dipole oscillator (green line). (f) Spectrum of phase difference (solid circles) and the imaginary part of the dielectric function fit

to the data (blue line). The red line is normalized FTIR spectrum.

increasing sample thickness. Hence, the molecular signal
enhancement due to tip—substrate optical interaction is
expected to be limited within a certain sample thickness
depending on the nature of the interaction. Modeling the tip as
a point dipole, Aizpurua et al. have predicted saturation of
optical contrast starting at 35 nm thickness of poly(methyl
methacrylate) (PMMA) on gold substrates.”” More realistic
theoretical analysis using finite dipole model indicates that the
tip—substrate interaction extends beyond 100 nm.*' Exper-
imental results that compares enhancement on different
substrates have been reported for a poly(ethylene oxide)
sample having a thickness of 13 nm using nano-Fourier
transform IR (nano-FTIR) spectroscopy, in which the spectra
are recorded at a fixed tip position.”” In another nano-FTIR
study of PMMA on gold, the amplitude and phase contrast of
different thicknesses (10, 19, 31, and 174 nm) have been
compared.'® However, experimental results that show the
variation of amplitude and phase contrasts as a function of
sample thickness that increases continuously starting at zero is
not available. In other words, the sensitivity limit of s-SNOM
vibrational imaging with vanishing sample thickness has not
been systematically quantified to date.

In this work, a thin film of poly(4-vinylpyridine) (P4VP)
with about 6—8° angle of elevation is prepared on gold and
silicon substrates, and the chemical contrasts due to the
stretching vibration of the aromatic ring are obtained as a
function of film thickness that varies continuously from zero to
over 200 nm. We observe that the amplitude and phase
contrasts start to change at the same time as the sample
thickness starts to increase at a rate of about a nanometer per
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10 nm lateral displacement crossing from the bare substrate to
the P4VP-coated region. Surprisingly, for sample thickness up
to ~100 nm, the phase contrast is slightly higher on Si
substrates than on Au. Consistent with the phase contrast, our
analysis indicates higher net field enhancement for the sample
on Si, in contrast to the significantly larger overall scattering
amplitude on Au. Saturation of phase contrast is observed
starting at ~100 nm of sample thickness on Si, while the
contrast continues to increase even beyond 200 nm on the Au
substrate. On both substrates, it is possible to discern the
overall chemical contrast as the sample thickness decreases to a
sub-nanometer scale. However, important distinctions are
observed between the chemical contrasts on the two substrates
owing to the roughness of the gold surface. As the sample
thickness becomes comparable to the surface roughness of Ay,
the signal fluctuation due to the tip—substrate local coupling
geometry can overwhelm the chemical contrast. The results
presented here may serve as a benchmark to search for
appropriate substrates to improve the sensitivity of chemical
imaging using s-SNOM that does not require fabrication of
specialized probes.

2. METHODS

2.1. Sample Preparation. The P4VP sample is prepared
on P-doped N-type silicon (100) wafer (UniversityWafer, Inc.)
and a gold film of ~100 nm thickness. The gold film is
prepared through electron-beam deposition of gold on the
silicon wafer using 2 nm titanium as an adhesion layer. The
P4VP sample with a thickness gradient is prepared by solution
drop-casting that is followed by spin-coating at slow speed.

https://dx.doi.org/10.1021/acs.jpcc.0c07979
J. Phys. Chem. C 2020, 124, 21018—21026


https://pubs.acs.org/doi/10.1021/acs.jpcc.0c07979?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c07979?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c07979?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c07979?fig=fig1&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c07979?ref=pdf

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

(@) P4VP on Au

Height (nm)
> S
o o

wo

= Ll
5 2 5
2 ‘ |
S [ |
2B
- N 14 15
preW | sy st 0.0
r T L T T T
0 1 2 3 4 5
Position (um)
10 ‘I T T T T
l @ e
g 0.4
\ PGS AO.
K '\F\ g
051 4% -
\ 4 02 %
0.0 { T T — T
0 50 100 150 200

Tip-substrate separation (nm)

(b) P4VP on Si

£ 300
(=
= 200
)
© 100
T o
LS - | ) 4
e i I, f'«’,\',‘w ‘m-"*\"‘w)w\"“‘ 0.4
I (AN UL
= P K "
= . -
510 ! f\" ®
g \ -
g y 02 @
& !\,
05 {
N a\mu,':n.. o ‘ l . 0.0
0 1 2 3 4 °
Position (um)
1.0f ' | I |
\ ®) |
0.4
f
\\\ 1 : =
\ 3 - AQ. o
& \ o) =
05 \ &
: 02 ¢
Y 7 \\\
\.\\\v n
| AC (n;)
0.0k . ' P 0
0 50 100 150 200

Tip-substrate separation (nm)

Figure 2. Comparison of vibrational near-field contrast on Au and Si substrates at a P4VP resonance frequency of 1598 cm™. Simultaneously
recorded topography, near-field amplitude (S;) and near-field phase (¢5) scan images of P4VP on (a) Au and (b) Si substrates. Line profiles of the
topography (black line), near-field amplitude (red line), and near-field phase (blue line) for the images on (c) Au and (d) Si substrates. The
magnified plots in the inset show the transition at the boundary. (e,f) Near-field amplitude (red squares, left axis), AC, (black triangles, left axis)
and phase (blue circles, right axis) as a function of tip—substrate separation (or P4VP thickness) on (e) Au and (f) Si substrates. The solid lines are
biexponential functions fit to the data. The near-field amplitude as a function of P4VP thickness and AC are normalized (see the raw data in Figure

S2a)b).

That is, about 10 uL of a 0.2 wt % P4VP solution in ethanol is
applied on a clean substrate at room temperature, and then
spin-coating is performed immediately at a speed of 200 rpm
for S min using a commercial spin-coater (Laurell
Technologies Co., model WS-650MZ-23NPP). This proce-
dure resulted in P4VP film covering only some portion of the
substrate with a clear boundary between the P4VP-coated and
bare substrate, as can be seen in scan images of the film on
gold and silicon in Figures S1. A thickness gradient with 6—8°
angle of elevation is obtained going from the boundary into the
P4VP-covered region of the substrate. In addition, ultrathin
P4VP film on gold is prepared by spin-coating 500 uL of 0.2 wt
% P4VP/ethanol solution at a speed of 6000 rpm for 4 min.
Then, some portion of the film is immersed in isopropanol for
1 s to create a boundary of bare Au and P4VP-Au.

2.2. Near-Field Measurement. The near-field optical
amplitude and phase contrasts of P4VP on gold and silicon

21020

substrates are obtained using the commercial Neaspec AFM
/near-field platform that implements the pseudoheterodyne
interferometric detection procedure,” as shown by the
schematic in Figure la. Using the output of a quantum
cascade laser (MIRcat, Daylight Solutions), the excitation
frequency is tuned in the 1570—1620 cm™ range to cover the
aromatic ring stretching vibration frequency of P4VP. The
laser power is adjusted to ~3 mW as measured before the
beam splitter of the interferometer. A commercially available
metal-coated AFM tip (Arrow NCPt, NanoWorld) is used as a
near-field probe at a tapping frequency (Q) of ~270 kHz and
tapping amplitude of ~70 nm. The signal scattered by the tip is
mixed with the reference beam and is focused onto the
HgCdTe IR detector (Kolmar, KLD-0.25-J1). The output of
the detector is demodulated at mQ (m > 1), and the signals
obtained at m = 2—4 are compared.

https://dx.doi.org/10.1021/acs.jpcc.0c07979
J. Phys. Chem. C 2020, 124, 21018—21026
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Figure 3. (a) Phase changes due to P4VP on Au (solid lines) and Si (dotted lines), (b) Au/Si ratio (p) of phase changes as a function of P4VP
thickness (tip—substrate separation). (c) Near-field amplitude as a function of P4VP thickness divided by the corresponding AC (S,4c) on Au
(solid lines) and Si (dotted lines). (d) Left axis: normalized AC on Au (solid lines) and Si (dotted lines). Right axis: Au/Si AC ratio as defined on

the plot.

3. RESULTS AND DISCUSSION

3.1. Near-Field Spectra of P4VP. The near-field optical
amplitude (S;) and phase (¢;) contrasts of P4VP on gold
obtained at different excitation frequencies are displayed in
Figure 1d. At all excitation frequencies, a higher near-field
amplitude is observed for the bare gold film than for the P4VP
coated side because of the higher scattering dielectric
properties of the metal. On the other hand, the phase contrast
changes drastically with the excitation frequency (see ¢,
images in Figure 1d). The spectral property of the film is
determined by scanning the same area, while tuning the
excitation wavenumbers at 2.5 cm™' interval (lower intervals
are used to determine the resonance frequency accurately).
The variation of the amplitude and phase behaviors due to the
polymer is analyzed using the bare substrate as a reference
(ref). Accordingly, the relative near-field amplitude (77,,) and
phase difference (Ag,,) are calculated as

N = Sin, pavD
" Sm,ref (1)
A(pm = ¢m,P4VP - qom,ref (2)

The spatially averaged (over 200 nm X 200 nm area) relative
amplitude 77; and phase difference Ag; using gold surface as a
reference are plotted in Figure le/f as a function of excitation
wavenumber. The reference points used to calculate the
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average values are indicated by the star symbols on the
topography in Figure 1b. The amplitude contrast (Figure le)
corresponds to the reflection spectrum of the material in the
region of the excitation energies. In agreement with reported
predictions,39 the normalized amplitude spectrum has a
Lorentzian-derivative-like shape that can be approximated by
the real part (&) of the dielectric function (& = &, + ig,) of the
polymer as shown by the olive-colored line in Figure le. On
the other hand, the phase difference plotted as a function of
excitation wavenumber follows the vibrational absorption
spectrum of the polymer, and the trend can be approximated
by the imaginary part of the dielectric function as shown by the
blue line in Figure 1f. The peak position determined from the
near-field phase contrast is in excellent agreement with the far-
field FTIR spectrum (red line in Figure 1f), confirming the
assignment of the phase contrast at 1598 cm™ to the ring
stretching vibration frequency of P4VP. While these are the
first near-field result for P4VP, the spectral properties of the
amplitude and phase contrasts observed in Figure lef are in
good agreement with the results on the intensively investigated
PMMA'71#3%%% and other systems."”

3.2. Thickness-Dependent Near-Field Vibrational
Contrast. Establishing the resonance excitation frequency,
we now compare the IR vibrational contrast of the P4VP film
on Au and Si substrates at 1598 cm™ (4 = 6.26 ym) laser line
using the same AFM tip at the same alignment conditions. The
topographic and optical contrasts of the films on the two

https://dx.doi.org/10.1021/acs.jpcc.0c07979
J. Phys. Chem. C 2020, 124, 21018—21026
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substrates are displayed in the scan images in Figure 2a,b (see
also Figure S1 for the optical images obtained at m = 2 & 4).
The corresponding line profiles across the green dashed lines
are plotted in Figure 2¢,d. From the topography and optical
contrasts, it is possible to determine the edge of the P4VP film
exactly, as demonstrated in the zoomed-in graphs (see insets in
Figure 2c,d). Starting at the edge, as the thicknesses of the
films increase almost linearly with 6—8° angle of elevation, the
optical amplitude decreases exponentially, as shown by the red
lines in Figure 2¢,d. On the other hand, the optical phase
increases rapidly until the film thickness reaches about 100 nm
on both Au and Si substrates (blue lines in Figure 2c,d). As the
film thickness increases beyond 100 nm, the phase contrast of
P4VP on Au increases approximately linearly, while it appears
to saturate on the Si substrate.

For more quantitative comparison, 10 more line profiles that
show the variation at different rows across the scan images on
Au and Si substrates are extracted (see Figure S2a,b), and the
average amplitude and phase signals are plotted as a function
of the P4VP thickness that increases the tip—substrate
separation (Figure 2e(f). Clearly, the dependence of the
phase contrast on the sample thickness is different on the two
substrates. Similar to the trend observed in the single line
profile as a function of lateral position (Figure 2c,d), the
average phase contrast saturates on the Si substrate as the
samples becomes thicker than 100 nm, while it continues to
increase on Au even as the thickness increases beyond 200 nm.

To facilitate the comparison of the phase contrasts on the
two substrates, the trend lines obtained by fitting a
biexponential function to the data (solid lines in Figure 2e,f)
are plotted in Figure 3a including the results for the m = 2—4
harmonics (the results at each harmonics are compared
separately in Figure S3 including the data points). It is
interesting to note that for P4VP film thickness smaller than
~110 nm, the phase contrast increases with m on both
substrates as the background suppression becomes more
effective. The enhanced optical contrast at higher harmonics
is necessary for revealing important details in chemical
imaging, as can be seen comparing the optical images obtained
at different harmonics (Figure S1) and a representative line
profile in Figure S4. The Au/Si ratio (p) of the P4VP optical
phase contrast is less than one up to a film thickness of ~100
nm in spite of the stronger overall scattering amplitude of the
Au substrate than that of Si, as can be seen comparing the
scales for the amplitudes in Figure 2c,d. This observation
suggests different net field enhancement in the sample
supported on Au and Si substrates.

The net field enhancement in the sample can be estimated
comparing the near-field amplitude decay as a function of
sample thickness to the corresponding approach curve (AC)
that measures the amplitude decay when the tip—substrate
separation is increased in air. With increasing sample thickness,
the amplitude decreases to the limit that the signal strength is
determined by the polarizability of the sample assuming that
the tip—substrate interaction becomes negligible at a large
separation distance. It is shown that the amplitude decay
lengths as a function of P4VP thickness on gold (9.5 and 54.1
nm) are smaller than the corresponding decay lengths (10.0
and 64.6 nm) on silicon, as determined by fitting biexponential
functions to the third harmonic signal (red solid lines in Figure
2e,f). For example, when the sample thickness increases to 200
nm, the signal decreases to about 19% with respect to bare
gold, while it decreases to about 24% with respect to bare

silicon. On the other hand, when the tip—substrate separation
is increased in air (black lines in Figure 2e,f), the decay lengths
on gold (12.1 and 46.2 nm) are larger than the corresponding
decay lengths on silicon (8.9 and 37.2 nm). This opposite
trend in the near-field amplitude decay on Au and Si as a
function of P4VP thickness compared to the tip—substrate
separation in air indicates different net field enhancement in
the sample on the two substrates. Specifically, the comparison
indicates higher net field enhancement for P4VP on Si than on
Ay, although the overall scattering amplitude is stronger on the
Au substrate.

The net field enhancement in the P4VP sample at the tip—
substrate junction is approximated by using the AC (field
amplitude decay in air) as a reference. As shown in Figure 3c,
this approach reveals the field enhancement in the sample as a
function of P4VP sample thickness by factoring out the
corresponding field decay as a function of tip—substrate
separation in air. Note that the curves plotted in Figure 3¢
show the ratios of the functions with the parameters
determined by fitting to the raw data. The fact that the ratios
are close to unity for the bare substrates, particularly for m = 4,
at which the background suppression is most effective,
indicates the stability of the optical alignment throughout the
experiment and the validity of using the AC curve as a
reference. The results reveal that on both substrates, the net
enhancement increases with increasing order of demodulation
as the far-field background suppression becomes more
effective, consistent with the enhanced optical contrast with
increasing order of signal demodulation observed in FigureS 3a
and S2c—f. It is also clear that the net enhancement on silicon
(dotted lines) is significantly higher than on gold (solid lines)
at all harmonics as shown in Figure 3c. In addition, the
enhancement tends to saturate with increasing sample
thickness on silicon, while it continues to increase on gold,
in agreement with the trend of the phase contrast in Figure 2e.
However, unlike the phase contrast that crosses as the film
thickness increases (Figure 3a), the net enhancement on gold
is lower than on silicon at all thicknesses. This observation may
indicate a complicated tip—gold substrate optical coupling that
includes distance-dependent resonances and strong field
gradients.

Some insight into the different nature of probe—substrate
optical coupling on gold and silicon may be obtained by
analyzing the Au/Si ratios of the ACs. The normalized ACs
(left axis in Figure 3d) indicate that the field enhancement
decay as a function of tip—substrate distance is faster for Si
than for Au as mentioned earlier (the raw data of the ACs is
shown in Figurers S2a,b). On both substrates, the signal decays
exponentially without any anomaly. However, two peaks are
observed in the Au/Si ratio (right axis in Figure 3d),
particularly at the 3rd and 4th order harmonics. As the tip—
substrate separation increases to 20—24 nm, the ratio increases
rapidly and peaks at 24 nm for m = 3 and 20 nm for m = 4, and
then, it decreases before it increases again to the second peak
at 125 nm for m = 3 and 111 nm for m = 4. Understanding the
origin of these peaks requires theoretical modeling, which is
beyond the focus of the present work. Similar behavior is
observed in the ratio of the phase contrast (Figure 3b), where
the ratio of the phase contrast increases rapidly first as the tip—
substrate distance increases to 20 nm, which is followed by a
slowdown before it increases again approximately linearly.

3.3. Optical Roughness of the As-Evaporated Gold
Surface. To obtain further insight into the origin of smaller

https://dx.doi.org/10.1021/acs.jpcc.0c07979
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phase contrast for P4VP on gold than on silicon, particularly
for ultrathin samples, we compare the topographic and optical
images of the bare substrates as shown in Figure 4. The
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Figure 4. Comparison of structural and optical roughness of Au and
Si substrates. (a) Topography, near-field amplitude and phase images
of bare substrates. (b—d) Representative line profiles showing the
structural roughness (b), near-field amplitude (c), and near-field
phase (d). High points in the gold film results in low amplitude and
phase contrasts as illustrated by the vertical dashed line for the feature
in the dotted circle in the topographic and optical images. (e) Average
optical amplitude (left axis) and optical phase (right axis) of the bare
Au and Si substrate as labeled.

topographic map shows rough surfaces of gold film that is
prepared by electron-beam evaporation. The surface roughness
of gold reaches up to 1.2 nm, compared to less than 0.3 nm for
silicon as estimated from the line profiles plotted in Figure 4b.
The amplitude and phase signals confirm that the topographic
roughness of gold translates to optical roughness, where the
high points in the topography leads to low points in the IR

images. The correlation between the topographic height and
the IR contrast can be observed more clearly by comparing the
line profiles in Figure 4b—d, as illustrated for one of the grain
features (circled in the topographic and optical images). As
indicated by the vertical dashed line that guides the eyes to
correlate the height and the optical contrasts in Figure 4a-d, a
peak in the topography (Figure 4b) corresponds to a deep in
both IR amplitude (Figure 4c) and phase (Figure 4d) contrast.
The correlation between the grain height and IR contrast is
further demonstrated in Figure 4e, where the average values of
the amplitude (left axis) and phase (right axis) extracted from
10 line profiles are plotted as a function of the topographic
height. Clearly, the amplitude and phase values decrease with
the height of the gold grains, while on silicon, the contrasts
remain approximately constant.

The negative correlation between the grain height and the
IR contrast may be explained in terms of the local geometry of
the tip—substrate coupling, assuming the grains as small
nanoparticles supported on the bulk metal film. As a result, the
optical contrast is determined by the tip—particle coupling that
intervenes in the interaction of the tip with the bulk film.**°
The coupling of the tip to the bulk film can be treated as
dipole-image dipole interaction, whereas the tip—particle
coupling can be modeled as dipole—dipole interaction. For
very small particle sizes, the particle dipoles are smaller than
the image dipoles, and the fact that the particles (grains) are
intervening between the tip and bulk film reduces the overall
scattering amplitude, resulting in contrast reversal.**

3.4. Molecular Near-Field Contrast on Topographi-
cally and Optically Rough Surfaces. To test the effect of
the topographic and optical roughness in probing molecular
systems with thickness comparable to the surface roughness,
the s-SNOM experiment is performed on ultrathin P4VP film
with thickness comparable to the surface roughness of gold
substrates. A boundary of the P4VP-Au to bare Au is created
by immersing and dissolving part of the film in isopropanol for
about a second (see Methods). The topography, optical
amplitude (S;), and phase (¢;) images of the boundary region
are shown in Figure Sa. With the exception of some
nanoparticles (with height up to 25 nm) possibly created
because of solvent-induced polymer aggregation, the film
thickness is less than 10 nm (see line profile in Figure SSb).
The Au/P4VP-Au boundary is discernible in the optical
amplitude and phase images, although the IR contrast due to
the P4VP sample is barely above the background fluctuation
that originates from the surface roughness (see the line profiles
in Figures SS).

In Figure 5b,c, the optical amplitude and phase signals at
each pixel are plotted as a function of the topographic height
that includes the inherent height variation in the bare gold film.
The plots reveal a trimodal distribution, as marked by the
vertical dashed lines. The first group (<S5 nm) shows the
height and optical signal fluctuation within the bare substrate.
The second group (5—14 nm) that has the highest density of
data points represents the IR contrast due to the ultrathin
P4VP film. The scattered data points above 14 nm height are
due to relatively large aggregates of the polymer. The trimodal
distribution is more apparent in the average values (grouped
by topographic height) plotted in Figure Sd,e. Consistent with
the results in Figure 4e, the amplitude and phase contrasts
decrease as the height within the substrate increases to about 5
nm. As the height further increases because of the P4VP film,
the decay rate of the amplitude slows down (Figure 5d), while
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Figure 5. s-SNOM contrast due to ultrathin P4VP on the gold
surface. (a) Simultaneously obtained topography, optical amplitude
(S5), and optical phase (¢;) scan images. (b,c) The optical amplitude
and optical phase at each pixel in the images are plotted as a function
of the topographic height. (de) Average s-SNOM amplitude and
phase as a function of the average topographic height. The data in
each row of pixels are first sorted according to increasing height
before the average values are calculated.

the phase contrast on average starts to increase noticeably
(Figure Se). Although the slow-down in the amplitude decay is
within the error bars, the general trend may indicate
planarization of the surface as the polymer fills the low points
of the rough terrain. Overall, comparison of the trends in
Figure Sd,e reveals that the phase contrast exhibits more
drastic change as the sample thickness increases. However, we
note that the contrasts in both amplitude and phase due to the
sample are within the background fluctuation. This observation
indicates the importance of a topographically and optically
smooth substrate for imaging chemicals with molecular
thickness.

Relatively smooth gold surface can be obtained using the
template striping technique to avoid undefined geometry of
tip—sample coupling that results in the fluctuation of optical
signal."” However, the fact that the phase contrast on silicon is
higher than the contrast on gold up to about 100 nm P4VP
thickness (Figure 3a,b) and the net field enhancement in the
sample is higher on silicon throughout the sample thickness
(Figure 3c) suggests that other optical effects are at play on the
gold substrate. The rapid initial increase in the Au/Si ratios of
the phase contrasts (Figure 3b) and ACs (Figure 3d) may
indicate that the contribution of the local coupling effect
decreases exponentially as the tip—substrate separation
increases. In the long range, the optical contrast should be
dominated by the bulk polarizability of the substrate.
Therefore, the significantly less field enhancement for the
sample on gold than on silicon may indicate absorption of mid-
IR radiation by the bulk gold. This should be why the bare
gold surface exhibits higher phase contrast than the P4VP-
coated surface at off-resonance excitation wavenumbers (1570
and 1620 cm™'), as displayed in Figure 1d. Within our

excitation frequency range (1570—1620 cm™"), the variation of
the dielectric function of gold is small (—143$ + i44S to —1350
+ 1405),"” but the imaginary (dissipative or absorptive)
component is not negligible, which may explain the phase
reversal at off-resonance excitation frequencies.

The discussion so far has been focused on the sensitivity of
the s-SNOM vibrational imaging as a function of sample
thickness based on the bulk property of the P4VP polymer.
However, observation of the details of the IR contrasts within
the P4VP film indicates variations at the nanoscale. For
example, in Figure S, strong fluctuation of phase contrast is
observed for higher than 15 nm sample thickness, which
corresponds to the diameter of nanoparticles (aggregates of the
polymer). In addition, typical nanoscale dips and peaks have
been observed within the P4VP film, particularly on the silicon
substrate. These features have been avoided as much as
possible in extracting the line profiles in Figures 2 and S2 to
characterize the bulk property. Figures S6 and S7 show the
variation in the IR contrast due to the local nanoscale features
within the P4VP film. Anomalies in the phase contrast are
observed within the film, corresponding to high and low points
in the topography, as illustrated in Figure S7. In the general
trend discussed in Figures 2 and 3, a decrease in the sample
height leads to an increase in the optical amplitude and a
decrease in the phase contrast. In contrast to this general trend,
it is observed that dips in the height leads to peaks in both
optical amplitude and phase, and high points in the topography
leads to low points in both amplitude and phase contrasts
(Figure S7). These anomalies are temporarily attributed to
different crystallinity and polarizations of the nanoscale
features, which may lead to significant vibrational resonance
shift. However, confirming the origin of these anomalies
requires obtaining the IR spectra of the nanoscale features,
which can be the focus of future studies.

4. CONCLUSIONS

In summary, the sensitivity of s-SNOM in chemical imaging
using IR radiation is systematically analyzed comparing the
near-field vibrational contrast on gold and silicon substrates as
a function of P4VP sample thickness. On both substrates, the
chemical contrast due to the ring stretching vibration of P4VP
changes at the same time as the sample height that increases at
a rate of a nanometer per 10 nm lateral displacement crossing
from the bare substrate to the P4VP-coated region. Saturation
of phase contrast is observed starting at around 100 nm sample
thickness on the silicon substrate, while the contrast continues
to increase even beyond 200 nm sample thickness on gold. Up
to around 100 nm thickness, the net field enhancement in the
sample is significantly larger on silicon than on gold in spite of
the fact that the overall scattering amplitude is significantly
higher on gold. Although the chemical contrast is observable as
the sample thickness decreases to a nanometer scale on both
gold and silicon substrates, the background fluctuation is
significantly larger on gold because of its surface roughness.
The variation in the local tip—sample or tip—substrate
coupling geometry on the as-evaporated gold surface can
lead to background signal fluctuation that can overwhelm the
chemical contrast when the sample thickness becomes
comparable to the surface roughness. The results presented
here may serve as benchmark to search for appropriate
substrates to improve the molecular sensitivity of s-SNOM
vibrational imaging.
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