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Tip-enhanced infrared nanospectroscopy via
molecular expansion force detection

Feng Lu, Mingzhou Jin and Mikhail A. Belkin*

Mid-infrared absorption spectroscopy in the molecular finger-
print region is widely used for chemical identification and quan-
titative analysis employing infrared absorption spectra
databases. The ability to perform mid-infrared spectroscopy
with nanometre spatial resolution is highly desirable for appli-
cations in materials and life sciences. At present, scattering
near-field scanning optical microscopy'® is considered to be
the most sensitive technique for nanoscale mid-infrared spec-
troscopy under ambient conditions. Here, we demonstrate
that nanoscale mid-infrared spectra can be obtained with com-
parable or higher sensitivity by detecting mechanical forces
exerted by molecules on the atomic force microscope tip on
light excitation. The mechanical approach to mid-infrared
nanospectroscopy results in a simple optical set-up that,
unlike scattering near-field scanning optical microscopy,
requires no cryogenically cooled mid-infrared detectors, is
easy to align, and is not affected by sample scattering.

A schematic of the experimental set-up is shown in Fig. la.
Pulses of tunable infrared light are incident on a sample. Upon
optical absorption, molecules transit into an excited vibrational
state. In a very short time (~10 ps, ref. 7, much faster than the
atomic force microscope (AFM) cantilever response time), the
excited vibrational mode non-radiatively dissipates into molecular
vibrational modes of lower energies as well as to vibrational and
kinetic modes of the surrounding molecules and substrate.
Because of the anharmonicity of molecular vibrations, the effective
molecular volume increases (on a macroscopic scale this leads to
thermal expansion), which results in a force acting on the AFM
tip positioned in contact with the sample. This force leads to a
small cantilever deflection and subsequent oscillation, which may
be detected by the AFM position-sensitive photodetector (PSPD)
and amplified by the lock-in amplifier (Fig. 1a). In the first approxi-
mation, the force on the AFM tip is linearly proportional to the
absorbed optical energy. The dependence of the AFM cantilever
deflection Az on the excitation laser wavelength A is then expected
to follow the molecular absorption a,(A) after normalization to
the incident laser intensity I(A):
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The first demonstration that photoexpansion of bulk polymers
can be detected by AFM and used for mid-infrared microscopy
was carried out by Alexandre Dazzi and co-workers®, and the
theory of the process was developed by the same group in ref. 9.
This approach was later extended to imaging of polymer blends!?,
biological samples!! and even electromagnetic modes in nanoreso-
nators'2. However, only relatively thick samples (~15 nm thick or
thicker'>*) produced detectable cantilever deflections, even when
the mid-infrared laser power was close to thermal sample damage

and the spatial resolution was limited, in a first approximation, by
the thermal diffusion length in samples during a short laser
pulsed-1%. Here, we show that the sensitivity of mid-infrared photo-
expansion nanospectroscopy may be improved by several orders of
magnitude and that the nanoscale images can be taken with a spatial
resolution effectively limited only by the AFM tip apex size. We
report high-quality mid-infrared spectra collected from samples as
small as monolayer islands and attain a sensitivity exceeding that
obtained by the best scattering near-field scanning optical
microscopy (s-NSOM) systems!2.

To detect the minute amount of force produced by the expansion
of a few molecules below the AFM tip, we first exploit mechanical
resonant enhancement of the cantilever deflection amplitude. This
is achieved by matching the repetition frequency of laser pulses
with a resonant frequency of one of the bending modes of the canti-
lever. We use broadly tunable mid-infrared quantum cascade lasers
(QCLs) as light sources, because their pulse repetition frequency
can be controlled easily by current pulses through the laser!>!6. The
cantilever deflection amplitude is then amplified by the quality
factor (Q-factor) of a particular mode, which is ~100 for the com-
mercially available silicon cantilevers used in our set-up but may be
as high as 5 x 10” in air for tuning-fork-based cantilevers'”.

However, mechanical resonance enhancement alone is not suffi-
cient to produce monolayer sensitivity in our experiments, as shown
in our previous report!®. To achieve submonolayer sensitivity we
also use electromagnetic enhancement of the optical field intensity
in the nanogap between a sharp gold-coated AFM tip and a gold-
coated substrate. Figure 1b shows the simulation of field intensity
enhancement for a monolayer sample. For a 2-nm-thick sample
representative of a typical monolayer thickness'3, the enhancement
factor is calculated to be as high as 2 x 10° (Fig. 1b). Local field
intensity enhancement effectively increases the mid-infrared
absorption cross-section of molecules under the AFM tip by over
five orders of magnitude and also improves the spatial resolution
of our microscopy, which is now determined only by the dimen-
sions of the ‘hot spot’ under the AFM tip.

For experimental demonstration, self-assembled monolayers
(SAMs) were prepared on template-stripped gold (TSG) sub-
strates’®. Two SAMs were tested: one made of relatively large
hydroxyl-terminated hexa (ethylene glycol) undecanethiol mol-
ecules (EG6-OH) and one made of small 4-nitrothiophenol mol-
ecules (NTP). The molecular structures for both compounds are
described in the Methods. Thiolated SAMs have a high affinity to
the surfaces of noble metals like gold and silver'®. The assembled
EG6-OH monolayer had a thickness of ~1.5 nm, as confirmed by
AFM topographic measurement, while the thickness of the NTP
monolayer was below the topographic detection limit of our
set-up and was estimated to be substantially smaller than 1 nm.

The p-polarized mid-infrared pulses from a tunable QCL were
incident on the sample. Their repetition frequency was carefully
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Figure 1| Description of experiment. a, Schematic of the experimental set-up, in which p-polarized light pulses from a mid-infrared laser are focused on a
sample. Cantilever deflection due to the molecular force action is detected by a position-sensitive photodetector (PSPD). The PSPD signal is sent to the lock-
in amplifier referenced by the laser pulse repetition frequency. The amplifier output is a measure of the cantilever oscillation amplitude at the lock-in
reference frequency. b, Three-dimenisonal simulation of the tip-enhancement of the light intensity (I/Iy) for a 2-nm-thick molecular monolayer on gold. The
mid-infrared light is incident at 75° to the surface normal, as in the experiment. The AFM tip was modelled to have a radius of curvature of 25 nm and a
half-cone angle of 17°, similar to the actual geometry seen in the scanning electron micrograph (inset). See Supplementary Section | for other simulation
parameters. ¢, Experimental dependence of the lock-in output on the repetition frequency of QCL pulses. The data show a resonant peak at the cantilever
second bending mode frequency in contact with the sample. The Q-factor is estimated from the peak linewidth to be 93.

maintained to match the second bending mode of the AFM canti-
lever at ~200 kHz (Fig. 1c). The dependence of the cantilever
deflection amplitude on laser wavelength is shown in blue in
Fig. 2a,b for the two SAM samples. We call these curves ‘photoex-
pansion spectra’ because the spectral features are produced by
forces due to molecular expansion under the AFM tip. The data
were normalized to the QCL light intensity as shown in equation
(1). Figure 2 also shows reference absorption spectra measured by
the mid-infrared reflection-absorption spectroscopy for the same
monolayer material on gold in refs 20 and 21. The photoexpansion
spectra are in excellent agreement with the absorption spectra.

For EG6-OH, the absorption bands centred at 1,345 cm™ ' and
1,244 cm ™' correspond to CH, wagging and twisting modes,
respectively?’. Owing to the limited tuning range of our QCL
source, only part of the stronger C— O — C stretching band
(peak at 1,130 cm™ 1) was measured. For NTP molecules, a strong
peak around 1,339 cm™ ', which corresponds to the symmetric
NO, stretching mode, can be clearly seen. We also observed a
much weaker absorption band around ~1,175-1,183 cm ™" due to
vibration of the benzene ring. The NTP results demonstrate our
ability to collect mid-infrared spectra from small molecules.

High spatial resolution is demonstrated with a sample made of
monolayer islands of poly(ethylene glycol) methyl ether thiol
(PEG) on TSG. PEG molecules have a backbone structure similar
to that of EG6-OH with its CH, wagging mode peaked at
1,342 cm ™', and could form small islands on TSG substrates. The
island height is ~2 nm, as confirmed by the topographic measure-
ment in Fig. 3a. Figure 3b displays a topographic line scan along the
blue arrow shown in Fig. 3a. We positioned the AFM tip at different
points along the line scan (marked with squares in Fig. 3b) and col-
lected photoexpansion spectra at these locations. The results are
shown in Fig. 3¢, where the spectra are colour-coded and numbered
to correspond to the measurement position markers in Fig. 3b. We
can distinguish PEG islands from bare gold by monitoring the CH,
wagging band with a spatial resolution better than 30 nm. Figure 3d
compares the dependence of the cantilever deflection signal along
the line scan in Fig. 3b where the laser frequency is set to the
1,342 cm ™' absorption line of PEG and to 1,352 cm ™', away from
the absorption line. As expected, the contrast between PEG and
gold is only observed at 1,342 cm ™.

The mid-infrared chemical mapping capability of PEG islands is
demonstrated in Fig. 3e. For this case we fixed the laser frequency at
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Figure 2 | Photoexpansion spectra of self-assembled monolayers on gold. a, EG6-OH. b, NTP. Blue circles are measured data. Data points are connected by
B-splines to guide the eye. Red curves are the mid-infrared reflection-absorption spectra of corresponding SAMs taken for a (from ref. 20) and for b (from
ref. 21). Insets: molecular structure of the samples. Red curve in Fig. 2a redrawn with permission from ref. 20, © 1998 ACS,; red curve in Fig. 2b redrawn with
permission from ref. 21, © 1999 OSA.
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Figure 3 | Demonstration of spatial resolution. a, Topography of the PEG monolayer islands acquired in contact mode. b, Topographic line scan along the
blue arrow in a, showing the height of the monolayer islands to be ~2 nm. Square symbols mark positions where the photoexpansion spectroscopy
measurements were performed. ¢, Mid-infrared photoexpansion spectra taken at the positions indicated in b. The curves are labelled and coloured in
accordance with b. Spectra are offset vertically for clarity. d, Cantilever deflection signal at different points along the topographic scan in b for the laser tuned
to the 1,342 cm ™" PEG absorption line (black squares connected by a black solid line) and to 1,552 cm ™, away from the PEG absorption line (orange circles
connect by a dashed orange line). Data points are extracted from spectra in c. e, Mid-infrared mapping of monolayer islands: the lock-in output is recorded
as a function of tip position for the mid-infrared laser wavelength fixed at the PEG CH, wagging absorption band at 1,342 cm™ . Bright regions are PEG
molecules and dark regions are gold. The image has 256 x 256 pixels and was obtained simultaneously with the topographic image in Fig. 3a. The image was
produced by raster scanning at a rate of 0.5 Hz with the lock-in integration time set to 3 ms. The total acquisition time was ~5 min. f, Signal along the line
scan shown with a red arrow in e. Data indicate a spatial resolution of ~25 nm for the image in e.
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Figure 4 | Sample heating and expansion. a, Temperature increase at the end of a 160-ns-long pulse in and around a monolayer sample below the AFM tip.
The monolayer is assumed to have an absorption coefficient a,,, = 6,000 cm™, which corresponds to absorption in PEG and EG6-OH samples at

1,342 cm™". b, Temperature increase at the end of a 160-ns-long pulse in and around a non-absorbing monolayer sample below the AFM tip. ¢, Dependence
of tip-sample distance change Ad due to sample expansion caused by a mid-infrared pulse. d, Histograms showing the accumulated sample expansion from

monolayer, substrate and tip for «

e =0cm " (left) and a,,, = 6,000 cm™" (right). The incident infrared pulse was assumed to have a peak power of

500 mW and to be focused to a 100-pum-radius spot for the simulations, similar to the experimental situation.

the PEG absorption peak at 1,342 cm ™ * and recorded the AFM can-
tilever deflection amplitude as a function of tip position. The mid-
infrared mapping image shows a clearer contrast and more detail
compared to the topographic image of the same sample section
shown in Fig. 3a. From the data in Fig. 3f, we estimate the spatial
resolution to be better than 25 nm, limited by the apex size of the
AFM tip used in our experiments.

We estimate that ~300 molecules contribute to cantilever deflec-
tion in our experiments. This number is based on the simulated
intensity hot-spot diameter of ~10 nm (Fig. 1b) and the molecular
density of 4 molecules nm > (ref. 20). Given the signal-to-noise
ratio in the spectra shown in Fig. 2, we expect to be able to see
strong absorption peaks from as few as 30 molecules below the
tip. The sensitivity can potentially be increased further by using
sharper AFM tips that provide higher intensity enhancement,
similar to that used for tip-enhanced Raman spectroscopy?*~2*,
and AFM cantilevers with higher Q-factors. Even at this present
stage, the mid-infrared spectra reported here are of higher quality
than the mid-infrared spectra produced by the state-of-the-art
s-NSOM for monolayer or thin-film samples'2.

Figure 4a,b presents the simulated temperature distribution in
and around the monolayer sample at the end of a 160-ns-long
light pulse in the case where the monolayer is absorbing (Fig. 4a)
and non-absorbing (Fig. 4b). Sample heating is estimated to be

below 6 K based on the results of the COMSOL simulations
shown in Fig. 4a. The low values of simulated sample heating are
in agreement with an experimental observation that no signal degra-
dation is observed for same-point measurements and that both
spectral and topographic measurements are repeatable over the
same sample areas.

Assuming bulk values of thermal expansion for all materials, we
may estimate the tip-distance change Ad due to sample light
absorption and sample expansion in both cases (Fig. 4c). We note
that A scales linearly with absorption in the monolayer (red line
in Fig. 4c), with a significant background level due to residual
light absorption in the gold-coated substrate and the AFM tip
(Fig. 4d). Because the optical properties of gold are virtually con-
stant in the experiment spectral range, the background is expected
to be spectrally flat. The experimental spectrum in Fig. 2a indeed
shows a flat background signal with a ratio of the 1,345 cm™'
peak to the background level of ~1.7, which is in good agreement
with the theoretical prediction of 1.5 in Fig. 4c.

The absorption-induced mechanical force on the tip, F,,, is
deduced using the Derjaguin-Muller-Toporov (DMT) model of
sample-tip interaction??6. Although the validity of macroscopic
models for nanoscale contact is yet to be determined?, the model
explains the key experimental results well. Assuming A8 < 4,
where 6 is the indentation depth in the sample in contact mode,
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we obtain
E,, ~ 2E*R'*8'2A8 )

where R is the radius of the tip apex and E* is the reduced elastic
modulus of the sample. Taking from ref. 28 the mechanical par-
ameters for a SAM that is similar to our EG6-OH and PEG
samples, we obtain 6 &~ 0.7 nm and F,;; &~ 0.13 nN for A§ =
3.2 pm (taken from Fig. 4d). The value of F,; ; may be used to esti-
mate the expected cantilever deflection and compare it with exper-
iment. We obtain a theoretical value of the cantilever deflection
amplitude of 0.1 nm for the second mechanical bending mode.
The number is in good agreement with the experimental z~
0.25 nm deduced from the strength of the PSPD signal. Details of
this analysis are provided in Supplementary Section IIL

As well as F,; , electromagnetic forces may also affect cantilever
deflection”. We evaluated the optical force on the tip in COMSOL
using Maxwell’s stress tensor for experimental conditions with
500 mW laser power focused onto a 100-pm-radius spot below
the tip (cf. Fig. 1b). We obtained F,,, ~ 0.3 pN < F;,.. We also
note that, unlike F,, , F_ . is virtually independent of the absorption
coefficient of the monofayer film. Thus, it is the mechanical force
action on the AFM tip that produces spectral signatures in
our experiments.

In conclusion, we have demonstrated that mid-infrared
vibrational spectra of molecular monolayers and monolayer
islands could be collected under ambient conditions with high sen-
sitivity and better than 25 nm spatial resolution by detecting the
mechanical force exerted on an AFM tip by molecules excited
with pulses of mid-infrared radiation. Approximately 300 molecules
are interacting with the AFM tip in our experiments, and the set-up
sensitivity is estimated to be ~30 molecules. Mid-infrared spectra
obtained by detecting mechanical molecular action show higher
sensitivity than those obtained by the best s-NSOM systems!?
applied to similar or thicker samples. In contrast to s-NSOM, the
mechanical approach to mid-infrared nanospectroscopy relies on a
simple optical set-up that has no cryogenically cooled mid-infrared
detectors, is easy to align and is not affected by sample scattering.

Methods

Measurements. A pulsed broadly tunable QCL (UT-8, Daylight Solutions) with a
spectral range 1,130-1,375 cm ™' was used in the experiments. The laser provided
160 ns light pulses at variable repetition frequency. The p-polarized light was
incident from above the sample at an angle of ~75° to the surface normal and
focused to a 100-pm-radius spot on the sample. The laser peak power was in the
range 100-800 mW depending on the wavelength of operation. The photoexpansion
spectra were obtained by normalizing the lock-in output signal from a sample to that
from a clean TSG substrate. We confirmed that the signal from the latter followed the
dependence of the laser peak power on wavelength (Supplementary Fig. 3).

A commercial AFM system was placed on a vibrational insulation platform
without using any acoustic insulation. The AFM was operated in contact mode with
a setpoint of 10 nN. The QCL pulse repetition frequency was maintained in
resonance with the second bending mode of a gold-coated AFM cantilever at
~200 kHz. The second bending mode was chosen empirically from four cantilever
bending mode resonances accessible with our QCL source as the one that enabled
imaging and spectroscopy with the highest signal-to-noise ratio. The radius of
curvature of the tip apex was ~25 nm. The deflection signal from the PSPD (‘A-B’
signal) was amplified with a lock-in amplifier using an integration time of 30 ms.
The spectra in Figs 2 and 3 were measured with a spectral resolution of 2 cm ™' by
stepping the QCL external grating every 1.5 s. A full spectrum in Fig. 2 took ~6 min,
mostly limited by the time required to stabilize the laser grating after each spectral
step. The actual signal collection time was only ~30 ms x 121 data points & 3.6 s.
Recently, in collaborating with the group of Prof. Bernhard Lendl, we were able
to obtain similar spectra in only 2 s, using continuous-tuning of QCLs, as described
in ref. 30.

Sample preparation. TSG substrates were fabricated according to ref. 19 with some
modification. The 50 x 75 mm highest-grade V1 mica sheets (Ted Pella) were
freshly cleaved and immediately mounted inside the chamber of an electron-beam
evaporation system. A 40-nm-thick gold layer was deposited at a rate of 0.5 A s~
and a pressure of 8 x 10~ ° mbar. The gold-mica sheets were then annealed in an
oven for 2 h at 300 °C in a nitrogen environment. The sheets were cleaved into

smaller pieces (20 x 20 mm), with the gold surface glued onto silicon pieces of
similar size using EPO-TEK 377 (Epoxy Technology) and cured on a hot plate at
150 °C for 1 h. To expose the gold surface, we simply broke the silicon substrate and
carefully peeled the mica off by hand. A large surface of gold was routinely obtained
with very little mica residue. The conductivity was checked with an ohm-meter.
The root-mean-square roughness of the gold surface was measured to be ~3 A
for an area of 5 x 2.5 um by an AFM in tapping mode. Small holes on the gold films
sometimes appeared (see, for example, Fig. 3a) due to a non-optimized procedure.

EG6-OH (molecular formula HS(CH,),,(OCH,CH,),OH; molecular mass,
468.69 Da) was purchased from Obiter Research. NTP (HSC,H,NO,, 155.17 Da)
and PEG (HS(CH,),(OCH,CH,),;OCH;, 1,000 Da) were purchased from Sigma-
Aldrich. All materials were used as received. To prepare a SAM sample of EG6-OH
and NTP, the TSG substrates were immersed in a ~1 mM 1~ ethanolic solution for
~24 h and then rinsed with a copious amount of 200-proof ethanol and dried in a
stream of nitrogen gas. To prepare the monolayer island sample of PEG, the TSG
substrates were immersed in a ~1 mM 1~ " ethanolic solution for appropriate short
periods and then rinsed and dried as above.
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