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Abstract: We report a simple technique that allows obtaining mid-infrared
absorption spectra with nanoscale spatial resolution under low-power
illumination from tunable quantum cascade lasers. Light absorption is
detected by measuring associated sample thermal expansion with an atomic
force microscope. To detect minute thermal expansion we tune the
repetition frequency of laser pulses in resonance with the mechanical
frequency of the atomic force microscope cantilever. Spatial resolution of
better than 50 nm is experimentally demonstrated.
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1. Introduction

Mid-infrared (mid-IR) absorption spectroscopy in the “molecular fingerprint” region (A = 2.5-
15 pm) is a powerful and ubiquitous technique for in situ analysis of chemical and bio-
medical samples [1]. Because of the diffraction limit [2], traditional mid-IR imaging
techniques, such as Fourier-transform infrared (FTIR) microscopy [3], cannot image or take
sample spectra on nanoscale. Here we present a technique of mid-IR nano-imaging and
spectroscopy of thin-film samples with better than 50 nm spatial resolution using tunable
quantum cascade lasers (QCLs) [4] and a standard atomic force microscope (AFM).

Currently, mid-IR scattering-type near-field scanning optical microscopy (s-NSOM) [5] is
the most common technique for mid-IR imaging of samples on nanoscale. This technique
produces sample images in mid-IR with spatial resolutions of A/100 or better by detecting
light scattered by a sharp metal tip on top of a sample [5-9]. However, all s-NSOM methods
require sophisticated homodyne- or heterodyne-based optical setups [5-9] to detect small
optical signal produced by tip scattering and distinguish it from the background scattering
produced by sample, tip shaft, etc. This makes it difficult to operate s-NSOM setups outside
of optics laboratories. In addition the sample spectra produced by s-NSOM mostly originate
from spectral variation of the real part of the sample dielectric constant [5-9] and have
different bandshapes compared to the mid-IR absorption spectra of the same compound. This
makes sample chemical identification more difficult, since mid-IR absorption spectra cannot
be directly compared with s-NSOM spectra.

A mid-IR nanoscale imaging technique in which light absorption is detected by measuring
associated local thermal expansion in samples by an AFM cantilever has been reported
recently [10-13]. The AFM deflection signal there is directly proportional to sample
absorption. The spatial resolution of this method is determined by the thermal diffusing length
in sample during the laser pulse, which is below 100 nm in typical chem/bio polymers excited
with sub-100 ns light pulses. This approach (which works at any wavelength and is referred to

s “photoexpansion microscopy” here) results in a very simple experimental setup only
requires a pulsed light source and a standard AFM. However, the photoexpansion microscopy
techniques in Refs. [10-13]. required high-fluence optical pulses to produce detectable
photoexpansion signal. In particular, pulse fluencies of about 0.1 J/cm® from free-electron
lasers [10,11] or optical parametric oscillators [12,13] were used. Not only that high-fluence
pulse requirement results in bulky optical sources, but 5-50 K of temperature change [14] will
likely lead to sample damage, especially for biological samples.

We report a technique that allows performing photoexpansion microscopy using orders of
magnitude lower energy optical pulses that can be produced by compact light sources such as
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tunable QCLs. Our approach is based on moving the repetition frequency of laser pulses in
resonance with the mechanical frequency (vy)) of an AFM cantilever bending mode. We
illuminate sample with low-energy light pulses at repetition frequencies in resonance with vy
(typically in the range 10 kHz-1 MHz). The AFM cantilever then “integrates” contributions
from many of light pulses. We note that this approach is conceptually similar to quartz-
enhanced photoacoustic spectroscopy that is used for gas sensing [15]. The AFM response is
enhanced by a Q-factor of the cantilever which may be over 5 x 10? in air [16] and above 10°
in vacuum [17]. Details of the cantilever-sample interaction in photoexpansion microscopy
are shown in Fig. 1(a). The AFM is operated in contact mode. Sample photoexpansion
happens on a time scale much shorter than the mechanical response time of the AFM
cantilever (>5 ps, assuming cantilever resonant frequency <200 kHz). As a result, force Fr
(see Fig. 1(a)) acts on the cantilever during sample photoexpansion and pushes the cantilever
up to produce initial cantilever deflection 4z, [18]. The cantilever is then undergoing linear
oscillations around its equilibrium position z, (see Fig. 1(a)) [10,12,13,18]. Small amplitude
motion of the AFM cantilever in contact mode can be represented by a simple harmonic
oscillator equation:

P+2yi+awp(z—2z,) = F (1), (D

where wy = 2rv, is the radial eigenfrequency of the bending mode of the AFM cantilever in
contact with sample and y is the damping factor for the cantilever oscillations. If the force Fr
is applied at a repetition frequency that coincides with v, we expect to see a resonant
enhancement of the AFM response as [19]

Az~ Az xQ, 2

where 4z is the cantilever deflection in case of resonant enhancement, 4z; is the deflection
induced by a single light pulse on a sample (such as that used in Refs. [10-13].), and O =
wy/2y is the quality factor of the cantilever oscillation.
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Fig. 1. (a) Mechanism of AFM cantilever deflection during sample photoexpansion. Blue solid
curve shows the dependence of the interaction force between the sample surface and the AFM
cantilever tip on tip-surface distance (z), assuming sample surface is at z = 0. Red dashed curve
is shifted along z-axis by sample photoexpansion 4t. Fr is the photoexpansion force acting on
the AFM cantilever; zo is the position of the AFM cantilever in contact mode. The figure is not
drawn to scale. (b) Schematic of experimental setup for photoexpansion microscopy in mid-IR
as described in text. A photograph of an actual QCL source used in experiments is shown in
comparison with a US 25¢ coin to indicate device dimensions.

2. Resonant enhancement of photoexpansion signal and photoexpansion spectra

We used tunable mid-IR QCLs for proof-of-principle demonstration of our method. Figure
1(b) shows our experimental setup. QCLs are electrically-pumped semiconductor lasers [4];
their pulse length and pulse repetition frequency are easily controlled by an electric power
supply. QCLs are highly compact and require no external cooling in pulsed operation. In our
case, the lasers were operated with 40 ns light pulses and provided approximately 100 mW of
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peak power (pulse energy of 4 nJ) on sample surface; the pulse repetition frequency could be
tuned between 10 and 250 kHz. Thin-film polymer samples were deposited on undoped
silicon substrates that were transparent in mid-IR. Samples were illuminated through the
bottom of the substrate; the laser light was focused to =100 um radius spot. The cantilever
deflection signal (“A-B” signal from the AFM position sensitive photodetector) was fed into a
lock-in amplifier referenced by a QCL trigger signal. Figure 2(a) shows the dependence of the
lock-in output (referred to as “the photoexpansion signal” below) on the repetition frequency
of laser pulses. Our AFM cantilever had the first bending mode eigenfrequency of
approximately 10 kHz with a Q-factor of =50 in air and the second bending mode
eigenfrequency of approximately 60 kHz with a Q-factor of =100 in air. In contact with
sample, these two resonances are shifted to higher frequencies [20]. Experimentally, we
varied the laser pulse repetition frequency and recorded the value of the photoexpansion
signal from a film of SU-8 polymer. The results are shown in Fig. 2(a). Two resonant peaks
are clearly visible and they correspond to the first two cantilever bending modes.
Approximately 100 times enhancement in the photoexpansion signal is observed as the
repetition frequency of the QCL pulses was tuned to coincide with the second resonant

frequency of approximately 155 kHz, see Fig. 2(a).
100 100

(@) 2

au
D N 0 ©
O O OO

Photoexpansion signal,

)]
o

0 100 150 200 250
Laser pulse repetition frequency, kHz

05 (c)

N W
o o

-
-~ O O

Photoexpansion signal, a.u
H
o

. =  w W
0347 4% . 1 C e
e T
M2 .-.-._;..,-. iy :
1 N ¥ et T

Photoexpansion signal, a.u
o
=

1700 1680 1660 1640 1620 1600 1580 -1
Wavenumber, cm” WaVenumber, cm

Fig. 2. (a) The photoexpansion signal recorded as a function of the QCL pulse repetition
frequency. (b) Photoexpansion spectra. Square data points and solid lines are the
photoexpansion spectra of SU-8 (black) and LOR-3A (red) obtained with the laser repetition
frequency set at the AFM cantilever resonance of 155 kHz (solid lines are B-splines connecting
the data points). Dashed lines are the absorption spectra of SU-8 (black) and LOR-3A (red) as
measured by a FTIR spectrometer. Dotted lines near zero-level are the photoexpansion spectra
of SU-8 (black) and LOR-3A (red) obtained with the laser repetition frequency set at 130 kHz,
away from the AFM cantilever resonance. (c) Zoom-in of the photoexpansion spectra obtained
with the laser pulse repetition frequency set at 130 kHz (dotted lines in (b)). Squares are the
data points. The spectral features are indistinguishable from noise.

To verify that the enhanced signal in Fig. 2(a) is useful for spectroscopy, we set the
repetition frequency of QCL pulses at the high-frequency resonance in Fig. 2(a), tuned the
emission wavelengths, and recorded the photoexpansion signal as a function of wavelength to
produce “photoexpansion spectra”. The results are presented in Fig. 2(b) for 300-nm-thick
SU-8 and LOR-3A polymer films. The data is normalized to the QCL power output at
different wavelengths. The photoexpansion spectra are in nearly perfect agreement with mid-
IR absorption spectra of the polymers obtained with FTIR as shown in Fig. 2(b). To
demonstrate the importance of resonant signal enhancement, we tuned the repetition
frequency of QCL pulses to 130 kHz, away from the AFM cantilever mechanical resonance
and attempted to record the photoexpansion spectra of the same samples; in this case the
spectral features were indistinguishable from noise, see Figs. 2(b,c).

3. Simulations and experimental demonstration of high spatial resolution

The spatial resolution of photoexpansion microscopy is principally determined by thermal
diffusion length in sample during laser pulse, I, [10-13,18]. We may estimate it as [p ~
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(kt/pC)"?, where k, p, and C are the thermal conductance, volume density, heat capacity of a
sample, respectively, and t is the duration of the laser pulse [21]. Using typical values of
x~0.5 Wm 'K ' and pC=2 Jem™ K" of chem/bio polymers [22], we expect to have I, ~ 100
nm for excitations with 40 ns pulses. This simple estimate is supported by a more accurate
picture provided by simulation results presented in Fig. 3. Two types of inhomogeneous
samples are simulated with an absorbing compound either positioned on top of (Figs. 3(a,b))
or embedded within (Figs. 3(c,d)) a non-absorbing compound. The data demonstrates high
(~50 nm) spatial resolution of the technique and shows that sample heating is limited to 10
mK in our experiments. The sample cools down within a few microseconds, before the next
QCL pulse arrives.
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Fig. 3. Simulations of the temperature distribution in inhomogeneous polymer samples before,
during, and after a single laser pulse. The samples are assumed to be illuminated by a 100 mW
40 ns-square pulse, focused to a 100 um-radius area. (a) Temperature distribution at the end of
a laser pulse in a sample consisting of a SU-8 block (300 nm wide and 300 nm thick) placed on
top of a 300-nm-thick layer of LOR-3A on a silicon substrate. (b) Temperature variation along
the dashed line in (a) before (0 ns), during (10 ns), and after (40 ns, 200 ns, and 5 ps) the laser
pulse. (c¢) Temperature distribution at the very end of a laser pulse in a sample consisting of a
SU-8 block (300 nm wide and 300 nm thick) embedded within a 300-nm-thick layer of LOR-
3A on a silicon substrate. (d) Temperature variation along the dashed line in (c) before (0 ns),
during (10 ns), and after (40 ns, 200 ns, and 5 ps) the laser pulse. The SU-8 parameters are
taken from Ref. [23]: thermal conductance x = 0.3 Wm 'K, material density p = 1.2 x 10°
kg-m™ and heat capacity C = 1.2 x 10° J-kg-K™"; x, p, and C for LOR-3A are assumed to be
the same for simplicity. The power absorption coefficient is set as 1.7 x 10° cm™ for SU-8,
according to the FTIR data at 1180 cm™. For figure clarity, LOR-3A is assumed non-
absorbing.

(C) Silicon

To experimentally demonstrate high spatial resolution, we prepared a sample composed of
an image of a Texas Longhorn made of a 50-nm-thick layer of SU-8 polymer deposited on a
silicon substrate coated with a 70-nm-thick film made of LOR-0.7A polymer. Sample AFM
topographic image is displayed in Fig. 4(a). We have measured a series of photoexpansion
spectra at four points, each separated by a distance of 50 nm from its neighbor as shown in the
inset to Fig. 4(a). A tunable QCL source operating in the range 1140-1205 cm™' was used to
obtain these spectra. The photoexpansion spectra are shown in Figs. 4(b-e), along with the
FTIR spectra of SU-8 and LOR-0.7A polymers. The spectra demonstrate that we can clearly
distinguish the chemical composition of the SU-8-made Longhorn and the LOR-0.7A
background with better than A/170 spatial resolution. The data also proves that our technique
is capable of measuring spectra from extremely thin (50-nm-thick) samples and is able to
identify chemical compounds. Finally, Fig. 4(f) shows the “photoexpansion infrared image”
of the sample obtained by fixing the laser frequency at 1204 cm™ and recording the
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photoexpansion signal during the AFM scan. As seen in Figs. 4(b-e), LOR-0.7A polymer
produces considerably stronger photoexpansion signal than the SU-8 pattern. As a result, the
SU-8 pattern appears dark in Fig. 4(f).
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Fig. 4. (a) The AFM topographic image of the 50-nm-thick SU-8 pattern of a Texas Longhorn
on top of a 70-nm-thick LOR-0.7A film on an undoped silicon substrate. Inset: the zoom-in
image of the section of the SU-8 pattern with four points marking the positions at which the
photoexpansion spectra shown in (b-e) are taken. The separation between the adjacent points is
50 nm. (b-e) Photoexpansion spectra (squares are data points, solid lines are for eye guiding)
obtained at four sample points shown in (a). Dashed lines are FTIR absorption spectra of SU-8
(b,c) and LOR-0.7A (d,e). (f) Photoexpansion image of Texas Longhorn pattern in (a) taken at
laser wavelength of 1204 cm™. The image size is 128 by 128 pixels, each pixel correspond to a
50-nm-by-50-nm square.

4. Conclusion

We demonstrated a technique that allows performing absorption spectroscopy on nanoscale
using low-power light sources such as mid-IR QCLs. Experimental setup is extremely simple
to implement and operate. Sample heating is limited to 10 mK. Spatial resolution of A/170 is
experimentally demonstrated and may be further improved using shorter QCL pulses. We note
that, with proper driver electronics, QCLs can produce sub-nanosecond pulses [24] and mode-
locked QCLs have recently been demonstrated to provide a train of picosecond pulses [25].
Tunable QCLs with considerably broader tuning range and higher output power than those
used in our experiments are also available [26]. Our method can be readily extended for
nanoscale imaging and spectroscopy in THz spectral range using THz QCLs [27] and spatial
resolution better than A/1000 is expected for THz photoexpansion microscopy. We also expect
that the sensitivity of our technique will be further increased by 1-2 orders of magnitude using
AFM cantilevers with higher quality factors.
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