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Astract

CrossMark

Atomic force microscope infrared spectroscopy (AFM-IR) combines the spatial resolution of
AFM with the chemical specificity of IR spectroscopy. In AFM-IR, sample absorption of pulsed
IR light causes rapid thermomechanical expansion, which excites resonance in an AFM
cantilever in contact with the sample. The cantilever resonant amplitude is proportional to the
local sample IR absorption coefficient. It is difficult to detect thermomechanical expansion in the
smallest samples such as 1D and 2D nanomaterials. In this work, we overcome this limitation
and use AFM-IR to measure nanometer-scale IR absorption in individual single walled carbon
nanotubes and monolayer graphene. By placing a thin layer of polymer beneath the sample, the
AFM-IR signal may be increased by up to two orders of magnitude. The polymer beneath the
sample thermally insulates the sample and amplifies thermomechanical expansion. Finite
element simulations agree with the measurements and provide a general framework for applying

this approach to arbitrary samples, including other 1D and 2D materials and thin biological

samples.
Supplementary material for this article is available online
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Introduction

Infrared (IR) spectroscopy is a widely used technique for
measuring the chemical composition of materials [1]. Con-
ventional IR spectroscopy is limited in its resolution to
measurements on the order of the wavelength of IR radiation
(A ~ 3-20 pm). IR spectroscopy is thus limited in its ability
to measure nanometer-scale materials. In comparison, the
atomic force microscope (AFM) [2] has excellent spatial

4 Author to whom any correspondence should be addressed.

0957-4484/17 /355707+09$33.00

resolution (tip radius ~ 20 nm), but cannot measure precise
information about chemical composition.

Atomic force microscope infrared spectroscopy (AFM-
IR) is a powerful tool that combines the spatial resolution of
the AFM with the chemical specificity of IR spectroscopy
[3, 4]. In AFM-IR, a pulsed infrared laser illuminates the
sample, which absorbs some of the incident light. The
absorbed light results in heat generation and temperature rise,
which in turn results in thermal expansion [3]. An AFM
cantilever in contact mode observes the surface expansion,
which is proportional to the local sample absorption

© 2017 IOP Publishing Ltd  Printed in the UK
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coefficient. The major advantage of AFM-IR over other
nanometer-scale infrared techniques, such as scanning near-
field optical microscopy [5-7], is that the AFM-IR measure-
ment depends directly on IR absorption, which simplifies data
interpretation and facilitates the comparison with conven-
tional IR spectroscopy. AFM-IR has been effective for
investigations of polymer [8—11] and biological [12] samples,
and in some cases metallic [13, 14] and semiconducting [15]
samples.

A fundamental limitation of AFM-IR is that the sample
must exhibit a thermal expansion that can be measured by
AFM. The sample thermal expansion is proportional to
thickness, temperature, and thermal expansion coefficient. In
practice, samples must be thicker than 15 nm [8], have an
attenuation coefficient of at least 400 cm ™' (estimated from
polymer absorption peaks) [16], and have a coefficient of
thermal expansion (CTE) larger than about 14 X 10 °K™!
(thermal expansion coefficient of gold) [13]. Obviously, not
all samples fulfill these criteria. In particular, carbon nano-
tubes (CNTs) and graphene can have a thickness less than
1 nm [17, 18], and cannot be easily measured in AFM-IR [4].
Extending AFM-IR to the measurement of very thin samples,
weakly absorbing samples, and samples with small CTE
would provide a valuable tool for studying local infrared
absorption in such materials.

In this work, we demonstrate AFM-IR measurements on
single walled CNTs and monolayer graphene, with nan-
ometer-scale spatial resolution. The measurements are
enabled by a two order of magnitude improvement in AFM-
IR sensitivity, which is achieved by placing a thin layer of
polymer beneath the sample, which thermally insulates the
sample and amplifies thermomechanical expansion. A finite
element model of sample thermal and mechanical behavior
agrees well with experiments. Using the model, we provide
guidelines for the extension of this technique to other sam-
ples. The two orders of magnitude improvement in AFM-IR
signal demonstrated in this work enables measurement of
very thin samples with negligible thermal expansion that were
previously not measureable with AFM-IR.

Modeling the AFM-IR system

Figure 1(a) shows the setup for AFM-IR [4]. A pulsed
infrared laser passes through a ZnSe prism and reflects off of
the prism’s top surface, resulting in an evanescent electro-
magnetic field above the surface which interacts with the
sample. The sample absorbs some of the energy from this
field, increases in temperature, and expands. Rapid thermo-
mechanical expansion of the sample excites the contacting
AFM cantilever into mechanical resonance. The amplitude of
the AFM cantilever resonance depends on local thermo-
mechanical expansion which is proportional to the local
infrared absorption coefficient.

The key to understanding AFM-IR is that the technique is
sensitive to thermomechanical expansion, which is propor-
tional to infrared absorption. The physics of AFM-IR involve
four processes: (A) sample absorption of infrared radiation,

(a) Position Deflection
Sensitive Laser -
Detector — Vibrating
Cantilever

Sampl
Polymer

ZnSe

Sample IR
Absorption

(b)

Polymer
Thermal
Expansion

Figure 1. (a) Diagram of atomic force microscope infrared
spectroscopy. An infrared laser causes sample heating and associated
thermal expansion, which induces measurable cantilever vibration.
Typically, the sample is directly on the ZnSe prism. (b) Diagram
showing the effect of placing a thin layer of polymer between the
sample and ZnSe prism. Sample heating causes a temperature rise
and associated thermal expansion in the polymer, which significantly
amplifies the cantilever vibration signal.

(B) sample thermal response, (C) sample thermomechanical
response, and (D) cantilever response to surface expansion.
The desired information from this technique is the local
infrared absorption coefficient (process A), which provides
chemical specificity. The experimental observable is the
cantilever resonance amplitude (process D). The sample
thermal and thermomechanical behavior (processes B and C)
are intermediate processes that determine the cantilever
resonance amplitude for a given absorbed power. A detailed
understanding of the thermal and thermomechanical behavior
enables the intelligent design of signal amplification.

Placing a thin layer of polymer between the sample and
ZnSe prism as shown in figure 1(a) results in signal ampli-
fication due to increased thermal insulation and amplified
thermomechanical response. Figure 1(b) shows a close-up
view of the sample on top of polymer. The sample absorbs IR
light, resulting in heat flow into the polymer. As the under-
lying polymer layer increases in temperature, there is a
corresponding thermal expansion, which is measured
by AFM.
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Table 1. Material properties for finite element model of thermal and thermomechanical behavior.

Material Heat capacity

Jkg' KD

Thermal conductivity
(Wm™' K™

Density
(kgm™)

Thermal expansion coefficient

Poisson’s ratio
(ppm K" /-

Young’s modulus
(GPa)

339
1200
750
1005

ZnSe 17 5270
Polymer 0.2 1050
CNT 200 1600
Air 0.025 1.205

7.1 0.28 70
100 0.35 32
5 0.3 500

To investigate the impact of polymer beneath the sample
on heat flows and sample deformation, we developed a two-
dimensional thermomechanical finite element model. The
model geometry consisted of four components: (1) a ZnSe
prism substrate, (2) a polymer layer on top of the ZnSe prism,
(3) a CNT on top of the polymer layer (approximated as a
2.5 nm diameter circle), and (4) air above the CNT. Table 1
shows the relevant properties for each material. The finite
element model included two independent parts: a thermal
model to determine the time-dependent temperature and a
mechanical model to determine the time-dependent thermo-
mechanical expansion.

The thermal model calculated temperature distributions
using the continuum heat equation with constant material
properties. A 10 ns heating pulse applied to the CNT simu-
lated heating from a pulsed infrared laser. The boundary
condition at the edges of the simulation region was constant
temperature. The initial condition was that the entire simu-
lation was at room temperature. Each simulation was 1
microsecond long.

The mechanical model calculated thermomechanical
displacements assuming linear elastic behavior with constant
material properties. We excluded air from the mechanical
model because we assumed that air has a negligible
mechanical influence on the other materials. We applied the
time dependent temperature solution to the mechanical model
to determine the thermomechanical deformation at each time.
One boundary condition was that the ZnSe at the simulation
boundary was not allowed to move. The other boundary
condition was that the top surface of the polymer and CNT
were free to move. The initial condition was that the entire
simulation was at zero displacement.

The model predicts up to two orders of magnitude
increase in thermal expansion when the polymer is beneath
the sample. Figure 2(a) shows the predicted effect of polymer
thickness on maximum temperature rise and maximum
expansion. Increased thermal resistance from the polymer
layer leads to increased temperature rise for a given absorbed
power. Thermomechanical expansion is proportional to
temperature rise, so increased thermal insulation leads to
larger thermomechanical expansion. Also, with the polymer
beneath the sample, heat must flow through the polymer to
reach the prism, which results in polymer temperature rise.
Since the polymer has a large thermal expansion coefficient,
there is significant thermomechanical expansion from the
polymer layer, which amplifies the overall surface expansion.

100
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Figure 2. Placing a thin layer of polymer beneath the sample causes a
large increase in temperature rise and thermomechanical expansion.
(a) Temperature rise (A7) and expansion (AZ) as a function of
polymer thickness beneath the sample. The dotted curves correspond
to AT and AZ with no polymer beneath the sample. (b) and (c)
Temperature rise at the end of a 10 ns laser pulse (b) with no
polymer and (c) with polymer beneath the sample. (d) and (e)
Vertical thermomechanical expansion at the end of a 10 ns laser
pulse (d) with no polymer and (e) with polymer beneath the sample.

In fact, the expansion of the polymer enables measurement of
samples with negligible thermal expansion.

Figures 2(b) and (c) show that the presence of the
polymer beneath the sample increases the temperature rise in
the sample for a given absorbed power. Figure 2(b) shows the
modeled temperature field at the end of the laser pulse for
the sample directly on the ZnSe prism and figure 2(c) shows
the temperature field under the same conditions and with
100 nm of polystyrene between the sample and the prism. The
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maximum temperature is almost two orders of magnitude
larger when the thin layer of polymer is beneath the sample
because the polymer is a better thermal insulator than ZnSe as
seen in table 1. Also, the thermal penetration depth is much
smaller with the polymer layer, with most of the temperature
rise concentrated in an approximately circular region around
the sample. The nanotube is very small relative to the other
dimensions in the system, and behaves similarly to a point
heat source, in which the temperature rapidly decreases as a
function of distance from the heat source [19]. The maximum
temperature does not change significantly for a polymer
thickness larger than about 40 nm (figure 2(a)), since beyond
this thickness the polymer layer is very large relative to the
nanotube diameter. Although the temperature field in the air is
similar to the temperature field in the substrate, the quantity of
heat flow through the air is small because the thermal con-
ductivity of air is much smaller than the thermal conductivity
of the ZnSe prism and the polymer.

Figures 2(d) and (e) show that the polymer beneath the
sample amplifies thermomechanical expansion. Figure 2(d)
shows the modeled thermomechanical expansion field at the
end of the laser pulse for the sample directly on the ZnSe
prism and figure 2(e) shows a similar plot with 100 nm of
polystyrene between the sample and the prism. The maximum
expansion is more than two orders of magnitude larger when
the thin layer of polymer is beneath the sample. In both
figures 2(d) and (e), the sample contributes negligible ther-
momechanical expansion. The majority of thermomechanical
expansion comes from the polymer that is near the CNT (i.e.
near the top surface of the polymer) because this is the region
that experiences the largest temperature rise (figure 2(c)). This
behavior explains why the maximum expansion does not
change significantly above a polymer thickness of about
50 nm (figure 2(a)). Also, due to lateral heat spreading, there
is significant thermal expansion from the polymer that is not
directly beneath the sample, which has important con-
sequences for spatial resolution, discussed below in more
detail.

To compare modeled results with experiments, we
developed a finite difference model of cantilever dynamic
mechanical behavior which predicted cantilever response to
time varying surface expansion [8, 20]. The governing
equation for the model was the dynamic Euler—Bernoulli
beam equation [20]. The boundary conditions were that the
cantilever base was fixed and the displacement of the canti-
lever free end was equal to the surface displacement calcu-
lated from the finite element model. With these boundary
conditions, we used our time domain finite difference code to
determine the cantilever deflection as a function of time at
each location along the surface. The deflection signal in AFM
is proportional to the cantilever slope where the deflection
laser reflects from the cantilever (the deflection laser was at
the free end for this work, as shown in figure 1(a)). To
approximate the deflection signal, we calculated the average
slope of the last 30 um (approximate laser spot size) at the
cantilever free end. Finally, we calculated the Fourier trans-
form of the deflection signal as a function of time in order to

determine the cantilever resonance amplitude at each location
along the surface.

Experimental methods

Sample preparation

AFM-IR samples consisted of a ZnSe prism, spin-coated
polymer, and CNTs or graphene transferred on top of the
polymer. First, ZnSe prisms were cleaned with acetone and
isopropanol, and then dried with nitrogen. Then the prism was
secured in a plastic chuck and mounted on a spinner. Spin-
casting polymer/solvent solutions on the top surface of the
ZnSe prism produced polymer thin films. We achieved
polystyrene thicknesses ranging from 15-150nm by spin
casting polystyrene/toluene solutions with different poly-
styrene concentrations (0.5-2% wt) and spin speeds
(1000-3000 rpm). We also achieved approximately 100 nm
films using PMMA 495 A2 from Microchem. The polymer
films were baked on a hotplate at 100 °C for at least five
minutes after spinning.

CNT and graphene samples were produced by chemical
vapor deposition and transferred onto the polymer coated
ZnSe prisms. CNTs were transferred onto the polymer thin
films using a polyvinyl alcohol (PVA) transfer technique.
Briefly, we coated the CNTs (on quartz substrate) with a
PVA /water solution of ~10% wt and dried the PVA film on a
hotplate at 60 °C. We gently pressed thermal release tape onto
the PVA film. Using tweezers, we quickly removed the
thermal release tape, which removed the PVA film and CNTs.
The thermal release tape/PVA/CNT was placed onto the
polymer coated ZnSe prism. We heated the sample on a
hotplate at 110 °C to remove the thermal release tape. Finally,
we used DI water to remove the PVA. Graphene transfer was
accomplished by etching the growth substrate, which caused
graphene to float on the surface of water. Then the graphene
was scooped out of the water onto the polymer coated ZnSe
prism.

AFM-IR Experiments

We performed AFM-IR experiments on an Anasys Instru-
ments NanoIR system. We used triangular silicon nitride
cantilevers for the measurements (Bruker DNP-10, cantilever
C). The experimental absorption signal was the amplitude of
the cantilever resonance mode near 1450kHz. Maps of
infrared absorption were obtained with an average of 16 laser
pulses per pixel. For CNT measurements, we used 100% laser
power. For graphene measurements, we used less than 50%
laser power because 100% laser power caused excessive
graphene heating, which led to polymer melting. To assess
spatial resolution for CNTs, we measured linescans
perpendicular to the CNTs. For the spatial resolution mea-
surements, we used an average of 32 laser pulses per pixel.
We averaged at least four linescans for each spatial resolution
measurement.
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Figure 3. Measurements of carbon nanotube infrared absorption. (a)
Topography of sample consisting of CNTs transferred on top of

polystyrene with one strip scratched away before CNT transfer. (b)

Expansion signal corresponding to absorption at 4000 cm ™.

Results and discussion

Figure 3 shows measurements of individual CNT infrared
absorption, which demonstrates the signal enhancement of
placing polymer beneath the sample in AFM-IR. Figure 3(a)
shows a 20 um x 20 um topography image of the sample.
The sample consists of a 150 nm thick polystyrene layer with
one strip scratched away and then an array of aligned CNTs
transferred over the top of the polystyrene. Non-contact AFM
phase images revealed that CNTs adhered to both the poly-
styrene and the ZnSe prism (i.e. the region with polystyrene
scratched away), as shown in figure S1 in the supplementary
information, which is available online at stacks.iop.org/
NANO/28/355707 /mmedia. Figure 3(b) shows local infra-
red absorption with the laser tuned to 4000 cm ' (2.5 yum).
The CNTs are clearly distinguishable and have different
levels of signal, which we hypothesize is due to different
infrared absorption based on metallic versus semiconducting
character [21, 22]. The regions between CNTs on polystyrene
have an absorption signal that corresponds to polystyrene.
The region with no polystyrene has no absorption signal, even
where the CNTs are present, which indicates that the poly-
styrene layer amplifies the signal from CNTs. We found that
the absorption signal both on and off of CNTs was linear with
respect to power, indicating that the sample and cantilever
responses are linear. This is not surprising because the

equations governing heat transfer and mechanics in these
experiments are linear if the material properties are constant.
As a result, the cantilever response on the CNT (due to
absorption from the CNT and polymer) is a linear combina-
tion of the cantilever response to polymer absorption and the
cantilever response to CNT absorption. We can estimate the
CNT absorption signal by subtracting the signal on the CNT
from the signal off of the CNT.

The polymer layer absorbs some of the incident light,
which is a source of uncertainty in the measurement. In
general, low polymer absorption (i.e. low background signal)
is desired, and, if possible, the polymer layer should be
selected such that it does not exhibit strong IR resonance near
those of interest in the sample being analyzed. Depending on
the wavelength range of interest, different polymers will
provide lower background signal. For example, Teflon has no
strong resonances from 1500—4000 cm_l, which makes it an
ideal candidate for measuring samples in that range. In some
cases, the IR light absorbed by the polymer can be advanta-
geous, if used to probe electric field enhancement in plas-
monic and antenna-like structures, as has been demonstrated
for gold microresonators [14]. The key difference of our
technique compared with previous work is that the polymer is
beneath the sample rather than on top of the sample. The
benefit of placing the polymer beneath the antenna is that the
polymer will amplify the AFM-IR signal due to antenna
heating. This enables measurement of both antenna field
enhancement (laser tuned to polymer resonance) and antenna
self-heating (laser tuned off of polymer resonance) on the
same antenna.

Figure 4 shows quantitative agreement between experi-
ments and modeling for polystyrene thickness below 80 nm
and qualitative agreement above 80 nm. Figure 4(a) shows
normalized absorption signal linescans for a CNT on three
different polystyrene thicknesses: 15, 80, and 153 nm. As
polystyrene thickness increases, the width of the response
increases due to lateral heat spreading in the polymer film and
the associated thermal expansion from polystyrene that is not
directly beneath the CNT. For 153 nm of polystyrene, the
shape of the experimental and modeled linescans are slightly
different. One possible explanation is that the physical
properties of the polymer film depend on the thickness.
Figure 4(b) shows the effect of polystyrene thickness on the
full width at half maximum (FWHM) for experiments and the
model. The error bars on the experimental data points
represent the standard deviation from measurements on at
least three different CNTs. The branched black curves
represent the model results for polymer thermal conductivity
between 0.1-04Wm 'K~ !. Below 125nm, FWHM is
independent of thermal conductivity. Above 125 nm, FWHM
is larger for higher thermal conductivity. Employing FWHM
as a metric of spatial resolution, the experimental spatial
resolution for 15 nm of polystyrene is 33 + 3 nm. FWHM for
80nm of polystyrene is 103 & 11 nm. The model and
experiments both exhibit the same trend over the entire range
of polystyrene thickness: FWHM increases as polystyrene
thickness increases. The general agreement between the
model and experiments over the range of polystyrene
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Figure 4. Effect of polymer thickness on spatial resolution and signal
enhancement. (a) Comparison of experimental (points) and modeled
(solid lines) linescans of a CNT on top of three different polystyrene
(PS) thicknesses. (b) Full width at half maximum (FWHM) as a
function of polystyrene thickness for experiments (points) and model
(solid lines). The branched black curves represent the range of
FWHM for polymer thermal conductivity ranging from

0.1-0.4 Wm ' K~'. (c) Absorption signal as a function of
polystyrene thickness for three different values of CNT absorptivity.
The dotted curve represents experimental signal to noise ratio (SNR)
of 3.

thickness from 15-150 nm indicates that the model captures
the physics of this technique.

Figure 4(c) shows the modeled expansion signal as a
function of polystyrene thickness for three different values of

absorptivity. Expansion signal increases approximately line-
arly as a function of polystyrene thickness below 125 nm of
polystyrene. Above 125nm of polystyrene, the expansion
signal increases by a small amount until the expansion signal
plateaus around 250 nm of polystyrene. The explanation for
this plateau is that the thickness becomes larger than the
thermal penetration depth from the sample into the polymer.
Adding an additional polymer beyond the thermal penetration
depth results in no additional expansion because this addi-
tional polymer does not heat up. Practically, figure 4(c)
indicates that no more than 150 nm of polystyrene should be
used with this technique. Using a thickness larger than
150 nm will likely yield worse results because the background
signal will increase, but the signal enhancement will remain
approximately the same.

Figures 4(b) and (c) provide a guideline for the appli-
cation of this technique to arbitrary samples. There is an
important tradeoff between signal enhancement and spatial
resolution. While signal increases approximately linearly with
thickness up to 125 nm, FWHM also increases linearly in this
range. When choosing a polymer thickness, there are two
important factors: required spatial resolution and expected
absorptivity, a. We estimate that the absorption coefficient of
a metallic CNT is 5 x 10*cm™! [22]. Assuming a nanotube
thickness of 2 nm, Beer’s Law [23] predicts the absorptivity
of a metallic CNT is 1%. The solid black line in figure 4(c)
corresponds to the absorptivity of a strongly absorbing CNT
(assumed to be metallic) measured in this work, which serves
as the reference point for using figure 4(c) with arbitrary
samples. The dotted horizontal line in figure 4(c) represents a
signal to noise ratio (SNR) of 3 for the measurement of a
metallic CNT where the signal corresponds to the average
cantilever amplitude over 32 laser pulses and the noise cor-
responds to the standard deviation of cantilever amplitude for
repeated linescans. SNR = 3 (dashed black curve) intersects
acnt (solid black curve) at 16 nm polystyrene thickness.
Therefore, for samples with absorptivity greater than or equal
to aent, 16 nm of polystyrene should provide SNR > 3. For
samples with absorptivity smaller than acnt, more than
16 nm of polystyrene is needed to achieve SNR = 3. The
solid colored curves correspond to different absorptivity
relative to acnt. The absorption signal is proportional to
absorptivity, so the colored curves represent a linear scaling
of the black curve. The intersection of the dashed SNR = 3
line with a given solid curve indicates the required poly-
styrene thickness to achieve SNR = 3 for a sample with the
corresponding absorptivity.

In addition to the thickness of polymer, the type of
polymer is an important consideration when applying this
technique. There are three criteria to consider when choosing
a polymer to place beneath the sample: (1) CTE, (2) thermal
conductivity, and (3) wavelength of strong IR resonances.
The signal enhancement is directly proportional to CTE, so
the polymer with the largest CTE will work best. In the range
of 0.1-0.4Wm 'K™' (range for typical polymers), signal
enhancement is proportional to the thermal resistivity (inverse
of thermal conductivity). Therefore, polymers with lower
thermal conductivity will provide better signal enhancement.
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Figure 5. (a) Topography and (b) infrared absorption signal at 4000 cm™' of a graphene sample on top of PMMA. (c) Topography and (d)
infrared absorption signal at 2850 cm ™" of a graphene wrinkle on top of PMMA. PMMA thickness was 106 nm for both sets of images.

Finally, for the purpose of enhancing signal from the sample,
it is best to choose a polymer with small IR absorption in the
wavelength range of interest in order to reduce the back-
ground signal from the polymer.

Figure 5 shows a measurement of local infrared absorp-
tion of graphene with the polymer beneath the sample, which
demonstrates the extension of this technique to 2D materials.
Figure 5(a) shows topography of a graphene sample trans-
ferred onto a 106 nm thick PMMA layer. The dashed black
line shows the border of the graphene region. Figure 5(b)
shows the absorption signal at 4000 cm ' corresponding to
the topography in figure 5(a). This image shows that the
measurement is sensitive to graphene absorption. Figure 5(c)
shows topography of a graphene wrinkle from a different
region of the same sample. Figure 5(d) shows the corresp-
onding absorption signal at 2850 cm ™. The graphene wrinkle
shows a clear absorption signal and provides a useful feature
for assessing the spatial resolution of the technique when
applied to a 2D material.

For a 2D material, lateral heat spreading in both the
polymer and the 2D material affect spatial resolution. To
assess the spatial resolution, figure 6(a) shows the exper-
imental absorption signal profile perpendicular to the gra-
phene wrinkle labeled in figure 5(c). The experimental
FWHM for the graphene wrinkle on 106 nm of PMMA is
380 nm. Figure 6(a) also shows the corresponding model

predictions assuming three different graphene thermal con-
ductivities: 75, 25, and 0 W m~ ' K~'. The 2D material model
was identical to the 1D material (CNT) model, except with
the addition of a 1 nm thick thermally conductive sheet of
material on top of the polymer, which approximated the 2D
material. Heat spreading in the polymer is similar for 1D and
2D materials. As graphene thermal conductivity increases, the
width of the peak increases due to lateral heat spreading in the
graphene. The experiment agrees well with the model for
75 W m ' K~! graphene thermal conductivity, indicating that
the graphene thermal conductivity is 7SWm 'K ™',

Figures 6(b) and (c) provide a guideline for using this
technique with 2D materials when lateral heat spreading in
the material may be important. Figure 6(b) shows FWHM as a
function of polymer thickness for different 2D material
thermal conductivities. The spatial resolution of this techni-
que will be best for materials with low thermal conductivity.
Graphene has high thermal conductivity, so this technique
should provide better spatial resolution for other 2D materials
than for graphene. Figure 6(c) shows absorption signal as a
function of polymer thickness for different 2D material
thermal conductivity. The signal enhancement from this
technique will be highest for lower thermal conductivity
materials because less lateral heat spreading leads to larger
local temperature rise and larger local thermomechanical
expansion.
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Figure 6. (a) Comparison of experimental (points) and modeled
(solid lines) profiles perpendicular to a graphene wrinkle on top of
polymer. Three different model curves are shown which represent
graphene thermal conductivity of 75, 25, and 0 Wm™' K™, (b)
Modeled full width at half maximum (FWHM) as a function of
polymer thickness for each graphene thermal conductivity. (c)
Modeled absorption signal as a function of polymer thickness for
each graphene thermal conductivity.

Conclusion

measurements require an increase in the sensitivity of AFM-
IR, which we accomplish by placing a thin polymer layer
(<150 nm) beneath the sample. The polymer layer amplifies
the thermomechanical expansion signal by up to two orders of
magnitude. A finite element model describing heat diffusion
and thermomechanical behavior agrees well with experi-
ments. Signal enhancement and FWHM are approximately
linear up to 125 nm of polymer, so thicker polymer layers will
improve signal at the cost of decreased spatial resolution. The
drastic signal enhancement from the polymer beneath the
sample enables AFM-IR measurements of materials with
small or negligible thermal expansion, such as ultrathin bio-
logical samples and 1D and 2D materials.
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