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anometer-scale chemical lithogra-

phy technologies including nano-

printing,'~* and tip-based nano-
fabrication®~® are growing in complexity
and capability, and can rapidly fabricate
chemical patterns with sizes as small as
10 nm.? Using these nanofabrication tech-
nologies, it is possible to integrate and over-
lay patterns of different materials at the
nanometer-scale. Here we refer to these
nanometer-scale patterns of multiple dis-
cretely formed materials as heterogeneous
chemical nanostructures. Despite the rapid
advances in the fabrication of nanometer-
scale chemical patterns, there has been
much less research on chemical imaging
and identification of nanometer-scale che-
mical patterns. There is a need for metrology
that can identify the chemical structure and
spatial extent of chemical nanopatterns.

In tip-based nanomanufacturing (TBN), a
nanometer-scale tip or arrays of nanometer-
scale tips can directly fabricate nanostruc-
tures by depositing,>'® removing,'"'? or
reacting’>'* chemical species near the tip.
Arrays of atomic force microscope (AFM)'?
tips can pattern heterogeneous chemical
nanostructures by transferring molecules
from tip to substrate with high throughput
and nanometer-scale precision.'®'” Heated
AFM tips use temperature-induced chemical'
or physical'® transitions to pattern heteroge-
neous chemical nanostructures with useful
electrical,'® optical,'® and biological®® proper-
ties. Most research on tip-based nanomanu-
facturing has focused on fabrication and the
performance of tip-written nanostructures,
while few published articles focus on chemical
analysis of the tip-written nanostructures. The
challenge in identifying and diagnosing these
chemical nanostructures is even more difficult

FELTS ET AL.

ABSTRACT

Q

Topog raphy

5um

There is a significant need for chemical identification and chemical imaging of nanofabricated

structures and devices, especially for multiple materials integrated at the nanometer scale.

Here we present nanofabrication, chemical identification, and nanometer-scale chemical

imaging of polymer nanostructures with better than 100 nm spatial resolution. Polymer

nanostructures of polyethylene, polystyrene, and poly(3-dodecylthiophene-2,5-diyl) were

fabricated by tip-based nanofabrication. Nanometer-scale infrared measurements using

atomic force microscopy infrared spectroscopy (AFM-IR) obtained quantitative chemical

spectra of these nanostructures. We show chemical imaging of intersecting patterns of

nanometer-scale polymer lines of different chemical compositions. The results indicate that for

closely packed heterogeneous nanostructures, the spatial resolution of AFM-IR is not limited

by nanometer-scale thermal diffusion, but is instead limited by the cantilever sensitivity and

the signal-to-noise ratio of the AFM-IR system.

KEYWORDS: atomic force microscope - AFM - thermal dip-pen nanolithography
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when there are multiple chemical compounds
that have been integrated at the nanometer
scale. A key advantage of tip-based nanoma-
nufacturing is its ability to fabricate closely
packed nanostructures of different materials
at the nanometer scale. Thus the lack of
nanometer-scale chemical identification and
imaging techniques limits the development of
tip-based nanomanufacturing techniques and
applications.
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In AFM-based infrared spectroscopy (AFM-IR), a
rapidly pulsed IR laser is incident upon a thin sample,
which absorbs the IR light and undergoes rapid ther-
momechanical expansion. An AFM tip in contact with
the sample monitors the thermomechanical expan-
sion. The AFM-IR system varies the wavelength of
incident IR radiation and scans the tip over the sample
surface. Thus the sample IR absorptivity can be mea-
sured as a function of wavelength and position, result-
ing in both structural and chemical information about
the sample.?’~2®> AFM-IR has been used to measure IR
chemical absorption spectra on diverse materials such
as biological cells,>*** organic thin films,?® and semi-
conductor structures.”’~2° Several published articles
explore the spatial resolution limits of AFM-IR.2>72° The
smallest achievable spatial resolution of AFM-IR is
governed by the tip sharpness, as well as nanometer-
scale IR absorption and thermal diffusion in the sample.
The spatial resolution is also affected by nanometer-
scale variations in the sample thermal diffusivity or IR
absorptivity, which can complicate analysis of the
measured photothermal expansion. It is such varia-
tions in structure and composition, however, which are
typical in tip-fabricated nanostructures.

Afew published articles investigate how nanometer-
scale heat diffusion affects the spatial resolution of
AFM-IR.2>83% The simplest analysis is for the case of a
sample that has homogeneous IR absorptivity, since
the heat is uniformly generated within the sample and
uniformly flows into the substrate. Thus, IR absorption
contrast between the absorbing sample and the sub-
strate determines spatial resolution. For example, AFM-
IR of micrometer-sized bacteria on a nonabsorbing
substrate had a spatial resolution of 100 nm.>>>° Also
for example, AFM-IR measurements on silicon oxide
disks fabricated onto a silicon substrate had a spatial
resolution of 50 nm.?® While the spatial resolution of
AFM-IR is reasonably good for nearly homogeneous
samples, the spatial resolution is much poorer when
the sample consists of multiple materials having spa-
tially varying IR absorptivity. In this case, heat gener-
ated from IR absorption in one material flows into the
nearby nonabsorbing material, and the resulting ther-
momechanical expansion of the nonabsorbing region
cannot be easily decoupled from the thermomechani-
cal expansion of the absorbing region. For example,
AFM-IR on nonabsorbing bacteria that contained spar-
sely distributed absorbing virus particles of size 90 nm
identified the virus particles as having an apparent size
of 200 nm, due to thermal diffusion from the viruses to
the surrounding bacteria.?* Similarly, AFM-IR measure-
ments of 20 nm quantum dots buried in silicon could
identify the location of the quantum dot with a resolu-
tion of 60 nm.?”° Such local heat flow effects reduce
the ability of AFM-IR to generate quantitative chemical
spectra for materials identification. For example, AFM-
IR on a polymer multilayer film stack cross section
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Figure 1. (a) Graphic representation of heated tip polymer
deposition; (b—d) 1 um square topography scans of written
polymer nanowires and (e—g) accompanying topography
profiles of nanowires 125—300 nm wide and 30—330 nm
tall; (h) AFM topography image of a polymer nanowire array
with lines spaced 1 um apart.

could achieve good chemical spectra within 100 to
1000 nm of the polymer interfaces, even though the
sample was very thin and the alternating polymer
regions were 5—15 um wide**' Overall, we can
summarize the previous work on AFM-IR as follows:
AFM-IR has been primarily used to study small regions
of bulk samples, for which sample heterogeneity
affects the spatial resolution due to nonuniform
IR absorption and nanometer-scale heat flows. There
is a lack of research on AFM-IR of nanofabricated
structures, and the limits of doing so have not been
investigated.

Here we present AFM-IR characterization of various
polymer nanostructures and heterogeneous patterns
of polymer nanostructures, where the structures and
the resolution of the chemical characterization are
both on the order of 100 nm. Polymer nanostructures
of polyethylene (PE), polystyrene (PS), and poly(3-
dodecylthiophene-2,5-diyl) (PDDT) were fabricated by
tip-based nanofabrication. AFM-IR obtained chemical
spectra of the fabricated nanostructures. We demon-
strate chemical imaging at the interface between over-
lapping PE and PS nanostructures with a resolution of
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100 nm, and a heat transfer analysis at the interface of
the two structures shows that spatial resolution is not
heat diffusion limited.

RESULTS AND DISCUSSION

We used a heated AFM tip to fabricate nanostruc-
tures of various polymers. Heated tips can control deposi-
tion of thermoplastic polymers,'®'92%3273% |ow temp-
erature metals,® thiols,*® and polymer—nanoparticle
composites.® Figure 1a shows a schematic of a heated
tip depositing a polymer nanowire, where a molten
polymer ink flows from the tip to the surface when the
tip is hot. When the tip is cold, no polymer flows, such that
temperature can control the nanostructure fabrication.2'°
The tip has an integrated solid state heater that can
control the temperature, and a wear-resistant diamond
coating that enhances ink wettability.>’*® The tip speed
and tip temperature affect the size and shape of the
deposited polymer. Figure 1 panels b—h show polyethy-
lene features with widths between 125 and 300 nm and
heights between 30 and 330 nm, and a uniform spacing
of 1 um. We fabricated nanostructures of polyethylene
(PE), polystyrene (PS), and poly(3-dodecylthiophene-2,
5-diyl) (PDDT) with feature sizes ranging between 100
and 1000 nm. The polymer nanostructures were written in
close proximity on the same substrate, with some nano-
structures overlapping.

We measured the chemical composition and spatial
extent of the polymer nanostructures using an AFM-IR
system based on photothermal detection. Figure 2a
shows AFM-IR, where a tunable IR laser illuminates the
polymer nanostructures to induce rapid thermome-
chanical expansion. An AFM tip in contact with the
polymer nanostructure resonates in response to the
expansion, and this resonance is measured by the AFM.
Figure 2b,c show the time-domain and frequency-
domain cantilever responses for PE nanostructures
irradiated at 2920 cm™' after applying a frequency
bandpass filter between 200 and 260 kHz. The peak-
to-peak amplitude of the time data provides a measure
of IR absorption, and the location of the peaks in the
frequency domain provide a qualitative measure of
local material stiffness. The cantilever amplitude is
sensitive to the expansion rate of the nanostructure,
which allows AFM-IR to measure substrate expansion
below 1 nm.3 Figure 2b,c shows the measured AFM-IR
signals for PE nanostructures for heights of 80, 400, or
1000 nm, indicating absorption can be measured at
2920 cm™ " for features down to 80 nm in height.

Measuring the cantilever response while sweeping
the IR laser wavelength produces absorption spectra
that compare well to bulk spectra. We measured the
IR absorption spectra of the polymer nanostructures
by sweeping the wavenumber of the incident IR
laser and measuring the cantilever response at each
wavenumber. Figure 3 shows the absorption spectra of
the PE nanostructures for wavenumbers in the range
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Figure 2. (a) Graphical representation of polymer nanowire
AFM-IR measurements; (b) oscillatory AFM cantilever re-
sponse to rapid expansion of polyethylene nanowires with
heights between 80 and 1000 nm; (c) frequency response of
the AFM cantilever computed with fast Fourier transforms.

1250—1550 cm™' and 2800-3100 cm™'. The peak
near 2926 cm ' corresponds to the antisymmetric
C—H stretch of the PE hydrocarbon backbone, and
the 2860 cm ™' peak arises from the hydrocarbon
symmetric C—H stretch. A small red-shift for the
1000 nm PE wire indicates a lower chain order com-
pared to the smaller wires. A hydrocarbon C—H scissor-
ing peak appears near 1470 cm '. The polymer
nanostructure thermal expansion depends on feature
size, so the cantilever response amplitude decreases as
the polymer feature size decreases. The cantilever
amplitude from the C—H stretch absorption peaks
was resolved for PE features as small as 80 nm tall,
and cantilever amplitude from the C—H scissoring
peak was resolved for features down to 400 nm. Thus,
AFM-IR can determine chemical composition and local
polymer order by measuring IR absorption spectra of
polymer nanostructures smaller than 100 nm.

AFM-IR can generate unique IR spectra for many
different polymer nanostructures, which can be used
to identify nanostructure composition. Although AFM-
IR cannot measure absolute sample absorptivity, the
relative absorptivity spectra generated by AFM-IR
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Figure 3. (a) Polyethylene absorption spectra for wavenum-
bers between 2800 and 3100 cm ™' for nanowires with
heights between 80 and 1000 nm, which shows C—H sym-
metric stretch at 2860 cm ' and antisymmetric stretch near
2926 cm ™’ for all wire heights. (b) The absorption spectrum
for wavenumbers between 1250 and 1550 cm™’, showing
the C—H scissoring vibration for the 400 and 1000 nm tall
wires at 1470 cm ™.

provides absorption peak locations and peak ratios
sufficient to identify many different chemistries.?®
Figure 4 shows the IR absorption spectra for PS and
PDDT nanostructures with heights between 100 and
1000 nm. The PS nanostructures have C—H stretch
peaks near 2854 cm™' and 2926 cm™' from the
hydrocarbon backbone. Three additional peaks arise
from benzene ring C—H stretch between 3000 and
3100 cm ™. For the 100 nm tall structure, there are
additional peaks between 2950 and 3000 cm ™', which
we believe are noise and artifacts due to laser power
drift relative to the measured background. Figure 4
panels b and c shows the absorption spectra of 100 and
700 nm tall PDDT nanostructures. The hydrocarbon
backbone absorbs near 2864 and 2932 cm™', with a
small shoulder peak near 2960 cm™'. The thiophene
ring of the PDDT has broad absorption bands in the
range 1200—1800 cm ™. For the 100 nm tall structure,
low signal-to-noise affects the peak intensities of the
measured signal. Despite the low signal-to-noise on
the 100 nm tall structures, we can still distinguish
between nanostructures of PE, PS, and PDDT. Overall,
AFM-IR can identify the chemical composition of PS
and PDDT polymer nanostructures as small as 100 nm.

Future device development requires measurement
of the spatial organization of multiple interacting
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Figure 4. (a) Absorption spectra for 100 nm (red) and
1000 nm (black) tall polystyrene nanowires between 2800
and 3200 cm ', with a bulk FTIR spectra (blue) for compar-
ison. There are two C—H stretch peaks near 2860 cm ' and
2926 cm ™' from the hydrocarbon backbone, and additional
peaks between 3000 and 3100 cm™' corresponding to
benzene ring C—H stretching. (b) Absorption spectra for
100 and 700 nm tall PDDT wires between 2800 and
3100 cm~', showing C—H stretch peaks near 2860 cm~’
and 2930 cm ™. (c) Absorption of 100 and 700 nm tall PDDT
wires between 1200 and 1800 cm ™, showing broad absorp-
tion bands due to conjugated thiophene rings.

nanostructures. We use AFM-IR to identify the chemical
composition of multiple overlapping polymer nanos-
tructures. Lines of PS were drawn with a height of
600 nm and a 5 um pitch, followed by 100 nm tall lines
overlapping the PS structures at a 45° angle. Figure 5a
shows an AFM topography map of the written nano-
structure pattern. While the pattern was irradiated at a
single wavenumber, a cantilever scanned over the
pattern and measured absorption at each scan point.
Figure 5b shows the spatial absorption map for
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Figure 5. (a) AFM topography image of overlapping 600 nm
tall PS nanowires (vertical features) and 100 nm tall PE

nanowires (angled features). (b) Single wavenumber ab-
sorption image of the overlapping nanowires at 3026 cm ",

showing only the PS nanowire absorption. (c) Absorption
image at 2920 cm ™', revealing absorption of both PS and PE
wires.

wavenumber 3026 cm ™', corresponding to the largest
C—H stretch of the PS benzene ring. The absorption
map shows absorption only in the PS structures.
Figure 5c shows the spatial absorption map for wave-
number 2920 cm™' corresponding to a common ab-
sorption peak for the two polymers, and the cantilever
detected absorption in both materials. These results
demonstrate chemical identification of fabricated
nanostructure architectures over a large scan area.
Many organic materials have similar absorption peaks
and require information from broad absorption spectra
to distinguish between them. Figure 6a shows an AFM
topography image of the interface between overlapping
PS and PE nanostructures. Absorption spectra were
measured between 2800 and 3200 cm™' with 50 nm
separation in a linescan over the interface. Figure 6b
shows normalized absorption plotted against both posi-
tion and wavenumber. As expected, the PE nanostructure
only absorbed near 2860 cm™" and 2930 cm ™", while the
PS structure showed additional peaks between 3000 and
3100 cm ™. Figure 6¢ shows single wavenumber absorp-
tion at 3026 cm ™' for each location along the linescan.
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Figure 6. (a) AFM topography scan of 600 nm tall PS and
100 nm tall PE nanowire intersection. Absorption spectra
were measured every 50 nm for the 4 um line scan trajectory
shown (red arrow). (b) Normalized absorption spectra mea-
sured during the line scan as a function of both wavenum-
ber and position. (c) The absorption amplitude at 3025 cm '
wavenumber as a function of tip scan position, showing a
resolution which matches the PS line topography.

The absorption amplitude is proportional to the topo-
graphy of the PS nanostructure, and the absorption signal
at the boundary between the PE and PS structures at 1.1
um decreases to the background signal within 100 nm.

We consider whether the AFM-IR spatial resolution
at the interface between the two polymer nanostruc-
tures is limited by heat diffusion or the radius of the
AFM tip. To understand the effect of heat diffusion on
spatial resolution at the interface between two nanos-
tructures, we performed a 3D finite element transient
heat transfer analysis. The model considered heat
generation within the polymer, the transient tempera-
ture distribution in the polymer, and between adjacent
polymer nanostructures, and heat flow into the sub-
strate (see Supporting Information). The analysis re-
vealed that at a distance of 100 nm away from the
interface, the maximum temperature of the PE nano-
structure reaches only 8% of the maximum tempera-
ture of the PS nanostructure. Since the nanostructure
expansion is linearly proportional to temperature rise,
the PE nanostructure undergoes negligible expansion
within 100 nm of the PS interface. The temperature rise
of the PE nanostructure 20 nm away from the PS-PE
interface is only 33% of the PS structure maximum
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temperature. This is a significant temperature drop within
a distance of about one AFM tip radius. Thus for AFM-IR
near this interface, the lateral spatial resolution is limited
by the size and shape of the AFM tip and not heat
diffusion. The large temperature drop in the vicinity of
the interface arises because 90% of the heat generated
within the PS nanostructure flows to the ZnSe prism.
Because the majority of the heat generated within the PS
nanostructure flows to the substrate, thermal diffusion
does not induce a significant temperature rise in the
nonabsorbing PE nanostructure, and so does not cause a
significant thermomechanical expansion. Since thermal
diffusion is not responsible for the absorption amplitude
decrease at the interfaces in Figure 6c¢, the topography of
the PS nanostructure governs the observed decrease. We
resolve the topography-dependent absorption ampli-
tude with a 50 nm resolution equal to the distance
between data points, such that that the tip radius and
the measurement lateral spacing determine the overall
spatial resolution of AFM-IR absorption measurements
presented here. Overall we conclude that for the hetero-
geneous chemical nanostructures of the present study,
the lateral spatial resolution of AFM-IR is limited by the
AFM tip radius, and not by thermomechanical expansion.
Additionally, the cantilever sensitivity and the AFM-IR
system signal-to-noise characteristics must be sufficient
to detect the nanostructure expansion.

Chemical identification at the nanometer-scale is
critical for the future development of nanomanufactur-
ing, since it will be essential to perform chemical as well
as structural metrology on future nanometer-scale

METHODS

Coating the Heated AFM Tip with Polymer. The tip was coated
with PS and PDDT by dipping the heated tip into toluene
containing either PS or PDDT. The polymer remained on the
tip after the toluene evaporated. To coat the heated tip with PE,
a polymer that is not soluble in most solvents, the tip was
heated to 150 °C and inserted into a solid PE pellet. In both
coating methods, heating the tip while scanning in contact on a
substrate removed extra polymer and left a thin layer of
polymer to be used for fabricating polymer nanostructures.

Heterogeneous Chemical Nanostructure Fabrication. Nanostruc-
tures were fabricated using a heated AFM tip with an Asylum
MFP-3D AFM. The coated tips deposited structures onto a zinc
selenide prism by scanning in contact with the prism while
heated above the glass transition temperature of the poly-
mer coating surrounding the tip. An electronic feedback
loop held a constant temperature at the AFM tip heater
by maintaining a constant heater electrical resistance. Tip
speeds between 0.1 and 2 um/s and temperatures between
120 and 300 °C determined the size of the patterned
nanostructures.

Atomic Force Microscope Infrared Spectroscopy. Infrared spectros-
copy of patterned nanostructures was performed with an
Anasys Instruments nanolR AFM. An Ekspla optical parametric
oscillator laser irradiated the nanostructures with IR light be-
tween 2.5 and 10 um wavelength. Spectra of nanostructures
were generated by measuring the thermomechanical expan-
sion of each structure as a function of irradiation wavelength
and dividing by the measured laser spectral intensity.

FELTS ET AL.

devices. Here we have demonstrated that AFM-IR is
capable of such imaging and chemical identification of
nanofabricated polymer nanostructures, with a spatial
resolution of 100 nm. This is in contrast to previous
publications that focused on nanometer-scale charac-
terization of bulk materials, for which the spatial
resolution was limited by nanometer-scale heat flow
within the sample. For the polymer nanostructures
studied here, the spatial resolution of AFM-IR is not
limited by nanometer-scale heat flow but rather the
signal-to-noise ratio of the AFM-IR system and the
cantilever sensitivity. We suggest that work could focus
on further improving the signal-to-noise ratio of the
AFM-IR system.

CONCLUSION

AFM-IR enables nanometer-scale IR spectroscopy of
heterogeneous chemical nanostructures patterned by
means of tip-based nanofabrication. The technique
was demonstrated by measuring the IR absorption of
PE, PS, and PDDT nanostructures with heights as small
as 80 nm. Absorption maps generated for overlapping
PS and PE nanostructures showed a spatial resolution
on the order of 100 nm. We investigated the effect of
thermal diffusion at the boundary between two nanos-
tructures with a finite element analysis and found that
thermal diffusion does not limit spatial resolution.
Interrogating local chemical composition of heteroge-
neous chemical nanostructures will prove increasingly
useful as the complexity of both the lithographic
process and the desired pattern increases.
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