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High Resolution Tip Enhanced Raman Mapping
on Polymer Thin Films

L. Xue,*"> W. Li,' G. G. Hoffrrwmn,l’2 J. G. P. Goossens," J. Loos,"*? G. de With!

Summary: Advanced tip enhanced Raman mapping (TERM) was applied to high
resolution chemical identification on nanoscale. Thin poly(methyl methacrylate)/
poly(styrene acrylonitrile) (SAN28/PMMA) blend films were measured at different
stages of phase separation. New insights into the phase evolution behavior of the
thin films were obtained, when the TERM images were compared. An unexpected
morphology transition was observed after a few minutes annealing at 250 °C. No
surface enrichment of PMMA was observed, differing from the previous reports on a
similar well-studied system of SAN33/PMMA. The glass transition temperature, the
surface and interfacial tension were found to be the main factors responsible for the
phase evolution behavior of SAN28/PMMA films.
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Introduction

Thin polymer films are widely used for
coatings, packaging materials, barriers,
membranes, sensors and medical implants.m]
To achieve certain mechanical and func-
tional properties, different polymers are
blended with various additives. Good
control over the morphology of the multi-
component system and the miscibility of
different components is essential to the
ultimate properties.m To obtain insight
into the phase separation behavior of the
thin films, non-destructive characteriza-
tions of local morphology and chemical
composition are equally important. For
morphology studies, Atomic Force Micro-
scopy (AFM) and Transmission Electron
Microscopy (TEM) are often used. For
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chemical identification, deuteration and
chemical etching are required when tech-
niques like forward recoil spectrometry and
AFM are used.*1% A prior knowledge of
the sample chemical composition is
required when destructive techniques are
used. For non-destructive chemical analy-
sis, confocal Raman spectroscopy was
explored in this field. This method provides
a better spatial resolution (~300nm) com-
pared to the micrometer scale resolution in
Infra-Red (IR) and traditional Raman
spectroscopy.[“’lsl The recently developed
non-destructive chemical identification
techniques, tip enhanced Raman spectro-
scopy (TERS)/tip enhanced Raman map-
ping (TERM), provide a possibility for high
resolution (~30 nm) chemical mapping.'*>"!
The lateral resolution of TERM is inde-
pendent on the incident laser wavelength
due to the high local enhancement at the tip
(about 30 nm at the end of the tip 2*?°1). As
a result, a short exposure time is sufficient
for a high resolution TERM on a sample
surface.'?%?l To ensure a constant
enhancement factor during a relatively long
TERM measurement, a sharp tip with
stable mechanical and chemical properties
is of great importance.
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In this work, we present the enhance-
ment of TERS in a polymer blend system,
namely poly(methyl methacrylate)/poly-
(styrene acrylonitrile) (SAN28/PMMA)
thin films with a thickness of about
500nm. Improved detection sensitivity is
achieved due to the high enhancement
factor. High resolution TERM images
recorded on films at different stages of
phase separation were compared. New
insights were obtained into the phase
evolution behavior of the SAN2S8/PMMA
films. The new phase evolution behavior
was analyzed based on the glass transition
temperature, surface and interfacial ten-
sion. A comparison with a similar system of
SAN33/PMMA was carried out to explain
the differences observed in phase separa-
tion and wetting behaviors in our SAN28/
PMMA case.

Experimental Part

Sample Preparation

Materials and the sample preparation
method were described in details in another
report.’®! The samples were spin-coated,
dried at 150 °C for 5h, annealed at 250 °C,
and quenched to room temperature. The
film thickness was typically ~500 nm. Early
stage and intermediate stage phase separa-
tion were properly induced after 2 and
Smin. annealing to Film I and Film II,
respectively.

Tip Preparation
A cone-shaped gold tip, with a typical
radius of ~30nm, was prepared by electro-
chemical etching as described in the
literature.2%27)

Measurement

Optical microscopy, TERS and TERM
measurements were carried out using an
NTEGRA SPECTRA™ (NT-MDT. Rus-
sia). A scanning near-field optical micro-
scopy head (SNLGI10INTF, NT-MDT,
Russia) was placed above an inverted
optical microscope (Olympus IX70). A
self-etched gold tip, a 100x oil immersion

Copyright © 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

objective (Olympus, NA =1.3, refractive
index n=1.516), a pinhole of 40 um and a
continuous wave linearly polarized He-Ne
laser (633nm) were used for all measure-
ments. A typical lateral/depth resolution
about 20-30nm is expected from the
TERS/TERM measurements.[!”]

Results and Discussion

Preparation for TERM Measurement

Optical images of PMMA/SAN blend films
were first captured before any TERS/
TERM measurements. Then a He-Ne laser
was focused on the sample and the confocal
Raman spectrum was recorded. The tip is
then approached to the film surface. A
reflection image of the cone-shaped gold tip
was recorded by a tip scan. The tip is then
aligned to the focus of the laser beam as
described in a previous report.[zo] The
enhancement factor was calculated based
on the ratio of the Raman intensity of
certain characteristic Raman bands in
TERS and confocal Raman spectra. The
enhancement factor of TERS is dependent
on the tip-sample distance, the smaller the
distance, the better the enhancement.
Therefore, the tip-sample distance was
adjusted based on the maximum Raman
intensity of certain characteristic Raman
bands in the TERS spectrum.

The optical images of Film I were
recorded when the tip was approached to
and was withdrawn from the sample surface
as shown in Figure 1(a) and (b), respec-
tively. The bright area in both images
appeared to have the same pattern, indicat-
ing the reflection of the optical light from
the tip (cone-shaped in black). We noticed
this reflection pattern was moving in
position during landing, but retaining its
shape. This reflection pattern was found
helpful during the alignment of the tip. It
was more difficult to find the image of the
tip (of a few micrometer) than to find its
reflection patten (of hundred’s of micro-
meter). When the tip was approached, the
image of the tip became sharp as shown in
Figure 1(a).
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Figure 1.

Optical images captured when a cone-shaped gold tip is (a) landed on and (b) withdrawn from the surface of Film
I. A 100x oil immersion objective (Olympus, NA=1.3, refractive index of the oil n=1.516) was used.

High Resolution TERM

High enhancement of TERS signals for
polymers was recently reported as shown in
Figure 2.2 There was a 15 times linear
enhancement in terms of the maximum
Raman intensity. The enhancement factor
was greater than 1500 taking the 100 times
smaller probing area into account. In
ref.,* the TERM images based on the
maximum Raman intensity of different
characteristic Raman bands for PMMA
and SAN were compared. PMMA-rich and
SAN-rich phases were found to be corre-
sponding to the bright and the grey phases
in Figure 1, respectively. An interface width
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Figure 2.

The high enhancement of TERS (upper line), as
compared to the confocal Raman spectroscopy
(lower line).
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of about 200nm was observed at the
boundary region between the two phases.

In this work, the chemical distribution
was directly visualized based on the shifts of
the mass center and the peak position of the
Raman band at ~1000cm™'. The TERM
measurements were performed over an
area of 10 wm x 10 wm with a nominal pixel
size of 40nm and an exposure time of
5s/point. The Raman band at ~1000cm ™!
from SAN was found to be at a higher
Raman shift than that of PMMA, as
indicated in Figure 2 from ref. . The
distribution of SAN was found to form a
continuous pattern, green in Figure 3(a)
and red in Figure 3(b), respectively. There-
fore the counter phase was suggested to be
PMMA-rich, in agreement with what has
been reported before.[*®]

In this paper we would like to show
the improved detection sensitivity due to
the high enhancement factor of TERS.
Since the volume probed by TERM on each
point of the sample is about > 3000 smaller
than that of the traditional confocal
Raman,”®! it is possible to detect the
chemical nature of phase domains as small
as ten’s of nanometer. We found that small
(green and red) clusters of SAN were
clearly observed in the (blue and green)
domains of PMMA in Figure 3(a) and (b),
and vice versa. The same phenomena were
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Figure 3.
TERM images of Film I,10 pm x 10 wm, based on the Raman shift of (a) the mass center and (b) the peak position

of Raman band at ~ 1000cm ™'

only observed in the zoom-in
(1 pm x 1 wm) TERM results in terms of
the maximum Raman intensity.>*!

Shift profiles of the Raman band’s mass
center position as well as its maximum
intensity position were then compared
across the sample. As shown in Figure 4,
The Raman shift profiles were taken along
the lines in Figure 3. The traces in green
and red represent the Raman shifts of the
mass center position and the maximum
intensity position of the Raman bands at
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Figure 4.

Shift profiles of (a) the mass center position (lower
curve) and (b) the maximum intensity position
(upper curve) of the characteristic Raman bands at
~ 1000 cm . The profiles were taken along the lines
(in black) indicated in Figure 3.
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. Raman shift profiles in Figure 3 were taken along the black lines.

PMMA and SAN are very different in this
region, being very weak and broad for
PMMA, and very strong and very sharp for
SAN, as shown in a previous report ** in
Fig. 2. The presence of a small amount of
SAN may lead to a big shift of the
maximum intensity position, while the shift
of the mass center position may be
undetectable. The Raman shift of the mass
center position, green in Figure 4, appears
to change along the sample surface in a
much smoother manner while that of the
maximum intensity position was jumpy.
The mass center position of two partially
overlapping Raman bands varies with
composition changes, as indicated in the
slopes of the green curve. Compared to the
reported concentration gradients from
one to another phase in the previous
report,[26] the Raman shift curve of the
mass center position appears to have the
same trend as the concentration gradient.

The reported boundary concentration
gradient from one phase to another was not
directly visible from the TERM images in
Figure 3. The concentration gradient can be
better observed from a 3D TERM image in
terms of the Raman shift of the mass center
of the corresponding Raman bands at
~1000cm " in Figure 5.
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Figure 5.

3D representation of TERM image shown in Figure 2 (a).

On the other hand, the curve of the peak
position follows the same trends as shown
in Figure 4 (the trace in red), not only
crossing the boundary region but also
appearing in the other phase. This again
indicates a high detection sensitivity of
TERM, in this case from the mapping of the
peak position of a certain Raman band.

New Insights into the Phase Separation
Behavior

A wetting layer of the low surface energy
component PMMA was observed in a
similar system.llz] If there were such
enrichment of PMMA in the current
SAN28/PMMA case, we should have
observed  strongly-enhanced = PMMA
Raman bands, since the nearer the sample
to the tip, the stronger the enhancement
should be.”®! Surprisingly, no obvious
PMMA Raman bands were observed from
the TERS and confocal Raman spectra as
reported in the previous paper.’®! AFM
height images of both Film I and Film II are
presented in Figure 6. The maximum height
differences are <10nm and ~70nm for
Film I and Film II, respectively. No
spherical collapsing of the cap on the little
hills shown in Film I, indicating a PMMA
wetting layer, was observed in Figure 6(a).
This was found to be due to the differences
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between the two systems, as listed in
Table 1.

The 3D TERM images of both films are
shown in Figure 7, in terms of the maximum
Raman intensity of the characteristic
Raman band at ~1002cm™' for SAN,
respectively. The interconnected little hills
shown in Figure 6 (a) were found to be the
continuous SAN-rich phase in Figure 7 (a).
The dark brown counter phase is PMMA-
rich.

Using certain TERM measurement set-
tings, the tip was moving along the sample
surface by keeping the same tip—sample
distance. Hence the enhancement factor
was constant. Therefore we can estimate
the concentration of a certain component
based on the maximum Raman intensity.
The slope of the hills indicates a continuous
concentration gradient of SAN species at
the boundary interface region. Therefore, it
again suggests that the early stage phase
separation produced PMMA-rich phase
domains discretely dispersed in the con-
tinuous SAN-rich phase. The SAN-rich
domains were found to grow in size and the
concentration of the SAN-rich phase
appeared to reach a constant value, as
shown in Figure 7 (b). This also suggests
that Film II was at the intermediate stage of
phase separation. The unexpected mor-
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Figure 6.

AFM height images of (a) Film I and (b) Film II, using non-contact mode.

phology transition in the SAN2S/PMMA
system, reported in ref.,*° might also be
partly due to the much smaller interfacial
tension as compared to the SAN33/PMMA
system.

The phase evolution kinetics of the
current system was found to be different

from that of the SAN33/PMMA.["?! In the
current SAN 28/PMMA system the SAN
has a lower 7T, (~115°C), so that phase
separation is likely to proceed via the
formation of a SAN-rich continuous phase.
Because the interfacial energy of the SAN/
PMMA is only 0.15mJ/m?, this process is

Table 1.
Comparison between the SAN33/PMMA 26l and the SAN28/PMMA systems.[“]
SAN28/PMMA SAN33/PMMA
Composition SAN28, (28% AN) SAN33, (33% AN)
Glass transition temp. Tg (PMMA) ~120 °C Tg (PMMA) ~105°C
Substrate glass, rough silicon, flat
Duration of the phase separation fast phase separation (in minutes) slow phase separation (in hours)
Interfacial energy 0.15mj/m? 1mj/m?
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Figure 7.

The 3D TERM images of (a) Film I and (b) Film Il in terms of the maximum Raman intensity of the characteristic

Raman bands at ~ 1002cm ™" for SAN.

not too much hampered and the structure is
kinetically determined in Film I. The early
stage phase separation behavior in SAN28/
PMMA was found to be induced by the
higher mobility of the SAN chains, due to
its 5 °C higher glass transition temperature
and the 10% higher surface energy than
PMMA. After longer annealing time,
thermodynamics takes over so that a
morphology change occurs, yielding mor-
phology of Film II similar as reported in
ref. 121, We speculate that in the SAN33/
PMMA system ['? having a large interfacial
energy and a small T, of the low surface
energy component, a bi-continuous mor-
phology (Film II) should appear directly or
much faster.

Conclusion

Using a cone-shaped gold tip, up to 15 times
linear enhancement was achieved using
TERS, compared to conventional confocal
Raman spectroscopy. The enhancement
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factor was greater than 1500 when taking
the 100 times smaller probing area into
account.

Due to the enhancement effect, the
detection sensitivity of TERS/TERM was
improved for macromolecular systems.
This allowed a detailed chemical analysis
on the nanoscale. In the interfacial/inter-
phase region, the interface width and the
concentration gradient were directly visua-
lized.

To summarize, the TERS/TERM tech-
nique can be very promising for trace-
amount chemical analysis/identification of
macromolecular systems.
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