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Koichi Iwata™?

Raman imaging is one of the very informative methods for the characterization of chemically
and structurally heterogeneous materials without employing specific molecular labels.
Multifocus Raman imaging is one of the fast-imaging alternatives to the conventional single
point mapping technique. Since multiple focal points probe the sample simultaneously, this
imaging methodology is faster compared to single point mapping. We further demonstrate the
efficiency of this methodology by investigating the morphological features of porous PMMA
film. A Raman image of 50X50 um? area was obtained in less than 4 minutes (with 10X10
multifocus configuration). Importantly, a 100X100 um? area could now be analyzed in minutes
while a similar Raman image in single point mapping would take hours to days. Optical
sectioning using multifocus Raman imaging reveals unique hierarchical features of the porous
polymer thin film. Larger pores are limited to the surface and the inner bulk exhibits
characteristic small-pores and interconnected highly porous morphology. The fast multifocal
Raman imaging would be advantageous to the diverse field of scientific disciplines where the
speed of image acquisition remains a challenge despite the unparalleled specificity and

sensitivity of Raman spectroscopy.

Introduction

Chemical imaging has become one of the most desirable
characterization tools in material science and biophotonics
since it allows simultaneous investigations of morphology and
spatial distribution of functional entities (chemical species)
based on molecular fingerprinting. Among diverse spectral
imaging techniques developed, Raman imaging is benefited by
rich information on molecular structure, negligible interference
from water signals and noninvasiveness. Unprecedented
sensitivity and higher specificity of Raman spectroscopy for
monitoring bioactivity of living cells,® cancer diagnosis,?
carbon based material® characterization etc. have already been
demonstrated. Spectral imaging based histopathology* and on-
table tumor imaging during surgery® are becoming increasingly
popular in medical fields. Despite the obvious potential of
Raman spectroscopy, the technique has witnessed a setback due
to speed of image acquisition.

This journal is © The Royal Society of Chemistry 2014

There were several attempts to increase the speed of image
acquisition by adopting line- or slit-scanning or global
illumination.’ In the line scanning methodology, sample is
illuminated using a line focus and the spatial region along the
illuminated line is resolved by CCD pixels. In the wide field
illumination methodology, a laser illuminates the entire field of
view and Raman image is directly acquired using an imaging
CCD. Here the spectral region (spectral resolution <10 cm™) of
interest is selected using a band filter (e.g. acousto-optic
tunable filter (AOTF) and liquid crystal tunable filter (LCTF)).
The wide field illumination acquires Raman images rapidly but
it does not provide Raman spectrum simultaneously and for
obtaining the spectrum one has to resort to point scanning. Very
recently Okuno and Hamaguchi have demonstrated multifocus
methodology with a microlens array in Raman microscopy as a
fast Raman imaging alternative to conventional single point
mapping.” The multifocus excitation methodology is also
utilized in the field of second-harmonic generation
microscopy,® fluorescence microscopy,’ coherent anti-Stokes
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Raman scattering (CARS) microscopy,’® and two-photon
microscopy.'! Rapid confocal Raman imaging by a multi-foci
scanning method with a pair of galvo mirrors has also been
developed.'? In the multifocus Raman imaging methodology,
the spatial region of interest is illuminated by multiple laser
lines; each of which is separately focused at a different spatial
spot. Raman scattering from these illuminated spots are
collected using a fiber optic array. This technique has the
advantage of obtaining full Raman spectrum simultaneously
with the Raman images.

In this study we have constructed a 2D-array multifocus Raman
microscope that consists of 441 individual focal points at the
focal plane. A single laser beam is split into 21X21 multiple
beams with a diffractive optical element (DOE).® Each of these
individual beams is then focused using a microscope objective
into different regions (multiple foci) of the sample forming a
2D array of laser spots (21X21). Our study revealed unique
hierarchical features of the porous PMMA film prepared via.
water phase separation strategy.

Experimental section

Optical Set up

The optical set up of the current microscope is briefly described
in Figure 1. Output from a continuous wave diode-pumped
solid-state (DPSS) laser (532 nm, 5 W) was split into 21X21
multiple laser line-array, using a diffractive optical element
(DOE)™ formed in a square SiO, plate, 11 mm in diameter and
3 mm in thickness. The 2D laser line array was then fed into a
microscope objective (40X) and focused onto the sample. The
image of the array of foci is shown as the inset of Figure 1. The
Raman scattering from each of these spots was collected using
a fiber bundle (21X21; 50 pum in diameter) and was recorded
using a dispersive spectrometer (transmission-grating of 1300
lines/mm) and a CCD detector (TE cooled down to -100
degrees in Celsius, 2048 x 2048 array, 13.5 X 13.5 pm? pixel
area, back-illuminated; Andor). The 2D array of the fiber
bundle was rearranged to a 1D array along the entrance slit
direction in order to couple it to the spectrometer. A typical
laser power of 1.5-2 W (at the laser) was used in the present
study for imaging (~3 mW per laser spot). Each illuminated
focal spot probes a specific sample volume and reveals space
resolved (diffraction limited) molecular information.

Preparation of the porous PMMA film

Porous polymer film was prepared in the following way using
the methodology reported earlier.”* 10 mL of PMMA solution
(Bwt% in THF) was poured into a clean Petri dish followed by
addition of 270 pL of the sodium dodecyl sulphate (SDS)
solution (8.5 mM). The solution was then swirled to ensure
homogenization. The Petri dish containing the solution was
covered with a beaker (500 ml) saturated with THF vapor to
effect slow solvent evaporation. The film preparation was
carried out at the room temperature. THF and water are
completely miscible but they differ in their volatility. This
causes THF to evaporate faster compared to water during the
early stage of film formation. As THF composition reduces in
the solution, due to evaporation, phase separation of water and
the polymer solution occurs. These water droplets (stabilized by
the surfactant molecules) are believed to act as templates to
create the pores. Eventual evaporation of water results in the
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formation of porous features in the film. Surfactant molecules
organize at the interface between water and polymer providing
functionality at the inner surface of pores.*
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Figure 1. The basic optical set up of the multifocus Raman
microscope constructed. Images of the multiple focal points
formed at the sample plane for both the 21X21 and 6X6
configurations are provided as the inset.

Results and Discussion

The multifocus configuration consists of 21X21 focal point
array (441 foci) with approximately 1 pm spacing between the
focal points. Raman images of the porous PMMA film were
recorded with this configuration. The microstructural features
were not evident in the images, indicating a possible cross talk
between foci. The scattered light from one illuminated focal
region was also captured by optical fibers designed to collect
information from neighboring focal points.

Possibility of the cross talk was examined by performing a
single point illumination (SPI) experiment. The strategy
employed in the single point illumination (SPI) experiment is
pictorially illustrated in Figure 2. Green lines in the figure
represents the multiple (21X21) laser beams generated using a
DOE. The red circles (in the yellow rectangle) represent the
21X21 focal points corresponding to these individual laser
beams if they were focused on to the sample. However, out of
the 21X21 lines only a single laser beam was selected for the
single point illumination (SPI) experiment. Placing a mask in
front of DOE allowed separation of the single laser beam. A
green dot in the yellow rectangle (depicting a sample in the
figure) indicates the sample region illuminated by this laser
beam. The Raman scattering from this single focus was
collected using the whole 21X21 fiber bundle. In the current
optical set up (Figure 1), each fiber is designed to collect the
scattering from a specific focal point at the sample. Therefore,
in the SPI experiment, if the spatial specificity is maintained,
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Raman scattering should only be captured by a single optical
fiber corresponding to the focal point illuminated. Then, the
corresponding SPI Raman image should have only one bright
pixel.
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Figure 2. Schematic representation of single point illumination
(SPI) experiment. The sample was illuminated using a single
laser beam (green line), although the collection was performed
using the 21X21 optical fiber bundle.

The SPI experiments were conducted on silicon wafer and
PMMA porous films. Only one bright pixel was observed in the
SPlI Raman image of the Si wafer confirming the spatial
specificity (Figure S1). However, when the same experiment
was conducted on a porous PMMA film, considerable cross-
talk was observed (Figure 3A; also see Figure S2). The cross-
talk reduced considerably (< 5%) at a distance of ~5 micron
from the illuminated spot (Figure 3A). On hard and opaque Si
wafer surface the diffuse scattering and other undesired
scattering effects might not be pronounced. But on a softer
semitransparent surface like PMMA-film diffuse scattering
effect will be prominent. The diffuse scattering phenomenon is
effectively utilized in spatially offset Raman spectroscopy
(SORS) technique to obtain subsurface information by
providing an offset between excitation and collection points.*®
Such diffusively scattering photons introduce cross-talk in the
present multifocal configuration. Hence the 21X21
configuration was changed to a 6X6 configuration using a mask
in front of the DOE (see supporting information S3; Figure S3).
This configuration provides approximately a 5 micron gap
between focal points. In order to probe the region between two
focal points, we used the interpolation technique (Figure S4),
where we raster scan the sample region with the 2D multifocal
array. The number of sampling points between two foci is
denoted as interpolation number (or simply interpolation)
(Figure S4). The Raman images of a patterned silicon wafer
and polystyrene beads recorded with the modified multifocal
(6X6) configuration applying 10X10 interpolation are provided
in Figures 3B and 3C along with the corresponding white light
images (3D and 3E). It is clear by comparing the Raman images
with the corresponding white light images that the spatial
specificity is maintained during the imaging with the current
Raman microscope. The dimensions estimated from the images
match well with the expected dimensions of the substrate (Si
wafer 3 um and PS beads 3 um (FWHM)). However,
fluctuation in the location of PS beads seems to have affected
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its Raman image; the size of PS beads appears slightly larger in
the Raman image.

We have then employed the 6X6 multifocus Raman microscopy
to examine the morphological features of porous
polymethylmethacrylate (PMMA) films. The porous features
are clearly visible in the Raman image obtained with the 6X6
configuration (Figure 3F). It should be noted that the image
with the 21X21 multifocal configuration did not reveal any
microstructural features (Figure 3H; The Raman image of the
porous film represents the intensity of the 810 cm™* PMMA
peak). While, A comparison between the white light image of
the porous film and the corresponding Raman image is
provided in the supporting information S6. The 6X6 multifocal
configuration measures 33.8X33.8 pm? sample region. This
Raman image was recorded with 20 seconds per acquisition
(per frame) and the complete imaging was obtained in
approximately 15 minutes (~33X33 pm?) with the diffraction
limited resolution. When the exposure time was reduced from
20 sec to 1 sec per acquisition the total scanning time was
reduced to approximately 4 minutes (for ~33X33 um? area with
the 6X6 configuration; for 50X50 pm? area with the 10X10
configuration).

0
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Figure 3. Spectral cross-talk observed in a porous PMMA film
(A, SPI experiment). Raman images of patterned silicon wafer
(B) and polystyrene beads (C) with the corresponding white
light images (D and E, respectively). Raman image of porous
polymer film recorded with the 6X6 multifocal configuration
(F). The Raman spectrum of PMMA is given below the image.
A representative cartoon for the porous film (G). Raman image
of porous PMMA film recorded with the 21X21 configuration
(H). The full dimension of the figures A, B, C, D, E, Fand H is
common with 33.8 um. Porous morphology is not evident in
the Raman image due to the cross-talk. A large area Raman
image of porous polymer film (I, 100X100 pm?). The estimated
pore size distribution is shown as the inset. The plots A, F, H, |
represent the intensity of the 810 cm™ PMMA Raman band.
The plots B and C represent the intensity of the 520 cm™
Raman band of silicon and the 1001 cm™ Raman band of
polystyrene, respectively.
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A large area scan (~100X100 um?) requires tiling and
interpolation simultaneously (see supporting information S5). A
Raman image of porous film recorded using a 6X6
configuration, 3X3 tiling and 10X10 interpolation is provided
in Figure 3I. We have estimated the pore size distribution from
the image and the average pore size has been found to be 7.0
pm with a broad distribution (Figure 3l inset). The estimated
pore size is within the range expected for films prepared under
similar conditions.’* Importantly, this Raman image (6X6
configuration, 10X10 interpolation, 100X100 pum? area) was
acquired in approximately 97 minutes with a 5 sec exposure
time per frame (32,400 spectra). The speed of imaging cannot
be directly compared between the single focus and multifocus
methodologies. The speed of imaging depends on several
factors such as number of pixels per image, excitation power
per focus, exposure time, and scattering cross-section of the
sample, as well as the time required for stage movements and
data readout. However, under similar conditions, a multifocus
configuration with n-focal points is, in principle, n times faster
than conventional the single point mapping. Thus a 6X6 2D
array multifocal configuration is 36 times faster and a 10X10
configuration is 100 times faster than the single focus mapping.
The Raman spectra recorded with different exposure times and
an image recorded with a 200 ms exposure time per acquisition
is given in Figure 4.

810 cm”
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- 200ms
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Figure 4. A) Raman image of the porous polymer film

obtained with 200 ms exposure time per frame. The plot

represents intensity of the 810 cm™ PMMA peak. B) Raman

spectra of PMMA film at different exposure times.

& Depth of 3 u[n- ] I I

Figure 5. 1) Raman images of porous polymer film at different
depths (A, B and C) and a model depiction of the smaller pores
(B inset). Raman image of a cross-section of the porous thin
film (D). All the plots represent intensity of the 810 cm™
PMMA peak. Il) A cartoon depiction of a possible hierarchical
porous morphology of PMMA films. (For image processing
details see supporting information S5; Figure S9)
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The 3D shape of the pores and inner bulk structure of the thin
films were analyzed by optical sectioning using the multifocus
Raman microscope. We have recorded the Raman images of the
thin film by moving the focal plane stepwise (1 micron step) in
the z-direction into the film. Although it is difficult to
incorporate a confocal pinhole array in the current optical set-
up, the optical fiber with a diameter of 50 um functioned, at
least partially, as a practical pinhole, which allowed the depth
profiling. The Raman images obtained at different depths are
provided in Figure 51. The large pores are present only at the
surface and they disappear at a depth of 2-3 microns (see also
supporting information S4). As we go deeper into the film the
depth resolution apparently becomes poorer, which is in
agreement with the refraction induced variations in the focal
volume (Figure S7).*® However, the depth profiling of the top
surface indicates that the shape of these pores is distinctly
different (cylindrical; see Figure S8) when compared to the
“cup shaped” porous structures typically observed in porous
polymer films.'” This observation agrees with the fluorescence
microscopic images reported previously.® The inner bulk
structure of the porous thin film is found to be distinctly
different from the top layer. Interconnected smaller-pores are
observed at a depth of 3 microns (Figure 5I) from the surface.
Morphology changed to narrow channel type interconnected
futures in the deeper regions of the film. The highly porous
nature of the film is also evident from the Raman image of the
film cross-section (Figure 5ID). A model explaining the
observed features is provided in the Figure 511. These observed
hierarchical'® mesoporous features are unique and are useful in
variety of applications including gas storage, separation etc.*®

Conclusions

In conclusion we have demonstrated a novel multifocus Raman
imaging methodology for fast Raman image acquisition, which
is 36 (6X6 configuration) to 441 (21X21 configuration) times
faster than the single point mapping. A cross-talk problem was
identified and was solved by providing adequate spacing
between focal points. We have further employed this technique
to explore morphological characteristics of porous PMMA thin
film prepared via water phase separation strategy. Unique
hierarchical porous morphology is revealed in our study.
Moreover, the multifocus Raman imaging demonstrated here
would be a useful tool for researchers in diverse fields of
scientific disciplines.
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