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Near-field scanning optical microscopy and Fourier analysis
polarimetry are combined to obtain quantitative maps of the
local retardance, (resulting from strain or crystalline
birefringence), fast axis orientation, diattenuation and
diattenuating axis orientation in nanostructured polymer thin
films. Lateral resolution of 50 nm with retardance sensitivity
as small as 1 mrad has been demonstrated in images of
isotactic PS crystallites and diblock copolymer morphologies.

Many techniques are available to study strain and order in bulk polymers,
but observing local structure in thin films is complicated by the difficulty of
sample preparation, small contrast requiring high sensitivity, and a need for high
spatial resolution. Ellipsometry and polarimetry provide high sensitivity but lack
spatial resolution necessary for characterizing sub-micron structures.
Transmission electron microscopy offers high spatial resolution but requires
difficult sample preparations. Aperture-based near-field scanning optical
microscopy (1, 2) (NSOM) provides a means to measure and view structures as
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small as 20 nm in size, but most often gives only qualitative images. Here we
demonstrate a quantitative extension of NSOM that permits high sensitivity
measurements of local optical properties.

Simple static near-field polarimetry (NFP), where a specific polarization
state of light is used to excite the sample and another polarization state is
detected, has been discussed by many authors (3-6) in many different contexts,
including investigations of small metal structures (3, 6), magnetic films (3, 7, 8),
lipid films (9), J-aggregates (10), conjugated polymers (11-14) and liquid crystal
(LC) droplet structure, dynamics (15) and birefringence (15, 16). The
introduction of polarization modulation techniques to NSOM (4) increased both
the quality and the information content of polarimetric images. For example,
Ade et al. (17) used a modulating analyzer to improve on static polarimetry
measurements; by modulating the analyzer one can obtain both parallel- and
crossed-polarizer images simultaneously. Polarization modulation (PM) of the
excitation light was used in conjunction with NSOM by Higgins et al. to
measure the orientation of mesoscopic crystals (18), and by the group of H.
Heinzelmann to study magnetic materials and liquid crystals (19-21).
Correcting for tip diattenuation (22), Tan et al. (23) and Wei et al. (24) used the
same technique to study diattenuation of conjugated polymers. Other PM
schemes in NSOM can be found (25-30). Our scheme most closely resembles
that of J.W.P Hsu, whose group studied the local retardance of semiconductors
(31).

Here we describe our implementation and application of NFP to thin
polymer films. The analysis required for measurements of local retardance and
diattenuation, including the orientation of corresponding optical axes, is
discussed, and the importance of accurately accounting for the diattenuation and
residual birefringence of the near-field probe is stressed. Systems studied
include (1) ultrahigh molecular weight block copolymers (32-34) which
microphase separate (35) to form domains patterned on a =100 nm length scale
and (2) polymer crystallites grown in thin films of isotactic polystyrene.

Polarimetric near-field scanning optical microscope

Excellent reviews of NSOM have been written by Pohl (36), Betzig (37),
and more recently Dunn (38). A schematic of our NSOM polarimeter is shown
in Fig. 1 and described in more detail in Ref. (39). A polarizer prepares
linearly polarized light at 0°. The polarization generator consists of a Hinds
Instruments photoeleastic modulator (PEM) tuned to a nominal modulation
frequency @ =50 kHz, and a modulation axis oriented at -45° followed by a
quarter wave retarder (QWR) oriented with fast axis at -90°. A fiber coupler
and near-field fiber-probe are positioned before the sample, and a microscope
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Figure 1. Schematic illustration of the NSOM polarimeter. A linear polarizer
is followed by a PEM with modulation axis at -45 °and quarter wave retarder
(QWR) oriented with fast axis at -90 . A circular analyzer, A1, (QWR with
fast axis at 0 °and linear polarizer at -45 9 follows the sample for
birefringence measurements.. Fiber paddles are shown as loops. Inset
illustrates the NSOM aperture probe.

objective (numerical aperture 0.85) is inserted just after the sample to collect the
transmitted light. We use aluminum-coated pulled single-mode fiber probes (40)
with aperture sizes from 50 nm to 180 nm. The aperture is held 5 nm to 10 nm
from the sample using a shear-force feedback mechanism (41) that employs a
small piezo-electric tube to sense tip motion. The sample is scanned using a
piezo-driven flexure stage. To ensure a 1 MHz bandwidth (single pole), the
detector, a photomultiplier tube (PMT), is run at high gain and the current
amplifier at low gain (20 pA/V) and high bandwidth. A fast digital I/O board is
used to acquire optical data; topographic data is acquired using a scanning probe
microscope (SPM) control system (RHK SPM 1000 version 8).

At each pixel in an image, 8192 intensity data points (or more) spaced by
/4w = 2.5 ps are acquired. A phase-locked loop locks the sampling frequency
to a multiple of the resonant PEM frequency, so the 1® and 2@ components of a
fast Fourier transform (FFT) of the intensity can be easily recovered. That is,
the Fourier component representing the positive PEM frequency is
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commensurate with the 1024th point in our transform, and twice that frequency
is commensurate with the 2048th point. As we will see below, these intensity
modulations are the result of diattenuation or birefringence or both in the
sample. An FFT of the intensity vs. time signal then yields the amplitude of the
dc component and the amplitude and phase (or real and imaginary parts) of the
1w and 2@ components, which are recorded. The digital I/O board and the SPM
software are located on separate computers; hardware handshaking implemented
between the two computers permits simultaneous acquisition of all optical and
topographic data. Each point in the image takes 20 ms (for 8192 intensity
points) to 80 ms (for 32k intensity points) to acquire so a 128 by 128 image
takes a minimum of about 6 minutes to acquire; actual acquisition time
(including deadtime during the handshake) was between 20 mins. and 2 hours.

Probe diattenuation and retardance must be considered when implementing
polarization modulation in a near-field microscope. All near-field probes have
diattenuation arising from asymmetries in the probe aperture or tip coating. An
improperly coupled fiber will have additional diattenuation from reflections at
the cleaved end (31), although careful cleaving and coupling can eliminate this.
Fiber probes also have linear or circular retardance from strain birefringence or
geometrical considerations in the fiber tail. The linear retardance of a non-
diattenuating fiber can be nulled using a commercially available fiber
polarization controller, sometimes called “fiber paddles” (e.g. Thorlabs Inc.,
FPC030). However, in the presence of a diattenuating tip, we show below that
the fiber retardance cannot be nulled, only minimized; the residual birefringence
must be accounted for. Circular birefringence of the fiber contributes an overall
rotation of the incoming polarization, so absolute orientations cannot be
determined a priori. In this work, the diattenuating and fast axis orientations
are always measured relative to an unknown but fixed axis (31).

Polarization modulation polarimetry with Fourier analysis

In polarimetry, the change in polarization of light as it passes through a
sample is measured and used to ascertain the properties of a material. A typical
polarimeter places a sample between a polarization state generator and a
polarization state analyzer. The polarimetric properties of a homogeneous,
stationary material can be described by 8 parameters: a global phase change
(corresponding to the average index-of-refraction of a material), a global
absorption or transmission, two eigenpolarizations (polarizations for which light
propagates through the materials with no polarization state change) specified by
4 parameters (each has an angle and a ellipticity), and the relative phase change
and relative absorption (or relative transmittance) for eigenpolarized light (ratio
of the eigenvalues). We concentrate here on 5 parameters that may be described
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by (1) the overall absorption or transmittance, (2) the relative absorption
(dichroism) or transmittance (diattenuation) of the two eigenpolarizations, (3)
linear birefringence (or more generally, the linear retardance), and (4) the
orientations of the fast and (5) dichroic or diattenuating axes. The use of a
polarization modulation technique (42, 43), described next, permits us to
measure these 5 parameters in two passes over the sample (two different
analyzer configurations).

For a linear diattenuator with transmittances given by g and r (g>r), we
define diattenuation as:

D:%, (1)

where q is the transmittance of light polarized parallel to the diattenuating axis,
and r is the transmittance of light polarized perpendicular to this axis. Note,
light polarized along the diattenuating axis has the higher transmittance.
Likewise, for a linear retarder we define the retardance as a difference between
phase shifts along the ordinary and extraordinary axis of retarder;

0=2z-(n,—n)-t/ 1. (2)

Here A is the wavelength of light, t is the thickness of the sample, n, is the
ordinary index of refraction, and n”is the effective extraordinary index of the
film. For a uniaxial crystal with the symmetry axis tilted at angle « from the
propagation direction, n”is given by:

l/n’:\/cosza/no+sinza/ne, 3)

where N, is the extraordinary index (for light polarized along the symmetry
axis). For a non-crystalline polymer we have

@=2zr-An-t-f /1, 4)

where f is a factor characterizing the orientation of the chains; f = 1 for a
perfectly aligned chain and f = 0 for random orientation. The intrinsic
birefringence of the polymer, 4n, and the birefringence of the crystalline form
(no-ne) will generally be quite different.

Our instrument (described above, Fig. 1) is based on a polarization
modulation polarimetry scheme described in Refs. (42, 43). The combination of
linear polarizer, PEM and QWR results in light at the input to the fiber that is
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linearly polarized, with a polarization direction that is modulated at frequency
@21t Hz through an angle d given by the modulation amplitude of the PEM.
This light passes through the tip and sample to be collected by the PMT. A
circular analyzer, Al in Fig. 1 (QWR oriented with its fast axis at 0° followed
by a linear polarizer at -45°), may be inserted after the sample for measurements
of retardance. If a linear retardance is present, the light will have a circular
component whose amplitude changes with the input polarization direction.
Accordingly, the detected signal after A1 will have harmonics of @/2n Hz. To
measure the linear diattenuation, Al is removed and the intensity of the
transmitted light at the detector is measured directly. An overall transmitted
intensity that changes with incident linear polarization direction is an indicator
of sample diattenuation and the magnitude and direction of the diattenuation can
be extracted from the periodicity and amplitude of the signal. In general, the
signal at the detector can be written

I(t)=1,+1,sin(wt) + 1, cosQat) +... (5)

where |y, |1, and |, will be determined with and without A1 in place to determine
the 5 parameters of interest to us here: the overall transmission, the
diattenuation, the direction of the diattenuating axis, the linear retardance, and
the direction of the “fast” or low index axis.

The parameters |y, |;, and |, are extracted from the FFT [F(v)] of the
intensity signal at the PMT;

FO)=1, (6)
Im(F(0))=—1,/2 (7)
Re(F2w))=1,/2 (®)

With no sample and only the NSOM probe in place, we find the following
relationships between the amplitudes Iy, l;, and I, of Egs. (5)—(8) and the
retardance and diattenuation of the probe (39). With A1 removed:

t
Rl 2]

=1,/1,=2DJ,(d)[sin(2¢}) cos(2¢y —2¢3;) +cos(6,) cos(2¢)sin(2; —2¢9))] (9

Ry, =1,/1,=2D,J,(d)[cos(2¢}) cos(2p; —2¢; ) —cos(6),)sin(2p} )sin(2¢, —2¢5)]  (10)
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Here D, =(u-V)/(u+V) is the diattenuation of the NSOM probe or tip and q;; is

the alignment angle of the diattenuating axis; & is the retardance of the probe
and ¢, is the alignment of the fast axis. The amplitude of the PEM phase

modulation is given by d and the PEM frequency is w/2x Hz. The amplitude
d =2.405 1is chosen so that the zeroth order Bessel function J ,(@d)=0, which

gives J,(d)=0.519 and J,(d)=0.432. Notice that both terms are proportional
to D, with factors that depend on both the orientation of the fast and
diattenuating axes and the cosine of the probe retardance. As we demonstrate
below, if the diattenuation of the tip is not too large, the retardance of the probe
can be made small (but not zero), using the fiber-paddles and fiber-nulling
procedure described by McDaniel et al. (31). To this end, we expand these
equations for small 6§, (<0.1) so that cos(6,)=1. The error involved in this
approximation will be of order 6, which for our probes will always be less
than 0.01. In this case we can approximate Egs. (9) and (10) by :

t
Rla)

=2D,J,(d)sin(2¢}) (11)

r, =2D,J,(d)cos(2¢;), (12)
which we can use to determine the diattenuation of the tip.

For the case where Al is in, we can show that the intensity at the PMT has
Fourier components:

Juv

sin(6,) cos(2¢; )J (13)
u+v

B! =1/1,=R, +2J1(d)(2

Juv

sin(6,) sin(2¢, )J (14)
u+v

B, =1,/1,=R, —2J2(d)(2

Here, it is apparent that most of dependence on diattenuation can be accounted
for (without approximation) by a simple subtraction of the diattenuation
measurement from the retardance measurement. This pattern repeats itself when
measuring sample retardance in the presence of tip and sample diattenuation.
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If the tip diattenuation is small, we can apply a further approximation to
simplify the expressions above. For small diattenuation such that

\/W:l 1—Dt2:l 1—lDt2+... =1/2, (15)
u+v 2 2 2

we see that Egs. (13) and (14) can be written as:

B! =R!

lo lo

+2J,(d)sin(8,) cos(2¢}) (16)

B, =R!

re —2J,(d)sin(8,)sin(2e;) - 17
To minimize fiber probe birefringence and permit the use of the
approximation that gives Eqgs. (11) and (12), we adjust the fiber paddles shown

to zero B andB}  within the noise limit (“nulling”). If Dy=0, this would

lo
guarantee 6,=0. D, is never zero but for most tips it is below 0.1. Therefore
nulling gives R{ =-2J,(d)(sin(6,)cos(2¢})) and R;, = 2Jz(d)(sin(a)sin(2¢;)).
Using Egs. (11) and (12) and recalling that d =2.405, we find that that
‘sin(&t)‘ ~ D,. Egs. (11) and (12) can therefore be used after nulling if D;<0.1.

To measure the retardance and diattenuation of a sample, we assume: (1)
that samples are both diattenuating and birefringent, but that the retardance and
diattenuation are small — a reasonable expectation for thin polymer films and (2)
that D; < 0.1, so that & can be kept small as discussed above. In this case, the
full expression for the ratios of the Fourier components of the measured
intensity are, for Al removed (diattenuation measurement) (39):

RS, =2J,(d)[D, sin(2¢}) + D, sin(2¢)]; (18)

lo

RS, =2J,(d)[D, cos(20}) + D, cos(2¢3)]. (19)

Here D,is the sample diattenuation and (0; is the orientation of the

diattenuating axis. We use the same approximations as above for both tip and
sample diattenuation and retardance, which gives Eqgs. (18) and (19) correct to
second order in 6,,6,,D,, D, and their products. Similarly, the ratios of the

Fourier components for a retardance measurement (A1 in) are as follows:
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B, =R, + 2J1(d)[sin(0t)cos(2¢t§) + sin(ﬁs)cos(Z(pS)]; (20)

lo —

B,, =R;, —2J,(d )[sin(&t Ysin(2¢; ) +sin(d, )sin(2p; )]. (21)

20

Where 6, is the sample retardance and gos the orientation of the sample fast axis.

Egs. (18) and (19) (and the tip properties) are used to arrive at the sample
diattenuation. To determine the sample retardance, we first measure the

> and RS

lo 20

diattenuation of the sample and then subtract R directly from the result

of our retardance measurement, as suggested by Eqgs. (20) and (21). Note that
the tip diattenuation need not be explicitly accounted for in the retardance
measurement if this procedure is followed. A more complete discussion of this
analysis can be found in Ref. (39).

NFP of Photonic Block Copolymer Morphology

A study of block copolymer (BC) lamellar morphology by NFP (32) is
summarized here. Microphase separation in BCs, driven by the immiscibility of
the end-connected constituent polymer chains or blocks, produces a variety of
domain motifs (lamellae, double-gyroid, hexagonal-packed cylinders and BCC
spheres) with a related set of 1-, 2- and 3-dimensional band structures (44-46),
tunable through the BC composition (35, 47). A BC’s molecular mass (M,)
governs the microphase domain periodicity (L), typically limited to a range of
10 nm - 100 nm. However, recent synthetic efforts have produced ultra-high
molecular mass BCs with Ly of 150 nm - 300 nm, enabling M,-tailored photonic
band gaps in the visible (33, 48, 49). This morphological flexibility is
complimented by an extensive set of techniques geared to perfect/control the
order of BC structures and furnish them with added functionality (50). These
strategies can be harnessed to enhance the optical performance of BC materials
and devices based upon them. The optical activity of single microphase
domains and defect structures may dictate device function; the advance of
photonic BC systems requires a technique to characterize optical properties at
the mesoscale.

Polystyrene-b-polyisoprene (PS-b-PI) block copolymer (M,= 1.4x10°) used
here is nearly volume-symmetric in composition (PS/PI=480K/560K), and
exhibits the lamellar microdomain motif with Ly ~ 240 nm. Bulk specimens
were processed by roll casting, which helps order and align the domains (51).
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Thin (100 nm) sections were sliced from the bulk using cryo-ultramicrotomy
and deposited onto glass coverslips. Subsequent exposure to OsO4 vapor (2
hours) preferentially crosslinks the PI domains, making them less mechanically
compliant (more amenable to shear-force feedback), and enhancing the optical
contrast between PS and PI. Single lamellar domains and defects are resolved
in transmission (Fig. 2b). The PI domains (n = 1.52, stained) appear darker,
while PS domains (n = 1.59) appear lighter, as verified through the topography
image (Fig. 2d) and plot in Fig. 2, which demonstrate that darker domains are
also lower in height, due to PI contraction during OsO, crosslinking.

Fig. 2a maps the diattenuation of a BC specimen (analyzed using Eqs. 18
and 19) with simultaneously acquired topography and transmission
micrographs. The optical images (Fig. 2a-c), and in particular the diattenuation
image (Fig. 2a), provide excellent morphological detail. Comparison of the
diattenuation (Fig. 2a) and transmission (Fig. 2b) along the white line (Fig. 2,
right) show that the higher-transmitting PS domains appear most diattenuating
(3 % to 5 %), the absorbing PI domains appear less diattenuating (2 % to 4 %),
and that Dy is minimized near the domain interface. An explanation for this
pattern of Dy is suggested by the Bethe-Bowkamp model (BB) (52, 53), which
approximates the field at an NSOM aperture. In BB, the field pattern at the tip
is elongated along the polarization axis. This anisotropic field pattern centered
over an absorbing PI domain, transmits less/more when polarized
parallel/perpendicular to the domain, producing apparent diattenuation (39). For

the less absorbing PS domains, the opposite is true. Indeed, ¢; (Fig. 2¢)

alternates between domains with a difference = 90°. The diattenuation here is
therefore not intrinsic to the sample but an artifact of the tip/sample interaction.
Fig. 3 focuses on a symmetric tilt boundary where the lamella bend through
two “kinks” along an ‘“N”-shaped track. The diattenuation images (c,e) are used
(with probe data) to correct the birefringence images (d,f), via Egs. (20) and
(21). As in Fig. 2, the D image (Fig. 3c) illuminates the domain and interface
morphology across the defect. The retardance (6,) is mapped in Fig. 3d. The
standard uncertainty is + 10 mrad (39). Contrast here is governed by Eq. (4)
which relates 6, to the sample thickness (t), the intrinsic birefringence (4n), the
illumination wavelength (A4 =488 nm) and the degree of chain orientation (f)
(54). Inter-domain contrast is therefore based upon the difference in 4n
between PS (4An=0.195 for atactic PS) (54) and PI (4n=0.13) (55), and f,
which reflects the net average elongation of chains perpendicular to the
interface exhibited by ordered BC systems. Thus, PS domains appear lighter
(larger &), while PI domains appear darker, as verified by comparing Fig. 3d
with Fig. 3b. Contrast across the defect is dictated by f, and t. In principle 6, is
proportional to the local stress (through f), but variations in the through-plane
lamellar orientation, i.e. “projection effects” due to arbitrary sectioning of the
specimen, may also affect €. Indeed, as expected with projection effects, 6,
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often seems inversely related to the apparent L, observed in this image. In-
plane lamellar orientation is illuminated in Fig. 3f, which maps the relative ¢; .
Due to chain elongation, the low-n axis lies perpendicular to the domain
interface; ¢, reflects this. As the lamellae bend though the symmetric tilt

boundary, ¢, increases and decreases accordingly. Discontinuities in the

@, image are due to phase wrapping.

NFP of polymer crystallites

The characteristic spherulite crystallization pattern of bulk polymers has
been studied for many years, but other morphologies, especially those that occur
in otherwise amorphous thin films undergoing “cold” crystallization, present
measurement difficulties (56-62) and so have been less studied. Traditional
methods most often lack the spatial resolution and/or sensitivity required to
examine 1) chain conformations near the growth front, 2) amorphous layers
posited to exist between lamellae, and 3) the orientation of folded chains within
these crystallites. NFP is well suited to the study of thin films and can be used to
elucidate structure and the character of the strain field in these non-equilibrium
crystallization patterns.

Polymers crystallize by forming folded layers (lamellae). In isotactic
polystyrene (iPS), studied here and in Refs. (63, 64), these lamellae organize on
a larger scale into hexagonal crystals with 6-fold symmetry around the chain (c)
axis. Polystyrene is therefore a uniaxial crystal with a fast ¢ axis. In a
sufficiently thin film (thickness less than the radius of gyration of the polymer,
Ry), crystallites one lamellar thickness will form in a variety of hexagonally
symmetric and branching morphologies, generally with the ¢ axis perpendicular
to the substrate. At the top and bottom surfaces of each lamella, the polymer
chains loop back on themselves and a thin amorphous layer should be expected
and has been reported (65). A boundary depleted of polymer (depletion
boundary) forms around the growing crystallite as polymer from the less-dense
amorphous region is pulled into the crystallite (65). In thicker films spherulites
can form and the lamella stack and the chain axis can tilt or twist (66). An
amorphous layer above the folded lamellae and depletion region around the
growing crystal pattern should still be present.

Two separate morphologies, an early-growth spherulite and a dendritic,
“compact seaweed” morphology (67-69), are shown here in Figs. 4-6. Samples
were prepared as discussed in Refs. (63, 64). Film thickness was approximately
85 nm for the spherulites and 15 nm for the dendrites.

Fig. 4a shows shear-force images of typical crystallites with seaweed
morphology (67-69) taken with a sharp NSOM probe (40). The thickness of

chapter version FINAL.doc  Printed 4/6/2005 11



these films is less than the radius of gyration for the iPS (R, =22 nm), so the
crystallites are a single lamella thick. Fig. 4b shows an AFM image of a typical
spherulite. In both cases, depletion regions, with low topography, are seen
around the edges of the pattern and a thick nucleation site is visible in the
center.

NFP images of a seaweed pattern are shown in Fig. 5. The topography
image (Fig. 5b) is lower resolution that those of Fig. 1; good NSOM tips are flat
with a diameter of approximately 400 nm (40), giving poor topographic images.
Fig. 5a shows a birefringent structure in an otherwise amorphous (6= 0) film.
Birefringence is highest at the center of pattern (the nucleation site), around the
edges (in the depletion boundary, where 6 mrad < 8 < 10 mrad) and near the
growth tips. The noise floor (standard deviation) is 0.6 mrad for this image. The
fast axis orientation is shown with lines overlaid on the retardance and
topography images in Figs. 5c and d. The fast axis lines are drawn with length
proportional to €, and have been omitted where the 6<2.0 mrad. An overall
shift of 0.45 rad has been applied to the fast axis orientation to bring polymer in
the depletion region into radial alignment.

In this image the main source of birefringence is most likely strain in the
amorphous layers. In similar crystallites, Taguchi et al. have found that the c
axis is always within 6° of normal to the surface (70-72), which would result in
6 <1 mrad from Eq. 2 and 3 [for iPS, <n>=1.6 (54) and n,-n.= 0.28 (73, 74);
the intrinsic birefringence An =0.167 (54, 73, 75)]. A stressed amorphous layer
only 5 nm thick has maximum € = 10 mrad (for f=1, from Eq. 4); a 15 nm
thick strained amorphous film has maximum € =32 mrad. The stress in
amorphous regions or layers can account for most if not all of the retardance in
Fig. 5.

In Figure 6 we show NFP images of a spherulite. A second crystallite is
adjacent on the right side. If a —1.12 rad shift is applied globally to the fast axis
orientation data, we again see a depletion region consistent with radial strain.
The retardance in this region is 20 mrad < < 30 mrad. Here the uncertainty on
the retardance (one standard deviation) is 5 mrad. Healing of the fast axis
direction from radial to circumferential as we move in radially towards the
center of the spherulite is evident, except at 5 angles at which the radial
alignment persists to the center. For two other (isolated) spherulites, there were
6 such incursions (63). For amorphous iPS with f= 1, the maximum retardance
for an 84 nm thick film is 183 mrad (Eq. 4), roughly twice the measured
maximum. The retardance measured in Fig. 6 is greater than could possibly be
due to strain in a thin amorphous layer but less than is possible for iPS perfectly
aligned with c axis parallel to the substrate. It seems likely that & reflects a
combination of strain in the amorphous regions and tilt of the chain axis in the
crystalline form.
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Summary and Conclusions

In many respects, NFP is a natural extension of classical micro-polarimetry that
has been used with great success to understand stress and crystallization in
thicker polymer materials (66). We expect other innovations first pioneered
using far-field techniques might be adapted for near-field use and
correspondingly greater resolution. The adaptation of Fourier polarimetry,
using polarization modulation and a real-time FFT, already has several
advantages over static techniques or the use of lock-in amplifiers. First, it is a
more flexible system, permitting extension of the Fourier analysis to more
frequency components, and therefore more optical properties, without adding
electronics. Second, this setup permits the use of a single input channel to
collect all the polarimetric data. This concern is particularly relevant to the
integration of polarimetry with NSOM, where each input channel must be
synchronized with the position of a scanning stage and the number of input
channels is often limited. This design makes it possible to easily incorporate
more generalized polarimetry, such as that described in Refs. (76, 77) since an
arbitrary number of Fourier components can be monitored without need for
further input channels.

We have shown how NFP can be used to map out the linear diattentuation
and birefringence of thin polymer samples, and we have briefly discussed the
origins of these optical properties. Quantitative modeling that takes into
account both the physical properties of the films and artifacts due to tip-sample
interactions remain to be developed.
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Figure 2. Left: NFP data from a BC specimen. (a) diattenuation [0 % -5 %],
(b) transmission (normalized intensity) [0.6-1.0], (c) orientation of the
diattenuating axis orientation [0 2180 9, (d) topography [0 nm - 25 nm]. Right:
diattenuation (solid line) and transmitted intensity (dotted line) along the white
line shown in (a).

Figure 3. NFP images of BC sample showing a symmetric tilt boundary. (a)
topography [0 nm - 25 nm], (b) transmission [0.8 — 1.0], (c) diattenuation [0 %
- 9 %], (d) retardance [0 mrad — 122 mrad], (e) relative angle of diattenuating
axis [0 %180 9, (f) relative angle of fast axis [0 2180 9. Scan size is 3.0 zm by
3.6 um
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Figure 4. Topographic images of polymer crystallites studied here. Top:
dendritic crystallites with compact seaweed morphology, images acquired using
shear-force microscopy and an NSOM tip. Bottom: early-growth stage
spherulite. Image acquired using AFM.
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Figure 5 (Left). NFP images of compact seaweed morphology dendrite. (a)
retardance, (b) topography, (c) retardance with overlaid fast axis orientation
marks, (d) topography with overlaid fast axis orientation marks. Fast axis
alignment shown for 6> 2.0 mrad.
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Figure 6. NFP images of an early-growth spherulite. (a) retardance, (b)

topography, (c) retardance with overlaid fast axis orientation marks, (d)

topography with overlaid fast axis orientation marks. Fast axis alignment
shown for 6 > 20 mrad.
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