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Polarization modulation laser scanning microscopy: A powerful tool
to image molecular orientation and order
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To image the orientational order in a broad class of biological and manufactured materials, a new
microscope has been developed that integrates laser scanning microscopy with polarization
modulation polarimetry. Polarimetry allows quantitative characterization of the molecular
orientation and the degree of order through characterization of optical anisotropy. Combined with
laser scanning microscopy, it is used here to image the anisotropy with high spatial resolution,
sensitivity, and speed. The design of the microscope is presented; and the vast improvement in
sensitivity achieved using PM-LSM over conventional polarization microscopy is illustrated by
imaging the linear dichroism of ultrathin Langmuir-Blodgett polymer films. PM-LSM allows
imaging of the magnitude and orientation of linear dichroism in films as thin as three molecular
layers (~66 A) at high resolution by rastering a diffraction limited spot of laser light across the
sample. The rate of image acquisition is over 2000 pixels/s, two to three orders of magnitude faster
than the previous methods of imaging optical anisotropy.

I. INTRODUCTION

Images of the optical anisotropy of oriented materials are
measured to investigate a wide range of phenomena, includ-
ing the development of cell structure, the phase transitions of
liquid crystals, and the stress distribution in solids under
load."® Two types of optical anisotropy are observed: di-
chroism, the anisotropic attenuation, and birefringence, the
anisotropic retardation of polarized light. Conventional
methods of polarization imaging on a microscopic scale in-
volve using optical microscopy with the sample between
crossed polarizers, and provide only qualitative information.
Moreover, the use of a broadband light source blurs the im-
age. This blurring is worsened by the relatively poor extinc-
tion ratios of the film polarizers that are used. Even if a
monochromatic source and ideal polarizers are used, the
magnitude and orientation of birefringence or dichroism can-
not be determined from the measured intensity image alone.

To construct a microscope that can rapidly and quantita-
tively record birefringence and dichroism images, we com-
bine scanning optical microscopy and polarization-
modulation polarimetry. The availability of bright,
collimated laser sources has resulted in the development of
methods to scan a diffraction-limited spot over a microscopic
area in order to increase the acquisition speed and resolution
of images.®~® Concurrent developments in polarimetry,”'!
the measurement of the polarization state of light, have taken
advantage of laser sources in combination with high-
frequency polarization-modulating optics to greatly improve
the sensitivity and response time of measurements of the
magnitude and orientation of birefringence and dichroism in
a material.

The feasibility of polarization-modulation optical mi-
croscopy has been demonstrated by the construction of two
prototype microscopes!™>!? that use nearly collimated,
monochromatic UV light and incorporate the necessary
modulating optics and demodulating electronics. In one of

the prototypes, full-field illumination is used and a diode
array camera records the image. This design provides an im-
age acquisition rate of about 30 pixels/s. In the second pro-
totype, the sample is moved in a raster fashion with respect
to a diffraction limited spot of light. This technique provides
greater sensitivity and spatial resolution with about the same
acquisition speed. Both prototypes, however, require that the
image be acquired at two different orientations in order to
quantitatively determine both the magnitude and orientation
of the dichroism.

We have equipped a laser scanning microscope with po-
larization modulation of the incident beam and demodulation
of the detected intensity, which allows simultaneous acquisi-
tion of both the magnitude and orientation of the birefrin-
gence or dichroism. By using a bright, monochromatic, col-
limated source, the laser scanning system intrinsically
provides significantly greater sensitivity than previous tech-
niques. This enables much higher speed image acquisition
(over 2000 pixels/s) and makes it possible to follow transient
phenomena such as the physiological response of a cell or
the defect dynamics of condensed systems, among many oth-
ers. We present here a complete description of the instrument
and its operation. Images of ultrathin Langmuir—Blodgett
films are acquired using polarization modulation laser scan-
ning microscopy. Characterization of the molecular order, in
a nondestructive manner, in LB films is of great significance
due to their potential application in molecular electronic de-
vices and display devices. We show that PM-LSM can pro-
vide spatially resolved information on molecular alignment
in films as thin as three molecular layers.

Il. POLARIZATION MODULATION POLARIMETRY

Polarimetry® is the measurement of changes in polariza-
tion of light emanating from the sample to analyze the struc-
tural anisotropy of the system under study. The polarization
of light is affected by the material’s refractive index tensor
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FIG. 1. Polarimetric arrangement for determination of linear dichroism or
linear birefringence. The polarization state generator (PSG) consists of a
linear polarizer (P), photoelastic modulator (PEM) of frequency £, and a
quarter-wave plate (Q). The polarization state analyzer (PSA) is chosen as
described in the text. Signal analysis is performed by a signal demodulation
unit (SDU) consisting of two lock-in amplifiers, one at the fundamental f
(L11) and the other second harmonic 2f (LI2) of the modulation frequency,
a low-pass filter (LPF) and two ratio circuits.

(nj; + inj}) in two ways: it may be altered by anisotropic
attenuation (dichroism, An”) and/or by anisotropic retarda-
tion (birefringence, An’). [n structurally anisotropic materi-
als, the magnitude and orientation of these quantities can be
related to the orientational correlation that exists in the ma-
terial, in particular, the direction of the optical axis and the
degree of order. Thus it becomes possible to quantify the
orientation field in the sample by the pattern of birefringence
or dichroism that is observed.

High sensitivity in the measurement of the optical
anisotropies can be achieved by introducing a carrier fre-
quency at which the polarization state of the light beam is
modulated."®! As a result of polarization modulation, the
need for rotating the polarizers or the sample is obviated. A
rapid dynamic response is achieved, and the higher sensitiv-
ity makes it possible to measure birefringence or dichroism
in extremely thin samples.

The modulation scheme we use (Fig. 1) employs a pho-
toelastic modulator (PEM) that has a sinusoidal time-varying
phase retardation (& sin f#). This arrangement produces a
linearly polarized beam of constant intensity and an orienta-
tion that sweeps back and forth through a wide angle at a
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frequency f. As the polarization direction of the beam
sweeps back and forth, it probes the orientation dependence
of the properties of the sample. If the material is linearly
dichroic, then the attenuation of beam rises and falls as its
orientation sweeps back and forth. By analyzing the resulting
modulation in intensity, we may determine the absorption
anisotropy (v) and its orientation angle (y). In particular, if
we demodulate the intensity into its steady part (1., from
the low-pass filter, LPF) and its first and second harmonics
(I and I, from two lock-in amplifiers, LI1 and LI2)
(Fig. 1), the normalized harmonics can be used to determine
v and y using the following relations:!>

2J1(8p)sin(2y)sinh(»)

Rp=Il4c= cosh(v) ~J (&) cos(2x)sinh(v) ’ .
~ _ 2Jy(8)cos(2x)sinh(v)
Rop=Ifll 4= cosh(v) —Jo(8)cos(2x)sinh(v) * @

where Jy, J,, and J, are calibration constants determined
using samples of known optical anisotropy, and
v=2aAn"d/\ for an optical path length d, and wavelength
of light A.

For the case of a sample that is birefringent with little or
no dichroism, only the phase of the transmitted beam is an-
isotropically affected by the sample. That is, as the orienta-
tion of the incoming polarization swings back and forth, the
degree of ellipticity of polarization state of the emerging
beam rises and falls. This modulation of the ellipticity of the
polarization state may be translated into a measurable inten-
sity variation using a circular polarizer as the analyzer (PSA
in Fig. 1). In this case,

_ = 2J1(8g)cos(2 x)sin( ) @)
I 1=To(8p)sin(2 x)sin(u) °
 2J,5(8)sin(2x)sin( u)
HT1—Jo(8p)sin(2x)sin(p) ’

where u is proportional to the magnitude of birefringence
(u=27An'd/\), and y its orientation.’?

(4)

lil. POLARIZATION MODULATION LASER SCANNING
MICROSCOPY

Polarimetric techniques are typically used with a fixed
beam, providing information that is spatially averaged over
the illuminated spot.’*~'¢ To obtain a spatially resolved im-
age of the anisotropy, polarization-modulation polarimetry is
combined with scanning optical microscopy. In scanning op-
tical microscopy‘f‘”8 the object is not illuminated as a whole
but is illuminated point by point, and the transmitted (or
reflected or scattered) light is measured using photodetectors.
The image is built up pixel by pixel by scanning either the
sample or the incident beam. Scanning microscopy and po-
larimetry have been recently combined in differential polar-
ization imaging to probe the molecular organization in bio-
logical specimens.!">? Images are constructed from the
magnitude of linear and circular dichroism. The basic prin-
ciple behind these microscopes can be extended to provide
simultaneous determination of both the magnitude and the
orientation angle of dichroism and birefringence. And vast
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improvements in sensitivity and speed can be achieved by
using laser light and rastering the beam rather than the
sample.>!

To achieve these improvements, we have integrated a
polarization-modulation optical arrangement in a Zeiss laser
scanning microscope (LSM).”® As the laser beam rasters
across the sample, the two lock-in signals from each pixel

d hy th tond t nf th + Tha
are normalized 0y i€ siéagy CGmpGﬂef‘u O g H'u.eﬂSu.] 10ne

two ratios Ry and R, are calculated at each pixel. We
modify the electronics of the 1L.SM to record these two sig-
nals. Using this information, we create an image of the ori-
entation of the optical axis y and degree of ordering, propor-
tional to v or u, from Egs. (1) and (2) or (3) and (4), as
appropriate for the sample. The construction and operation of
this instrument are described in the next section.

In the Zeiss laser scanning microscope a polarized laser
beam is focussed to a diffraction-limited spot, which is ras-
tered across the image very rapidly using a servo-controlled,
feedback galvanometer system. A dual laser option provides
laser light at wavelengths of 514 and 488 nm for an Argon-
ion laser and at 543 nm for a green Helium—Neon laser.
Electronic zoom over a range of 1:8 combined with appro-
priate lenses permits a field of view ranging from 6000
X4000 pm to 19X14 um. The Zeiss LSM also allows the
simultaneous display of images constructed from two inde-
pendently acquired signals. This feature is extremely valu-
able in our scheme of PM-LSM as we record the two ratios
R and R, simultaneously.

Our modifications of the LSM have been designed to
facilitate changing between operation in the conventional
laser-scanning mode and the new polarization-modulation
laser-scanning mode. The modifications can be divided into
two major categories.

(1) Optical modifications: A special polarization modu-
lating unit has been fabricated that contains all three compo-
nents of the polarization state generator of our optical train
(PSG in Figs. 1 and 2). The analyzer components which
include a collecting lens and circular polarizer (for birefrin-
gence images), go beneath the sample stage in the micro-
scope (Fig. 2).

(2) Electronic modifications to record the normalized
lock-in amplifier signals Ry and R, that are needed to mea-
sure the magnitude and orientation of birefringence or di-
chroism. We have equipped the LSM with an external silicon
photodiode that intercepts the laser beam (Fig. 2). The signal
from the detector is demodulated by the lock-in amplifiers
(Fig. 1). The lock-in outputs are normalized by the mean
intensity (I,.) provided by a low-pass filter (Fig. 1) and then
fed to the signal processing unit of the LSM via a relay
switch (Fig. 2).

Here, we describe these optical and electronic modifica-
tions in more detail. The polarization modulating unit con-
sists of a linear film polarizer, a Hinds International photo-
elastic modulator (PEM) oriented at 45° with respect to the
polarizer and a quarter-wave retarder oriented at 90° with
respect to the polarizer (Fig. 1). A half-wave plate can be
used above the PSG module to rotate the polarization direc-
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FIG. 2. Modifications of the laser scanning microscope. The polarization
state generator (PSG), analyzer (PSA), and signal demodulation unit (SDU)
are as described in Fig. 1.

tion of the laser light and bring it parallel to the linear polar-
izer (P in Fig. 1). The frequency of the modulator is f=63
kHz and the amplitude (&) of its sinusoidal retardation set
such that

Jo(89)=0,
so that Egs. (1) and (2) simplify to
Ry=2J(8y)sin(2 x)tanh(v), (5)
R, p=2J,(8p)cos(2 x)tanh(v), 6)
and Egs. (3) and (4) simplify to
Ry=—2J,(8)cos(2)sin( ), )
Ryp=2J,(8p)sin(2x)sin(u). ®)

After passing through the appropriate analyzing optics as
described earlier, the laser light is intercepted by the exter-
nally provided Si photodiode (Universal Detector, 6pinDP)
where the light intensity is converted to an analog voltage
signal. The steady part of this signal, I,., is extracted using
a Stanford Research SR-640 low-pass filter (LPF in Fig. 1).
Synchronous demodulation is performed using two lock-ins:
a Stanford Research SRS850 digital lock-in amplifier (LI1 in
Fig. 1) and an Ithaco 3962A lock-in amplifier (LI2 in Fig. 1).
The scanning rate is limited by the requirement that the
dwell time per pixel be sufficiently large for the lock-ins to
isolate the two harmonics. This can be achieved by keeping
the dwell time per pixel about five times the time constant of
the low-pass filter circuit in the lock-in. Here, we are limited
by the minimum time constant of 100 us for Ithaco 3962A;
the SR 850 has a 10 us minimum time constant. The first and
second harmonics obtained from the two lock-ins are nor-
malized by I, using two ratiometer circuits and transmitted
to the microscope signal processor via the relay interface and
protection circuit. The relay switch toggles between the two
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regular internal LSM signals and the two external signals
(Fig. 2). Using the Zeiss LSMs unique capability to record
the two signals simultaneously, the dual grey-scale image is
saved in the LSMs internal format. Image analysis is subse-
quently performed on a Sun workstation (Sparc2).

Calibration is performed using a linear polarizer and the
images for J; and J, are recorded. Given these values of J,
and J,, the grey level values for each pixel in the image of a
sample are converted into the magnitude (v or u) and orien-
tation () values for that pixel. Using these, the whole image
is reconstructed, pixel by pixel, for both the magnitude and
orientation.

IV. RESULTS AND DISCUSSION

To demonstrate the capability of this new tool and illus-
trate the vast improvement in sensitivity and speed over pre-
vious instruments, we image the molecular orientation and
order in ultrathin Langmuir—Blodgett films of a “hairy-rod”
polymer [Fig. 3(a)]. These macromolecules consist of asym-
metrically alkoxy-substituted phthalocyanines linked to-
gether by a siloxane backbone [Tetra(methoxy)-
tetra(octyloxy)-phthalocyaninatopolysiloxane, ~ PcPs)].'71*
The phthalocyanine-based rodlike polymers are extremely
good candidates because the phthalocyanine molecule is a
dye that is highly optically anisotropic. PcPs absorbs
strongly under visible light and exhibits a maximum absorp-
tion anisotropy at wavelengths around 550 nm. Polymeric
arrangement of the phthalocyanine rings co-facially with si-
loxane linkages results in an absorption anisotropy with a
principal axis along the rod. Wegner and co-workers have
found'”?*?! that in deposited films of asymmetrically substi-
tuted phthalocyaninato-polysiloxane the rodlike molecules
lie on average in an orientationally ordered state.

Thin films of different thicknesses are deposited on a
microscope glass slide by dipping the slide to different
lengths [Fig. 3(b)]. Dichroism images are recorded at the
boundaries between the bands as shown by the small
squares. All images discussed in this section are acquired in
512X256 pixel frames and are recorded at a rate of 64 s per
frame. In comparison, the earlier prototype differential polar-
ization microscopes were limited to acquiring a single image
in a minimum time of 33 min, and consequently required
over an hour to obtain a map of both absorption anisotropy
and its orientation.

The dichroism field observed at the boundary between a
region covered with 31 molecular layers (~682 A) and a
region covered with 21 layers (~462 A) of PcPs is shown in
Fig. 4(a). The absorption anisotropy (») has been color coded
for enhanced viewing contrast from red to blue (as v in-
creases) as shown in the accompanying color scale. The di-
chroism fields at the 21/11 layer boundary, 11/5 boundary,
and 5/3 boundary are shown in Figs. 4(b), 4(e) and 4(f),
respectively. The absorption anisotropy shows a monotonic
decrease from 31 molecular layers to 3 layers as is evident
from the color shading from one dichroism image to the
other. The relative decrease in v across a boundary is much
larger when the decrease in the thickness across the bound-
ary is greater. This is seen clearly by the higher color contrast
that corresponds to a step of 10 layers (~220 A) in the the
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FIG. 3. (a) Preparation of a monomolecular layer on the air—water interface
and transfer to a solid substrate. Subsequent layers are built upon the first
layer by dipping of substrate through the interface, each dipping cycle de-
positing two. additional layers. (b) Schematic diagram of the transferred
layers of pthalocyaninato—polysiloxane (PcPs). The glass slide has bands
with 1, 3, 5, 11, 21, and 31 PcPs layers where each layer is approximately 22

in thickness. The square frames represent the approximate locations
where linear dichroism images were acquired.

dichroism images in Figs. 4(a) and 4(b), compared to a lower
contrast for a step of 6 layers [Fig. 4(e)] and one that is
nearly negligible for a step of two molecular layers [Fig.
4(f)]. The decrease in v in going from 31 layers to 3 layers
and the steep drop at each boundary is seen easily in the
graphs of the vertical line averages for each image, shown in
Figs. 4(c), 4(d), 4(g), and 4(h) for the dichroism images Figs.
4(a), 4(b), 4(e), and 4(f), respectively.

Multiple layers are built up on the foundation of a mono-
layer on the glass substrate by withdrawing and dipping the
slide up and down through the Langmuir monolayer, with
each cycle depositing two layers [see Fig. 3(a)]. Ideally, the

. boundary between the two regions would be sharp, if the

dipping process were carried out to precisely the same depth.
However, we see that while the edge is fairly sharp at the
31/21 layer boundary, there is a stair-step transition at the
21/11 and 11/5 boundaries [Figs. 4(b) and 4{e)], as also evi-
dent in the corresponding graphs of the line average [Figs.
4(c) and 4(g)]. This stair stepping is more pronounced in the
11/5 layer boundary than in the 21/11 layer boundary, and
from the relative heights of the two steps in Fig. 4(g) we can
surmise that the larger step corresponds to a decrease of 4
layers in thickness and that the next step to a decrease of 2
layers. Thus the narrow orange band, about 120 um wide, in
Fig. 4(e) corresponds to a region with 7 molecular layers.
Similarly, the narrow yellow band in Fig. 4(b) appears to be

Polarization modulation microscopy
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FIG. 4. Linear dichroism field at the boundaries between two regions cov-
ercd with different numbers of molecular layers [refer to Fig. 3(b)]. The
absorption anisotropy has been color coded from dark red to dark blue as the
magnitude increases (see color scale). Also shown are graphs for the vertical
line averages in cach image of the magnitude of dichroism as a function of
distance along the image. (a) and (c) represent the boundary between 31 and
21 layers, (b) and (d) represent the boundary at 21-11 layer interface, (e)
and (g) represent the boundary at 11-5 layer interface, (f) and (h) represent
the boundary between 5 and 3 layers (see text for discussion).

a region of 13 molecular layers about 60 um wide. The fact
that the microscope can image the boundary between a re-
gion with 5 molecular layers and 3 molecular layers, and
detect these bands shows that it can resolve differences in
anisotropic absorption that correspond to the contribution of
just two molecular layers and image the nonuniform build up
of the LB film. These images represent the first spatially
resolved measurements of optical amisotropy in such thin
Langmuir—Blodgett films.

Measurement of the angle of orientation of linear dichro-
ism at each pixel allows us to construct a similar image dis-
playing the orientational distribution in the sample. The ori-
entation image for the boundary between 31 and 21
molecular layers is shown in Fig. 5. The background color
represents the absorption anisotropy (color scale shown in
Fig. 4). In the foreground the orientation of the dichroism,
and hence the mean direction of the polymer backbone, is
shown by apolar vectors. The mean orientation angle lies
along the transfer direction, and the whole field exhibits
strong and uniform ordering. The orientation images corre-
sponding to the 21/11, 11/5, and 5/3 boundaries are very
similar. In comparison to earlier macroscopic measurements
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FIG. 5. The image shows the boundary between a region that is uniformly
covered with 31 molecular layers of the polymer (upper half) and a region
uniformly covered with 21 layers (lower half). The background shows the
absorption anisotropy in a color code from dark red to dark blue as the
magnitude increases. The color scale used here is shown in Fig. 4. The
foreground shows the orientation angle of the dichroism, which coincides
with the mean direction of alignment of the backbone of the hairy-rod poly-
mer. The orientation image is shown on a much coarser resolution to facili-
tate viewing. Each vector represents the average orientation in a 8X8 pixel
square, and each pixel is 1.5X1.5 um? (see text for discussion).

of the average orientation in LB films®™® of PcPs using
grazing-incidence reflection infrared (GIR-IR) spectra and
polarized UV-VIS spectra, our measurements reveal that the
molecular orientation is spatially uniform along the transfer
direction, even on a microscopic scale. This is consistent
with recent high resolution transmission electron micro-
graphs (TEM) of LB films of PcPs and
polyphthalocyaninato-germanoxane (PcPg), that reveal a
uniform mean orientation of the polymer backbone along the
transfer direction on length scales of over 500 nm.*""*
Rapid and sensitive characterization of molecular order
by polarization-modulation laser-scanning microscopy repre-
sents a significant step in realizing the potential of LB films.
Conventional methods to measure infrared or UV-VIS
dichroism#-1620.23 of such thin films require averaging over
a large area and long times. Moreover, for typical LB form-
ing compounds, observation at a molecular level under a
conventional TEM causes irreversible damage by the elec-
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tron irradiation. Even for the molecules that are hardy
enough to withstand the electron beam, imaging is performed
under minimum dose conditions to obtain the maximum
amount of structural information, and in time these films also
degrade. In a broad class of biological and manufactured
materials, TEM and AFM are impractical to image molecular
orientational order since they can destroy the very order that
is being imaged due to either irradiation or physical contact.
Examination by electron microscopy places special con-
straints on the sample preparation procedures (e.g., LB films
are either floated off glass substrates onto carbon-covered
copper grids* or are deposited on carbon-covered nickel
grids®). In contrast, PM-LSM not only images orientation
and order in extremely thin films in a nondestructive manner
on a time scale of seconds, it does so under natural condi-
tions, minimizing any possible artifacts.
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