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access in all buildings, and some de
partments may have 100 Mb/s of eth
ernet access, or even OC-3 (155 
Mb/s) of asynchronous transfer 
mode access. The backbone between 
each university and a GigaPoP is 
hundreds of Mb/s or more. 

Since 1997, Canada has operated 
the equivalent of Internet2, called 
CA*Net2. It consists of a backbone of 
dual OC-3 with 13 GigaPoPs. In the 
same year, 110 members of Internet2, 
including universities, industry lead
ers, and federal agencies formed the 
University Corporation for Advanced 
Internet Development (UCAID). It 
soon signed an agreement with the 
Canadian Network for the Advance
ment of Research, Industry, and Edu
cation, which manages CA*Net2, to 
jointly develop technologies and ap
plications for the next generation In
ternet (NGI). Parallel efforts in con
structing the NGI are being initiated 
around the world. This year UCAID 
has developed a plan—the Abilene 
project—to create another national 
high-speed network with a 2.4-9.6 
Gb/s backbone. This network will 
complement vBNS and be main
tained by a consortium of companies. 

Reference 
1. Much of the information in this article 

is based on documents obtained from 
www.internet2.edu and www.uwm. 
edu/i2. For the latest development on 
Internet2, go to www.internet2.edu. 
Reviews of the Internet's history and 
advanced network features can be 
found in computer magazines such as 
Byte (July 1995, Jan. 1998, and Feb. 
1998). 

Chiu Tai Law is an assistant professor at the Universi
ty of Wisconsin, Milwaukee, WI; lawc@ee.uwm.edu. 
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Polarization 
Microscopy 

BY MASUD MANSURIPUR 

The state of polarization of a given 
beam of light is modified upon 

reflection from (or 
transmission through) 
an object. The result
ing change of the po
larization state con
veys information 
about the structure 
and certain physical 
properties of the illu
minated region. Po
larization microscopy 
is a variant of conven
tional optical mi
croscopy that enables 
one to monitor these 
changes over a small 
area of a specimen. 
Such observations 
then allow the user to 
identify and analyze 
the specimen's struc
tural and other physi
cal features.1,2 

Traditionally, ob
servations with a po
larization microscope 
have been categorized 
under "orthoscopic" 
and "conoscopic." Or
thoscopic observations 
involve direct imaging 
of the sample, thus al
lowing one to view the indentations, 
striations, variations of optical activi
ty and birefringence, etc., over the 
sample's surface. Conoscopic obser
vations involve illuminating a crys
talline surface with a cone of light, 
then imaging the exit pupil of the ob
jective lens. This mode of observa
tion is used in characterizing the 
crystal's ellipsoid of birefringence 
and identifying its optical axes. 

The microscope 
Figure 1 is a simplified diagram of a 
polarization microscope. The source 
is typically an extended white light 
source, such as a halogen lamp or 
arc lamp. The collected and colli
mated beam from the source is lin
early polarized after passage through 
a polarizer. In metallurgical micro
scopes, such as the one shown here, 
the objective lens is used both for il
luminating the sample and collect
ing the reflected light. Typically the 

source is imaged onto the entrance 
pupil of the objective lens, which 
provides for maximum light collec
tion efficiency while producing a 
highly defocused image of the 
source at the sample.1,3 Any non-
uniformities of the source are there
by averaged to yield a more uniform 
light intensity distribution at the 
sample's surface. 

Although the source is spatially 
incoherent, the projected beam at the 
sample's surface is, in general, par
tially coherent. As for the degree of 
temporal coherence of the light 
source, it does not play a role in po
larization microscopy and is there
fore ignored throughout this article. 
All one needs to assume is that the 
light source is quasi-monochromatic, 
with a bandwidth that is sufficiently 
narrow to allow one to restrict atten
tion to a single wavelength. The 
bandwidth must be wide enough, 
however, to render the source spatial-

Figure 1. Diagram of a conventional polarization microscope. The 
spatially incoherent light source is linearly polarized and imaged 
onto the entrance pupil of the objective lens. The reflected light 
returns through the objective and, after passage through the 
analyzer, arrives at the image plane. The analyzer is in a rotatable 
mount, and its transmission axis is adjusted to yield maximum 
image contrast. If the analyzer is replaced with a Wollaston prism, 
two images will appear, side by side, on the camera's CCD plate. 
The computer downloads both images simultaneously and sub
tracts one from the other in order to produce a differential image. 
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ly incoherent. (An extended but 
purely monochromatic source is, of 
necessity, spatially coherent because 
the radiated fields from any two loca
tions on the source maintain their 
relative phase at all times.) 

Throughout this article, a quasi-
monochromatic source of wave
length λ 0, consisting of a fixed num
ber of independent and mutually 
incoherent point sources arranged 
on a tightly packed square lattice is 
assumed. The contribution of each 
such point source to the final image 
is computed independently of all the 
other point sources. The sum of the 
intensity distributions thus pro
duced at the image plane by the in
dividual point sources constitutes 
the image of the object. This 
method of computing the image 
takes full account of the partial spa
tial coherence of the illuminating 
beam without ever having to intro
duce the corresponding correlation 
functions explicitly. 

The light reflected from the sam
ple is collected by the microscope's 
objective lens, then passed through 
another linear polarizer (usually re
ferred to as analyzer), and finally 
brought to focus at the image plane. 
This image plane coincides with the 
front focal plane of the eyepiece (not 
shown), as well as the plane of the 
detectors within a TV camera. Mod
ern optical microscopes are usually 
equipped with a CCD camera, 
which picks up the image and dis
plays it on a computer monitor. The 
possibility of digital image process
ing afforded by this electronic ac
quisition enables new methods of 
microscopy, such as the differential 
method to be described shortly. 

The analyzer is rotated about the 
optical axis until its transmission 
axis is crossed (or nearly crossed) 
with that of the polarizer. The image 
contrast is primarily determined by 
the action of the object on the state 
of polarization of the incident beam. 
In regions where the sample does 
not affect the polarization, the re
flected light is blocked by the ana
lyzer, making the corresponding re
gions of the image dark. However, in 

those regions that rotate the polar
ization vector, a fraction of the light 
goes through the analyzer, with the 
transmitted optical power being 
proportional to both the degree of 
rotation of polarization and the ac
tual reflectivity of the sample at the 
given spot. The resulting image thus 
provides a map and a measure of the 
ability of the sample to rotate the di
rection of incident polarization at its 
various locations. This has been the 
basis of orthoscopic polarization 
microscopy for many years. The 
conoscopic approach, which in
volves the imaging of the exit pupil 
of the objective lens, is discussed 
toward the end of this article. 

The four-comers problem 
A limitation of polarization mi
croscopy is rooted in the fact that the 
beam's state of polarization is affect
ed by ordinary reflections and refrac
tions at the various surfaces through
out the optical path.1 , 4 , 5 This usually 
results in polarization rotation 
and/or ellipticity in the four-corners 
area of the objective's exit pupil (see 
Fig. 2). The four-corners problem al
lows transmission of spurious light 
through the analyzer, thereby reduc
ing the contrast of the image. When 
the problem is caused by reflections 
and refractions at the various sur
faces of the objective (or condenser) 
lens, using a specialty objective that 
incorporates a half-wave plate in the 
midst of its optical train is a viable 
solution.1,6 The half-wave plate ro
tates the polarization direction by 
90°, allowing the four-corner rota
tions before and after the plate to 
cancel each other out. This solution 
was offered by objective lens manu
facturers in the early days, before the 
advent of powerful antireflection 
coatings. Nowadays the various sur
faces of the objective and the con
denser are antireflection-coated, and 
the four-corners problem caused by 
these surfaces is negligible. 

The problem still remains, how
ever, that Fresnel's reflection coeffi
cients at the sample's surface differ 
for p- and s-polarized rays, causing a 
polarization rotation problem that 

is aggravated with the increasing an
gle of incidence. Moreover, if the 
sample is observed through a bire
fringent substrate, the resulting po
larization variations over the beam's 
cross-section give rise to spurious 
light transmission through the ana
lyzer which, once again, reduces the 
image contrast.5 These problems can 
no longer be solved by the incorpo
ration of a half-wave plate within the 
objective lens, because they are 
sample-dependent. The differential 
method of microscopy described 
below solves the four-corners prob
lem by splitting the spurious light 
between two images of the sample, 
then eliminating it by subtracting 
one image from the other. 

Differential method 
A simple modification of the con
ventional microscope of Figure 1 in
volves replacing the analyzer with a 
Wollaston prism.7 The Wollaston 
splits the image of the sample into 
two and transmits both images, side 
by side, to the camera. With the 
transmission axes of the Wollaston 

Figure 2. Various distributions of the reflected light at the 
exit pupil of the objective, when a single, monochromatic 
point source is used to illuminate the sample. The intensity 
plots in (a) and (b) correspond respectively to the compo
nents of polarization parallel and perpendicular to the polariz
er's transmission axis. The polarization rotation angle p is 
depicted in (c) and the polarization ellipticity η is shown in 
(d). The gray-scale of the latter plots depicts positive values 
of p and η as bright and negative values as dark. 
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fixed at 45° relative 
to the polarizer's 
axis, the unrotated 
light is split equally 
between the two im
ages. When there is 
polarization rotation, 
however, one image 
receives more light 
than the other, with 
the sense of rotation 
of the polarization 
determining the 
image that gets the 
larger share. The two 
images are then sub
tracted from each 
other (within the 
computer) to pro
duce a single differ
ential image of the 
sample. The differ
ential image is supe
rior in many respects 
to the conventional 
image, as will be 
seen in the exam
ples that follow. The 
main advantage of 
differential polar
ization microscopy 
is that it does not 
suffer from the four-
corners problem. 
Another advantage 
is that a map of re
flectivity variations 
across the sample 
can be readily con
structed by adding 
the two images to
gether; normalizing 
the differential im
age by the sum im
age then provides a 
pure map of polar
ization rotation at 
the sample. 

The sample 
In general, the polarization image of 
a sample is mixed with its other im
ages, say, those produced by reflec
tivity variations or optical phase 
variations across the sample. To 
avoid such complications, we con
sider a smooth sample having uni

form amplitude and phase reflectiv
ity everywhere, but one that rotates 
the polarization of the incident 
beam through its optical activity. A 
perpendicularly magnetized thin 
film sample provides a good exam
ple in this case. By changing the di
rection of magnetization (from up 
to down) in different locations, one 
can create a pattern of magnetic do
mains (see Fig. 3). Here the smallest 
domain (shown at the center) is one 
wavelength in diameter. The black 
and white regions are magnetized in 
opposite directions, and rotate the 
incident (linear) polarization by 
+0.5° and -0.5°, respectively. 

The material of the sample used 
in the following examples is as
sumed to have a complex index of 
refraction (n, k) = (3.35, 4.03), 
which gives it a reflectivity of 62% 
at normal incidence. At oblique in
cidence, the Fresnel reflection coef
ficients for p- and s-polarized light 
differ from each other, thus induc
ing some rotation and ellipticity 
into the reflected polarization 
state. For instance, at a 53° angle of 
incidence, the linear polarization 
of a ray originally directed at 45° 
with respect to the p-
direction, rotates by 7.4° 
and acquires 8.7° of ellip
ticity. This change of the 
polarization state upon 
reflection is caused solely 
by the Fresnel coefficients 
of the sample, indepen
dent of its optical activity. 

Low-resolution imaging 
Figure 4 shows computed 
images, both convention
al and differential, of the 
magnetic marks of Figure 
3 obtained with a 50x, 
0.4 NA objective.8 In 
these calculations the 
source was defocused by 
35 λ 0 below the object 
plane, and the images 
from a total of 361 point 
sources were superim
posed to simulate the 
(spatially incoherent) 
light source. For the con

ventional image shown in Figure 4a 
the analyzer axis was set 0.5° away 
from the cross position: this is nearly 
the optimum setting for achieving 
maximum contrast in this case. (The 
contrast may be reversed by rotating 
the analyzer to the opposite side of 
the cross position.) The resolution of 
these images is not great, as evi
denced by the disappearance of the 
small mark in the center. The con
trast, however, is quite good, and 
there is little difference between con
ventional and differential methods 
of imaging. The reason is that at 0.4 
NA the half-angle of the focused 
cone of light is only 23.6°, which is 
not large enough to cause a signifi
cant four-corners problem. 

High-resolution imaging 
Obtaining images with high resolu
tion requires a high-NA objective 
lens. Figure 5 shows both conven
tional (a and b) and differential 
(c and d) images of the sample of 
Figure 3 obtained with a 50x, 0.8 NA 
objective.8 The images on the left 
show dark domains on a bright back
ground, while the reverse-contrast 
counterpart of each image is shown 

Figure 3. Pattern of magnet ic 
domains on a perpendicularly 
magnetized sample . The magnetic 
material rotates the polarization of a 
linearly polarized beam at normal 
incidence by ± 0.5°. The domains are 
c h o s e n to represent a wide range of 
sizes and shapes . The smal lest 
domain appearing in the center is 
one wavelength (λ0) in diameter. 

Figure 4. Images of the sample of 
Figure 3 in a polarization m i c r o s c o p e 
having a 50x, 0 .4 NA object ive lens. 
(a) Convent ional image obta ined 
with the analyzer set 0.5° away from 
ext inct ion. (b) Differential image 
obtained with the Wol las ton pr ism. 

Figure 5. Images of the s a m p l e of F igure 3 in a polarization 
m i c r o s c o p e hav ing a 5 0 x , 0 .8 NA object ive lens . (a) C o n v e n 
t ional image obta ined with the analyzer set +1.5° away from 
ex t inc t ion . (b) S a m e as (a) but the analyzer is set -1.5° from 
ext inc t ion to reverse the con t ras t . (c) Differential i m a g e . (d) 
S a m e a s (c) but with the order of subt rac t ion reversed . 
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to its right. In these calculations the 
source was defocused by 10 λ 0 below 
the object plane, and the images 
from a total of 361 point sources 
were superimposed to simulate the 
(spatially incoherent) light source. 

Inspection of Figure 5 reveals 
that resolution has improved over 
that of Figure 4. The contrast, how
ever, is quite poor for the conven
tional images in Figures 5a and b, 
even though the analyzer has been 
set optimally at 1.5° from the 
crossed position. This poor contrast 
is a manifestation of the four-
corners problem. In comparison, the 
differential images of Figures 5c and 
5d show excellent contrast, which is 
not surprising considering that the 
four-corners contributions to indi
vidual images (before subtraction) 
have been identical and are therefore 
removed upon subtraction. 

To gain a better appreciation for 
the four-corners problem, consider 
the intensity distribution at the 
plane of the sample, corresponding 
to a single point source defocused by 
10 λ0 (see Fig. 6). Although the inci
dent beam entering the objective lens 
is linearly polarized along the X-axis, 
the defocused spot, in consequence 
of the bending of the rays by the lens, 
contains all three components of po
larization along X-, Y-, and Z-axes. 
The peak intensities of the three 
components in Figure 6 are in the ra
tio of Iχ : Iy : Iz = 1 : 0.007 : 0.185. 
Upon reflection from the sample the 
distributions remain qualitatively the 
same, but the peak-intensity ratios 
change to 1 : 0.017 : 0.142. Thus the 
relative content of the Y-component 
increases upon reflection while that 
of the Z-component decreases. When 
this distribution returns to the objec
tive lens, it gives rise to patterns of 
intensity and polarization similar to 
those shown in Figure 2. At the exit 
pupil the values of the polarization 
rotation angle ρ range from -7.0° to 
+8.1°, while polarization ellipticity η 
ranges from -8.8° to +8.6°. The slight 
asymmetry between positive and 
negative values is caused by the pres
ence of magnetization in the sample. 
In the absence of magneto-optical 

activity, ρ and η vary be
tween ±7.4° and +8.7°, re
spectively. 

Substrate birefringence 
Sometimes it is necessary to 
observe a sample through an 
intervening medium, such as 
a coating layer or a substrate. 
If this medium happens to 
be birefringent, it creates a 
four-corners problem of its 
own.5 As a typical example, 
assume the sample of Figure 
3 is coated with a 500-nm-
thick birefringent layer 
whose principal refractive 
indices along the coordinate 
axes are (nx, ny, nz) = (1.5, 
1.6, 1.7). For this sample, 
conventional microscopy 
yields the image shown in 
Figure 7a, while differential 
microscopy produces the 
normal and reverse-contrast 
images of Figures 7b and c.8 

Clearly, in the presence of 
birefringence, differential 
polarization microscopy is 
far superior to the conven
tional method. For this sam
ple, the reflected polariza
tion pattern at the exit pupil 
for a single illuminating 
point source (see Fig. 2) ex
hibits ρ values ranging from 
-20.4° to +22.0°, and η val
ues ranging from -23.3° to 
+23.0°. In the absence of 
magnetic activity ρ and η 
would vary between ±21.3° 
and ±23.2°, respectively. 

Conoscopic observations 
The system depicted in Figure 8 
captures the essence of conoscopic 
polarization microscopy. Here a co
herent, monochromatic beam of 
light is linearly polarized and sent 
through an objective lens to be fo
cused on a birefringent crystal. The 
reflected light is re-collimated by the 
objective, and observed after going 
through a crossed analyzer. For the 
specific example described below, 
the objective's NA = 0.375 and focal 
length f = 20000 λ 0 . The sample is in 

Figure 6. Distr ibution of incident 
intensity at the plane of the sample 
cor respond ing to a s ingle point 
s o u r c e d e f o c u s e d by 1 0 λ0 through a 
0 .8 NA object ive . T h e incident b e a m 
enter ing the lens is linearly polarized 
a long the X-ax is . Top to b o t t o m : 
intensity distr ibut ions cor respond ing 
to polarization c o m p o n e n t s along X-, 
Y-, and Z - a x e s . 

Figure 7. Images of the s a m p l e of 
Figure 3, coated with a birefringent 
layer and p l a c e d in a m i c r o s c o p e 
having a 5 0 x , 0 .8 NA object ive. (a) 
Convent iona l image obta ined with 
the analyzer set optimally at 5 ° 
away from ex t inc t ion . (b) Differen
tial i m a g e . (c) S a m e a s (b) but with 
the order of subt rac t ion reversed . 

Figure 8. A simpl i f ied c o n o s c o p i c m i c r o s c o p e . Double 
p a s s a g e of the f o c u s e d b e a m through the birefringent 
c rys ta l causes varying d e g r e e s of polar izat ion rotat ion over 
the b e a m ' s c r o s s - s e c t i o n . T h e c r o s s e d analyzer c o n v e r t s 
t h e s e rotat ions into an intensity pat tern. 
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the XY-plane, with the Z-axis per
pendicular to its surface. The crystal 
slab's thickness is 430 λ 0 , its princi
pal refractive indices are (nχ, ny, nz) 
= (1.686, 1.682, 1.531), and its ellip
soid of birefringence is rotated 
around the Z-axis by 13°. 

The computed intensity distribu
tion at the observation plane of Fig
ure 8 is shown in Figure 9a, and the 
corresponding logarithmic plot ap

pears in Figure 9b. Within the fo
cused cone there are two rays that 
propagate along the two optical axes 
of the crystal; these rays return with
out any change in their state of po
larization, and are therefore blocked 
by the analyzer. There are also 
groups of rays whose polarization 
vectors undergo rotation by integer-
multiples of 180° in double passage 
through the slab. These rays are also 
blocked by the analyzer, giving rise 
to the various dark regions in the in
tensity patterns of Figure 9. A sys
tematic analysis of the exit pupil dis
tribution can, therefore, provide 
detailed information about the sam
ple's ellipsoid of birefringence. 
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Figure 9. (a) Intensity and (b) logarithmic intensity distributions 
at the observation plane in the system of Figure 8 corresponding 
to a biaxially birefringent crystal. 
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The objectives used in deep UV 
photolithography to image inte

grated circuit patterns onto silicon 

wafers are among the most sophisti
cated imaging systems ever devel
oped. These systems are typically 
diffraction limited at an NA of 0.5 or 
more over a fairly large image area, 
with essentially zero distortion. In 
addition, there is normally a require
ment that they be telecentric in both 
object and image spaces so that any 
small amount of defocus caused by 
curvature of the object or image 
planes will not result in the intro
duction of distortion. It is important 
to keep distortion to an absolute 
minimum because these objectives 
are used as part of a stepper system 
in which a wafer is exposed in nu
merous discrete steps. Any distortion 
in the objective will result in a slight 
mismatch of the tiny circuit features 

in adjacent exposures. Thus, it is 
necessary to keep the image displace
ment due to distortion below a small 
fraction of the smallest feature size. 

This month's design (see Fig. 1), 
is a photolithographic projection 
lens intended for use at the 248-nm 
wavelength. All of the elements are 
fused silica, and, as can be seen in 

Figure 1. 0.56 NA photolithographic objective for 248 nm. 

Figure 2. Transverse ray aberrations in millimeters 
for image heights of 0.0, 8.2, and 11.7 mm. 
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