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G eorge Nomarski invented the 
method of differential interfer

ence contrast for microscopic obser
vation of phase objects in 1953.1 - 3 

The features on a phase object typi
cally modulate the phase of an inci
dent beam without significantly af
fecting the beam's amplitude. 
Examples include unstained biologi
cal samples having differing refrac
tive indices from their surround
ings, and reflective (as well as 
transmissive) surfaces containing 
digs, scratches, bumps, pits, or other 
surface relief features that are 
smooth enough to specularly reflect 
the incident rays of light. A conven
tional microscope image of a phase 
object is usually faint, showing at 
best the effects of diffraction near 
the corners and sharp edges, but re
vealing little information about the 
detailed structure of the sample.4 

Nomarski's method creates two 
slightly shifted, overlapping images 
of the same surface. The two images, 
being temporally coherent with re
spect to one another, optically inter
fere, producing contrast variations 
that contain useful information 
about the phase gradients across the 
sample's surface. In particular, a fea
ture that has a slope in the direction 
of the imposed shear appears with a 
specific level of brightness, distinct 
from other, differently sloped re
gions of the same sample.4 - 6 

The Nomarski microscope uses a 
Wollaston prism in the illumination 
path to produce two orthogonally 
polarized, slightly shifted bright 
spots at the sample's surface. Upon 
reflection from (or transmission 
through) the sample, the two beams 
are collected by the objective lens, 
then sent through the same (or, in 
the case of a transmission micro
scope, a similar) Wollaston prism, 
which recombines the two beams by 
sliding them back over each other. 
The two beams subsequently arrive 
coincidentally in the image plane of 
the microscope, but the two images 
of the sample, which they carry, will 
be relatively displaced. A linear ana
lyzer, placed after the Wollaston 
prism in the reflected (transmitted) 
path, brings the polarization vectors 
of the two images into alignment, 
enabling the two to interfere with 
each other. A sheared interferogram 
of the sample's surface is thus 
formed at the image plane of the 
microscope. 

Wollaston prism 
Because Nomarski's method of mi
croscopy is fundamentally depen
dent on the action of the Wollaston 
prism, a brief description of this po
larizing beam-splitter is in order. 
The Wollaston prism, depicted in 
Figure 1, consists of two cemented 
wedges from the same uniaxial bire
fringent crystal (e.g., quartz or cal
cite). The individual wedges are pre
cisely cut and polished, then aligned 
with their optic axes orthogonal to 
each other.4 In Figure 1 the optic 
axis of the upper wedge is horizontal 
within the plane of the page, while 
that of the lower wedge is perpen
dicular to the plane. The crystal's 
ordinary and extraordinary refrac
tive indices, no and ne, interact with 
the E-field components perpendicu
lar and parallel to the optic axis, re
spectively. 

The incident beam, in general, 
has both the s- and p-components 

Figure 1. The Wollaston prism consists of two cemented 
wedges of the same uniaxial birefringent crystal, aligned with 
their optic axes in different directions. The incident beam with 
its p and s components of polarization is split at the interface 
between the wedges. Emerging from the Wollaston are two 
orthogonally polarized beams that propagate in different direc
tions. 

Figure 2. A bundle of rays entering a Wollaston prism is split 
into p- and s-polarized beams. The beams go through a micro
scope objective and illuminate the sample in two small, slightly 
displaced patches that cover the objective's field of view. Upon 
reflection from the sample, the beams return through the objec
tive and come together as they exit the Wollaston prism. The 
bias phase φ B between the two beams may be adjusted by 
sliding the Wollaston in a horizontal direction. 
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of polarization. In going through 
the upper half of the Wollaston the 
p-light interacts with ne and the s-
light with n o, but the propagation 
direction remains the same for both 
p- and s-beams. In the lower half 
the roles of no and ne are exchanged, 
resulting in the p-light being de
flected to one side and the s-light to 
the other (one beam enters a denser, 
the other a rarer medium). The an
gular separation of the beams is fur
ther enhanced by Snell's law when 
they exit the prism. Emerging from 
the Wollaston, therefore, are two 
beams, propagating in different di
rections and having mutually or
thogonal directions of polarization. 

Figure 2 shows a thin bundle of 
rays arriving at a Wollaston prism 
and splitting into two orthogonally 
polarized beams. The p- and s-
beams go through a microscope ob
jective and illuminate the sample in 
two small, slightly displaced patches 
that cover the objective's field of 
view. Upon reflection from the sam
ple the beams return through the 
objective and, once again, come to
gether as they emerge from the Wol
laston. Note that, in travelling 
through this system, the optical path 
lengths of the p- and s-beams will be 
the same only if the Wollaston is 
centered on the Z-axis. In particular, 
if the Wollaston is translated along 
the X-axis, one beam sees a longer 
optical path than the other. The rel
ative phase of the p- and s-beams, 
referred to as the bias phase φ B , can 
therefore be adjusted by sliding the 
Wollaston along the X-axis. Note 
that, for a given lateral position of 
the Wollaston, the bias phase φ B is 
constant for all the ray bundles that 
go through the system, independent 
of their initial distance from the Z-
axis. 

Assuming α = 0.84° for the wedge 
angles, and n 0 = 1.54467, ne = 1.55379 
for the ordinary and extraordinary re
fractive indices of the crystal 
(quartz), the angular separation of 

the two beams emerging from the 
Wollaston (in the forward path) will 
be 0.0153°. For an objective lens 
having f = 3750λ, where λ is the 
wavelength of the quasi-monochro
matic light source, this angular sep
aration results in one λ of displace
ment between the two spots that 
illuminate the sample. Moreover, for 
every 100λ lateral shift of the Wol
laston, there occurs a bias phase φ B 

= 19.26° between the p- and s-
beams in double pass through the 
system. So, for example, if the lateral 
shift is 1870λ, one beam will be re
tarded by a full 2π relative to the 
other. 

Differential interference contrast 
microscope 
Figure 3 is a diagram of an epi-illu
mination Nomarski differential in
terference contrast microscope. For 
the computer simulations reported 
in this article, the spatially incoher
ent light source is assumed to be 
quasi-monochromatic (wavelength 
= λ) , consisting of 529 point sources 
arranged in a square array. These 
point sources are projected onto the 

mid-plane of the Wollaston prism, 
which sits at the entrance pupil of 
the objective lens. The entrance 
pupil being at the back focal plane 
of the objective, this yields a uni
form illumination at the sample's 
surface (Kohler illumination). The 
illumination would have been called 
"critical" had the source been im
aged directly onto the sample. In 
practice, Kohler illumination is pre
ferred over critical illumination be
cause of its superior uniformity, but 
coherence-related properties of the 
system (such as resolution) are not 
affected by this choice of illumina
tion. In this article, for reasons hav
ing to do with nuances of the com
puter simulation, we have chosen to 
illuminate the sample with a some
what defocused image of the source. 

The polarizer renders the illumi
nating beam linearly polarized, and 
the Wollaston prism, whose axes are 
at 45° relative to the transmission 
axis of the polarizer, creates two or
thogonally polarized, slightly dis
placed patches of light at the sample. 
The light reflected from the sample 
returns through the objective and 

Figure 3. Schematic of 
an epi-illumination No
marski microscope. The 
spatially incoherent light 
source is quasi-mono
chromatic (wavelength = 
λ) , the polarizer renders 
the illuminating beam 
linearly polarized, and the 
Wollaston prism, with 
axes at 45° to the direc
tion of incident polariza
tion, creates two slightly 
displaced, orthogonally 
polarized patches of light 
at the sample. The light 
reflected from the sample 
returns through the 
objective and the Wollas
ton, arriving at the 
crossed analyzer with its 
two components of 
polarization relatively 
phase-shifted. The light 
that gets through the 
analyzer forms an image 
of the sample at the 
observation plane. 
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the Wollaston, but, as it arrives at 
the crossed analyzer, its two compo
nents of polarization are no longer 
in phase. The phase difference be
tween the p- and s-beams at this 
point is φ B + Δφ, where φ B is the 
constant bias phase produced by the 
Wollaston's displacement from the 
center, and Δφ is the imparted 
phase retardation at the sample's 
surface. The amount of light that 
gets through the analyzer depends 
on the above phase shift, with more 
light going through as the phase 
shift increases from 0° to 180°. Each 
bright point within the light source 
illuminates the entire field of view of 
the objective, and creates an image 
at the observation plane. The vari
ous point sources thus create over
lapping images, which add up in in
tensity by virtue of the (spatial) 
incoherence of the light source. 

Examples 
Figure 4(a) shows the distribution 
of phase on a uniformly reflecting 
surface having several sphero-cylin
drical pits with varying depths. The 
nose feature has a depth of 0.5λ, the 
mouth is 0.25λ deep, the eyes are 
0.375λ deep, and the eyebrows have 
a depth of 0.75λ. The computed im
age of this phase object in a conven
tional optical microscope (i.e., same 
as that in Figure 3 but without the 
polarizer, analyzer, and the Wollas
ton) is shown in Figure 4(b).7 Note 
that diffraction of light from the 
edges of the various features of the 
face creates dark borders in the cor
responding image regions, but this 
conventional image lacks informa
tion about the slope and depth dis
tribution within those features. 

The computed Nomarski image 
of the phase object of Figure 4(a), 
obtained with one λ of shear along 
the X-axis, is shown in Figure 5. The 
intensity distribution in the image 
plane is shown in Figure 5(a), while 
the logarithmic plot of intensity (re
sembling an over-exposed photo
graph) is shown in Figure 5(b).7 In 
these calculations the assumed bias 
phase φ B = 0, which results in iden
tical image brightness for regions 

with equal but opposite slopes, and 
also yields a completely dark image 
background. Since the assumed 
shear in Figure 5 is along the X di
rection, vertical features (such as the 
nose) are clearly visible in the No
marski image, while horizontal fea
tures (such as the mouth) are hid
den. The reverse is true when the 
shear is along the Y-axis, as in Figure 
6, where horizontal features become 
visible, while vertical features disap
pear. 

Figure 7 shows the Nomarski im
age of the object in Figure 4(a), but 
with a bias phase φ B = 90°. The 
background of the image is now 
bright, because the analyzer no 
longer blocks the light reflected 
from flat regions of the sample. 
Moreover, there is an asymmetry 
between regions with positive and 
negative slope, as can be seen by 
comparing the right and left sides of 
the nose feature. 

Another example of a phase ob
ject is shown in Figure 8(a). Here a 
ridge having a height of one λ runs 
along the 45° direction in the XY-
plane. The two edges of the ridge 
have differing slopes, with the lower 
edge being 4λ wide, while the upper 
edge is 2λ wide. In the middle of the 
ridge, there is a λ-deep pit in the 
shape of a football stadium. The 
conventional image of this sample is 
shown in Figure 8(b). Again diffrac
tion from the various edges renders 
certain features visible in the image, 
but specific information about the 
slopes is lacking. In contrast, two 
Nomarski images of the same object 
obtained with one λ of horizontal 
shear are shown in Figure 9.7 The 
bias phase φ B = 0° in Figure 9(a), 
whereas φ B = 90° in Figure 9(b). 
Different slopes produce different 
intensity levels in these images. Also 
note that the symmetry present in 
Figure 9(a) between equal but oppo
site slopes is broken in Figure 9(b) 
where φ B ≠ 0 ° . 

Practical considerations 
The back focal plane of high-NA 
objectives is usually inaccessible 
from outside the lens, so the Wol-

Figure 4. (a) Distribution of phase at an object's surface, and (b) 
distribution of intensity in the image of the same object as ob
served in a conventional optical microscope. In (a) the various 
features of the "face" have the same reflectance but different 
depth, resulting in phase modulation of the incident light. The nose 
is 0.5λ-deep, the mouth is 0.25λ-deep, the eyes have a depth of 
0.375λ, and the eyebrows are 0.75λ-deep. The image in (b) is 
formed by a 0.8NA, 50X objective. The simulated light source 
consisted of 529 spatially incoherent point sources, each defo
cused by 10λ above the sample's surface. The observed contrast is 
purely due to diffraction effects, as the phase object does not give 
rise to any contrast in geometric-optical terms. 

Figure 5. Nomarski images of the phase object in Figure 4{a), 
when the Wollaston produces one λ of shear along the X-axis. The 
microscope is that shown in Figure 3, having a 50x, 0.8NA objec
tive, and the Wollaston's horizontal position is adjusted for φ B = 
0°. (a) Intensity distribution in the image plane, (b) logarithmic 
plot of intensity distribution. 

Figure 6. Same as Figure 5, except for the direction of shear, which 
is along the Y-axis. 

Figure 7. Nomarski image of the 
phase object in Figure 4(a), 
when the Wollaston produces 
one λ of shear along the X-axis. 
The microscope is that shown in 
Figure 3, having a 50x, 0.8NA 
objective, and the Wollaston's 
horizontal position is adjusted 
for φ B = 90° . 
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laston prism cannot be directly in
serted at the entrance pupil. By 
choosing a somewhat different ori
entation for the optic axes of the 
crystal wedges, Nomarski modified 
the Wollaston prism in such a way 
that the p- and s-beams appear to 
be separating from each other in a 
plane external to the prism.3 In this 
way the light source could be im
aged onto the entrance pupil of the 
objective through the Nomarski
modified Wollaston prism, allow
ing both Kohler illumination and 
the separation/recombination of 
the p- and s-beams at the entrance 
pupil. 

Another practical consideration 
involves the use of broadband light 
sources. The sources used in prac
tice are not always monochromatic 
and, in fact, they may have a fairly 
broad spectrum. The analysis of
fered in this article applies to mul
ti-color sources as well, provided 
that the individual wavelengths are 
treated independently, and their 
corresponding images are eventual
ly superimposed. In any given re
gion of the sample interference 
causes certain colors to fade while 
strengthening others. The color or 
hue observed through a broadband 
Nomarski microscope at a given lo
cation is thus a qualitative measure 
of the slope of the sample at that 
location. For quantitative measure
ments, however, it is best to use 
quasi-monochromatic light in con
junction with some form of phase-
shifting interferometry.8-10 This 
may be achieved, for instance, by 
sliding the Wollaston prism along 
the shear direction while monitor
ing (with a CCD camera) the varia
tions of intensity at specific loca
tions of the image. 
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Figure 8. (a) Phase object and (b) its conventional microscope image. The object consists 
of a ridge with a height of λ, running at 45° to the X- and Y-axes. and a pit in the middle of 
the ridge with a depth of λ. The ridge's side-walls have different slopes: the lower wall is 4λ-
wide, while the upper wall is 2λ-wide. The flat-bottomed pit has the shape of a football 
stadium. The image in (b) is formed through a 50x, 0.8NA microscope objective. The 
simulated light source consists of 529 spatially incoherent point sources, each defocused 
by 10λ above the sample's surface. The observed image contrast is purely due to diffraction 
effects, as the phase object does not give rise to any contrast in geometric-optical terms. 

Figure 9. Nomarski images of the phase object of Figure 8(a), when the Wollaston pro
duces one λ of shear along the X-axis. The microscope is that shown in Figure 3. having a 
50x, 0.8NA objective. The Wollaston's horizontal position is adjusted to yield a bias phase 
φ B between the p- and s-polarized beams. (a) φ B = 0° , (b) φ B = 90° . 
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