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We present a system that is based on a new external, polarization-insensitive differential interference contrast
(DIC) module specifically adapted for detecting defects in semiconductor wafers. We obtained defect signal
enhancement relative to the surrounding wafer pattern when compared with bright-field imaging. The new
DIC module proposed is based on a shearing interferometer that connects externally at the output port of
an optical microscope and enables imaging thin samples, such as wafer defects. This module does not require
polarization optics (such as Wollaston or Nomarski prisms) and is insensitive to polarization, unlike traditional
DIC techniques. In addition, it provides full control of the DIC shear and orientation, which allows obtaining a
differential phase image directly on the camera (with no further digital processing) while enhancing defect
detection capabilities, even if the size of the defect is smaller than the resolution limit. Our technique has
the potential of future integration into semiconductor production lines. © 2018 Optical Society of America
OCIS codes: (120.3930) Metrological instrumentation; (120.4290) Nondestructive testing; (120.5050) Phase measurement;
(180.3170) Interference microscopy.
https://doi.org/10.1364/AO.57.003534

1. INTRODUCTION
Detecting defects in semiconductor wafers is a crucial step during the wafer manufacturing process, since defects escaping detection have significant financial meaning. In contrast to using
scanning electron microscopy (SEM) or atomic force microscopy (AFM) as wafer defect inspection tools, optical imaging
tools are faster, simpler, and less expensive. Thus, although providing lower-resolution capabilities, optical imaging tools are
preferred as a first step of detecting “hot spots” of defects before
sending selected wafers to SEM or AFM. Critical dimensions of
semiconductor wafer architectures continue to reduce far below
the optical resolution limit, and so do the manufacturing
defects [1], making defect detection challenging for optical inspection tools. While increasing the optical resolution is one
approach, the actual limiting factor for defect detection is the
optical system noise [2]. Thus, detection sensitivity improves if
the noise level in the system reduces.
Many defect inspection tools rely on the wafer periodic pattern and subtract between seemingly similar areas on the wafer
along the defect inspection pipeline. The subtraction image
enhances irregularities in the wafer pattern, and, if any defect
is present, it will be revealed in the subtraction image, given the
defect signal is stronger than the noise of the subtracted
periodic pattern [3–8]. It is therefore important to enhance the
defect signal over the pattern signal, as early as possible,
1559-128X/18/133534-05 Journal © 2018 Optical Society of America

hopefully during the image acquisition stage of the inspected area.
Optical detectors such as digital cameras are sensitive to optical intensity but are insensitive to optical phase changes. Such
phase changes originate from the slight delay of light interacting
with the sample. This light delay is directly proportional to spatial changes in the sample thickness, sample refractive index, or
both. When imaging wafers, the phase distribution of an optical wave reflecting from the wafer indicates its surface topography. Irregularities in the wafer topography indicate defects in
the wafer fabrication process [3,4,9–11] and can damage the
final semiconductor device. Without imaging phase variations,
vital information about the wafer pattern is lost.
Differential interference contrast (DIC) microscopy [12,13]
uses light interference to view optical phase variations across the
sample. In a typical DIC microscope, a linearly polarized beam
is split into two orthogonally polarized, mutually coherent, and
laterally shifted beams using a Nomarski or a Wollaston prism
[14]. The two orthogonally polarized beams illuminate the
sample with a lateral shear between them, which is typically
smaller than the optical diffraction limit. After interacting with
the sample, another identical prism and a polarizer are used to
combine the beams and to align their polarizations. The result
is an interference image, which represents the spatial phase
gradient along the direction of the shear [15].

Over the years, different DIC setups have been developed,
such as Köhler-DIC and Plas-DIC [16]. However, these setups
require accurate calibration, and part of them relies on polarized
light, using a polarizing prism to split and/or combine the beams
before and after the sample, making it difficult to image birefringent samples. Although DIC setups relying on polarizing prisms
have become the most popular, DIC imaging can also be
achieved by shearing interferometers, connected after the imaging plane of a microscope. In such setups, the microscope output
beam is split, and then the two beams are superimposed on
the detector with a lateral shear [17–24]. The disadvantage of
splitting the beam after illuminating the sample is the limit
on the shear length, which must be inside the coherence radius
of illumination. The benefits of these systems are their simplicity
and insensitivity to polarizing samples because the beam
splitting, shearing, and combining occur after the light interacts
with the sample without using any polarizing prisms.
In this paper, we propose an external DIC module specifically adapted for optically detecting wafer defects. In order to
enhance the defect signal, we slightly shear one beam relative to
the other one; this creates a differential image, where the defect
signal is increased relative to the surrounding pattern. This DIC
module is composed of a robust shearing interferometric module, which connects externally at the output of a microscope
and enables easy control of the shear direction and size. Like
other shearing interferometers, it has a limitation on the shear
length between the externally sheared beams, but, as the critical
dimensions of the wafer architecture become smaller, this limiting condition is relaxed, and less coherent light may be used.
We compare the signal-to-noise ratio (SNR) of defects taken
under bright-field (BF) imaging and by our DIC module under
the same environmental and illumination conditions. Using
our DIC module, we were able to increase the SNR of defects
as small as 150 nm without any post-processing, while our
optical resolution limit was 590 nm.
2. OPTICAL SETUP
The optical setup is shown Fig. 1. A reflection microscope with
0.95 NA, 50× objective lens (MO) [Olympus MPLAPON50x
followed by a tube lens (TL, f  180 mm)] was supplemented
with an additional 4f lens configuration [lenses L5 (f 
75 mm) and L6 (f  100 mm)] for total magnification of
60×. The microscope is illuminated by a spatial-coherencecontrolled source, made out of a coherent DPSS laser source
(532 nm, 96.1 mW, Laser Glow Technologies), followed by
a rotating diffuser (Thorlabs N-BK7 ground glass, 1500 grit,
mounted on 2342S 012CR FAULHABER DC engine) and a
spatial filter [lenses L1 (f  25.4 mm), L2 (f  50 mm) and
pinhole P1 (400 μm)]. Lenses L3 (f  100 mm) and L4
(f  250 mm) are used to image pinhole P1 on the back focal
plane of the objective, creating a Köhler illumination configuration, with an effective condenser numerical aperture of
NA  0.15 [25,26].
The DIC module is a specially designed shearing interferometer that allows full control on the shearing distance and
angles. The module is connected at the microscope output image plane. Mirrors M1 and M2 are located at the Fourier plane
at the middle of a 4f lens system [lenses L7 (f  100 mm), L8
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Fig. 1. Optical setup for wafer defect inspection containing a
spatial-coherence-controlled external DIC module. D, rotating
diffuser. L1, L2, lenses composing a 4f system to image the diffused
light on pinhole P1, used to control the amount of spatial coherence
illuminating the microscope. L3, L4, lenses composing a 4f system to
image the pinhole on the back focal plane of the objective MO. TL,
tube lens. L5, L6, lenses composing a 4f system for additional magnification. The DIC module includes: L7 and L8, lenses composing a
4f system; BS2, beam splitter; M1, M2, mirrors located at the Fourier
plane of L3; VWR, variable wave retarder plate, used to create the DIC
bias; L9, L10, lenses creating an additional magnification; and PLR,
linear polarizer.

(f  180 mm)], and beam splitter BS2 splits the microscope
output beam into two beams. To align mirrors M1 and M2,
standard manual mechanical stages are used. Due to the Fourier
plane relation between the mirrors and the image plane, by tilting mirror M1 relative to M2, the two beams are shifted relative
to each other but remain parallel on the image plane, creating
the required shearing for the DIC image on the camera.
Because the beam shearing is practically performed after the
microscope image plane, the shearing length and orientation
are easily adjusted. If the shift between the beams is within
the spatial coherence radius of the illumination, the beams will
interfere, and a differential image will be recorded on the camera. Lenses L9 (f  −30 mm) and L10 (f  60 mm) compose a 4f lens configuration for additional magnification,
which relaxes effects of mechanical misalignments of mirrors
M1 and M2 relative to the Fourier plane of lens L7. The total
magnification of the sample on the camera is 240×, and the
total field of view is 27 μm × 22 μm, which is suitable for wafer
contacts of up to a few micrometers in size. Our optical resolution limit was 590 nm. Because the system is intended for
detecting and localizing defects and not for fully imaging them,
possible effects of relay lens aberrations are negligible.
To control the DIC bias between the beams, a variable wave
retarder (VWR) plate (Thorlabs LCC1115-A) is placed in front
of mirror M2. To ensure the VWR acts as a wave retarder rather
than changes the circularity of the polarization, a polarizer is
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placed before the camera. To calibrate the VWR axis, first the
beam reflecting from M2 is blocked. Then, the polarizer is
rotated until the maximum intensity on the camera is reached.
Next, the beam reflecting from M1 is blocked, and the VWR is
rotated until the intensity on the camera remains the same even
if the supply voltage of the VWR changes. Note that the polarizer and the VWR are used merely to control the DIC bias and
can be removed if bias control is not needed. In contrast with
traditional DIC methods, the light entering the proposed DIC
module does not need to be polarized first.
Note that in spite of using partial spatially incoherent illumination, the light source was temporally coherent; thus, the
relative distance between the mirrors can be straightforwardly
adjusted even manually, yielding interference in a rather
simple way.
3. THEORETICAL MODEL OF DIC MODULE
A DIC image is formed from the interference of two images of
the sample, which are laterally sheared but overlap on the camera. To improve image quality, a relative bias between images is
induced by adding a constant phase delay between the
two beams.
In our system, the DIC shear is created after the image plane
as a result of the different tilts of mirrors M1 and M2, and the
constant phase delay creating the bias is caused by the VWR. As
a consequence, each pixel represents the subtraction of different
regions on the sample, where the typical DIC theoretical model
described in [16] still holds. We shortly describe this model
here for completeness.
The output beam of the microscope is split in two by beam
splitter BS2 and Fourier transformed by lens L7. A relative tilt
between mirrors M1 and M2 in the Fourier plane of L7 creates
a spatial shear between the two beams in the image plane at the
exit of the DIC module. Assuming equal reflections from mirrors M1 and M2, the PSF of the DIC optical imaging
system for fully coherent illumination is given by
hcDIC x, y  hc x  Δ, y exp−jϕ − hc x − Δ, y expjϕ,
(1)
where hcDIC is the DIC point spread function (PSF) under fully
coherent illumination, hc is the coherent PSF under fully
spatially coherent illumination, 2Δ is the relative shear between
the two beams exiting the DIC module at the image plane, and
2ϕ is the constant phase introduced by the VWR in a round
trip. Equation (1) shows that the contrast mechanism in DIC is
the gradient of the sample phase in the direction of the shear.
The coherent transfer function (CTF) is given by

DPSS laser source passing through a rotating diffuser. The rotating diffuser destroys the spatial coherence of the source.
Because no interference of sheared beams can be achieved
under fully spatially incoherent illumination, we filter the spatially incoherent light after the diffuser through pinhole P1, and
increase the spatial degree of coherence so that the beams can
interfere on the camera.
For partial coherence illumination, the partially coherent
transfer function is given by
Z ∞Z ∞
jP cond ξ, ηj2 P cDIC ξ − m, η − n
C DIC m, n; p, q 
×

−∞ −∞
P c
DIC ξ −

p, η − qdξdη,

(3)

where P cond is the coherent transfer function of the condenser,
which in our system equals to the coherent transfer function of
the objective lens, limited by the image of pinhole P1 on its
back focal plane, and m; p, n; q are the normalized spatial
frequency pairs in x and y directions, as defined in [16]. In the
case of an ideal aberration-free system, Eq. (3) has a simple geometric meaning of three overlapping circles. Because the camera detects only the intensity, the image on the camera under
partially coherent illumination is given as follows:
Z ∞Z ∞Z ∞Z ∞
T m,nT  p,qC DIC m,n;p,q
I DIC x,y 
−∞

−∞

−∞

−∞

× expf2πjm − px  n − qygdmdndpdq,

(4)

where T m, n is the sample spatial spectrum.
4. RESULTS
To experimentally demonstrate the defect enhancement capabilities of the proposed DIC module, we used a silicon wafer
test target, having programmed bridge defects of various sizes in
known locations (courtesy of Applied Material Israel). The
wafer pattern is constructed of short silicon features of 3 μm ×
0.4 μm × 0.150 μm with 3.6 μm pitch on one axis and 6 μm
pitch on the second axis. The short silicon features are
surrounded by long lines (0.4 μm width × 0.150 μm height),
as shown in Fig. 2.
We used the proposed DIC module to enhance the bridge
defect signal over the pattern signal by introducing small shears
by manually tilting mirror M1. The bridge defects are all
0.5 μm in length but change in width: 0.5 μm, 0.4 μm,
0.35 μm, 0.275 μm, 0.2 μm, and 0.15 μm. Using our module,
(a)

0.5 µm

(b)

0.4 µm

P cDIC ξ, η  P c ξ, η expj2πξΔ − ϕ
− P c ξ, η exp−j2πξΔ − ϕ,

(2)

c

where P is the coherent transfer function of the BF microscope, and ξ, η are transverse coordinates in the objective back
focal plane. In the case of an ideal aberration-free BF system, P c
is a circle with radius equal to the numerical aperture NA of the
objective divided by the illumination wavelength λ. This model
is true only when the illumination is fully coherent.
To improve our system image quality and SNR, we illuminate the microscope by a spatially and temporally coherent

3 µm
0.15 µm
0.4 µm

3 µm

Fig. 2. Test wafer pattern. (a) Scheme of the wafer imaged, with its
dimensions written and the bridge defect indicated by a red arrow.
(b) Image taken under fully spatially incoherent illumination (obtained
by removing pinhole P1).
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Fig. 3. Bridge defects in scales varying from 500 to 150 nm in width and length of 500 nm. For each scale, the BF and the DIC images were
acquired under the same illumination conditions and same position. DIC images were acquired by shearing the beams in the direction parallel to the
bridge defect orientation using the proposed external DIC module. Images are normalized. As can be seen, our method obtained improvement in the
defect PSNR for all defect scales.

Fig. 4. Second-order difference images of bridge defects for the coinciding cases of Fig. 3.

we could fully control the shearing size and orientation.
Therefore, the shift size and direction were adjusted for every
scale to produce the highest intensity from the defect relative to
the surrounding pattern.
To measure the quality of the results, first we normalized
each image by subtracting its mean and dividing it by its standard deviation. This was done in order to decrease influences of
different illumination intensities or camera exposure times. We
then measured the intensity of the defect relative to the pattern
by using peak signal-to-noise ratio (PSNR), defined as follows:
PSNR  20 log10 Ddefect ∕σ,

Ix, y  −I −1 x, y  2I 0 x, y − I 1 x, y,

(6)

where I −1 is taken one period of the pattern (3.6 μm) to the left
of the defect, and I 1 is taken one period of the pattern to the
right of the defect. I 0 is acquired with the defect at the center of
the image. As can be seen, indeed the effect of second-order

(5)

where Ddefect is the peak intensity of the defect image, and σ is
the standard deviation of the whole image (which is unity in the
normalized image). Figure 3 shows the normalized image of
each scale, along with the cross section of the defect in the
horizontal direction. For each image, the PSNR value was calculated, as indicated on the figure, demonstrating the increased
PSNR obtained.
To further enhance the PSNR by averaging spatial noise, we
calculated the PSNR of the second-order difference of the defect. This is done by digitally subtracting between three images
of areas that are spaced one period of the pattern away from
each other [3]. The subtraction image is calculated as follows:

Fig. 5. Defect PSNR using BF imaging and using the proposed
DIC module. (a) PSNR values obtained for images without postprocessing (as measured directly on the camera). (b) PSNR values
obtained after digitally post-processing the images by second-order
differencing. Our DIC module increases defect PSNR in every scale
in both methods.
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difference of areas located one pattern period apart is averaging
spatial noise, thus increasing the SNR of the defect. We calculated the PSNR according to Eq. (5), but in this case the standard deviation calculation excluded the area in the proximity of
the defect, to avoid the negative values around it, caused by the
image subtraction, which increases the standard deviation.
Figure 4 shows the second-order difference images for the same
defects shown in Fig. 3. As can be seen, the PSNR for both BF
and DIC images improves due to the averaging of spatial noise,
but still DIC yields a higher PSNR for every scale in comparison to BF.
We summarize our results of the PSNR of the DIC images
for various defect widths in Fig. 5. As can be seen from these
graphs, our method increased the defect signal over the pattern
with and without second-order difference image.
5. CONCLUSION
In this paper, we proposed a new method for optically enhancing detection of semiconductor defects over their surrounding
pattern, by using a compact, external module that can turn an
existing microscope illuminated with temporally coherent and
partially spatially coherent light to a DIC microscope. Our DIC
module is insensitive to polarization; thus, it is not using polarizing prisms, as in regular DIC microscopy, and the DIC image
is created externally to the imaging system. By adjusting the
DIC shear and orientation, we increased the optical signal
of the defects relative to the optical signal of their surrounding
pattern. This makes our system beneficial, especially for patterned wafers because, in contrast with other imaging systems,
such as dark-field microscopy, which cannot directly distinguish between an edge of a defect and an edge of a contact,
our system does not require any post-processing to suppress
the optical signal of the surrounding wafer pattern and reveals
the defects directly on the camera. Despite the fact that we
were not able to directly image defects smaller than the resolution limit, we were able to localize them using the system. In
order to obtain a full wafer scan, automatic sample scanning
and larger sensor sizes should be used. Full wafer scanning
automation will also require automatic focusing. We believe
that this module will be suitable for external integration into
various wafer inspection machines that have a BF microscopy
path inside.
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