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We proposed a Wollaston-prism-based snapshot phase-shifting diffraction phase microscope (WP-SPDPM) for
low-coherence snapshot quantitative phase imaging and videography. Wollaston prism separates two orthogo-
nally linearly polarized beams with high degrees of polarization at a sufficiently small separation angle; one of the
beams passing through a pinhole serves as the reference beam. Four phase-shifted interferograms are simultane-
ously acquired with a polarization camera to accurately retrieve a high spatial resolution phase map. The system

is nearly common-path in configuration and can achieve a large slope range and high accuracy. In addition to
the ability to resist environmental noise, the WP-SPDPM is suitable for phase measurement using low-coherence
light. The accuracy and large measurable slope range of the proposed system is validated and compared experi-
mentally with a commercial profilometer. We believe WP-SPDPM is a powerful tool for the accurate and robust
quantitative phase measurement and has a significant potential of the real-time phase imaging.

1. Introduction

The interferometric quantitative phase imaging (QPI) provides a
powerful and accurate approach to characterizing the phase signature
of a sample, and it has been widely applied in both optical metrology
[1-3] and biomedical imaging [4,5]. The measured phase difference,
which corresponds to the optical path difference between the test and
reference beams, enables the evaluation of the profile or the refractive
index distribution of the object under test. Likewise, the morphomet-
ric features of the cells and tissues, which are generally weakly scat-
tering or transparent, can be precisely revealed under phase contrast
measurement. Various interferometric QPI modalities, such as Hilbert
phase microscope (HPM) [6,7], digital holography microscope (DHM)
[8-10] and Fourier phase microscopy (FPM) [11,12], have been devel-
oped to achieve quantitative phase reconstruction. It is well known that
traditional interferometric QPI systems are sensitive to environmental
disturbances, such as mechanical vibration and air fluctuation, particu-
larly in the non-common-path configuration or temporal phase shifting
approach.

By combining common-path geometry and single-shot feature, the
diffraction phase microscope (DPM) [13,14] provides an effective solu-
tion to greatly reduce the phase noise introduced by environmental dis-
turbance. Most existing modalities with single-shot feature reconstruct
the phase map using transform-based phase retrieval techniques, such
as Fourier and Hilbert transforms, by which the snapshot measurement
makes possible real-time metrology and biomedical imaging. However,
due to the requirement of high spatial carrier frequency for informa-
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tion separation in the frequency domain, which must be at least 3 times
larger than spatial frequency bandwidth of tested sample, there is a limit
to the amount of spatial information in the measurement, leading often
to a partial loss of high frequency information in the reconstructed phase
map. Additionally, phase retrieval based on a single interferogram is
more vulnerable to environmental noise. In comparison, phase-shifting
approach [15] provides an alternative way to reconstruct the phase map
with both high spatial resolution and accuracy. In order to maintain the
advantage of single-shot feature, a polarization-grating-based snapshot
phase-shifting diffraction phase microscopy (SPDPM) was proposed by
introducing the polarization property into the DPM [16]. It utilizes po-
larization grating to separate oppositely circularly polarized test and
reference beams, by which four phase-shifted interferograms can be si-
multaneously obtained with a single shot using a polarization camera
[17,18]. However, the high groove density in the polarization grating
results in overly dense interference fringe, and a coherent laser source
is required for illumination. Although folding mirrors could be added to
the system to decrease the separation angle between the test and refer-
ence beams, the mirrors also increase system complexity and alignment
difficulty.

In this paper, a Wollaston-prism-based snapshot phase-shifting
diffraction phase microscope (WP-SPDPM) is proposed to achieve snap-
shot phase imaging and videography. Wollaston prism is used to sep-
arate orthogonally linearly polarized test and reference beams. Both
beams are polarized with high degrees of polarization, and the system
permits a sufficiently small separation angle between the test and ref-
erence arms. Four phase-shifted interferograms are acquired simultane-
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ously in a single shot using a polarization camera. The sufficiently small
separation angle between the test and reference arms makes the system
nearly common path in configuration, significantly improving its ability
to resist environmental noise and lowering the requirement on the co-
herence length of light source. Besides, it also increases the measurable
phase slope range of tested object. The proposed WP-SPDPM has ex-
tremely fast acquisition speed as the existing DPM modalities limited by
camera single frame rate, but with much higher spatial resolution and
phase reconstruction accuracy due to its snapshot phase shifting mecha-
nism. Section 2 presents the principle of the proposed Wollaston prism-
based diffraction phase imaging method, including the system schematic
configuration and the mathematic model based on Jones matrices and
diffraction theory. Section 3 provides experimental measurement results
of a 93-nm step height standard in the reflective mode and videogra-
phy of dynamic evaporating alcohol droplets in the transmission mode
demonstrate to illustrate both the high accuracy and measurable range
of the proposed system. The polarization error analysis is discussed af-
ter. Finally, some concluding remarks are drawn in Section 4.

2. Principles and methods
2.1. System layout

The schematic configuration of the proposed WP-SPDPM is shown in
Fig. 1. The system could be configured in both transmission (red solid-
boxed in Fig. 1) and reflection (blue dashed-boxed in Fig. 1) illumination
modes. A compact low-coherence laser module (Thorlabs PL202, center
wavelength 4 = 635 nm, coherence length L ~ 800 um) is employed as
the light source in the system. The collimated beam with linear polar-
ization reaches the tested sample and carries its phase information. And
then, the sample is imaged on the plane at the Wollaston prism (WP) by
the imaging optics consisting of an objective (Mitutoyo M Plan Apo 5x
and NA 0.14) and a tube lens with focal length 105 mm. The WP splits
the incident beam into two slightly off-axis beams with orthogonally
linear polarization states, which travel to a 4f system consisting of an
objective L1 (OLYMPUS PlanC N 10x and NA 0.25) and an achromatic
doublet L2 with focal length 100 mm (Thorlabs AC254-100-AB-ML).
A custom mask consisting of a pinhole and a large window is placed
at intermediate Fourier plane of Lens L1. The s-polarized beam passes
through the window and serves as the test beam with the carrying phase
signature; the p-polarized beam travels towards the pinhole to obtain the
diffraction wave serving as reference wave. A quarter-wave plate QWP
(BOV AQWP3) with its fast axis orientated at 45° relative to the linear
polarization orientation is used to transform the orthogonally linearly
polarized test and reference beams to be oppositely circularly polar-
ized. Snapshot phase shifting is implemented by utilizing a microgrid
monochromatic polarization camera (Blackfly S USB3 BFS-U3-51S5P-C,
resolution: 2448 x 2048, pixel size: 3.45 ym, frame rate: 75 fps) to ex-
tract the phase signature of the tested sample within the field-of-view
(FOV) of 380 ym x 320 ym. A cubic interpolation algorithm is adopted
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Fig. 1. System configuration of WP-SPDPM
working in transmission and reflection modes:
P, polarizer; HWP, half-wave plate; BS, beam
splitter; WP, Wollaston prism; L1, L2, Lens;
QWP, quarter-wave plate; PCam, polarization
camera.

to avoid spatial resolution loss and reduce the instantaneous field-of-
view (IFOV) error for microgrid polarization camera. To increase the
polarization quality, a polarizer with fast axis parallel to the laser polar-
ization orientation is utilized after the laser source. By rotating the fast
axis of a half-wave plate (HWP) placed after the polarizer, the relative
intensity of interfering waves can be adjusted to obtain the ideal fringe
contrast without losing total flux.

As employing the WP to separate the test and reference beams as
shown in Fig. 1, the two orthogonally linearly polarized beams with ex-
tinction ratio higher than 10* can be obtained to ensure high degree
of linear polarization after WP and accurate circular polarizability af-
ter QWP; thus, high phase retrieval accuracy can be achieved with po-
larization phase-shifting method. In addition, the proposed WP-SPDPM
has three unique features. The first is that the system is nearly common-
path in configuration with a sufficiently small separation angle of ~ 1°
between the two interfering waves, which is far smaller than the typ-
ical value of a polarization grating of ~ 5° [16,19]; thus, its ability to
resist environmental noise can be significantly improved and the mea-
surable height and slope range can be effectively increased. The sec-
ond feature is that it places low requirement on the coherence length
of light source, potentially suitable for phase measurement with low-
coherence light. Another notable feature is that only one frame cap-
ture is needed to get all four z/2 phase-shifted interferograms simulta-
neously. The proposed system is fast and insensitive to environmental
disturbance.

Although low-coherence source is used in the system, whose co-
herence length is far smaller than that of a traditional He-Ne laser
(Coherence length > 20 cm), there remains small amount of spuri-
ous fringes introduced by the laser and optical elements in the sys-
tem. A straightforward solution to mitigate such spurious interference
is background removal. The null testing, that is with no tested sam-
ple in transmission mode and with a reference mirror as tested sam-
ple in reflection mode, can be performed to acquire the background
phase images, and then they can be subtracted from the acquired testing
phase images of the tested sample. Background removal also removes
the small wavefront tilt due to the separation angle between the test
and reference beams, including the corresponding related high-order
aberrations.

2.2. Mathematic model

The proposed WP-SPDPM can be modelled using Jones matrices and
diffraction theory. The Jones matrices describe the polarization changes
through the polarization elements, and diffraction theory models the
low-pass spatial filtering process through the pinhole. Both the test and
reference arms start with a linearly polarized beam E;, orientated at
angle a with the tested sample phase information ¢ (x, y). The eigen-
polarization states of the WP are horizontally and vertically linearly po-
larized. The electric field E,,; of the test beam after passing through WP
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and QWP can be described as
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propagating directions of different polarized beams existing from the
WP. The reference beam Ep,¢ can be described as
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wp is the Jones matrix for the WP on reference arm and
F{e?s¥)} = d(&, ) denotes the Fourier pattern of the sample phase un-
der test. In Eq. (2), the pinhole on the mask is modeled as a delta func-
tion §(¢) and it low-pass filters the high-frequency information and only
leaves the constant term ®(0,0). For the interfering test and reference
beams after passing through the micro-polarizer array on polarization

camera sensor, we have the acquired intensity
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where J f‘;ﬁ denotes the Jones matrix for the linear micro-polarizer with

transmission axis oriented at the angle pol, pol € {0°, 45°, 90°, 135°}
the direct current term I = (cos?a +®2(0,0) sin®«)/2 and the alternat-
ing current term I = sin2a ®(0,0)/2. Thus, the phase signature ¢,(x,
y) of tested sample can be obtained with the four-step phase shifting
algorithm,
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The maximum local phase difference between two adjacent recon-
struction pixels is required to be less than r; otherwise, there is a 2z
ambiguity in the phase calculation. A smaller separation angle between
the test and reference beams allows a larger measurable local phase
contribution from tested sample. The maximum measurable local phase
change between two adjacent pixels A@;,q < 7 is

2 ,
A@uoal = 7 -20 - AXpi_xel + Ap,, (5)
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Fig. 2. Acquired interferograms in the testing of a step height sample with the
proposed WP-SPDPM: (a) 0°, (b) 45°, (c) 90° and (d) 135°.

where Ax,; is the pixel size of the sensor, Ag, is the local phase sig-
nature from tested sample corresponding to two adjacent pixels, and
26’ indicates the separation angle between the reference and test beams
on the sensor. Thus, the maximum measurable surface slope in the pro-
posed WP-SPDPM was calculated to be over 60° at the operating wave-
length 1 = 635 nm under the lateral resolution Ax = 0.156 ym of the
system. The measurable local slope range can be further increased ei-
ther by improving the lateral resolution or by employing an illumination
wave with a longer wavelength.

3. Experimental results and analysis
3.1. Step height standard

To demonstrate the feasibility and accuracy of the proposed WP-
SPDPM, a reflective 93-nm step height standard (VLSI, KTS-1800 QS)
was measured with the proposed system. The simultaneously acquired
four phase-shifted interferograms with four different phase shifts are
shown in Fig. 2. According to Fig. 2, some inherent spurious fringes
could be observed in the acquired interferograms, and background re-
moval is performed to remove these spurious fringes. Fig. 3(a) and
3(b) shows reconstructed phase maps before and after background re-
moval. It can be seen from Fig. 3 that a smoother phase is obtained
after removing the irregular circular disturbances brought by the laser
source.

The reconstructed surface of the tested step height standard mea-
sured by the WP-SPDPM is shown in Fig. 4(b), from which a smooth
surface and a sharp step edge can be seen. According to Fig. 4(b), the

Fig. 3. Reconstructed phases in the testing of
a step height sample: (a) before and (b) after
background removal.
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Fig. 4. Reconstructed step height. Surfaces obtained by (a) Zygo profilometer,
(b) WP-SPDPV, and (c) line profile comparison.
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measured average step height is 93.47 nm, with the deviation from nom-
inal value being 0.47 nm. For comparison, the same step has also been
measured with a Zygo NewView 8300 optical surface profiler, and the
obtained surface profile is shown in Fig. 4(a). The line profiles com-
parison of the measured step height with the proposed WP-SPDPM and
Zygo profilometer is given in Fig. 4(c). According to Fig. 4, the measured
step height with Zygo profilometer is 92.88 nm, with the corresponding
difference being about 0.6 nm between the proposed WP-SPDPM result
and that of Zygo profilometer; thus, a good agreement is achieved in
the measurement. The measured surface root mean square (RMS) error
is 5.31 nm for the WP-SPDPM and 0.91 nm for the Zygo profilome-
ter. The deviation is mainly caused by the coherence noise of the laser
source. Either a lower coherence source or a light diffuser can be used
to further reduce the noise of the WP-SPDPM.

3.2. Dynamic alcohol droplets

To verify the large measurable height range and slope dynamic range
of the WP-SPDPM, the phase measurements of alcohol droplets with dif-
ferent shapes were separately characterized. The alcohol solution was
sprayed on a glass substrate, and the corresponding phase signature
was measured. The surface profiles of the alcohol droplets were esti-
mated assuming a refractive index of 1.3614. Due to the snapshot fea-
ture of WP-SPDPM, the change of the alcohol droplets during evapo-
ration process can be recorded with the proposed system in real time,
i.e., real-time phase video graphing. The interferograms during evapo-
ration process were recorded at the frame rate 50 fps to observe pro-
file changes (Visualization 1 and Visualization 2) of two droplets of
different sizes. Fig. 5(a—c) present the reconstructed 3D profiles of the
gradually decreasing edge slope of a larger droplet during the evapora-
tion process, with the maximum peak-to-valley value of 47.58 ym. The
maximum local slope in Fig. 5(a) are 9.29° Fig. 5(d-f) provide the re-
constructed 3D profiles of the process by which several small alcohol
droplets were evaporated within 1 second. The largest peak-to-valley
value in Fig. 5(d) is 7.00 ym with maximum local slope of 13.43° Ac-
cording to Fig. 5(a—f), both large measurable height range and slope
range can be achieved by the proposed WP-SPDPM.

3.3. Polarization error analysis

Owing to the imperfection of the microgrid polarization camera and
system alignment, there exists certain polarization errors from differ-
ent sources. The main error sources include camera instantaneous field-

Fig. 5. Reconstructed surface profiles of two droplets evaporating process. Surface profiles of (a-c) a large droplet and (d-f) a small droplet.
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of-view (IFOV) error, QWP orientation misalignment, wavelength mis-
match between the laser and the QWP and the linear polarization imper-
fection of the WP. Based on the specification of the utilized QWP and
WP, the phase error introduced by WP polarization imperfection and
QWP wavelength mismatch can be approximately estimated. The ex-
tinction ratio of the WP reaches to 10*. Without considering other error
sources, the maximum phase error is less than 0.00324. It indicates that
the high polarization performance of WP greatly minimizes the phase
error from polarization imperfection. Besides, the QWP utilized in the
proposed system is a broadband achromatic retarder whose retardance
at 635 nm is approximately 0.5018x. Under this scenario, the introduced
phase error is limited to 1.27 x 107%4, which is negligible. According
to existing research [15,16], the orientation misalignment of QWP as
well as IFOV error from microgrid polarization camera will lead to in-
tensity variations and phase shift deviations in different polarizations
channels. Consequently, the superposition of the four phase shifted im-
ages Iyo + I450 + Igpo + 11350 would have severe stripe patterns. To make
sure the IFOV error and QWP orientation misalignment were not dom-
inant in our system, the real measured line profiles and the superposi-
tion of four phase images from step height standard measurement were
checked and demonstrated in Fig 6. As shown in Fig. 6(a), the line pro-
files of four polarization channels have uniform amplitude and modu-
lation without obvious intensity or phase variations. The superposition
map in Fig. 6(b) appears uniform without stripe patterns, indicating that
the QWP misalignment error and IFOV error is minimal in the proposed
system.

4. Conclusion

In conclusion, the proposed WP-SPDPM enables the accurate quan-
titative phase imaging and videography with both large slope dynamic
range and high spatial resolution in real-time. The system can be easily
setup in both transmission and reflection illumination modes to mea-
sure a broad range of samples with different surface characteristics. The
nearly-common-path configuration of the proposed system minimizes
the effects of environmental disturbance, and the low-coherence source
reduces the coherence noise in the measurement. Both the high accuracy
and a large slope dynamic range have been validated and compared with
measurements using a commercial profilometer. It provides a powerful
tool for the accurate and robust quantitative phase measurement with
a large slope dynamic range and high spatial resolution, and also has a
significant potential of the real-time phase imaging.
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Fig. 6. (a) Line profile of the four phase shifted
images of the real measurement. (b) The super-
position of the four phase shifted images of the
real measurement.
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