SINGLE-SHOT QUANTITATIVE PHASE MICROSCOPY IN A COMMON-PATH
CONFIGURATION

by

Brandon Norton

A thesis submitted to the faculty of
The University of North Carolina at Charlotte
in partial fulfillment of the requirements
for the degree of Master of Science in
Applied Physics

Charlotte

2023

Approved by:

Dr. Rosario Porras-Aguilar

Dr. Vasily Astratov

Dr. Juan Vivero-Escoto



©2023
Brandon Norton
ALL RIGHTS RESERVED

i



111

ABSTRACT

BRANDON NORTON. Single-Shot Quantitative Phase Microscopy in a Common-Path
Configuration
(Under the direction of DR. ROSARIO PORRAS-AGUILAR)

Quantitative Phase Microscopy (QPM) is a technique frequently used in microscopy to
gather information about transparent objects that provide a phase shift relative to their background.
We propose a technique that employs a liquid crystal in a common-path configuration to provide
quasi-real-time 3D information in a single shot. This technique involves using circularly polarized
light and a polarized camera to produce 4 images corresponding to 4 different angles of linear
polarization. These images can be combined to produce a phase map that contains 3D information
about the object. This technique has the benefits of being robust to vibration, space-efficient, and

relatively inexpensive.
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CHAPTER 1: INTRODUCTION

Biological specimens are nearly transparent objects that are difficult to image because they provide
no amplitude modulation to the light and therefore are challenging to see in a conventional
microscope. This problem is particularly pervasive in fields of biology, where it is necessary to
image transparent objects such as cells. Figure 1 shows how light is affected by an amplitude object
(AO) and a phase object (PO). The AO in Figure 1 ii) modulates only the amplitude of the light
and not the phase. Therefore, light exiting the AO will be in phase with light that is unaffected, as
shown in Figure 1 i). However, the light incident on the PO, shown in Figure 1 iii), will be phase
modulated and out of phase with unaffected light. Figure 1 b) shows how a cell acts as a PO and

modulates the phase of incident light depending on the local thickness of the cell.

Many techniques have been developed to image POs, including staining to turn the
biosamples into amplitude objects, but staining has drawbacks. Staining involves using chemical
components which is invasive, can take a long time to prepare, and can cause damage to the
sample. Non-invasive techniques come with their own hurdles as well. Non-invasive optical
imaging techniques must be used cautiously, as high illumination can cause damage to biological

samples [1].

In the 1930s, Frits Zernike developed Phase Contrast Microscopy (PCM), in which the
image contrast (the contrast between diffracted and undiffracted light) is enhanced due to shifting
their relative phase by a quarter of a wavelength, as shown in Figure 2. Following phase shifting,
measuring the relative power in the interferogram yields information regarding the shape of the
object. Although PCM serves as a significant advance in contrast imaging by revealing details of
transparent specimens without using any dye, the resulting phase-contrast image is an intensity

distribution, i.e., the transparent object becomes visible. Although this technique is considered



non-invasive and label-free because it does not require the sample to be stained, the phase

information cannot be decoupled and retrieved quantitatively from the intensity data [2].
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Figure 1

a) Optical waves propagating through 1) no object so that neither
amplitude nor phase are affected, ii) an AO that diminishes the amplitude
but does not alter the phase, and iii) a PO that modulates the phase but
does not change the amplitude. B) Optical waves propagating through a
cell that acts as a quasi PO. Each wave experiences a different phase shift
depending on the local thickness of the cell.
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The CPC that Frits Zernike used to create PCM. A plane wave is incident
on some phase object and, at the Fourier plane, a Zernike filter modulates
the phase of the undiffracted light. After propagation from the Fourier
plane, the undiffracted light interfers with the diffracted light to create
phase contrast.

Other methods take advantage of interferometry and the optical phase delay caused by a
transparent sample to create contrast in the amplitude. These methods include the use of optical
elements that can spatially modulate light, such as SLMs [3], piezoelectric transducers [4], and
nonlinear optical materials like liquid crystals [5]. These optical elements can be used in a Zernike
configuration to produce an amplitude image of a PO [6]. Zernike configurations can be further

improved to yield quantitative phase information.

Among all novel optical imaging techniques, quantitative phase microscopy (QPM) is one
that has been widely explored by many researchers [1]-[4] and is commonly used in microscopy
for imaging biological samples [10]. In contrast to PCM, QPM is capable of retrieving phase
quantitatively, i.e., obtaining a surface map of the object of interest. This is the reason why QPM
has shown various interesting biological applications and has become increasingly prevalent over
the years. In QPM, the optical path-length map of a specimen is made, and the retrieved optical

phase delay can be related to the physical and chemical properties of samples quantitatively [11].



Moreover, this QPM approach inherits the PCM benefits because staining is not needed. Thus,

QPM is a non-invasive and label-free imaging approach [11].

The technique we propose to work on involves using an azobenzene liquid crystal, a
circularly polarized beam, and a polarized camera for QPM in a common path configuration. The
liquid crystal is a nonlinear optical material that can be used to modulate the phase of the zero-

order light in the Fourier plane. The particular liquid crystal used in this thesis has strong nonlinear

2
optical properties (n, = 0.2 %) [12]. A strong nonlinear response is necessary because it allows

the modulation of the zero-order light using low power, which prevents damage to biosamples.
Additionally, the ability to use this apparatus with low-power illumination allows biosamples to
be observed for long periods of time, which is necessary when studying biological processes that

take days or weeks [13].

The polarized camera provides images at four different angles of polarization which, in
combination with circularly polarized illumination, provides four phase-shifted images that can be
used to calculate quantitative phase information [14]. This method is non-invasive, time-efficient,
relatively inexpensive, resistant to environmental noise, and can provide pseudo real-time phase

information of transparent objects.
Significance

There are several commercially available QPM devices on the market. Some of these
devices are based on holographic measurements, which use holography to reconstruct the phase
information of the light wave passing through the sample. However, as shown in the table below,

the drawbacks of these technologies include i) the use of expensive optical elements, which



increases their cost, i1) the need for acquiring multiple images, resulting in a relatively slow system;

and/or ii1) the low-accuracy of the nanoscopic measurements (hundreds of nanometers).

Table 1

QPM Technology Accuracy Price

[15] Phasefocus Livecyte 40 nm $150,000 to $200,000

[16] Tomocube HT-2 120 nm $180,000 to $200,000

[17] Lyncee Tec R1000 100 nm $70,000 to $100,000

[18] Holomic Holographic 500 nm $20,000 to $30,000

[19] PHI Holomonitor 140 nm €45,000 to €150,000 (Euro
currency)

[20] Phasics QPI Up to 5 nm €70,000 to €150,000 (Euro
currency)

This thesis aims to provide the proof-of-principle of QPM technology using inexpensive
liquid crystal materials without sacrificing the accuracy of the measurements and low-intensity
requirements for non-invasive bioimaging. An essential aspect of this work is to probe label-free
quantitative microscopy in a single shot to enable dynamic 3D measurements and monitor
biological processes in quasi-real time. Our ultimate goal is to develop a microscopy attachment
with a compact, sturdy, and low-cost design that provides high accuracy in cell morphology

estimation and easy integration with conventional microscopes.



CHAPTER 2: LITERATURE REVIEW
2.1 Phase Contrast Microscopy

One standard solution to the problem of imaging phase objects involves staining the
biological samples so that structures in a sample are more visible in the microscope. However, this
is not the preferred solution as staining is an invasive and often damaging technique. The chemicals
that are used to stain the samples can alter and damage the structure of biological samples. Staining
can also require time-consuming preparation processes. In addition, once the stain has been applied
to a sample, the duration that the stain will be effective can be short, often on the order of minutes.
In 1932 Frits Zernike discovered PCM, for which he later, in 1953, received the Nobel Prize in
Physics. This technique involves exploiting the change in refractive index in a transparent object
to obtain images that have more contrast in the object compared to brightfield microscopy. In
contrast to staining, PCM is a time-efficient, non-invasive technique that does not damage

biological samples.

For Zernike phase contrast, only small phase perturbations are considered, so the spatial
phase distribution of a wave incident on a PO can be approximated using a first-order Taylor series

approximation as follows,

U(x,y) = e ~ 1 +i¢(x,y), (1)

where U(x,y) is the field and ¢(x, y) is the spatial phase distribution [21]. Zernike realized that

if a quarter-wave phase modulation is applied to the undiffracted light at the Fourier plane,



YA
~ l— . T (2)
0(ky ky) ~ €'28(ky, ky) + ip(ky, ky),
the resulting intensity distribution would be approximately linearly dependent on the phase

distribution as shown in the following expression [21],

T 2
I(x,y) = [e2+ip(x,y)| =1+ 2¢(x,y). 3)

However, this is only an approximation for small phase objects and there are more all-

encompassing models that consider higher order terms in the spatial phase distribution.
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Figure 3

The setup for a point diffraction interferometer in a common path
configuration. The phase disturbance is modulated by a Zernike phase
filter at the Fourier plane to create an interference pattern at the
observation plane. Reprinted from [21].

To implement PCM, an optical element is placed at the Fourier plane to modify the zero-
order spatial frequency content. In other words, the undiffracted light is phase shifted, which then
causes it to destructively interfere with the diffracted light at the image plane, creating a phase-

contrast image. Implementations of PCM using active optical components such as spatial light



modulators (SLM) [3], piezoelectric transducers [4], and nonlinear optical materials like liquid

crystals [22] have been demonstrated.

Many common interferometry techniques like shearing interferometry, holography, and
phase estimation have problems with complexity both in the physical and computational
implementation [23]. PCM systems are typically implemented in what is called a common path
configuration (CPC). The common path approach has many benefits over other common
interferometry techniques. One benefit of CPCs is their robustness against vibration, temperature
changes, and other environmental disturbances. Since the reference beam and object beam share
the same path, the path length difference for the reference beam will also be present in the object
beam. Therefore, those changes will not affect the interference pattern as much. Another important
benefit of CPCs is their simplicity. CPCs are more cost-effective, require fewer parts, typically
require less space, and are more straightforward to implement. This makes CPCs apt for

applications where stability and simplicity are important.

In this thesis, we will use a system similar to the point diffraction interferometer in a CPC,
shown in Figure 3. The technique that we propose is based on liquid crystal materials that modulate

the beam in a CPC and allow phase visualization.

2.2 Azobenzene Liquid Crystal Materials

Liquid crystal materials have an intermediate phase(s), mesophases, between their
crystalline phase and isotropic liquid phase [24]. Liquid crystals in these mesophases exhibit
properties of both a liquid and a crystal. These materials can be classified into the following three

categories: lyotropic, polymeric, and thermotropic. [25]. In thermotropic liquid crystals, the



mesophase is induced via a temperature change. When the temperature of a thermotropic liquid
crystal is raised above its melting temperature (Twm) and kept below its clearing temperature (Tc),

it is in the liquid crystalline phase as shown in Figure 4.

Crystalline Liquid Isotropic
solid crystalline liquid

TV A TAS
Ny 2N
HHR A

Temperature
Melting point {Ty) Clearing point (Tg)

Figure 4

The crystalline solid phase, shown below Twm, has both positional order
and orientational order. The liquid crystalline phase is reached once the
temperature of the liquid crystal is raised above Twm. This phase has
orientational order but not positional order. This allows it to flow like a
liquid. The isotropic liquid phase is reached when the temperature is above
Tc. The isotropic liquid has neither orientation nor positional order.
Reprinted from [24].

Thermotropic liquid crystals are further classified into nematic, cholesteric, and smectic
liquid crystals [24]. In nematic liquid crystals, the molecules have orientational order throughout
the material but no positional order which allows them to flow like a liquid. The molecules also
tend to be oriented in the same direction throughout the material. Therefore, nematic phases are
typically said to be uniaxial. Cholesteric liquid crystals are similar to nematic phases in that they

have no positional order and have some orientational order. Smectic phases differ from both
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nematic and cholesteric liquid crystals in that they have some positional order. This work will

focus on thermotropic, nematic liquid crystals.

One important property that will be leveraged in this research is the photoisomerization
that occurs in azobenzene molecules. Photoisomerization occurs when light is incident on a
material and induces a photoexcited state [26]. When light is incident on the azobenzene
molecules, it can cause the trans isomers to switch to cis isomers [24]. However, the cis isomer is
unstable and will return to the trans isomer after some period of time. The amount of
photoisomerization is determined by the lifetime of the photoexcited state (the cis isomer in this
case) in the molecules, and the response time of the molecules to the stimulus. The response time
is a function of the quantum efficiency and absorption constants. The azobenzene molecules have
a long photoexcited state and quick response time, which makes them ideal for photoisomerization

[26].

The photoisomerization that occurs in these molecules can also be used to drastically
intensify the nonlinear effects of liquid crystals [24]. Azobenzene dye can be added in small
amounts to liquid crystals (azobenzene-dye doped liquid crystals) to induce a stronger
reorientation of the dipoles in the liquid crystal molecules during photoisomerization of the dye
[24], [27]. The torque on the liquid crystal molecules is significantly increased by anchoring cis

isomers on the boundaries of the cell through dipole-dipole interactions [28], [29].

In this thesis, we use an azobenzene liquid crystal, which consists of a synthesized
molecule that contains an azobenzene and a liquid crystal component [30]. This material exhibits
a large optical nonlinearity and optical anisotropy, which makes this material a potential candidate
for implementing quantitative phase microscopy. The intensity required to illuminate the object is

reduced two orders of magnitude compared to QPM using azo-dye-doped liquid crystals [13]. In
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addition, the optical anisotropy of azobenzene liquid crystals (the difference between the principal

values of the refractive indices of the LC) is 0.20 at 633 nm wavelength.

2.3 Quantitative Phase Microscopy using Azobenzene Liquid Crystals

The photoisomerization and nonlinear optical effects of azobenzene liquid crystal materials
can be exploited to create a self-modulating phase filter at the Fourier plane. This technique is
shown in Figure 5. A common path configuration is used; however, at the Fourier plane, an
azobenzene liquid crystal cell is used as the phase filter. This is an effective phase filter because
only the undiffracted light at the Fourier plane will be of high enough intensity to cause

photoisomerization in the liquid crystal, thereby acting as a self-modulating phase filter.

Typically, imaging systems will measure only amplitude information. However,
quantitative phase imaging (QPM) is a technique used to gather phase information as well as
amplitude information about a transparent object. This technique can be used to determine the 3D
information of a transparent sample by using optical phase delay information [31]. QPM is a useful
tool for the study of biological samples because it is both non-invasive and label-free [32] This is

highly desirable in biological applications as it will not damage biological samples.
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Figure 5

Same common path configuration shown in Figure 3, but implemented
using a liquid crystal cell as the Fourier filter. The undiffracted light will
be the greatest in intensity and will change the refractive index of the
liquid crystal via photoisomerization. Reprinted from [22].

One technique that can be used to obtain quantitative phase information is the four-step
technique [14]. This technique involves using phase shifting to obtain four intensity measurements

with a quarter-wave shift between them. This can be written as,

Lxy) = lo(o, v){1 + v cos(¢p(x, 1))}, )
Ly = 1o(x,y) {1 +y cos (qb(x, y) + §)} 3)
I3xyy = Io(x, y){1 + y cos(p(x,y) + m)}, 6)

Laxy) = 1o(x, y) {1 +y cos (qb(x, y) + 37”)} (M)
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where [, is the DC intensity, y is the modulation of the interference fringes, and ¢ is the phase of
the wavefront. Using these four measurements, the phase at each point in the image can be

calculated using the following equation,

I, —1
¢(x,y) = tan~? (—4 2)- ®)
L —1I3
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CHAPTER 3: METHODS

The experimental apparatus, shown in Figure 6, consists of a 640 nm, 10 mW Coherent
StingRay Laser Diode Module, a quarter-wave plate (QWP), a microscope objective (MO), two
positive lenses, an azobenzene liquid crystal (LC), and the FLIR BFS-U3-51S5P-C camera. The
LC material is azobenzene LC, 4955 by Beam Co [12]. The nonlinear coefficient of the LC
material for 532 nm light, with parallel polarization relative to the molecular orientation and a cell
gap of 10 mm, is n, =2.1x10"" cm*W. The FLIR camera has a resolution of 2448x2048 with a
pixel pitch of 3.45 umx3.45 pm. Images consist of groups of 2x2 pixels called superpixels. Each
pixel in the superpixel takes a measurement for a particular polarization angle. The 2448%x2048
size image generated by the camera can be separated into four individually polarized images

captured simultaneously.

The LC is a nonlinear optical material that causes an intensity-dependent phase modulation.
LC materials have a specific light intensity threshold that causes a phase transition in the molecules
[33]. When the intensity is above this threshold value (high-intensity light), the molecules will
undergo photoisomerization, which changes the refractive index of the local LC molecules. When

the intensity is below the threshold value (low-intensity light), no photoisomerization occurs in the

N & L2
IQ i)o\ @O L1 L Camera
Figure 6

The laser is first sent through a QWP to circularly polarize the beam. The
object is illumined by the beam and magnified by MO and L1. A liquid
crystal is placed at the Fourier plane of L1 to phase shift the undiffracted
light. The beam is then collimated by L2 and measured by a camera.
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local LC molecules. This intensity-dependent property of the LC can be exploited to produce phase
contrast images [34], [35]. By placing the LC at the Fourier plane, only undiffracted light will be

above the intensity threshold and will be phase modulated [33].

An additional parameter exploited in this experiment is the optical anisotropy of the
azobenzene liquid crystal material. For this purpose, the laser is first circularly polarized using the
QWP. The object of interest (OI) is illuminated by the laser, and its image is magnified by a 20x
objective and L1. Then the LC is placed at the Fourier plane of the image to phase shift the
undiffracted light. This optical anisotropy of the liquid crystal will modulate all components of the
circularly polarized light resulting in phase contrast images. Subsequently, L2 collimates the beam
and the polarized camera captures four images at four linear stages of polarization ( 0°, 45°, 90°,
and 135°). This results in four polarized images with different contrast that depends on the optical

anisotropy and liquid crystal alignment.

We can then use the basics of interferometry and use the polarized images to calculate the

phase map of the object using the following equation,

I(x,y,135°)—-1(x,y,45°)
)7 9)

(D(X, y) = arctan( I(x,y,0°)-1(x,y,90°)

where @ is the wrapped phase map, and I(x,y, #°) are the camera images for each angle of
polarization [14]. Equation 9 yields a phase map that is wrapped by 2x and is unwrapped using the
unwrapping algorithm described in [36]. The process of taking an image and unwrapping it can be
done relatively quickly to provide nearly real-time 3D information of an OI. Using the FLIR BFS-

U3-51S5P-C camera with a resolution of 2448x2048, a frame rate of up to 4 fps was achieved.

Once a phase map is obtained and unwrapped, the thickness of the OI can be estimated.

The accuracy of the system is determined by using phase maps to estimate the thickness of known
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objects from a quantitative phase target [37]. Height estimates are made by first finding the mean
phase value for the background of the image. Then the mean phase value for the OI is found. The
absolute difference between the phase value for the OI and the background can be used, along with
the wavelength of light and the refractive index, to estimate the thickness using the following

relation,

A
AP = EAnd, (10)

where A is the difference between the OI phase value and the background phase value, A is the
wavelength of light, An is the difference in refractive index between the OI and air, and d is the

thickness of the OI [37].

First, a calibration is done on the system to determine its accuracy. A known quantitative
phase benchmark [37] is used as the OI. The benchmark contains multiple types of target shapes
of varying thicknesses. In this experiment, the 350 nm thick, group 6 element 2 of the 1951 USAF
resolution test chart is used as the calibration target. The process described above will be used to
calculate the quantitative phase information and estimate the thickness. The 350 nm target is used
because it provides the largest signal-to-noise ratio in the phase measurement. The target is placed
in the apparatus, and the phase information is reconstructed. Then, by comparing the expected
phase difference to the experimentally measured phase difference, we can calculate a correction

term to remove the systematic error. The correction term is calculated as follows,

_ dexp
Y—d ) (11)

m
where y is the correction term, d,y,, is the expected thickness, and d,, is the measured thickness.

After calibration, phase measurements of all the quantitative phase USAF targets, excluding the
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350 nm calibration target, were taken to determine the accuracy of the system after calibration.

The thicknesses are estimated using Equations 10 and 11 as follows,

2T
d=A¢ an Y (12)

Once the calibration is completed, quantitative phase information is taken for HeLa cells.
This measurement shows the aparatus’ ability to gather quantitative phase information about a
nearly transparent biological specimen. Then measurements of the thickness of an isopropyl
alcohol droplet are taken during evaporation to demonstrate the apparatus’ ability to measure
quantitative phase information of a dynamic system. Isopropyl alcohol is atomized using a spray
bottle and placed on a microscope slide. The alcohol droplets then evaporate over time due to the

ambient air temperature.
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CHAPTER 4: RESULTS AND DISCUSSION

Figure 7 shows the estimated thicknesses of the benchmark targets before and after
calibration. There is a systematic error that causes the estimated thicknesses of each target to be
off by about the same magnitude. The 350 nm object was measured to have a thickness of 764nm.
Using Equation 11, the correction term y is calculated to be 0.4581. The seven targets have the
following thicknesses: 50 nm, 100 nm, 150 nm, 200 nm, 250 nm, 300 nm, and 350 nm. The
estimated thicknesses are (42+22) nm, (854+34) nm, (151+61) nm, (216+54) nm, (243+68) nm,
(318434) nm, and (3504+29) nm, respectively. The system estimated the thicknesses within 18nm
across all targets. The mean value of double the standard deviation of the measurements is 86nm.
86nm is comparable with, or better than, all but two of the systems listed in Table 1, Phasefocus
Livecyte and Phasics QPI. The 350 nm target was used to calibrate the system; therefore, the

estimated thickness for that target is the same as expected.

Figure 8 shows the phase-contrast images for the 350 nm quantitative phase benchmark.
There is an image for the four angles of polarization, 0°, 45°, 90°, and 135° as needed for the 4-
step model. The phase information is then retrieved using Equation 9. The phase information for
the 350 nm benchmark is shown in Figure 9. The width of each bar is approximately 7 um. The
measurement for the change in phase due to the object is (3.9440+0.3284) radians, therefore, using
Equation 12, the estimated thickness is (350+29) nm. Figure 10 shows the phase information as a

3D surface with contour lines for every 50 nm thickness.
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Figure 7

Measurements of the seven targets on the quantitative phase benchmark
[37]. The seven targets have the following thicknesses: 50 nm, 100 nm,
150 nm, 200 nm, 250 nm, 300 nm, and 350 nm. The estimated
thicknesses are (42+22) nm, (85+£34) nm, (151+61) nm, (216+54) nm,
(243+68) nm, (318+34) nm, and (350+£29) nm, respectively. The 350 nm
target is used in the calibration to find the correction term, y, because it
has the largest signal-to-noise ratio for the phase measurement.
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Figure 8

Phase-contrast images of group 6 element 2 from the 1951 USAF
resolution test chart for a 350 nm quantitative phase target. The images
were taken using a polarized camera that takes images at 4 angles of
polarization: 0°, 45°, 90°, and 135°.
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Figure 9

The unwrapped phase map for the 350 nm quantitative phase benchmark.
The width of one bar is approximately 7 um. The measurement for the
object before calibration is (764+64) nm and (3504+29) nm after
calibration.
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Figure 10

The unwrapped phase map for the 350 nm quantitative phase benchmark
is shown as a 3D surface. The width of one bar is approximately 7 pum.
The spacing between contour lines is 50 nm. The measurement for the
object before calibration is (764+64) nm and (350+29) nm after
calibration.

Figure 11 shows the phase-contrast images of the HeLa cells. There is an image for the
four angles of polarization, 0°, 45°, 90°, and 135°. Using Equation 9, these phase-contrast images
can be used to calculate the phase information of the HeLa cells, as shown in Figure 12 and Figure
13. A couple of the cells at the bottom of Figure 12 induced a phase shift of approximately 2.8 at
the center of the cell where the nucleus is located. The other cells induced a maximum phase shift

of approximately 1.27w to 2w around their nucleus.
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Figure 11

Phase-contrast images of HeLa cells. The images were taken using a
polarized camera that takes images at 4 angles of polarization: 0°, 45°,
90°, and 135°.

The 3D phase information of an evaporating isopropyl alcohol droplet is shown in Figure
13. The thickness of the droplet at t = 0 s is approximately 425 nm, and over 40 s the droplet
evaporates. Att =20 s the droplets shrink to a thickness of approximately 300 nm. By t =40 s the
droplet has completely evaporated. Figure 15 shows more detailed information about the thickness
of the alcohol droplet before, during, and after the evaporation. The images in Figure 14 were
taken during times t = 60 s, 80 s, and 100 s from the data in Figure 15. Figure 15 shows that the

alcohol drop was sitting consistently around 425 nm before the evaporation started at t = 60 s. By
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t =100 s the droplet had completely evaporated and the estimated thickness was around 60 nm

which is within the noise range of the background phase.
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Figure 12

The unwrapped phase map for an image of several HeLa cells is shown.
The maximum phase change caused by the cells is ~2.8w. Some of the
smaller cells caused approximately 1.2z to 2 of phase modulation.
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Figure 13

A 3D surface plot of the HeLa cells is shown. The maximum phase
change caused by the cells is ~2.8w. Some of the smaller cells caused
approximately 1.2x to 27 of phase modulation.
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Figure 14

An isopropyl alcohol drop is shown to evaporate over time. Att=0s,
the drop has a thickness of ~425 nm. At t =20 s, the drop has a
thickness of ~300 nm. At t =40 s, the drop is completely evaporated.
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Figure 15

An isopropyl alcohol droplet is shown to evaporate over time. The
thickness of the alcohol droplet is approximately 425 nm. Att =60 s,
the alcohol droplet begins evaporating. The alcohol droplet evaporates
and loses thickness between t = 60 s and t = 100 s. Evaporation stops at t
=100s.
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CHAPTER 5: CONCLUSIONS

This work provides the proof-of-principle of QPM using azobenzene liquid crystals in a
single shot enabling dynamic phase measurements of transparent objects. This system has
demonstrated its ability to accurately and dynamically measure phase information from POs.
Measurements of the quantitative phase benchmark show that this system can provide thickness
estimations within 10’s of nanometers of the expected value. The measurements of the HeLa cells
indicate that the system can obtain detailed phase information from a complex PO. Measurements
of the evaporating alcohol droplet show the system’s ability to measure quantitative phase
information quickly from a dynamic object due to the ability to get the phase-contrast images in a
single-shot. This system is inexpensive compared to the commercially available QPI systems
shown as the entire system costs less than $10,000. The technique is also comparable to, or better
than, the accuracy of the commercial systems. Lastly, the techniques used are non-invasive,

compact, and robust to environmental noise due to the CPC.

The phase reconstruction can be further improved by increasing the contrast in the phase-
contrast images. This improvement can come from exploring different LC materials. LCs with
optical properties might be more suitable for generating contrast in this context. Certain LCs might

also provide more homogeneity and less background noise, which would improve image contrast.

Another possible improvement can be made by obtaining more phase-contrast images
before calculating the phase. The more images that are obtained, the more accurate the calculated
phase maps will be. One way this can be implemented is to use a beam splitter to send one beam
to a camera and another beam to a camera at 22.5° rotation relative to a second polarized camera.
This would yield eight images with a n/4 shift relative to one another. Again, using a model that

can take advantage of the additional images will make the resulting phase maps more accurate.
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