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Chapter 1
Introduction

1.1 Cell imaging

Cell imaging techniques are used in life sciences, medical diagnosis, and drug development.
In the field of cellular biology, cell imaging is a vital tool, for example, in the diagnosis of
cancers. Furthermore, cell-based screening has appeared as a new tool for drug development.
With increased population aging, the development of advanced medical techniques is in
demand; in particular, for the treatment of cancers and Alzheimer’s and regenerative medicine
using induced pluripotent stem (iPS) cells, advanced cell imaging techniques for future
bioscience applications are anticipated. Cell imaging began with optical microscopy in 1665
[1-1] and has since evolved, with the miniaturization of intracellular observation targets.
Moreover, electronic microscopy [1-2] has enabled the imaging of biomolecules. Recently, an
important target for advanced bioscience and medical diagnoses has been to obtain information
about intracellular interactions such as biomolecule properties or protein reactions [1-3].
Unfortunately, electronic microscopy is not suitable for imaging living cells and the observation
of such molecular-level behavior with simple optical microscopy is difficult because of the
diffraction limit, which is ~200 nm in the visible light bandwidth, and the minute changes in
transmittance and refractive index. Various techniques have been used to solve this issue, e.g.,
fluorescence microscopy [1-5, 6], Raman spectroscopy [1-7 — 11], surface plasmon resonance
spectroscopy [1-12 —20], diffraction grating spectroscopy [1-22 —24], phase contrast
microscopy, differential interference microscopy, and phase holographic microscopy [1-26 — 28].
Of these methods, fluorescence microscopy has been used extensively because of the ease of
visualizing the behavior of arbitrary intracellular biomolecules and used in various applications.
However, fluorescence microscopy has limitations as described below, and therefore, it might

not be suitable for many future bioscience and medical applications.



1.1.1 Methods with labels

In the context of fluorescence microscopy, labeling methods are a widely used way of
linking a label to an object. A fluorescence microscopy setup is shown in Fig. 1.1. Usually,
fluorescence, quantum dots, radioisotopes, or quenchers are used as labels, bound to an arbitrary
object by an antigen—antibody reaction, DNA hybridization, or cellular synthesis. The emission
from a pumped label is identified by a wavelength filter and the near-field pattern from the label
is used to visualize the distribution of the labeled object. The success of this method in
identifying labels has been widely reported. In the medical diagnosis, labeling methods have
been used, e.g. to distinguish between normal and cancer cells. Total internal reflective
fluorescence improves the vertical observation resolution limited in the evanescent field to ~100
nm and stimulated emission depletion permits the observation of single fluorescent molecules
[1-25]. However, labeling methods do have some limitations. The preparation of the binding
labels, using techniques such as gene transfer, electroporation, fixing, and injection by a
micropipette or liposome, requires significant expertise and time, which reduces the potential
throughput of the methods. These labeling methods may be invasive to the cell. In particular,
when using labeling methods, the functionality of an objective protein must not be inhibited by
label binding: labeling sensitive objects like iPS cells is difficult because of this invasiveness.
Furthermore, cell toxicity can be a problem and photobleaching and photocytotoxic properties
must be considered. Furthermore, a quantitative diagnosis of the physical amount of the cell

present is difficult because of the indetermination of the binding.

: Binding of fluorescence
Wavelength Filter + Camera with target
Objective {
Lens
Fluorescence Pump

N\

N
Cell ’:Fluonescence

@ ®

Fig. 1.1. Labeling method. (a) Schematic of fluorescence microscopy. (b) Schematic of the

fluorescent image. Each label is binding to different target molecule..



1. 1. 2 Label-free methods

The problems of labeling methods described above can be solved with methods that do not

use labels. These methods are described below.

Raman spectroscopy

Fig. 1.2(a) shows a schematic for Raman spectroscopy. Raman scattering is an inelastic
scattering that has a different wavelength from that of the light incident on the material being
tested. The difference in these wavelengths is called the Raman shift, and is equivalent to the
energy between a specific molecular vibrational state and the ground state. Raman scattering
can be categorized as Stokes Raman scattering or anti-Stokes Raman scattering. These are
defined as a scattering with an energy absorbance or lose, respectively. The resultant image of
the Raman shift corresponds to the distribution of the material. This method has a spatial
resolution equal to that of an optical microscope and a high throughput, with no preparation
requirements. However, the cross-section of Raman scattering is typically 14 orders of
magnitude weaker than that of fluorescence [1-10]. This is a problem for phototoxicity.

Techniques to inhibit this problem have been developed, such as stimulated Raman scattering

Light ] —_ - Collimated fis Reflection
Rayleigh Virtual state Light

Scattering \ /
Vibration state

Grand state Metal /

SR

2 o »n wn
En & -34; -34; Film
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Scattering & E
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Sample ) Mirror Mirro
Grating Light \ \ g
O Sample
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Collimated \ Half
/ Light Reﬂection\ Mirro Mirror
/ \ Interference l
© )

Fig. 1.2. Schematics of existing label-free methods. (a) Raman spectroscopy. Scheme (left), Energy

band diagram (right). (b) Surface plasmon resonance. (c) Grating. (d) Phase holographic microscope.



(SRS), coherent anti-Raman scattering (CARS), and surface-enhanced Raman scattering
(SERS). SRS uses the enhancement observed when the incident light wavelength is the same as
the absorption wavelength of the molecules being tested. The SRS signal is mainly Stokes
Raman scattering, because the population of the ground state is greater than a vibrational state
according to Boltzmann distribution. In CARS, in which the signal is composed of anti-Stokes
Raman scattering, two or more wavelengths of light are used to irradiate the sample
simultaneously. They roll the basic scattered light or the support light to enhance the vibrational
state of the target molecules. SERS uses local surface plasmon resonance, in which the optical
field localized in the metal particles is enhanced. The single-molecule enhancement is 10°~10’
times larger than the population-averaged enhancement. However, this method loses some of the
merits of the label-free methods, i.e. the direct binding to the target, or the necessary of the

labeling.

Surface plasmon resonance

A plasmon is a quantum of plasma oscillation, and surface plasmon resonance (SPR) is the
coupling between the oscillation of the propagation of an electron along a metal surface and the
wave number in the corresponding direction of light. This coupling condition is sensitive to the
refractive index of the material attached to the metal. Thus, the coupling characteristic with the
condition of the incident light can be use as a refractive index sensor. Fig. 1.2(b) shows the
schematic of the Kletschmann configuration, which is the representative measurement system
for plasmon resonance. When the light irradiates with the coupling angle, the reflected light is
absorbed by the coupling. In contrast, without the coupling angle, the reflected light is not
absorbed by the coupling. The ideal accuracy of the refractive index order (~10™ RIU) required
from the sensitivity, the detectable minimum signal change [1-29], and the practical accuracy
(107 RIU) acquired from the absolute accuracy have been reported [1-20, 30]. Subsequently,
cells are attached to the metal surface and their refractive index image is acquired from the
reflection intensity distribution. The lateral spatial resolution of SPR is influenced by the
propagation of plasmon resonance, whereas the image resolution is limited by the diffraction
limit. The propagation length is ~7 wm with an Au film at 633 nm [1-19] or ~40 um with an Ag
film at 633 nm [1-16], which are not sufficient given the size of a human cell. The propagation
of plasmon can be canceled by the optical system alignment to compensate by an anti-phase
adjustment [1-19, 20], but the reported resolution was improved to no greater than 1 um.

Furthermore, this technique requires alignment expertise and is not commercially available.

Grating
The reflection condition of gratings is influenced by the refractive index of the material



attached to the grating. Fig. 1.2(c) shows a schematic for this technique. The critical angle that
reflects the lowest intensity is the standard for the change in the angle corresponding to the
change in the refractive index. The intensity of the reflected image with all incident angles
indicates the refractive index image of the material attached to the grating surface. The spatial
resolution is the same as that for optical microscopy and real-time observation is available with
this technique. However, the reflection condition with the angle has a gradual curve, e.g., the
full width at half maximum is larger than the change in the angle between the cell and the
culture fluids [1-21]. This means that signals for minute changes in the refractive index tend to

be buried in noise.

Methods using interference

Phase contrast microscopy and differential interference microscopy are simple methods that
can be used to emphasize the boundary of a structure that has the same transmittance as its
surroundings. In phase contrast microscopy, directly transmitted light is interfered with
diffracted light, whereas in differential interference microscopy, the change in the refractive
index between two neighboring points is visualized as brightness. Due to the difficulty in
evaluating physical quantities, these methods can only observe organelles [1-3]. However, phase
holographic microscopy is capable of quantitative evaluation by using the interference between
the transmitted light and the reference light, as shown in Fig. 1.2(d) [1-26 — 28]. The target
object of this method is a dry mass with a detection limit of the order of ~1 pg, defined as the
weight of the cell when water has evaporated and which mainly depends on protein
concentration and cell volume. However, this method cannot distinguish spatially to the light

incident direction, which makes absolute evaluation from the measured dry mass difficult.

1. 1.3 Requirements

From the existing methods discussed above, the general requirements for label-free cell

imaging can be categorized as follows.

Label-free with high throughput
High accuracy for the detection of cellular behavior
Small spatial resolution compared to that of a cell

Non-invasive

wn AW N =

Moving image and high frame rate for real-time observation

As mentioned above, label-free methods are anticipated to be high throughput: if the



throughput quantity of such a method is similar to that of labeling methods, then the relative
merits of the label-free method may become diminished. The simplest method for detecting
minute cellular behavior is the identification of the target object. If the target object contains an
identifying mechanism, e.g., Raman scattering, then the observation of an arbitrary molecule is
available. However, such a method requires applying a physical action to the target, which may
be invasive to cells. Another way to detect cellular behavior is quantitative evaluation with
highly accurate resolution. In such a method, detection regardless of fine spatial resolution is
necessary. Thus, accuracy is more important than spatial resolution. Spatial resolution should be
small compared to the size of a human cell (tens or a few tens of micrometers), meaning that a
resolution of less than a micrometer is required. Cell toxicity caused by the imaging method
could inhibit intracellular interaction; therefore, non-invasiveness is desirable. Toxic
assessments such as the trypan blue exclusion test are preferred for evidence of this, but cell
culturing can be regarded as the easiest test to show this, because of the difficulty of cell
culturing under cell toxicity conditions. Real-time observations can acquire data on cellular
interactions effectively; to achieve this, the required frame rate is determined by the time scale
of the observed cell element, e.g., days for a cell cycle, hours for a protein reaction, and less

than seconds for the beat of a heart muscle cell.

1.2 Photonic crystal nanolaser sensor

This section introduces a photonic crystal (PC) nanolaser, which can be applied to the
sensing of the refractive index n and its sensing applications. In this study, we used this

nanolaser for label-free imaging.

1. 2.1 Nanolaser

Fig. 1.3(a) shows a schematic of the PC nanolaser. The triangular lattice hole patterns of a
PC are arranged in a slab composed of an active material. This structure is called the PC slab.
The laser cavity consists of a submicron space, which was formed by shifting two adjacent
holes (lattice shift-type HO nanocavity). Fig. 1.3(b) is an example of the photonic band diagram
of the PC slab. The blue band indicates the photonic band gap (PBG), which is the forbidden
band for the photon [1-31]. The gray region highlights a light cone that does not satisfy the total
internal reflection condition for the vertical angle. By designing the resonant wavelength to be
in the range of the PBG and outside of the light cone, the cavity can confine light by index
contrast for the vertical angle and PBG for the lateral angle. Such strong optical confinement

enables the small modal volume. The PBG also works for luminescent processes. This inhibition
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Fig. 1.3. PC nanolaser. (a) Structure. (b) Example of a photonic band diagram of the PC slab.

of unwanted spontaneous emission makes lasing emission easy. The small modal volume
increases the spontaneous emission coupling to the lasing mode by the Purcell effect [1-33]. In
addition to this setup, PC nanolasers with other types of cavity have been researched widely
[1-34 — 44]. We fabricated the PC nanolaser with the HO nanocavity using a commercially
available GalnAsP single-quantum well wafer with a photoluminescence peak of ~1.55 um.
This PC nanolaser functions easily and effectively by photo-pumping at room temperature in an

aqueous environment and has a very small modal volume, which is effectively ~0.15 (A/n)’.

1. 2. 2 Nanolaser sensor

The PC nanolaser is a highly accurate sensor for sensing the refractive index n. The
mechanisms of such sensors are categorized by their optical micro/nanocavity. When these
cavities are exposed to an environment, a resonant wavelength shift AL occurs due to the
refractive index change An of the environment in the evanescent field. Smaller cavities are more
sensitive because of the increase in the ratio of the light path in the evanescent field. Thus, a PC
structure with a high index contrast and a large PBG is generally used for strong optical
confinement and miniaturization of the cavity. In addition to PC nanolasers, various other types
of optical micro/nanocavity structure have been researched, including microspheres,
microtoroids, microrings, PC waveguides, and PC passive cavities. Of these structures, the PC
nanolaser has the desirable characteristics of having a small modal volume, high density
integration, and a simple-functioning optical system. Fig. 1.4 shows the schematics of the
spectra for when the device is put into liquids with different #; it shows the red shift of the
resonant wavelength A with the increase in the refractive index n. We obtained a high sensitivity
A = AMAn of 400 nm/RIU, with an index resolution of the order of 10~ RIU for liquids in a.
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single device [1-35]

Furthermore, the laser sensor has an aptitude for sensing in water. The spectral linewidth is
important for the wavelength resolution. Passive cavities generally use Si and SiO, to decrease a
loss in infrared bandwidth and increase the Q factor of the sharpness of the linewidth. However,
in measurements in water, the absorption of water limits the total Q factor and the linewidth
plateaus, whereas the active material device can increase this sharpness by stimulated emission.
However, the PC nanolaser has a high thermal resistance, which is of the order of 10° K/W. The

thermo-optic (TO) effect under pulse pumping conditions increases the spectral linewidth up to



a maximum of ~10 nm in air. This problem in the limitation of the resolution of » is known as
wavelength chirping. We also found that incorporating a nanoslot (NS) into the nanolaser in
water localizes the laser mode and balances the positive TO effect in the semiconductor and the
negative one in water. Fig. 1.5 shows the Schematics of NS nanolaser. The comparison of
spectra with and without NS show spectral narrowing and more stable peak wavelength in NS

structure.

1. 2.3 Applications

We used the PC nanolaser sensor for biomolecule sensing with an immunoassay protocol. A
schematic for the setup is shown in Fig. 1.6. The PC nanolaser was modified with antibodies
and the reference A was measured in a liquid environment. The corresponding target antigens
were injected and bound specifically to the antibodies. The A was then measured again, and the
AM before and after the injection reflected the binding of the antigen. Thus, this immunoassay
can identify the target antigen due to the specific binding between the antigen and antibody, and
can be applied to the sensing of various proteins by choice of the antibody. This assay does not
require labeling of the antigen, and is therefore, a label-free method. By using such a protocol,
the detection of tens of zM of Streptavidin (a model protein that has specific binding) and 255
fM bovine serum albumin (standard protein) were reported [1-37, 39]. These detection limits are
quite low, indicating the potential of using the PC nanolaser as a sensor.

Another application of the PC nanolaser is for spectrometer-free refractive index sensing.
The integration of several PC nanolasers was fabricated. These nanolasers have slightly

modified structural parameters in order to achieve lasing with different values of A. Each PC
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Fig. 1.6. Scheme of immunoassay using PC nanolaser.



nanolaser has a different A to reflect the environment n. Through an appropriate wavelength
filter, the near-field pattern shows a lack of lasing spots, which reflects the environment 7. Thus,
this system can operate as a spectrometer-free refractive index sensor. This application indicates
that integrating multiple PC nanolasers has the potential to provide novel functionality.

The other sensing mechanism is also studied such as the opto-mechanical sensing which
observed the variation of the mechanical vibration from using optical signal. In such sensing the
suppress of the thermal noise should be important, so that not suitable for an ordinary

temperature in cellular environment.

1.3 Proposal

As discussed above, label-free methods are anticipated to play a critical role in the future of
cell imaging. In particular, PC nanolasers offer excellent label-free sensing, and the potential to
integrate PC nanolasers with high density is possible and practical. We therefore posited that an
integrated PC nanolaser sensor can be used as a device for imaging cells, because the spatial
resolution based on the small modal volume and the high accuracy of the refractive index
resolution satisfy the demands for such cell imaging. Thus, we designed a nanolaser array as an
image sensor for living cells and demonstrated its preliminary operation. Fig. 1.7 shows the

schematic of the proposed imaging method, in which the cells are attached to the PC nanolaser

_\
\ /ir Holes of

Photonic Crystal
HO Nanocavity

Laser Emission

Fig. 1.7. Nanolaser array on which cells are cultured. Left: optical micrograph of nanolaser arrays and
HeLa cells. Middle: schematic of a cell on the nanolaser array. Right: scanning electron micrograph of

a fabricated HO-type nanolaser. [1-45]
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array. Each PC nanolaser lasers with a wavelength reflective of the refractive index of the cell
within the modal area. In this report, we demonstrate live cell imaging using a PC nanolaser
array, establish the system for cell imaging, and outline the key specifications of this imaging

method.

1. 4 This study

1.4.1 Independent array operation

In the PC nanolaser, light is confined by the PBG in the periodic structure of the PC, so that
the resonant mode is partly spread in the PC region. The distribution range is of several periods
of the PC, which corresponds to several micrometers. Fig. 1.8 shows the schematics of modal
field distributions of the PC nanolaser with its wide intensity range. The modal distributions of
individual nanolasers overlap with each other to give a high-density integration of the PC
nanolaser, and thus coupling between the PC nanolasers may occur. However, the independent

operation of each nanolaser in the array is necessary for its use as an imaging device. Therefore,

@ ® ©
Fig. 1.8. Schematics of modal distribution in high density integration. (a) Single mode operation with a
sufficient space between nanolasers. (b), (¢) Modal distributions with mode overlap. Independent

operation, or coupling operation, respectively.

@
Fig. 1.9 Schematic of problem of, and solution to, the fragility of the PC slab area. (a) Optical

micrograph of break in previous air bridge structure. (b) and (c) Air bridge structure and bonding

structure, respectively.

11



we examined the nature and extent of the coupling, and ultimately, proposed its inhibition. We
fabricated the nanolaser array and observed its operation with and without the coupling. The
coupling showed various patterns and was not inhibited simply by the difference between the
wavelengths of the individual nanolasers. Additionally, dividing the semiconductor slab between
PC nanolasers, like insulation in an antenna, did not inhibit the coupling because this optical
coupling does not occur electrically. Furthermore, such modulation produced a defect in the PC,
which generated new resonance. By comparing nanolaser arrays with and without the coupling,
we discovered that the occurrence of the coupling corresponds to the resonant mode and that the
resonant mode can be controlled by the diameter of the hole in the PC. This structural
optimization enables the array to operate independently, which is vital for the proposed imaging

application.

1. 4.2 Fabrication of large-area device

For the imaging of a human cell, the observation area should be larger than the size of a cell,
which is ten to a few tens of micrometer. However, the size of the previous PC nanolaser array
was limited to ~25 um?® by the fragility of its air bridge structure in which the thickness of the
slab was 180 nm. Fig. 1.9(a) shows an optical micrograph of the broken PC. We proposed to
solve this problem by using a bonding structure and established a new fabrication process as
shown in Fig. 1.9(b) and (c¢). We focused on using polydimethylsiloxane (PDMS) resin as a
bonding layer. PDMS is used in the flow channels of micro total analysis systems and for cell
culturing, and therefore, has an aptitude for cell imaging. PDMS has a refractive index of 1.4
RIU and a TO coefficient of —0.5 RIU/K [1-49], and therefore, has an aptitude to be used as a
laser cladding material. Two methods are possible to achieve this bonding. One uses a
polymerization reaction with a monomer and catalytic substance mixture, and the other uses the
adhesive property of the polymer surface. In this study, the polymerization method was used to
achieve a flatter bonding surface. We solved the fragility of the initial array by bonding the
GalnAsP slab onto a glass substrate. Additionally, we developed a process to prevent the PDMS
from covering the cavity surface, which would make sensing impossible. As a result of these
developments, we succeeded in fabricating a 21 x 21 = 441 nanolaser array in an area of 100

pum? with 100% lasing yield.

1. 4.3 Using the system for imaging

To use this system for imaging, it was first necessary to obtain the spectral data for each

nanolaser within the array. The optical system we used was basically the same as the previous

12



setup [1-34 — 41]. The spectrum of each nanolaser in the array was measured by scanning a
small spot of pumping light. However, the collection of these data was inhibited by the spectra
of neighboring nanolasers being observed simultaneously, due to the hysteresis of the
piezometer for the scanning and the size of the pumping light spot. Thus, we adjusted the
wavelength of each nanolaser to differ from its surroundings, and proposed the development of
identification system using wavelength in the case of a mixed spectra. In a previous report, the
wavelength of each nanolaser was controlled by the amount of shift in the HO cavity. However,
the ability to control these wavelengths is limited by the counter change from the proximity
effect in electron-beam (EB) lithography. Therefore, in this study, we controlled the
wavelengths by tuning the diameter of the shifted holes, and permitted monotonic increase
control with ~160 nm bandwidth. In this way, identification by wavelength was possible.
Another problem we encountered was the intensification of data processing work required, with
respect to the obtained spectra and the coordinate control in the measurements made, which
increases with the integration scale of the nanolaser array. Therefore, we established automated
systems for the piezoelectric micrometer in the mirror body of the microscope, the optical
spectrum analyzer, the diffractive grating, and the array photodetector, all of which were
controlled by computer. Furthermore, we developed an automated program for the scanning of a
pumping spot in the array. We also automated the data processing of the identification of an
arbitrary nanolaser A from the measured spectral data and the mapping of the AL of each

nanolaser corresponding to the nanolaser array arrangement.

1. 4.4 Demonstration of refractive index imaging

To confirm the discrimination of the distribution for a test pattern, we first prepared a
nanolaser array, formed a resist pattern onto the device, and measured A for all nanolasers. The
resist pattern was washed out, and the A values were measured again. The figure that maps
A) between these measurements corresponds to the boundary of the resist pattern in an optical
micrograph. The image based on the index change An = AA/A4 is more valuable for evaluating
cellular behavior. As mentioned, the most attractive feature of this nanolaser sensor is its high
index resolution, of the order of 10~ RIU, which should be effective for detecting, for example,
the emission of secretory proteins from cells. However, when nonuniformity in the sensitivity 4
between the nanolasers is larger than this value, the An image distorts. To guarantee the
correspondence between the An image and the actual An profile, the nonuniformity must be
calibrated. Therefore, we calibrated the nonuniformity in An by evaluating the sensitivity 4 of
each nanolaser in advance. For this evaluation, we measured A of all nanolasers in sugar water

with various concentrations, whose refractive indices were also measured independently by a
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refractometer. 4 for the liquid index was obtained from AA/An for all nanolasers. Subsequently,
An was obtained from AA/A for each nanolaser, and the measured nonuniformity in 4 was found

to be ~10%. As a result, we demonstrated the imaging of An for cell imaging.

1.4.5 Improvement of refractive index resolution

Although various refractive index sensors have been reported, the discussion of their
refractive index resolutions has been limited mostly to the ideal case, as calculated by a
sensitivity and minimum detectable change in a signal. However, the measured n» may be
affected by fluctuations, and the real refractive index resolution may be far from the ideal case.
In contrast, in this study, we provide a more comprehensive discussion of the refractive index
resolution by accounting for errors in the measurement of n caused by fluctuations. In a
nanolaser, the main cause of error in 7 is fluctuations in the spectra and sensitivity. With respect
to the fluctuation in sensitivity, we calculated the effect of the asymmetry that results from only
one side of the PC slab detecting the An. From the nonlinearity in the equivalent » and the
wavelength resolution in the spectroscope, the accuracy is ~10” RIU. With respect to fluctuation
in the spectra, the absolute accuracy of An was defined as the difference between the An
obtained in the above manner and the value directly measured by the refractometer. Our simple
PC nanolaser showed an absolute accuracy of ~102 RIU. We then tried to suppress the
fluctuations in the laser spectrum that are mainly caused by TO chirping. In a previous study, we
reported that TO chirping broadens the laser spectrum and causes fluctuations in the peak
wavelength, particularly under the pulsed pumping condition [1-36] that was employed in this
study to avoid severe heating. We also showed that incorporating an NS into a nanolaser in
water localizes the laser mode and balances the positive TO effect in the semiconductor and the
negative one in water, which we confirmed from the observed spectral narrowing and more
stable peak wavelength. We expect similar cancellations to occur, even in the device bonded
onto PDMS, because the PDMS on the reverse of the device has a negative TO coefficient of
—0.5 RIU/K, which is similar to that of water, and the front side is exposed to water just as for
the previous case. We fabricated the NS nanolaser array and measured the absolute accuracy.
We observed that the NS narrowed the spectrum and reduced the scattering range of absolute

accuracy to 2 x 107 RIU.

1.4. 6 Improvement in the measurement frame rate

Within our method, the frame rate is determined by the time taken for the measurement of

the spectra of all nanolasers in the array. At first, we intended to measure the spectra of the
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nanolaser array one by one by scanning them with a pumping light spot. However, using this
method, the frame rate increases when the scale of integration is large; for example, in the 441
nanolaser array, the frame rate was 12 min/frame, which means that real-time observation would
be impossible However, parallel measurement of nanolasers can reduce this frame rate and the
number of nanolasers lasing simultaneously can be controlled by the size of the pumping spot.
We proposed to integrate the PC nanolaser with different A values close to each other, and pump
them simultaneously with a large spot of pumping light. However, the problem with this was
that the way the array was fabricated made identification by A impossible. Instead, we tried to
develop a method to control the A with a post-processing step, by trimming them via light
pumping in a dilute hydrochloric acid solution. By using this trimming method, we fabricated a
3 x 3 = 9 nanolaser array with a wavelength interval of 2.5 nm, which was larger than the
standard AA obtained by cellular attachment. By simultaneous pumping and measurement, the

frame rate was improved to ~2 s/frame.

1. 4.7 Demonstration of cell imaging

First, we developed a measurement system appropriate for cells by preparing a flow channel
composed of PDMS to avoid evaporation of the culture fluids, enable the injection of the
reagent, and control the temperature and pH. The culturing of HeLa cells in the flow channel
was demonstrated, and then, HeLa cells were attached to the nanolaser array for incubation for
half a day. The nanolaser array with the cells was then set as the measurement system within the
culture fluid environment. The A of the array were then measured repeatedly. After the
measurement, the cells were removed by #rypsin and the reference A were measured again. We
successfully acquired the cell image by mapping the AA, the difference in A with and without
the cells, relative to the positions of the nanolaser array. The regions with attached cells gave a
AM signal. We also acquired the time evolution of the AA image and cellular reaction for the
reagent, and demonstrated a An observation by using an NS nanolaser array and a high frame

rate observation via the post-processing trimming method outlined.

1. 5 This thesis

This thesis is organized into five thematic chapters, namely “Introduction”, “Principle”,
“Device”, “Fundamental Operation”, and “Cell Imaging”. The content of this study is
categorized into the proposition of the novel method, the demonstration of the method, the
development of the demonstration, and the imaging properties. In Chap. 2 Principle, a

description of the content of the proposition and a discussion of the imaging properties is given.
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In Chap. 3 Device, details of the fabrication and system development are given. In Chap. 4 Cell
imaging, a description of the demonstration of cell imaging using the proposed method is given.
Table 1.1 shows the correspondence between the contents and chapters. The definition of and
improvement in the refractive index resolution, the structure for improvement, and the actual
properties of the refractive index resolution are described in Chaps. 2, 3, and 4, respectively.
The improvement in the measurement frame rate, the mechanism, the fabrication process, and
the properties are also described in Chaps. 2, 3, and 4, respectively. The details of the

demonstration of proposed cell imaging method are described in Chap. 5.

Table 1.1 Overview of this thesis.

Chaptertitle | F | § g &
Bl = =
ela e
A EE
o <]
s |E
E|®
Q
2
. g
Contents of this study 2
Proposition of this cell imaging method v
Structural optimization for independent array operation v/
Fabrication of large area device v
Establishment of system to imaging v/
Demonstration of refractive index imaging v
Definition and improvement of refractive index resolution vIivVIivV
Improvement of measurement frame rate VIV 4TV 4
Demonstration of cell imaging v
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Chapter 2
Principle

2.1 Concept

Fig. 1.7 indicates the scheme of the proposed imaging method. The nanolasers are aligned
into a two-dimensional square lattice with a pitch large enough to prevent mutual mode
coupling, and the cells are cultured on this array. Each nanolaser exhibits a A value according to
n induced by the cell. In principle, the absolute value of # can be acquired from A. However, the
culture fluid contains various foreign substances such as proteins, amino acids, and glucose,
which may also attach and produce additional An and cause noise in the measurement of z. Such
additional attachment is thought to be based on strong physical adsorption, such that the
additional shift is assumed to be the drift in A in a continuous measurement. Additionally, the
environment around the cell is filled with culture fluid, the observation of the relative n from
which is actually useful. Therefore, we ultimately acquire AA in each nanolaser according to An
induced by the cell attachment. The measurement conditions are categorized for the case
without a cell, the case with a cell, and the case with a cell containing some changes. Fig. 2.1
shows the schematics of the A and A\ images for each cell condition. The AA image should be
composed of red shift because the refractive index of a protein is larger than that of the culture
fluids. The amplitude of AA should reflect a change in the cell. The evaluation of An can be
acquired by translation from AA. In addition, the controllability of A contributes to the property
of the identification of the nanolaser in an array. Fig. 2.2 shows the identification scheme using
the wavelength of a nanolaser array. The different A values in the nanolaser array can be
integrated. Using a large spot of pumping light, the spectra from different nanolasers that fall
under the spot are measured simultaneously. The spectra of each nanolaser can be identified
from the measured spectra by the unique A. These features provide distinct advantages to the
proposed method, namely that they prevent noise from surrounding nanolasers, make optical

alignment easy, and exhibit improved frame rates because of the parallel measurement.
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Fig. 2.2. Scheme of the identification method from the spectra measured simultaneously using a

nanolaser array, by integrating different A values.

2.2 Features

In this section, we show the features of the proposed method along with the requirements for
cell imaging discussed in section 1.1.3. We also compare it with other methods. Table 2.1 shows

the summary of this section.
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Table. 2.1. Comparison of the features among cell imaging methods.

Mechanism Target Throughput Accuracy Ri%?g;tn Invasiveness FRra:tr;e
Label Molecule Low D. L. Middle Very High
SPR Index High ~103RIU  ~10 pm Low Very High
Raman Scattering | Molecule Very High D. L. High Low
Grating Index High Low D.L. Low Very High
Interference Drymass Very High ~1 pg D. L. Low Very High
This Method Index High ~10°RIU <l pm Low High

Label-free with high throughput

As mentioned previously, this method can acquire images without the use of labels. The
only preparation required is the attachment of the cell to the nanolaser array device, such that, if
preliminary attachment is allowed, the initiation of measurements can be very prompt. For
example, in Chap. 5, we describe the attachment of HeLa cells to the device, for which the time
for attachment was half a day. In comparison, methods that use SPR and grating also require cell
attachment of a similar time period, whereas methods that use Raman spectroscopy and phase
holographic microscopy only require the setup of the optical system. In conclusion, the
throughput of this method is fast compared to that of labeling methods, which require

successive culturing of cells for several generations to confirm the gene injection.

Accuracy
As mentioned in Chap. 1, the PC nanolaser had been applied to sensing liquids and

biomolecules, for which an index resolution of the order of 10~ RIU for liquids in a single
device was obtained. In this study, the basic structure of the PC nanolaser is the same as that for
the previous report, so the same refractive index resolution should, theoretically, be achieved.
The refractive index resolution of the device used in this study is discussed in section 2.3. The
other method to quantitatively evaluate n is to use SPR, for which the resolution of the
refractive index is of the order of 10 RIU [2-30, 2]. We calculated the value of the refractive
index resolution required for cellular behavior as being of the order of 10™* RIU. The difference
between cytoplasm and an organelle is ~10” RIU, e.g., the RIU of cytoplasm is ~1.37, of a
nucleus is ~1.39, of mitochondria is ~1.4, and of a lysosome is ~1.6 [2-3]. The change in the
refractive index during the interphase in a cell cycle is of the order of 10™* RIU, which is
calculated from the change in the dry mass of a yeast cell of ~0.1 pg/um? [2-4], the depth of the
yeast cell of ~5 pm, the density of the amino acid of ~0.2 ml/g, and the volume ratio within the

evanescent field of ~0.1. The concentration of protein in cells is also equivalent to 3 x 10 — 1 x
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107 RIU.

Small spatial resolution compared to a cell

The size of the observation area of a single PC nanolaser is determined by the modal
distribution for the planar direction and the evanescent field for the vertical direction, which are
less than 1 pm’ and ~120 nm, respectively [2-7]. The lateral resolution is sufficient for
quantitative evaluation, given the size of a cell of ten or a few tens of micrometer, and superior
to the propagation length of plasmon resonance of ~7 um with a Au film at 633 nm [2-9] or ~40
pm with a Ag film at 633 nm [2-10]. However, the vertical resolution limits the observed area
near membranes given typical sizes of, for example, a membrane of ~10 nm, fibronectin (the
main cell adhesion protein) of >100 nm, and a transmembrane protein of ~20 nm [2-8]. The
resolution of the image is determined by the pitch of the nanolaser array, which is limited by the
coupling between each nanolaser in the array. Independent operation for a pitch size of 2.5 um
has been confirmed experimentally. The pitch size of 2.5 pum is the smallest for the pumping
spot we used, and the ideal pitch should be limited by the formation of the PBG structure, which
may be ~2 pum. This value is lower than the diffractive limit in an optical microscope. For the
improvement in the observation area of a single nanolaser and the resolution of the image, a
lower lattice constant in the PC is necessary. This requires the development of a nanolaser
composed of other materials for operation with shorter wavelengths. Furthermore, the vertical

resolution requires a change in the refractive index of the slab.

Non-invasiveness

In contrast to labeling methods, the influence of the specific molecule is not accounted for in
this study. The attachment of the PC slab and heating by lasing could introduce cell toxicity. As
evidence of non-invasiveness, given the difficulty of culturing cells under such conditions, cell
culturing can be regarded as an easy test for cell toxicity. In this study, we used cell culturing in
the measurement setup to confirm non-invasiveness. These details are given in Chap. 6. The
results showed cell culturing for one day without cell death and with cell division. Furthermore,
with respect to phototoxicity, this method has the advantage of producing an easily detectable
signal compared to Raman methods. The operation of the pumping and lasing light with infrared
discourages phototoxicity, and any thermal influence caused by lasing may be ignored because

of the pulse operation of the laser that we used.

Moving images and high frame rates for real-time observations

In this method, a moving image can be acquired by continuous measurement of A. The

frame rate is determined by the detection of the A of each nanolaser and the scanning of the
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array. The practical frame rate is described in section 2.3.8, which is ~1 s in the low integration
condition. The dynamics of cellular interaction are mediated by a complex system, and the
period of these dynamics are dependent on the system under observation [2-8]. The frame rate
in this method is sufficient to observe some types of protein reactions [2-11]. Considering the
frame rate in principle, the scanning of the array can be ignored by a fan-in/fan-out system, and
the frame rate should be limited by the exposure time for the detection of the spectrum. This
time is generally determined by the signal intensity. Thus, this method may be faster than the
Raman method and slower than SPR, grating, and digital holographic microscopy.

Based on the above, our proposed method is characterized by its high throughput, high
accuracy, low invasiveness, adequate spatial resolution, and frame rates that give access to

quasi-real-time observations.

2.3 Specifications

This section describes the basic imaging specifications of the proposed method, and
highlights the theoretical limitations and practical results of this study. Before describing these,
a calculation method often used in optical simulations, 3-Dimentional (3D) finite-difference

time domain (FDTD), is introduced.

FDTD simulation

In this simulation, the electrical permittivity and magnetic permeability were set for the
finite divided cells, and an electric field and a magnetic field were calculated by Maxwell’s

equations for each divided time step between cells. For accurate simulation of equations for

each divided time step between cells. For accurate simulation of electromagnetic waves, the cell

260 nm | 240 nm 250 nm | 250 nm

@ ()

Fig. 2.3. Comparison of the alignment mechanism for the FDTD model. The mechanism of (a) a

previous study and (b) this study. Black and white regions are exposed and not exposed, respectively.

26



i w/o Hanning window

5
S|
3
=
=)
g
k|
1.4 1.5 1.6 1.7 1.8 1.9
Wavelength A [nm]

Fig. 2.4. Resonant spectra calculated by FFT. The Hanning window is

applied to the electromagnetic component’s time evolution before FFT.

Table. 2.2. FDTD simulation parameters.

Parameter (Bro adbalnulil;’sS;t:giyﬁc mode) Fullwave (RSoft)
Cell size 20 nm 20 nm
Size of calculation model 465 x 482 x 120 cell 250 x 238 x 30 cell
Unit time step 0.035 fs 0.036 fs
Number of calculation steps 4 x 10*/7 x 10* step 2 x 10" step
Absorption boundary Mur 2nd-order Perfect matched layer
Number of cluster nodes 5 1
Typical calculation time 6h 4h
Excitation Spectral width: 1/¢2 (6 = 0.3/0.01-0.006) Impulse

Peak wavelength : 1.5 pm/modal peak

size and unit step time were limited to less than A/10xn and the Courant condition, respectively.
The absorbing boundary was set at the boundary of the model. With these conditions defined,
the propagation of the electromagnetic wave could be simulated. In the model of a PC cavity,
when light is excited with a broadband wavelength element, the element without the resonant
wavelength is scattered and absorbed gradually. Thus, the discrete Fourier transform of the
energy remaining after the calculated step has been run indicates the resonant wavelength of the
model cavity. The mode profile and the O factor are calculated by the excitation of the specific
A element. In this study, we used the program written to this study, with parameters that were

largely the same as those for previous reports [2-12, —14], and Fullwave software. Table 2.2
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indicates the basic parameter of the simulation. Note that the written program settings differ
from those reports in the following way. In the modeling, the real structure is get sampling due
to the discrete presentation with the cell size. In previous reports, the centers of the holes
corresponded to those of the cells for the refined structure of the hole model, which contained a
lattice constant error in some places. In this report, the correct lattice constant was used, and the
distorted hole was designed to be at the outside of the cavity center, as shown in Fig. 2.3. In Fig.
2.3 (b), the error in the centering lattice constant is resolved where the critical position of the
mode should be. In the Fullwave simulation, the cell at the boundary of the holes was
automatically set to the modified n. Moreover, before the discrete Fourier transform was applied,
the Hanning window was introduced to reduce the noise from the hopping in the periodic
function. Fig. 2.4 shows fast Fourier transform (FFT) spectra with and without the Hanning
window. This shows the single-digit reduction in noise. With these adjustments, the correct

calculation of A was expected.

2.3.1 Observation area

Although the schematic of the observation area was discussed in section 2.2, the extent of
the discussion for the model with the cell and culture fluid was not sufficient. In particular,
further discussion on the resolution of the vertical direction and its influence on AX is necessary
because of the effects of the cellular tensional force on the cell membrane. Using a 3D FDTD
written simulation, we calculated A when the distance of the cell with the slab surface was
changed. The sensing area can be calculated with this simulation as the change of A. Here, the
simple HO-type cavity with the bonding structure was used with the model of the PC nanolaser.
Table 2.3. gives the calculation parameters. For the values of the cellular parameters, refer to

[2-3]. Fig. 2.5 shows A\ for different attachment conditions using the FDTD written simulation.

Table. 2.3. Parameters of simulated model.

n (active layer) 34
n (PDMS) 14
n (water) 1.3321
n (culture fluids) 1.337
n (cell) 1.355
Active layer thickness 180 nm
Lattice constant a 500 nm
Hole diameter 27 260 nm
Shift of HO cavity sx 80 nm
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Fig. 2.5. FDTD calculation of wavelength shift for the distance between the nanolaser and cell. The
distance is set to zero when the cell is attached to the top surface of the nanolaser. The negative

distance means that the cell partially penetrates into the nanolaser holes. [2-18]

Here, the distance d between the nanolaser and the cell is changed and the culture fluid is
assumed to be in between them. AL is set to zero in the absence of the cell. As d is decreases, AL
increases, particularly at d < 100 nm, which is within the penetration depth of the laser mode.
A is calculated to be 1.5 nm at d = 0, where the cell is uniformly attached to the top surface of
the nanolaser. It is further increased when the cell partially penetrates into the holes of the
photonic crystal slab. These calculations well explain the experimental AA in the cell area
ranging from 0.5 to 2.0 nm. We also calculated the lateral distribution of the bonding structure.
Fig. 2.6 shows the modal distributions of the electromagnetic field by the excitation of the
specific mode.

These results show only one polarized wave excitation in which the electric field oscillation
is transverse to the PC structure. The other polarized wave can be ignored in a PC nanolaser,
because in that case, the PBG does not arise. This shows that the electromagnetic field is mainly
confined to the space by the shift in the HO cavity. In this sensor, A is reflected by the dielectric
constant within the evanescent field of the electric field and the lateral spatial resolution is less

than 1 pm.

2. 3.2 Spatial resolution

As mentioned above, in this method, the spatial resolution is equal to the pitch of the

nanolaser array. This pitch is limited, in principle, by the coupling between nanolasers, but
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Fig. 2.6. Calculated modal distribution in the bonding model. (a), (b), (c), and (d) show the fields for
|E2|, E,, E, and H,, respectively.

should be 1.5-2.5 um, because the form of the periodic structure in the PC becomes impossible.
Importantly, the consensus from the established practice is that the confirmation of the A of each
nanolaser in an array requires the measurement of each single nanolaser operation by pumping a
small spot of light onto it. However, this limitation can be resolved by making the control of A
larger than the fabrication error. Unfortunately, because of the quantity of the work required and
the fabrication yield, we used the measurement confirmation in this study. Considering the spot
size of the pumping light and the accuracy of the piezoelectric micrometer, excessively small
pitches are impracticable, but we did confirm the minimum practical pitch size. Fig. 2.7(a)

shows the Scanning electron microscopy (SEM) image of the 5 x 5 nanolaser array with a 2.5
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Fig. 2.7. Individual measurement in 2.5 pum pitch array. (a) SEM image of the fabricated device. (b)

Near-field pattern of laser emission for 5 x 5 =25 points.

pm pitch. Each nanolaser was individually pumped with the smallest spot (~3 wm) manipulated
by a hand-operated micrometer, as shown in Fig. 2.7(b). The minimum pitch with
hand-operation, or with automatic operation, is limited by the spot size or the accuracy of the
piezoelectric micrometer—2.5 pm or 4.5 um, respectively. In particular, with the nanolaser with
the additional NS structure, a large pumping spot area is required for emission compared to the
nanolaser without the NS. For the measurement confirmation with the larger spot size (~20 pum),

the practical minimum pitch was found to be ~10 pm.

2. 3.3 Number of pixels

In this method, the number of pixels is determined by the pitch of the nanolaser array and
the integration area. The pitch is theoretically of the micrometer scale and the theoretical
limitation of the area in an bonding structure is the preparable wafer size. The near-field pattern
from the maximum number of nanolasers integrated in this work, which was more than 400 was
shown in Chap. 4. This is first time ever that a number of that scale of nanolasers has been
integrated. From a practical view, this large-scale integration degrades the frame rate, and the
area over the exposure field of the EB exposure system requires the stitching of many fields.
This stitching reduces the yield of a nanolaser array. However, the size of the single field of the
EB exposure system of 150 um % 150 um is sufficient for the observation of something the size
of a human cell (a few tens of micrometer). In this study, we used a 100 um x 100 um area for
the observation of the whole cell. With a pitch size of ~5 um, the practical number of pixels is
21 x 21 =441 array.
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Fig. 2.8. Calculated sensitivity in the bonding structure. (a) Scheme of the model. (b) Wavelength shift

for nyy.

2. 3.4 Sensitivity

A can be acquired from dividing An by AA. Fig. 2.8 indicates the change in A for the
environmental # with the bonding structure, which is calculated by 3D FDTD written simulation.
This simulation model is shown in Fig. 2.8(a). A red shift is observed along with the increase in
n. A is calculated to be ~150 nm/RIU. This value is low compared to the previous air bridge
structure, because one side of the slab does not contribute to the sensing. Additionally, the
practical value of A4 is thought to be lower than the theoretical value due to the penetration of
PDMS into the PC holes. However, the NS structure increases 4 by the modal confinement into
the NS.

2. 3.5 Dynamic range

The modal hopping of An is posited as the cause that limits the dynamic range. The An
between the culture fluid and attached cell was found experimentally, and from references, to be
around 0.02 RIU. This value is quite small compared to the index contrast of ~2 RIU between
the active layer and the environment. Thus, the influence on the mode from An of a cell can be
ignored. Fig. 2.9 shows the experimental spectra of 16 nanolasers for n.,, in the range 1.30-1.38.
These show monotonic AA with the same mode, despite the An being larger than that for the
cellular attachment. Furthermore, despite the broader range of An than that for a cell, modal
instability does not arise. In one sense, if a structurally modified nanolaser has natural modal
instability, then the An of a cell may exhibit modal hopping. However, the modal tolerance
range for the structure is still large. For example, the wavelength bandwidth in the same mode

when the diameter of the shifted holes forming the HO cavity is changed is ~100 nm, whereas
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the AA from the An of the cell is ~2 nm. Thus, we can easily adjust the structure to the modally

stable range, and the dynamic range of this method is sufficient for a cell imaging application.

2. 3.6 Noise

In contrast to general optical microscopy, the method presented here senses only from A
information. Therefore, background noise can be ignored because the laser spectrum has a high
intensity and a sharp linewidth in A. However, the pumping operation is required to reduce the
thermal invasiveness to the cell and the fluctuation in A occurs from the TO effect with the pulse
operation, which becomes the main source of noise in this method. Fortunately, in a cell
imaging environment, the base of the culture fluids and cells is water. Because water has the

inverse TO coefficient (—10™* RIU/K) to one of the active layers (10 RIU/K), the cell imaging

12 1.30 1.32 1.34 1.36 12 n =133

g E o T A ‘%’ 10F 7 135 137

ﬁ 08 E 08

'§ 06 B "§ 0.6 e

2 0.3 ‘ W 2 0.(2) | | J, - \ J X

1574 1576 1578 1580 1582 1574 1576 1578 1580 1582
Wavelength [nm] Wavelength [nm]
@ ®)

Fig. 2.10. Comparison of the spectra in index liquid and sugar water. (a) Index liquid. (b) Sugar water.
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33



noise is comparatively low. This noise is evaluated by the measured spectral line width. In this
study, the experimental linewidth is of the order of less than a nanometer and is improved by
introducing the NS structure, which balances the positive and negative TO effects. These details
are described in Chap. 4. Similarly, the balancing of the TO effect reduces the fluctuation in A.
Further improvements, such as introducing another balancing structure or tuning the TO
coefficient of the PDMS resin, are possible. Also note that the TO effect is important not only to
the imaging but also to the measurement of the fundamental operation of the method. Fig. 2.10
indicates the spectra of different n solutions with an index liquid or sugar water. In the index
liquid, there occurs a large TO effect, and a fluctuation in A arises. If 4 is calculated from such a
measurement, it will obviously be distorted. However, in the sugar water, sharp spectra are
observed and an accurate 4 is expected. Thus, the measurement of the fundamental properties

was conducted in the sugar water environment.

2.3.7 Accuracy

An was calculated from AX and A4 in this method, as shown in equation 2.1. By introducing a
fluctuation term for each variable, i.e., on, 0A, and 84, we get equation 2.2. Here, dn is thought
to not only be the fluctuation in the index shift but to also indicate the accuracy of this method.

The absolute accuracy 6n is then defined as equation 2.3.

A=M\/A @.1)
A +3n= (AL +3N) / (4 + 34) 2.2)
Sn=(AA+5X) /(4 + 84) — An (2.3)

Here, An + on is the index shift acquired by this method, AL + O\ is the measured
wavelength shift, A4 + 84 is the measured sensitivity, and An is the index shift acquired from
another method. With these, we can acquire the absolute accuracy of the measurements. The
experimental results for these equations are described in Chap. 4. We calculated the theoretical
on for dA and 64. First, the influence of 6A is discussed. The 6A caused by the TO effect with
the pulse pumping operation should be considered. However, the influence from the TO effect
was not treated in this work due to its complexity, and left to actual experiment. Considering
this, the spectral resolution of the spectroscopy (0.139 nm) became the main element in dA. 6n
was calculated by 8\ (0.139 nm)/4 (calculated value 150 nm/RIU) = ~10~* RIU.

Second, the influence of 04 is discussed. As mentioned with respect to the dynamic range,

the optical mode has a strong stability. Thus, the stability of 4 is guaranteed, and d4 can be
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considered to be generally small. However, if An is large, nonlinearity arises from the fact that
only one side of the slab contributes to the sensing. We calculated the equivalent index of the

model of the three-layer asymmetric slab waveguide [2-19]. The parameter V' of this model is

defined as
n_npn 2
V=hkon_d “‘—nzpd‘“’; 2.4

act

where kj is the propagation coefficient in vacuum, n, is the index of the active layer, 7p4ms is the
index of the PDMS layer, and d is the thickness of the active layer. Assuming ky = 2n/A =
271/(1.55 % 10'4) rad/m, n,e = 3.4, Npams = 1.4, and d = 180 nm, V' is calculated to be 2.26. The

parameter b is numerically calculated with Eq. (2.5).

)

In Eq. (2.5), neny is the index of the environment, a’ is the term for the asymmetric nature,
and N7 is the term for the multimodal nature. Assuming single-mode operation, b becomes a
function of ne,. The equivalent index neq is calculated from Eq. (2.6) and (2.7) through the

propagation coefficient f3.

p=ko\/b(nm2—nm2) +n g, 2 (2.6)
_ B
"= (2.7)

Because the measured index in this method is assumed to correspond to 7.q, the theoretically

measured index ng, is defined as

n,=n (n0)+(n —no){ (n )~ " (nm‘“)} (2.8)

where n, is the reference index, and 7. and s, are the limits of the »n used in the
calculation of the sensitivity of neq to nen,, The right term presents the slope of neq t0 neny,
whereas n., — ny presents the theoretical error of the nonlinearity in 4. Assuming the
experimental range, 79 = 1.33, nmin = 1.33, and nmax = 1.39, neq — 1y is calculated as shown in Fig.
2.11. The maximum error from the nonlinearity in A is ~4 x 10> RIU in the experimental range.
This error is thought to be resolved by treating 4 as a nonlinear term. From the discussion above,

it is clear that the main cause limiting the accuracy of this method is SA.
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Fig. 2.11. Calculated error of the monitored index in this method. The error

is caused by the asymmetry of the bonding structure.

2. 3.8 Frame rate

To acquire a one-frame image requires the observation of all A values in an array. The
simplest way to do this is a measurement that involves an individual excitation and the scanning
of the spot of the pumping light. The frame rate of this simple method is the product of the time
for the single measurement and the scale of the integrated array. As mentioned above, another
method involves simultaneous excitation and no scanning but rather identification from the A of
the individual nanolasers. In this way, the frame rate is improved because it is only dependent
on the time taken for a single measurement. The time for a single measurement is divided into
the exposure time in the detector, the data translation time, and the time it takes to save the data.
The exposure time depends on the worst lasing intensity of an array and is practically set to
0.5-2.0 s with a spectrometer Roper SP2760-3, and an InGaAs array detector Roper
OMA-V1024. The time for data translation and saving is ~0.7 s. Therefore, the total time for a
single measurement is ~1 s or more. Because the exposure time can be potentially shortened to
< 0.1 s for a nanolaser with good properties, and the data translation is performed using a slow
USB port, the theoretical frame rate is thought to be suitable for real time observations. In this
thesis, simultaneous measurement was achieved by controlling A, which is described in detail in
Chap. 3, and the automatic measurement and data processing systems, which are described in
detail in Chap. 4.
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Chapter 3
Nanolaser Device

3.1 Design

We fabricated the nanolaser device by transcribing its pattern onto a GalnAsP
semiconductor slab with EB lithography. It is well-known that such lithography patterns can
control the optical confinement of the PBG, the O factor, the resonant wavelength, the angle of
the emission light, and the TO effect. In this study, we followed the pattern design principles of
previous publications [3-35, -6], but improved them for the array application by accounting for

the following:

1. Independent operation of nanolasers.
2. Control of the resonant wavelength.
3. Single-mode operation.

4. Lasing yield in the array.

5. Inhibition of wavelength instability with the TO effect in the new structure nanolaser.

Incorporation of these features is necessary for the intended imaging applications. The EB
exposure system offers two scanning methods, namely vector and raster. The vector method was
primarily employed because of the superior accuracy of its exposure time and figures and its
higher throughput. We prepared the computer aided design (CAD) data for the vector scanning

method using a script we wrote specifically for this work script.

3. 1.1 Nanolaser

Fig. 3.1 shows a schematic of the CAD image of a single nanolaser. The x-direction shift s,
forms an HO-type cavity [3-4]. The triangle shift Syiange Orients the laser emission toward the
vertical direction, which improves the signal intensity. Table 3.1 indicates the parameters used
for the nanolaser CAD. The ratio between the diameter of holes 2r and lattice constant a was

adjusted to form a fiber Bragg grating (FBG). a and s, were set to calibrate the band of the FBG
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Fig.3.1. CAD layout of PC nanolaser, in

which the black region is exposed.
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Fig. 3.2. Control of resonant wavelength using changes in the shifted hole diameters. (a) SEM images

of the fabricated devices. (b) Spectral peak A for various shifted hole diameters. [3-15]

at the emission band of the active material and to maximize the Q factor, respectively. A was
controlled by the varying 2r. The Syiangle Value had to account for a trade-off between the signal
intensity and the multi-mode emission, and was set in a range to achieve stable emission for
single-mode operation. These parameters were for operation in an aqueous environment.
However, the fabricated figure did not correspond exactly to the CAD design parameters
because of the optical proximity effect (OPE); e.g., the hole of diameter 230 nm in the design
became 250 nm in practice. In the PC nanolaser, changes in 27 affect A and the emission mode.
The target value of 2r for independent operation, which is explained below, the operation
wavelength, and single-mode operation was 250 nm. We fabricated the nanolaser with a range
of 2r in CAD with a range of dose time for compensate fabrication error, and used the device
which good lasing property in experiments.

As discussed above, controlling A of a nanolaser adds important imaging features. However,
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with previous control methods, the OPE prevented the monotonic change in A. We tried exerting
control over this by using the diameter of the shifted holes, 27’. With this method, because the
OPE enhances the change in A, a monotonic change was expected. Fig. 3.2 shows the
dependence of A on 27’. Neglecting the modal hopping at 27” < 160 nm, A changes
monotonically from 1.59 to 1.51 pm with increasing 27’. Thus, we can tune the A in an array by
designing 27’ to have a wide range. However, for conditions close to the modal hopping region,
the single-mode operation became unstable, such that these conditions were not suitable for
identification by A. Fig. 3.3 indicates the spectra of the nanolaser array for the controlled 27
when the area of the pumping light spot was changed. The data for the smaller 27’ condition, as
shown in Fig. 3.3(a) and (b), indicate the match of the spectra between the large area excitation
and the small area excitation. In contrast, the data for the larger 27’ condition, as shown in Fig.
3.3(c) and (d), indicate the mismatch of the boundary and the occurrence of modal hopping for
different sizes of the pumping light spot. In such unstable conditions, the identification of each
nanolaser from the multi-peak spectra is difficult because of the mismatch with the reference A

obtained by individual measurement. Evaluating the stability of these conditions should require
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Fig. 3.3. Spectra for different 27* and sizes of the pumping light spot. (a), (c) Near-field pattern of the
emission from nine nanolasers. (b), (d) Spectra. The color of the spectra indicates the spot size; blue is

~20 pm and red is ~3 pm. Numbers 1-18 indicate 27’ for 2r + 60 ~ 2 — 110 nm (in steps of 10 nm).
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Fig. 3.4. Calculated spectra for the transformations of the four central holes with Fullwave. The top

right panel in each graph shows the transformed hole, and the color of the holes indicates the changed

radius in four directions: black, red, blue, orange, and green indicate all directions, horizontal, vertical,

inside of the cavity, and outside of the cavity, respectively.
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Fig. 3.5. Wavelengths of the spectral peaks in Fig. 3.4. The color of the plots indicates the changed
radius in the four directions, which are the same as for Fig. 3.4. (a) Data for the shifted holes. (b) Data

for the non-shifted holes.

the rate equation for each mode and consider the overlap between the pumping light spot and
the modal distribution. However, such complex calculation requires considerable work and the
limited controllability of A is still good enough to distinguishing each nanolaser from its
neighbors. Therefore, the experimentally stable condition 27’ > 27 — 25 nm was mainly used in
this study.

For the advanced control of A and stability of the single-mode operation, we calculated the
spectra for various transformations of the four central holes in the HO cavity. Fig. 3.4 shows the
resonant spectra for these as calculated by FDTD simulations with Fullwave. These spectra
indicate two resonant modes. The higher wavelength mode is the one primarily desired, whereas
the lower mode is the unwanted one, for which modal hopping or the multi-mode operation
occurs. These basic parameters, such as the Q factor and the modal distribution, have been

reported previously [3-5]. Here, we searched for an effective position for the four holes for
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controlling A while maintaining modal stability. The shifted holes forming the HO cavity are
more effective for changing the higher mode than the non-shifted holes, whereas the non-shifted
holes are effective for changing the lower resonant mode. Fig. 3.5 shows the spectral peaks in
Fig. 3.4. These show that the effects for the radius change inside of the cavity were larger than
those for the other directions (namely, horizontal, vertical, and outside of the cavity). From these
results, in this study, the figures and coordinates of the non-shifted holes were fixed to stabilize
the single-mode operation. We also tried to control the ellipse holes, but the fabrication error
(~10 nm in A) obscured the change in the ellipse hole sizes. Thus, only 27’ was used for the
control in this study. With respect to the resolution in the CAD design, if only modest control
was needed, we used an additional exposure of slightly smaller holes and controlled them with

the exposure conditions of the additional holes.

3. 1.2 Nanoslot nanolaser

We fabricated an NS nanolaser to reduce the fluctuation in A caused by the TO effect of the
pulse operation used. The structure of the NS was basically the same as that in previous reports
[3-5]. Because the PDMS has the same order of TO coefficient (0.5 x 10 RIU/K) as water (—1
x 10 RIU/K), a similar improvement was expected. The modification points included the
removal of the vertical direction shift s, [3-5] for single-mode operation and the additional
exposure of the NS pattern for improvement in an array. Fig. 3.6 shows the designed CAD
image of the NS nanolaser, and Table 3.2 shows the parameters of the NS structure. 27 was set

to stabilize the emission from the experimental feedback. Sy was set to be optimized to the

Sy wWs Sy

b © ® (¢
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@

Fig. 3.6. CAD layout of the NS nanolaser. (a) The cavity. (b) The distribution of the modifications to

orient the laser emission toward the vertical direction.
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Table 3.2. CAD parameters for the NS nanolaser.

a [nm] 500
2r [nm] 200 ~230
s, [nm] 120
E, modulation [nm] -30
27’ [nm] 2r—25~2r

w, [nm] 30 + 10 (adding)

maximum Q factor. The width of the NS, W, was set to fabricate a narrow NS with the NS yield
in an array. Because the narrowness of the NS increases the optical confinement in the NS, a
narrower width is desired; however, the yield of the NS is influenced by the instability of the
OPE. Thus, choosing W involves a trade-off between the narrowness and the yield. To improve
the NS yield, the additional exposure of the slot pattern was designed with a width of 10 nm and
a dose time of 0.1 ps. The diameter of the holes with modal E, distribution were modified to

orient the laser emission toward the vertical direction. These modified holes are shown in Fig.
3.6(b) [3-9].

3. 1. 3 Nanolaser array

3.1.3. 1 Layout

Figure 3.7 shows the CAD layout of the whole pattern in a single field in the exposure
system. In the bonding structure, shown in Fig. 3.7(a), the PC and an identifying code are
aligned. The nanolaser array is formed in a uniform PC. The cavity is aligned into a 2D square
lattice. The pitch of the PC nanolasers was determined by the experimental results. For the
large-scale integration, the pitch was 5 um because of the limitations of the accuracy of the
piezoelectric micrometer for automatic measurement. For the NS nanolasers, the pitch was 10
pum because of the large distribution of the weak component in the NS mode. For handy
calibration of the light alignment, the pitch was 2.5 um because of the size of the pumping light
spot. The margin of the PC was aligned to create the PBG at the four sides of the cavities. The
margin length was 10 um in the simple nanolaser, or 20 um in the Sy direction and 10 um in the
other direction in the NS nanolaser. In the air bridge structure shown in Fig. 3.7(c), the PC, the
identifying code, and the trench pattern are aligned. The trench helps the penetration of the

etchant in the wet etching, and acts as a dummy pattern to make the OPE uniform. The trench
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Fig. 3.7. CAD layout of the array. (a) Bonding structure. (b) Magnified image of (a). (¢) Air bridge

structure. (d) Magnified image of (c).

pattern was also aligned in the bonding structure in the early steps of this study to suppress the

distortion of the slab caused by unsteady bonding.

3. 1. 3.2 Isolation of individual nanolasers

Initially, when fabricating the nanolaser array, coupling between the individual nanolasers
arose, which restricted the devices’ ability to image pixel. Various coupling patterns were
observed, including one that involved the matching of A between nanolasers and another that

involved one-way coupling from a longer A to a shorter A. We tried dividing the A between the
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nanolasers for a given layout and using a pitch large enough to avoid overlap of the modal
distributions, but these techniques did not suppress the coupling. Therefore, we carefully
compared the emission properties with the condition of the nanolaser array and discovered that
modal selection by the diameter of the PC holes could suppress the coupling. Fig. 3.8 shows the
dependence of A on 2r and gives examples of the spectra with and without the coupling. Fig.
3.8(a) and (b) show emission of 9 nanolasers and 9 spectral peaks, while Fig. 3.8(c) and (d)

show the emission of 9 nanolasers but only 1 spectral peak. When 2r is changed, a clear
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Fig. 3.8. Nanolaser coupling control using 2r. (a), (b) Near-field pattern and spectra for 9 nanolasers
with 27 = 230 nm. (c), (d) Near-field pattern and spectra for 9 nanolasers with 2r = 280 nm. (e)

Dependence of A on 27: multi-peak operation is shown in blue, and single in red.
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difference with or without the coupling is apparent. Fig. 3.8(e) shows that A shifts to shorter
wavelengths with an increase in 2r, and that mode hopping occurs at 2r = 260 nm. The
difference in coupling corresponds to the mode; the samples in blue indicate multi-peak
operation as per Fig. 3.8(a) and (b), whereas the ones in red indicate single-peak operation as
per Fig. 3.8(c) and (d). Therefore, we concluded that we can suppress the unwanted coupling by

controlling the size of 2.

3.2 Fabrication

3.2.1 Overview

Fig. 3.9 shows the fabrication process workflow. We used two workflows to make the
bonding device (o) and the air bridge device (). Each structure was made with high-throughput
fabrication over a large area. For both processes, the resist mask was first coated onto the
1.55-um-bandwidth GalnAsP/InP wafer. The CAD pattern was then transcribed by EB
lithography and hydrogen-iodide (HI) inductive coupled plasma (ICP) dry etching. For the air
bridge device, the InP sacrifice layer was then removed by HCIl wet etching to complete the
process. In contrast, for the bonding device, the holes were then filled with silica, the surface
InP layer removed by HCI wet etching, the GalnAsP layer with PC patterns bonded, and finally,
the InP layer removed. We also used a trimming process to tune the wavelength of the arbitrary
nanolaser. By pumping in a dilute HCI environment, the nanolaser holes were finally revealed.
The technical details of each process are described below. In this study, the air bridge
fabrication process corresponds closely to the work described in previous reports [3-35, —6], but

our bonding process and our post-process trimming are considerably different.

3. 2.2 Laser wafer

We prepared a commercially available GalnAsP/InP single quantum well (SQW) wafer with
a photoluminescence peak of around 1.55 um. The wafer was epitaxially grown with metal
organic chemical vapor deposition by the Furukawa Elec. Co. We used two types of wafer, a #1:
F1207380 and M8-11111. Fig. 3.10(a) and (b) shows the composition of the wafers. The InP
capping layer and the GalnAsP contact layer were removed in the preparation process. The InP
cladding layer functions as the sacrificed layer in the ICP etching process and forms the mold
for the embedded silica. The GalnAsP quantum well was used as the active material in the laser.
Fig. 3.10(c) shows the band structure of the active layer. This double hetero structure was set to

confine light into the layer and to ensure that the carriers generated in the SCH layer moved into
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Fig. 3.10. Composition of GalnAsP/InP wafer; (a), (b) are the wafer structures, and (c) is the band

structure of the active layer.
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the SQW faster than the saturation time of the carrier by stimulated emission. With respect to
cell compatibility, the infrared bandwidth had low invasiveness due to the reduction of the
absorption of the cellular component. GalnAsP is not used in cell experiments, generally; thus,
there was a possibility of its cellular toxicity being important. However, we confirmed that cells
could be cultured and attached directly onto the GalnAsP, so the cell toxicity for this device is

thought to be low enough for it to be used for cell imaging.

3.2.3 EB lithography

Removal of unwanted layers of the wafer

In the F1207380 wafer, the InP capping layer and the GalnAsP contact layer were not
required. Therefore, the InP layer was removed by HCI wet etching for 10 s, with an etching rate
of ~1 pm/min, and the GalnAsP layer was removed by exposing to Piranha solution for 2 min,
with an etching rate of 100 nm/min. Table 3.3 shows the etching conditions for each removal. In
the air bridge device fabrication process, to improve the vertical etching in the HI ICP etching
step, the InP cladding layer was thinned by HCI wet etching for ~10 s. In the bonding device
process, because the cladding layer functions as a mold for silica deposition, this thinning was
not performed. For the entire wet etching process described below, the etchant was prepared
with a measuring cylinder and the process took place in a dedicated beaker. For the HCI wet
etching, the temperature of the etchant was controlled by a thermometer and iced water. After
each rinse, any water drops on the wafer were blown off by a blower and evaporated by a

halogen heater.

Table 3.3. Wet etching conditions.

Subject material InP GalnAsP
Etchant HCl:H.0=4:1 H.SO4 : H:0.: H:0=3:1:1
Temperature 3°C 20°C
Rinse Ultrapure water 10 s + 1 min Ultrapure water 1 min + 1 min

Treatment of the wafer surface

Before coating the resist onto the wafer, any extraneous matter was cleaned and the wafer
surface was treated to attach the resist. In previous research, we developed a method for this
treatment, so that a hydrophobized surface could be attached to the resist. When the surface
condition was good enough to attach to, the wafer was boiled in methylene chloride for 20 min
at 130 °C, after which the beaker with the wafer was washed with acetone and then methanol,

three times. Then, the wafer was boiled in methanol and dried under halogen light. If the upper
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surface of the wafer flipped the resist, the wafer was briefly dipped into HCI etchant under the
same conditions that are given in Table 3.2.1. The dipping was repeated until the wafer surface
was fully hydrophobized and flipped a water droplet. After each treatment, subsequent processes

were carried out immediately to prevent excrescences or variation in the surface condition.

Resist coating onto the wafer

The positive EB resist ZEP 520A (Zeon) was coated onto the wafer using a spin coater. The
coating settings were 1000 rpm, 4 s and 2800 rpm, 40 s. The resist was heated by a hotplate at

180° for 3 min as a pre-bake.

EB exposure
We used two EB pattern exposure systems (ELS-7500 and ELS-7500EX, ELIONIX). The

exposure settings are listed in Table 3.4. Two scanning methods were used. The CAD data for
the vector scanning and raster scanning were created from a script program or conversion of
illustration data, respectively. While raster scanning was employed for easy preparation of CAD
data, vector scanning was employed for the fine grid partition and the controllability of the dose
time for each single structure, such as a circle or square. The range of the dose time was set to
deal with the instability of the EB and the change in the radius of the holes by the OPE. The

probe current was set with respect to the range of the dose time.

Table 3.4. EB exposure settings.

Scanning method Vector Raster
Grid partition 60000 x60000 dot? 20000 x 20000 dot?
Field size 150 pm?
Accelaration voltage 50kV
Probe current 15pA 50 pA
Dose Time 03-0.7ps 08-24ps

Development
The resist with the wafer was immersed into a beaker of ZED-N50 (Zeon) developer for 1

min, and then a beaker of ZMD-B (Zeon) rinse for 15 s + 1 min. During the development, the
wafer was carefully manipulated with tweezers. To dry off the rinsing solution, any droplets
attached to the reverse of the wafer were absorbed by a pressed filter paper. Subsequently, the

resist was heated in an oven at 130 °C for 1 h, as a post-bake.
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3.2.4 ICP etching

The resist pattern was transcribed to the GalnAsP active layer using an ICP system,
RIE-200ip (Samco). Before etching, any matter remaining from the previous etching in the
chamber was removed by O, plasma ashing, and the etching recipe was executed without the
wafer to stabilize the HI plasma condition. The wafer was set onto the InP stage in contact with
vacuum grease. Then, the HI plasma etched the InP and GalnAsP layers along with the
developed resist mask pattern. After transcription, the remaining resist and reaction products
were removed by O, plasma ashing using another ICP system, RIE-10ip (Samco). The ICP
etching settings are listed in Table 3.5. Fig 3.11 shows SEM images of the fabricated devices.
This shows the transpiration of CAD pattern.

3.2.5 Surface treatment and air bridge formation

This section describes the air bridge device fabrication process following ICP etching. The
wafer was treated to remove the reaction product, and an air bridge structure was formed. This

procedure was as follows:

(1) Immersion in methylene chloride for 20 min at 130 °C; substitution of acetone and
methanol, three times in each.

(2) Immersion in 2.4% ammonium sulfide solution for 30 min at room temperature;
rinsing in ultrapure water, 20 times.

(3) Immersion in H,SO,4 for 5 min at room temperature; rinsing in ultrapure water for 1
min + 1 min.

(4) O, plasma ashing under the conditions listed in Table 3.5 #4.

(5) Immersion in HF solution for 10 min at room temperature; rinsing in ultrapure water
for 15 s + 1 min.

(6) Cleavage to divide each patterned area for disposability.

(7) HCI etching using the conditions listed in Table 3.3 for 20 min to form an air bridge
structure. If this etching was not sufficient, the etching time was increased by 5 min.

(8) Oxidization of the wafer surface by heating in an oven for 1 h at 180 °C.

3.2. 6 Silica embedding

This section describes the bonding device fabrication process following ICP etching. The

wafer was treated to remove the reaction product, and the holes were filled with silica. The
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silica was formed by a sol-gel process using tetraethyl orthosilicate (TEOS). This procedure was

as follows:

Table 3.5. ICP etching settings.

Bias ICP Gas Gas .
Procedure Tem[%%r?nue power power  pressure flow '[I‘nllllnnﬁ
[W] W] [Pa] [sccm]
#1 O, ashing 70 0 500 5 100 10
y Hietching 70 300 100 0.28 02 5
(w/o wafer)
y3 Hletching 70 300 100 0.28 02 10
(w wafer)
#4 O, ashing - 300 100 30 50 1

© 500 nm ()] 500 nm

Fig. 3.11. SEM images of the fabricated device. (a) Bonding device. (b) Air bridge device. (c) Single

nanolaser. (d) Single NS nanolaser.
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(1) Immersion in methylene chloride for 20 min at 130 °C; substitution of acetone and
methanol, three times in each.

(2) O, plasma ashing under the conditions given in Table 3.5 #4.

(3) Immersion in HF solution for 10 min at room temperature; rinsing in ultrapure water
for 15 s + 1 min.

(4) Cleavage to divide each patterned area for disposability.

(5) Preparation of the TEOS solution: the solution was formed of 5000 ul TEOS, 8000 ul
ultrapure water, and 10 pl HCl, which were poured into a vial and stirred for 20 min at
30 °C to perform the primary reaction.

(6) TEOS reaction: the wafer was immersed in the TEOS solution in the vial and heated
for half a day at 100 °C without the cap. With the TEOS hydrolysis completed, the
wafer was covered with a sprung silica layer.

(7) Immersion into water to remove the fragments of silica on the wafer surface.

Silica sol-gel produced from TEOS

The reaction for producing silica from TEOS and the experimental conditions used are given
below. First, the TEOS molecule was hydrolyzed under an acid and heating, to produce silicon

hydroxide and ethanol:
Si(0C,Hy), + 4 H,0 —Si(OH), + 4 C,H,OH (3.1)

This reaction also proceeds at room temperature, but very slowly. Acid and base both act as
catalysts, but in general, the presence of base shows greater catalytic activity because of the
nucleophilic reaction of the hydroxide ion. Subsequently, the polycondensation of silicon

hydroxide produces silicon dioxide:
n Si(OH), — n SiO, + 2n H,0 (3.2)

This hydrolysis reaction formula shows the hydrolysis of all four silicon atom bonds. In practice,
the progress of the reaction is affected by the ratio of TEOS to H,O; the catalyst species also
affects this progress. Additionally, the quality of the produced silica is altered by this ratio and
the choice of catalyst species. We searched for the best conditions for each parameter for the
silica embedding, by using HCI, CH;COOH, NH3;, and H,SO, as the catalyst species, and found
that HC1 was the best for forming silica with a high density.

Effect of the InP cladding layer on silica embedding

One of the essential points of difference from Section 3.2.5 was avoiding the etching of the
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InP cladding layer, so that the silica was formed firmly. This process used ammonium sulfide
solution and H,SOy, to etch the InP cladding layer. Variations in the process may be insufficient
to remove the reaction products, but the high yield of the lasing of the fabricated device was
confirmed. Therefore, we think that the negative effects caused by this change are almost

negligible in this study.

Effect of alcohol

TEOS is hydrophobic. Therefore, a solution composed of TEOS and water is not miscible.
To accelerate the reaction process, an amphiphilic molecule such as alcohol could be used. We
tried adding methanol to the preparation solution but found that the yield of the fabricated silica
in the holes decreased as the volume of methanol increased. This was thought to be caused by
the breaking of the silica when the alcohol vaporized in the hydrolysis heating process. Thus, in
fact, a less amphiphilic molecule was desired. After further tests, we found that using only the

ethanol generated from the TEOS pre-reaction gave the best yield.

3.2.7 Bonding

Before bonding, the InP cladding layer was removed by HCI wet etching for 30 s under the
conditions listed in Table 3.3. Following this, the device was left to rest for half a day to
stabilize the surface chemical condition. The hydrophilic treatment by O, plasma was used for
adhesion to polymerized PDMS. However, polymerized PDMS surface shows a poor
compatibility in the bonding, so that the hydrophilic treatment was not used in this preparation,

and the bonding by the polymerization was used. The bonding procedure was as follows:

(1) Preparation of the pre-polymerized PDMS, composed of the PDMS monomer
SYLGARDI184 (Dow Corning) and Silpot184 (Dow Corning) catalyst, with a ratio of
1:6.

(2) Churning of the compound liquid with a medicine spoon.

(3) Removal of air bubbles generated from the early polymerization reaction by
deaeration with a pump for 1 h.

(4) Dipping of the surface of the active layer side of the wafer into the PDMS mixture.
Sanding of the PDMS between the wafer and glass substrate.

(5) Pressing the wafer to uniformize the PDMS layer.

(6) Warming the PDMS with the wafer in an oven at 180 °C for 1 h for primary
polymerization.

(7) Removal of unnecessary parts of the polymerized PDMS.
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(8) Warming of the PDMS with the wafer in an oven at 180 °C for half a day for
polymerization.

(9) Removal of the InP substrate by HCI wet etching for ~6 h, with all other conditions the
same as those given in Table 3.3. Removal of any air bubbles during etching.

(10) Removal of the silica by buffered HF wet etching for 1 min; rinsing with pure water
for 15+ 60 s.

(11) Oxidization of the wafer surface by heating in an oven for 1 h at 180 °C.

3.2.8 Trimming

When the device was immersed in the HCI solution and irradiated by pumping light, etching
of the slab occurred and the A of the nanolaser pumped should have blue shifted. Fig. 3.12
indicates the time evolution of the spectra during the etching. Fig. 3.12(a) shows this blue shift
and highlights that the speed of the etching is controlled by the density of the HCI solution. The
ratio of HCI:H,O = 1:10* is best for A trimming because faster etching generates the unwanted
shift during the light alignment. The time evolution of the intensity during the etching was also
measured and is shown in Fig. 3.12(b). This shows how, after 160 x 10° s in the HCl:H,0 =
1:10* solution, the initial intensity decreased significantly. Considering the measureable range of
the intensity as a function of time, the trimming range that is practically accessible using this
method is ~30 nm. We can then trim A by post-processing. We trimmed the A of the 3 x 3 =9

nanolasers as shown in Fig. 3.13. In this process, attention had to be paid to the crosstalk of the

0
= .
10 a
7 T 5x10° | 2
- o
=-20 HCl:water = l1:a 8
* .0 E
30 : a=10 2
] ] ] ] ] ] ] ] |
40 1 2 3 4 5
Time [x10%s] Time [x10%s]
@ ®

Fig. 3.12. Time evolution while the lasing nanolaser was immersed in HCI solution. (a) Spectral
peak as a function of time. (b) Intensity as a function of time. The plot color indicates the density of

HCIL.
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Fig. 3.13. Spectra of the alignment of A in 9 nanolasers. (a) Before trimming. (b) After the sixth

trimming process.

etching. In this experiment, we trimmed each nanolaser and measured the resultant A repeatedly.

Fig. 3.13(b) shows these data for A after the sixth trimming process.
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Chapter 4
Fundamental operation

In this chapter, the fundamental characteristics of the fabricated devices and system

developed for cell imaging are reported.
4.1 Fabricated devices

4.1.1 Laser characteristics

Figure 4.1 shows a schematic of the optical system used for the measurement of the
fabricated PC nanolaser. For the measurement, the device chip was fixed, by glass plates on its
side or set in a PDMS microchannel so that it could be immersed in liquid and photopumped
from above with a 980-nm pulsed laser light (with 1-pus length and 10-kHz repetition) through a
50x objective lens. Emissions from the nanolaser were detected by the same lens, observed with
an InGaAs infrared camera, and measured with an optical spectrum analyzer (OSA), Advantest
Q8383 (0.2-nm spectral resolution), Agilent 86141b (wavelength absolute accuracy 0.5 nm),
and a spectrometer, Roper SP2760-3 (spectral resolution 0.139 nm) with an InGaAs array
detector, Roper OMA-V1024. The spot size of the pumping light was controlled by choosing
the light fiber at the pumping laser output, ~3 or ~20um. The ~3-um size was used for the

excitation of this particular device without NS, and the ~20-um size used for the parallel
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Fig. 4.1. Schematic of the measurement setup. (a) Optical system. (b) Sample environment.
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Fig. 4.2. Pulsed lasing characteristics of a single nanolaser formed on PDMS and immersed
in water. Right lower panel shows the spontaneous emission spectrum of an unpatterned slab
on PDMS, obtained by pumping harder with a larger pump spot. It indicates that the
spontaneous emission peak was approximately 1.50 pm and that the noisy background in the

second lowest panel arose from spontaneous emission. [4-1]

measurement and excitation of the NS device. The loss of pumping light between the pumping
laser and the sample, and the loss of emission light between the sample and the spectral
instrument was ~10 dB. The microscope system, Cascade Microtech Prober bench is containing
a piezoelectric micrometer to control the stage. The computer control of the stage and spectral
instruments enabled automatic optical axis adjustment and automatic measurements,
programmable through LabVIEW software.

Figure 4.2 shows the characteristics of a single nanolaser. The intensity of the single mode
peak is more than 30 dB (40 dB maximum), higher than the background spontaneous emission
level, indicating laser emission occurred. The spectral width was typically 0.6 nm above the
threshold, which is known to be caused by thermal chirping under pulsed pumping conditions.
First, we fabricated a 21 x 21 = 441 array with a ~5-um pitch, and a 5 x 5 = 25 array with a
~2.5-um pitch. Figure 4.3(a) shows the near-field patterns of laser emission from 441 nanolasers
in water. The lasing of all devices was confirmed, and although the emission intensities were not
uniform, they were sufficient to measure the laser spectrum in the OSA. For the lasing
wavelength measurement, each nanolaser was pumped and the measurement repeated by
scanning the pump position using the computer-controlled stage. We expected the wavelengths

to converge to nine values, but each wavelength fluctuated owing to disorder in the fabrication,
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Fig. 4.4 Near field pattern of 121 nanolasers with NS. [4-1]

consequently they were distributed, almost continuously, in the range 1.57-1.59 um, as shown
in Fig. 4.3(b). We also fabricated a nanolaser array with NS. Figure 4.4 shows the lasing from
the 11x 11 = 121 NS nanolaser array with a ~5-um pitch, indicating 100% emission.

4. 1.2 Imaging characteristics

In this study, the AA image was constructed offline after removing the attached medium,
measuring the reference A, and mapping A\ at each position. As a test, we partially covered the
device with a Zeon resist, ZEP520A, and an organic substance (which remained after culturing
the cells) and obtained the AL image, as shown in Fig. 4.5. The resist and organic substance in

the optical micrograph were clearly reconstructed in the A\ image.
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Fig. 4.5. Observation of resist pattern on a nanolaser array. (a) Optical micrograph of resist pattern and

organic substance. (b) AA image. [4-1]

4. 1.3 Sensitivity

Figure 4.6 shows all the lasing spectra with and without NS. Evidently, the NS narrowed the
spectrum. Although the averaged full-width at half-maximum was wider than the resolution
limit of the OSA used in both cases, that with NS was much closer to the resolution limit.
Moreover, the uniformity of the spectral shape was markedly improved by NS, resulting in
stability of the peak wavelength. Next, we calibrated the non-uniformity in Az by evaluating, in
advance, the sensitivity 4 of each nanolaser as shown in Fig. 4.7. For the evaluation, we
measured the A of the all the nanolasers in the sugar water of various concentrations, the

refractive indices of which were measured independently with a refractometer.
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Fig. 4.6. Spectra of ~100 nanolasers for w/ and w/o NS. The line indicates the spectroscopic resolution.

[4-1]
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Fig. 4.7. Wavelength shift of the array with and without NS. Green, purple, yellow, and blue plots
represent liquid indices of 1.33, 1.35, 1.37, and 1.39, respectively. (a) W/o NS. (b) W/ NS.
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Fig. 4.8. Sensitivity of each device in the array with and without NS. Green, purple, yellow, and blue
plots represent liquid indices of 1.33, 1.35, 1.37, and 1.39, respectively. (a) W/o NS. (b) W/ NS. [4-1]

A, as the liquid index, was obtained from AA/An for all nanolasers, as shown in Fig. 4.8.
Without the NS, 4 is distributed from 50 to 70 nm/RIU, neglecting the most scattered 10% of
points. This indicates that a comparably large non-uniformity was included in the AA image. In
other words, the non-uniform image of the cells, exhibiting wavelength shifts from 1 to 2 nm,
qualitatively showed some actual cell behavior, even though the image is not precise. With the
NS, 4 was markedly stabilized in the range 95-102 nm/RIU. Some strongly scattered points
were due to the mode hops observed in the NS. This might be because of the mode spacing
being reduced by incorporating the NS and should be increased in future studies for further
optimization. The averaged 4 values were 97 and 57 nm/RIU with and without the NS,
respectively. The A values were smaller overall than the structure on the PDMS, whereas the
reverse of the photonic crystal slab did not contribute to the sensing. The laser penetration

became deeper in the PDMS and shallower in the liquid compared with an air-bridge device.
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The higher average value of 4 with the NS was attributed to the stronger light localization

inside the NS outside of the semiconductor.

4. 1.4 Accuracy

Then, An was obtained from AA/A for each nanolaser. The absolute accuracy of An, defined
as the difference between An obtained in the above manner and the value directly measured by
the refractometer, is shown in Fig. 4.9. The index resolution was evaluated from the deviation in
the absolute accuracy. Without the NS, the resolution was in the order of 10 RIU. Such a large
dispersion, even after calibration, is thought to be due to spectral broadening and wavelength
instability. The NS reduced this scattering range to 2x10~° RIU, neglecting some points caused
by mode hops. The highest index resolution of 10> was evaluated for the individual nanolaser
under a Continuous Wave (CW) pumping condition. Compared with this, TO chirping under

pulsed conditions still required suppression, an issue for future study.

4.1.5 Noise

Considering the noise in proposed method, the limitations of accuracy, caused by the
fluctuations in the spectrum discussed above, are most important. Without this limitation, the
change without any target should appear as noise in the AMA signal. The oxidation of the
nanolaser array itself, by pumping light irradiation or time evolution, results in a spectral
blue-shift. In this study, this oxidation is prevented by applying preliminarily oxidation during
the fabrication process, and compensated for by suppression, using the model oxidation

characteristics derived from the average of time evolution characteristics in nanolasers without
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Fig. 4.9. Absolute accuracy of the array with and without NS. Green, purple, yellow, and blue plots
represent liquid indices of 1.33, 1.35, 1.37, and 1.39, respectively. (a) W/o NS. (b) W/ NS. [4-1]
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cell attachment. It is known that this oxidation is suppressed by the thin film formed on the
nanolaser surface. Thus, we fabricated the nanolaser array with an oxide film formed using
atomic layer deposition. However, ZrO, or SiO, films, confirmed as able to suppress oxidation,
were not appropriate for cell attachment, so these films were not used in this study. In the future,
the suppression of oxidation noise by a film conducive to cell attachment is expected.
Additionally, the change in the culture fluids, necessary for cell observation, caused noise in An.
An insufficient seal in the setup around the nanolaser device resulted in evaporation of the
culture fluids. The evaporation gradually increased the concentration of the solution, and A
shifted to a long wavelength. In this study, the setup used for short-term observation contained
this evaporation. Under these conditions, a red-shift appeared in the observation laser. Moreover,
exchange of the solution or the injection of a reagent also resulted in noise due to the variations
in the solution before and after exchange. This noise can be compensated for by suppression of

the change during the 1st frame, just after the exchange.

4.2 Imaging system

In the proposed observation method, the measurement of a large amount of spectral data and
the images generated resulted in a large amount of data processing. We introduced an automatic
process to address this problem. The details of the imaging system developed are described
below. In the measurement, the optical setup shown in Fig. 4.1 was used. As a premise, the
observation requires the adjustment of the optical alignment, the measurement by a spectrometer,
the data save, and the data processing. Initially, these processes were hand operated. A large

amount of the data requires the automatization. The requirements for the automatic process are

Automatization of measurements

Automatization of an adjustment of the optical alignment

Automatic data arrangement with the time and coordinate information
Automatic mapping image generation

On-line data processing

High frame rate corresponding to real time observation

The total procedure needs a large number of spectral measurements more than 10,000 with a
total time consumption of several hours, and many optical alignments and data arrangement are
the same. Therefore, these works with hand operation are essentially difficult. The real time
observation is usually conducted in other cell observation methods. A high frame rate is desired

for the real time observation in this study. In this method, the frame time is limited
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Fig. 4.10. Schematics of the automatic measurement setup.

by the spectral measurements for all nanolasers. The exclusion of hand operations in the
measurement procedure is also effective in view of the frame rate. The on-line data processing
is necessary to check the observed image. Ideally, an on-line display of the mapping image is

desired. However, a complex data processing will decrease the frame rate.

4.2.1 Setup

We developed a communicating and programmable system. The controlled instruments and

software employed were

® Piezoelectric micrometer controlling the coordinates of the microscope mirror stage
® OSA, the diffractive grating, and the array photo detector
® LabVIEW

Fig. 4.10 indicates the schematics of the automatic measurement system setup. Here,
LabVIEW is a programming software controlling the measurement instruments. Winspec32 is
the program specially communicating with SP2760-3 and OMA-V1024. The measurement
instruments communicated via RS232C, GPIB, and USB2.0.LabVIEW supports a command
transmission to the address of the instrument through GPIB or RS232C communication. This
enables a command communication with Q8383, B86141 and piezoelectric micrometer of
Prober bench. LabVIEW also treats the handle of another program, so that the communication
with SP2760-3 and OMA-V1024 through the handle of WinSpec32 is possible. By using this
setup, we developed element programs as driver controlling instruments, i.e. measurement of
the spectrum, acquiring the measured data, setting the instrument’s condition, moving the stage
to an arbitrary coordinate, and getting the instrument’s condition. Fig.4.11 shows an example of
the developed element programs. In Fig. 4.11(a), the strings meaning command setting the
condition of the OSA were sent to the address defined by “VISA Session”. In Fig. 4.11(b),
“WINX32Lib.ExpSetup” is the handle of WinSPEC32, and the invoke nodes send the
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Fig. 4.11. Print screen of developed element LabVIEW programs. (a) Program setting the condition of

86141b. (b) Program commanding the measurement function to WinSPEC32.

“measurement”, “wait” and “stop” command from left to right. We developed the total

automatization program by a combination of such element programs.

4. 2.2 Data processing

Frame of total system

We developed the total automatic measurement and data processing program composed of
four parts. The reason for dividing into four parts was to use each partial part, in both on-line
process and off-line processes. Initially, we tried to build an all on-line processing. However,
because the format of Matlab was necessary to generate the images, and we must set the timing
of taking the reference A after the main measurement, which was also necessary to generate the

images, the off-line process was finally employed.

Prepared four programs:
1. Output the spectra and coordinates for each nanolaser against the input information for
the nanolaser array.

2. Measure repeatedly for the input coordinates and provide the spectra as outputs.
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3. Data processing to obtain the continuous 2-dimentional (2D) A data

4. Data processing to generates continuous A\ or An image.

Fig. 4.12 shows the schematic of the on-line process and the output data of each program. Here,

Program 1 and 2 are on-line processes, and Program 3 and 4 are off-line processes. In the

automatic measurement, the pump light spot related to the position of each nanolaser was

controlled. The coordinate for each nanolaser was initially unclear, mainly because of the tilted

angle of the substrate holder. Program 1 was used to search the coordinates. Program1 was used

to not only for the cell imaging but also for the measurement of the fundamental operation or

reference A. By repeating Program 1, the continuous observation was made possible. However,

the repetition of the adjustment sequence decreases the frame rate. In Program 2, the spectrum

for each coordinate obtained in Program 1 was measured repeatedly. In these programs, the

measured spectra were arranged for the coordinate and frame of the continuous observation. In

the off-line process, the program generated continuous mapping images from the measured
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Fig. 4.12. Schematics of automatic programs. (a) Schematic of the measurement in on-line process.

@

(b), (c), (d), (¢) Schematics of the output data from program 1, 2, 3, or 4, respectively.
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spectral data. Program 3 or 4 was developed with LabVIEW and Matlab, respectively. Here,

LabVIEW was used for online data processing. The A detection program can be diverted to the

off-line process. Matlab was used to generate the mapping images with a completed template.

Programl

Parameters:

Number of rows of nanolaser array: R

Number of columns of nanolaser array: C

Pitch between nanolasers in the vertical and horizon axes

Row and column numbers at initially adjusted nanolaser in the array

Computer address to save the output data files

Internal variables:

® 2-D coordinate data for x, y, and z axis: 2D-XYZ. The row and column of 2-D data are
corresponding to R and C, respectively.
® 2-D peak A data of the measured spectra: 2D-A. The row and column of 2-D data are
corresponding to R and C, respectively.
Content:
1. Set the condition of the spectroscope
2. Adjust of the optical alignment. Details are described below.
3. Save the spectrum with the row and column information
4.  Save the peak A of the measured spectrum to the corresponding element of 2D-A.
5. Save the adjusted coordinate to the corresponding element of 2D-XYZ
6. Calculate the coordinate of the next nanolaser. Details are described below.
7. Move the optical alignment position according to the assumed coordinate
8. Adjust the optical alignment. Details are described below.
9. Save the spectrum with the row and column information
10. Save the peak A of the measured spectrum to the corresponding element of 2D-A.
11. Save the adjusted coordinate to the corresponding element of 2D-XYZ
12. Repeat procedure 7 — 12 for all rows and columns in nanolaser array
13. Output 2D-XYZ and 2D-A
Procedure:
1. Input program parameters
2. Roughly adjust the optical alignment to an arbitrary nanolaser with hand operation
3. Start the program

Adjustment of the optical alignment:

L.

Measure the spectrum
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7.

Read the peak intensity of the spectrum

Move the optical alignment for each axis with a pitch of 0.25 pm to x and y axis or 0.2
pm to z axis.

Measure the spectrum

Read the peak intensity of the spectrum

Continue 3 — 5 until the maximum extreme value appears for each axis. But the max
moving distance was set at 1 um to deal with the case of no emission.

Return the spectrum and coordinate with the maximum intensity.

Calculation of the coordinate of the unmeasured nanolaser:

The target coordinate was calculated by Eq. (4.1) for each axis.

Mix:n x(n) + (Column(target) — Column(n)) Pitchy
n=1 J(Row(mget) — Row(n))? + (Column(target) — Column(n))?
x(target) = 4.1
Pt 1
nel J(Row(target) — Row(n))? + (Column(target) — Column(n))?

Where Max # is the number of already measured data. # is the ID of the already measured data.

The target coordinate was calculated from the inverse of the distance.

Program?

Parameters:

Computer address to save the output data files
Address of the input file of 2D-XYZ

Internal variables:

2-D coordinate data for x, y, and z axis: 2D-XYZ. The row and column of 2-D data is
corresponding to the nanolaser array.

Displayed nanolasers number

Frame number of frames in the continuous observation: Frame number.

on/off state of “pause”

2-D A data. This dimension is corresponding to the nanolasers number, and Frame
number.

on/off state of “periodic alignment to the memorized coordinate”

Standard period of “periodic alignment to the memorized coordinate”

Coordinate of the optical alignment adjusted for the optical microscope

Set 2D-XYZ

Set the condition of the spectroscope
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3. Move one of the coordinate element in 2D-XYZ

4. Measure the spectrum

5. Save the spectrum with the information of row, column, Frame

6. Save the peak A to the corresponding element of 2-D A data

7. If the “state of the pause” is on, wait until this state becomes off.

8. Update the display of the measured spectrum and continuous A plots at the nanolaser
of “displayed nanolasers number” in the array. Here, the display of the spectrum
reflects the saved spectrum data. The display of the continuous A plots reflects 2-D 1
data.

9. If SP2760-3 and OMA-V1024 were used, reset the count function of the subwindow in
WinSPEC32 to make the performance stable.

10. If the “state of “periodic alignment to the memorized coordinate” is on and the time
interval over the “standard period of alignment to the memorized coordinate”, move
the alignment position according to “Coordinate of the optical alignment adjusted for
the optical microscope”. Wait for the fixed period to save the optical micrograph.
These procedures are necessary to compensate for the color aberration between near
infra-red and visible light.

11. Repeat 3 — 10 for each coordinate of 2D-XYZ.

12. Repeat 11 with the increase of Frame number until the command of program stop

Procedure:

1. Input the address of the coordinate data file

2. Input parameters

3. Start the program

4. During the repeated operation, control “pause state”, “state of periodic alignment to
the memorized coordinate”, “Number of the attend nanolaser”, and 2D-XYZ.

5. In the repeated operation, along with the timing of adjusting the optical alignment to
visible light, acquire the optical micrograph.

6. Stop the program

Data processing support in measurement program:

To smoothen the measurement, we developed data processing functions displayed in the

graphical user interface of LabVIEW. The display of the measured spectrum and the continuous

peak A plots were used to check the change in targets. Pause action was used not to obstruct the

procedure of the exchanging the culture fluid or the injection of reagent in cell observations.

The coordinate data 2D-XYZ was set so as to compensate for optical misalignment appearing

during the observation. To check the optical micrograph periodically, the function that moves
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the optical alignment position to the memorized coordinate which was set under the visible

illumination condition was developed. Here, we prepared two programs with and without the

function of displaying the continuous A plots: if we use that with the function, the frame rate

decreases with the increase of the frame number.

Program3
Parameters:
® Computer address to save the output data files
® File address for measured spectra
® File address for initial As data
® File address for the spectrum with dark condition

Internal variables:

® 2-D A. This dimension corresponds to the number of nanolasers, and the number of the
frames in the continuous observation.
® 2D past As. This dimension corresponds to the number of nanolasers and the number
of peak A in the spectrum.
® 2D derivative of A with time. This dimension corresponds to the number of nanolasers
and the number of peak A in the spectrum.
Content:
1. Save the initial As data to the 2-D past As.
2. Save ‘0’ to all element of 2-D derivative of A with time.
3.  Pickup the As peak from the measured spectrum with the corresponding nanolaser
frame number
4. Identify each peak As to be the one for the corresponding nanolaser or noise. Details
are described below.
5. Save A of the corresponding element of 2-D 4
6. Repeat 3 — 5 for each nanolaser in the array
7. Repeat 6 for each frame in the continuous observation.
8. Output 2-D A
Procedure:
1. Input the address of “measured spectra files”, “spectrum with dark conditions”, “initial
As data”
2.  Start the program
Identification of A:
First, the dark spectrum data were subtracted from the row data, and the peak As were
detected by using the threshold and a second order derivative from five plots. Peak As, as
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detected from the spectrum, have several possible sources, i.e., the spectrum of the target
nanolaser, the spectrum of the non-target nanolaser, noise above the threshold, unintended
multimode emissions, or mode hopping. Therefore, if the peak corresponds to the nanolaser
must be identified. In this study, the target nanolaser was identified by comparing 2-D past 1
with the previously measured As at the same position. The As data generated by Program 1 was

used as the initial 2-D past A. The identification procedure are as follows:

1. The absolute difference between the past A and measured peak A is less than 1 nm
2. Return A nearest to the estimated A among As satisfying the condition of Procedure 1,

considering the derivative of A with time.

2-D past A. and 2-D derivative of A with time were renewed for each identification. When the
measured A corresponding to past A is absent, 2-D past A holds the same value. Peak A in this
case was treated as noise. The standard in Procedure 1 should be changed by each frame-rate,
but 1 nm is effective for temporal frame rates. When the experiment contained an
instantaneously large An, for example, when the solution was exchanged to another one with
different n, the noise data was saved as an alternative past A. Then, the continuous A of the

nanolaser can be continued after the large An.

Program4
Content:

1. Input the 2-D A. This dimension is corresponds to the number of nanolasers and the
number of frames in the continuous observation.

Input the 4 for each nanolaser in the array

Input the reference A for each nanolaser in the array

Calculating of A\ from the subtract of reference A from A

wok wn

Calculating An form the dividing AA by 4
6. Generating continuous mapping images of AA or An

Procedure:
1. Input 2-D A data generated by Program3, reference As data, and 4s data.
2. Start the program

Here, the magnitude of AL or An in the mapping image was displayed with colors. In the An

image, the color bar was designed as a gradation showing different accuracy of the refractive

index resolution.

73



4.2.3 Performance

Use in the cell observation

Compared with the hand operation, this program was effective in the cell observation
experiments. This imaging system developed enables the continuous observation using a large
scale integrated nanolaser array. However, this system still remained a room for improvement.
In the repeatedly measurement of Program 2, the mismatch of the optical alignment appeared
along with the time evolution. In this setup, the hand operation with numerous adjustments
looking at the image of the lasing emission taken via the InGaAs camera for a 0.5— 1.0 h was
necessary. To solve this situation, we tried to introduce the automatic adjustment sequence for a
period. But this trial did not reach to the actual use. The measurement with the generating the
mapping image has also been undeveloped. This is mainly because the reference A was
measured after the removal of the cell. This problem may be solved by obtaining the reference A
before the cell attachment. However, in the test experiment, an intended shift was appeared in
the signals. In the off-line process, the isolated action of nanolasers was not complete, resulting
in the instability of the emission, the mismatch in the optical alignment, and the mode hopping.
In this thesis, the procedure for such operation was described in Chap. 5. Time required for such
procedure depends on the scale of the device and experimental period over a day. As a
conclusion, we succeeded in the automatization of the core elements in the experiment, but still

needed a number of hand operation assistants.

Frame rate

As discussed above, the frame-rate for continuous observation was determined by an
automatic measurement system and spectroscopic characteristics. The amount of time required
to spectroscopically observe all the nanolasers in automatic measurement Program 2 is
proportional to the frame-rate. Simultaneous measurement and small-scale integration decreases
this number, but it can occur only once. Therefore, this single measurement time is determined
by exposure time in the detector, and the time required for data communication and saving. Here,
we used the OSA or the combination of the diffractive grating and the array photo detector in
the measurement. The array photo detector can measure the intensity for each A simultaneously,
so that the single measurement time becomes faster. In the OSA, the single measurement time
was 15 s with the high-scencel mode. In the array photo detector, the exposure time was 0.5 s
with nanolasers that had a temporally lasing intensity, and 0.1 s for those with superior lasing
intensity. The single measurement time was 1.2 s and 0.8 s for the temporal and superior lasers,
respectively. From this it can be seen that the proposed method has a potential sub-second

frame-rate, and may be applied to a second-order frame-rate. The observation area and the
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density of the imaging pixels is the trade-off to the frame-rate.
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Chapter 5
Cell imaging

To demonstrate the proposed cell observation method, we attempted to observe an actual
cell. We administered a reagent to promote chemical reactions in a cell and observed cell

reactions before, during, and after the administration.

5.1 Method

5.1.1 Overview

The measurement procedure is shown in Fig. 5.1. First, we prepared a PC nanolaser array.
HeLa cells were attached to a substrate in a culture dish. Then, using the measurement system
described in Chapter 4, the positions of the PC nanolasers for each wavelength A were
confirmed by the pumped light spot from a single-mode laser diode (LD), as shown in Fig.
5.1(c). The multimode LD was used for simultaneous measurement. The spectra of the overall
nanolaser array were repeatedly measured. Furthermore, a reagent that introduces a cellular
change was injected. The cellular reaction to the reagent was also observed by repeated
measurement. The control experiment without reagent showed evidence of the reaction. We
measured individual values of A again after the experiment. The reference A was measured after
the injecting the specific reagent after removal of cells. The reference A was also measured for
the condition when the cells became detached during the experiment.

Ideally, the absolute value of n can be acquired from A. However, culture fluid contains
various foreign substances such as proteins, amino acids, and glucose. The presence of these
extracellular contaminants may produce an additional Az and cause noise in the measurement of
n. Because such additional attachment is thought to be due to strong physical adsorption, the AL
due to the additional attachment is assumed to be fixed value. In addition, because the cells are
surrounded with culture fluid, the calculation of the relative n from the culture fluid is useful.
Therefore, we calculated AL for each nanolaser according to the An induced by the cell
attachment. Then, the envisioned measurement conditions were categorized for the cases

without cells, with cells, and with cells showing some changes.
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Fig. 5.1 Cell imaging procedure: (a) preparation of device, (b) attachment of HeLa cells, (c) individual
measurement single-mode LD pumping, (d) parallel measurement by multimode LD pumping, (e)
measurement in reagent environment, (f) measurement of reference A after removal of cells, and (g)

mapping of AA and An.

78



5. 1.2 Preparation

5.1.2.1 Procedure

The procedure for attachment of the cells onto a GalnAsP substrate is described as follows:

(1) The fabricated device surface was hydrophilically treated by ICP O, plasma. The
conditions of the treatment were basically the same as those described in Chap. 4:
the bias power was 0 W, the ICP power was 200 W, the gas flow rate was 30 sccm,

and the time was 1 min.
(2) The device was set into the culturing case.
(3) The device was immersed in 70% ethanol for 5 min.
(4) The device was immersed in phosphate-buffered saline.

(5) The device was placed into a vessel filled with a culture fluid that included human

cervical carcinoma line (HeLa) cells.

(6) Incubation was performed overnight at 37°C with 5% CO, to culture cells on the

devices for 20-26 h.

Fabricated device were, Because PDMS is hydrophobic and interferes with cellular
attachment, the hydrophilic treatment to the nanolaser array device was done. the . The devices
were washed with ethanol to eliminate bacteria, and phosphate-buffered saline to modify its
surface for cellular culturing. The device was y placed into a vessel filled with Dulbecco’s
modified Eagle’s medium (DMEM) (Gibco) supplemented with 10% fetal bovine serum (FBS)
(Gibco) and 1% penicillin streptomycin (Gibco). The density of HeLa cells in the culture fluids
was 2 x 10° cell/ml. Here, the structure of the vessel is a empty cylinder in which an area is 1.9
cm?, and 500 pl of culture fluid was placed in it. By the incubation, HeLa cells were attached on
the device. After incubation, the device chips and the incubator fluid were placed in the
measurement setup.

Because CO, was not fed into the setup during the experiment, the activity of the cells was
maintained for only several hours by the change of culture fluid’s pH. For a longer observation
period, we also used another Leibovitz’s L-15 medium (Gibco), which suppresses the CO,
deficiency. The detail of the measurement setup was described in Sec. 5.1.3.

Figure 5.2 shows the HeLa cells attached on the GalnAsP substrate and PC structure. A
healthy cultured epithelial cell shows a generally flattened shape. Many experiments involving

these samples cells attached flatly. This suggests strong attachment and low cytotoxicity of the
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Fig. 5.2 Optical micrographs of HeLa cells attached on substrates: (a) attachment on the

GalnAsP substrate, and (b) attachment on the PC pattern.

nanolaser material (GalnAsP) and PC structure.

5.1.2.2 Cell

The cells used in this study were HelLa cells. HeLa cells are derived from human cervical
carcinoma cells. They are the world’s first successful long-term, human-derived cell culture and
are widely used in testing and research. Long-term cell culture is impossible without cancer
cells because such culture requires the preparation of cells obtained from living tissues for each
experiment. Such preparation induces a change of state in the cells and makes the experiment
unstable. Except for cells such as embryonic stem cells, the present cell lines are limited to
cancer cells. This is because of the issues with deoxyribonucleic acid (DNA) replication.
Telomeres in chromosomes progressively were shorten with cell division, which limits the
long-term cell culture of normal cells. Cancer cells have DNA abnormalities that allow
unlimited cell division. HeLa cells are widely used in human cell experiments. In this study,
HeLa cells were used to overcome the limitation of short culturing periods. We used HeLa cells,

which are characterized by a high nuclear to cytoplasm ratio.

5.1.3 Setup

In cellular experiments, the requirements for the measurement environment surrounding the

nanolaser array are as follows:
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e Filling with culture fluids

e  Thermal control

e pH control

e  Suppression of evaporation

e Changeability of the solution

A culture fluid environment is necessary for cell culturing and the maintenance of cellular
health. We used a flow channel filled with the culture fluid used for incubation. Thermal and pH
control are also required for cell culture. However, the introduction of a basic pH control system
using DMEM and CO, gas in the measurement setup requires additional steps. Thus, we used
DMEM for short-term observation and L-15 for long-term observation. In the case of DMEM,
the environment is impracticable for cell culturing; thus, the experiment time was limited to less
than a few hours. In the case of L-15, CO, control is not required, but a strict seal is needed for
evaporation suppression and maintenance of the amount of culture fluid for pH buffering. In any
case, a seal is required for stable measurement. The solution around the nanolaser array needs to
be changed to allow for the injection of reagent or the exchange of culture fluid. This was
solved by development of the flow channel and fixing of the nanolaser substrate.

Figure 5.3 shows a schematic of the flow channel for short-term observation. The device is
sandwiched between two glass substrates, and these substrates are fixed by a slide glass. The
glass substrate slightly higher than the device forms the flow channel. Fig. 5.3(b) shows the top
view of the device. The glass substrates are angled to hold the device in position for solution
flow. The solution is injected from the larger space between the glass substrates and it flows in a
single direction by capillary action. Here, flow channel height on the device is maintained to
decrease the optical absorption of water. Although the solution is not sealed to prevent
evaporation, the small contact area between the solution and surrounding air restricts the
influence of evaporation.

Figure 5.4 shows a schematic of the flow channel for long-term observation. The flow
channel system is composed of glass, silicone, and PDMS. These parts are bonded by silicone
resin or the adhesion of PDMS. The device is set in the hexagonal space shown in Fig. 5.4(d).
When liquid is injected into the hole in Fig. 5.4(e), capillary action moves it to the hole in Fig.
5.4(c). The caps of these holes, as shown in Figs. 5.4(f) and (g), are set to suppress evaporation
of the liquid. The space in Fig. 5.4(b) allows several culture fluids to be held for long culturing
times. The temperature of the system is maintained by a temperature-controlled stage. The pH is
maintained by using L-15 culture without CO, gas. We confirmed cell culturing using this

system for a week, which is evidence of the non-toxicity of this method and system. Fig. 5.5
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Fig. 5.5 Optical micrographs of HeLa cell culturing using setup for long-term observation.

shows continuous images of HelLa cells using the setup for long-term observation. Cells A, B,
and C show cell division, and thus these images prove an appropriate environment for cell

culturing.

5. 1.4 Lasing in nanolasers

We measured the spectrum of each nanolaser using the measurement system described in
Chap. 4 for optical alignment and the affirmation of A. The obtained stage coordinates were
used in the after the continuous measurement. The obtained A data were used for the
identification of each nanolaser from the measured spectra. In the measurement, an automatic
programmable system was used. In the case without a NS nanolaser, a single-mode LD (with a
spot size of ~3 um) was used for individual measurement. In the case with an NS nanolaser, a
multi-mode LD (spot size ~20 pm) was used. The measured 2-D A data were also used as the

reference A in the tracking of A for each nanolaser. The procedure time was ~1 h in the case of
the 21 x 21 =441 array.
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5. 1.5 Tracking of wavelengths

We tracked the A of each nanolaser to observe continuous cellular activity. The spectra were
measured repeatedly. Here, we measured nanolaser arrays one by one, or 3 x 3 = 9 nanolasers
simultaneously for each section. Simultaneous measurement improves the frame rate of the
continuous observation. Fig. 5.6(a) shows the 6 x 6 nanolaser array with HeLa cells. Fig. 5.6(c)
illustrates the observation of the entire 6 X 6 nanolaser array by a combination of 3 X 3 used.
This measurement was made using the automatic program, but some exceptional hand-operated
processes were also necessary in the experiment. In the long-term measurement, disturbance of
the optical alignment occurred. Therefore, we adjusted the alignment once every few hours. The
measurement system shown in Figs. 5.4(a) and (b) requires an exchange of culture fluid
corresponding to the evaporation of solution or pH buffer, respectively. The exchange of

solution was also required during the observation of cellular reaction to reagents.

Nanolaser

Fig. 5.6 Simultaneous measurement. (a), (b) Optical micrograph with and without cells.

(c) Near field patterns of emission from 9 nanolasers for each position.
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5.1. 6 Cell reaction

In order to observe cell reaction to reagents, we considered the appropriate reagent and
cellular phenomenon for the primary cell observation. The tools used in dealing with reagents
are micropipettes (capacities of 1-10, 10-100, and 100-1000 pl), tube, electronic balance
(minimum measurement unit 0.0001 g), stirrer, and homothermal case. The considered reagents

are described below.

Nocodazole

This reagent inhibits cellular microtubules. The microtubule known as tubulin is a kind of
cytoskeleton that determines the shape of the cell. In the field of cell biology, nocodazole is used
to synchronize cell cycles among cells. The cell cycle consists of the M phase, which is the
period of cell division, the interphase G1 phase, in which the cells grow, the S-phase, in which
the DNA is replicated, and the G2 phase, in which the preparation for cell division occurs.
Because the microtubule mechanism is operant in cell division, the inhibition of microtubules
by nocodazole stops the cell cycle at the M phase. Then, when nocodazole is removed, the
phase of all the cells becomes the same (i.e., synchronized). In cell biology, it is known that
microtubules are inhibited immediately after the administration of nocodazole. For
synchronization of the cell cycle, a nocodazole concentration of 5-30 uM is used. In the case of
injection with higher concentrations, cells cannot maintain their shape and ultimately shrink.
Intercellular adhesions are broken by the shrinkage, and cells are removed from the attached
surface.

Figure 5.7 shows the shrinking of HeLa cells from injection of a high concentration of
nocodazole. The shrinking was first observed 12 min after injection. After 30 min, the majority
of the HeLa cells showed shrinkage. In this experiment, the nocodazole solution was made from
nocodazole powder intended for use in cell biology (Wako, Ltd.) and dimethyl sulfoxide
(DMSO) (Wako, Ltd.) which can resolves nocodazole and is used for concentration adjustment
of the culture fluid. This reaction involves a change in cellular shape and can be confirmed on
optical micrographs. The scale of the cell change is easily observed with um-order spatial
resolution. Removal of the cells causes a large An and shows the AA for the attachment of the
cells. Based on the simplicity of the observation scale, nocodazole was considered appropriate
for the primary experiment. Colchicine, similar agent, also inhibits microtubules but is highly

toxicity.
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Fig. 5.7 Optical micrographs of reaction to nocodazole in HeLa cell at (a) 5, (b) 12, (c) 20, and (d)

30 min after injection. The concentration of nocodazole was 3 mM.

@ ®)

Fig. 5.8 InGaAs micrographs of the product from nocodazole: (a) before injection of

nocodazole. and (b) after injection of 3.3 mM nocodazole at 10°C.

Thus, we used nocodazole. When using high concentrations of nocodazole, the resolvability

and melting point of DMSO must be considered. The melting point of DMSO is about 18°C, so
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an aggregate of nocodazole may appear when the experiment temperature is low, as shown in
Fig. 5.8. This makes the cellular reaction unstable. Furthermore, the shape of the resulting
aggregate is similar to the cells, which becomes problematic in an experiment. Therefore, we
maintained the temperature above 25°C and prepared a solution with a high of DMSO
concentration (i.e.,., DMSO, 1 ml and nocodazole, 1.0 mg) to make a 3.3-mM solution. As
result, the generation of aggregate was suppressed. However, the influence of the high

concentration of DMSO may have emerged.

Actinomycin D
This reagent inhibits ribonucleic acid (RNA) polymerase in the cell nucleus. The cell

nucleus contains DNA, which stores design information for proteins and RNA. RNA is
transcribed with DNA acting as a template. RNA polymerase is the enzyme that transcribes
RNA from DNA. Thus, when RNA polymerase is inhibited, protein synthesis is also inhibited.
Thus, actinomycin D binds to the enzyme in the cell nucleus and inhibits various cell functions.
Because Hela cells have large nuclei, this may facilitate the observation of cell reactions.
Actinomycin D is suitable in the primary experiment for the observation of organelle variations.
In the experiment, actinomycin D was diluted with culture fluid and injected at 1 ng/pl. In
biology experiments, it is known that the reaction is saturated for 2-3 hours at this
concentration.

We considered that the cellular changes induced by these two reagents as appropriate for our

observation; hence, the other techniques that we did not use are described below:

(1) Dehydration by ethanol
(2) Macro-autophagy
(3) Photo toxicity

(4) Apoptosis by hydrogen peroxide

In ethanol dehydration, cellular moisture is drawn to the outside by osmotic pressure. This
method requires accurate adjustment of ethanol concentrations. Moreover, the reaction occurs
too quickly, and changes of solution require manually-operated optical alignment. Therefore,
this reaction is not suitable for the primary experiment.

Macro-autophagy appears when a cell reaches a starvation state or accumulates abnormal
proteins. The abnormal proteins and part of the cell itself are enclosed in a phospholipid
membrane called liposome. This liposomal membrane binds with a lysosome, which has a

degradative function. The internal protein in liposome is decomposed into amino acids and
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peptides. The size of liposome is approximately 1 um, and direct observation is considered
possible. However, it is difficult to confirm a starvation state. Therefore, this reaction was not
used.

As for phototoxicity, we tried irradiation using a blue—violet (DSP-5205A) or UV pulse laser
(excimer laser, 193-351 nm, 107-1010 W/cm?, 10-20 ns). However, affirmation of variation in
the cell was also difficult. Moreover, if the apoptosis would arise, it cannot be distinguished
from a natural removal of the cell. Thus, this reaction was not suitable for the primary
experiment.

Finally, it is known that apoptosis occurs when cells are injected with hydrogen peroxide.
However, injection in a sealed condition causes the generation of air bubbles, which makes

observation impossible.

5. 1.7 Reference wavelength

After the tracking of wavelengths, the cells were dissociated with trypsin. Once the cells
were removed, the devices were washed with culture fluids containing FBS and once again
placed into the measurement system with only culture fluid. The A of each nanolaser was
measured and used as the reference A to obtain AA. In the removal process, trypsin is a reagent
that hydrolyzes the protein in the cell membrane. Its proteolysis is most efficient at 37°C, but in
such conditions, trypsin affects the GalnAsP slab, resulting in a change in reference A. Thus, in
this process, the device chip was dipped into a trypsin-filled tube at room temperature and
shaken for 5 min. Washing with FBS chemically suppresses the function of trypsin. Thus, in the
case where cells were removed during the tracking of A, the reference A was measured after the

exchange of culture fluid.

5. 1. 8 Offline data processing

Here, we describe the method of calculation from the measured spectra to the 2-D A\ image.
We used same the automatic systems that are described in Chap. 4, unless otherwise stated. At

some instances, handling was done manually. The procedure was as follows.

(1) Calculate A from the measured spectra and identify nanolaser positions automatically.

(2) Find correspondence between defects in the A data and mismatches in the automatic

1dentification.
(3) Calculate AL from the reference A.
(4) Convert from AA to An.
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(5) Create a mapping corresponding to the nanolaser array position.

The calculation of A from the measured spectra was based on searching for the peak A in the
spectrum and identifying the relationship between the peak A and nanolaser position by
comparing with past A data and considering its time derivative. In this process, the A data
measured before the tracking of A was used as the original data for identifying the relationship.
Spectral measurements sometimes fail because of the instability of emissions or an optical
alignment error. The obtained data for a 2-D continuous A may contain such defects, so we
compensated by using the average value of the surrounding nanolasers. Such defects or
mismatches in optical alignment may also cause mismatches in the automatic identification.
These mismatches were identified by extraordinary wavelength hopping or periodic data defects.
We then checked the optical alignment, compensated the nanolaser position in the 2-D A data,
and corrected the initial 2-D A data, which were used in the identification of nanolaser positions.
We also tried wavelength tracing using various timings to suppress the influence of instability in
the lasing.

The AM data were calculated using the reference A that was measured after the removal of
cells. The conversion from AA to An was calculated from a preliminary measurement of 4. We
measured 4 for each nanolaser to suppress distortion from the nonuniformity in 4. The mapping

was done corresponding to the measurement positions and identification using A.

5.2 Wavelength-based image

Figure 5.9 shows optical micrographs of the attached HeLa cells and corresponding AA
images both with and without cells for four different samples (A-D). Here, the setup for
short-term observation was used. Single-LD excitation was used in the wavelength tracking.
The condition of the device used was a 21 X 21 nanolaser array on an integrated scale, 5-um
pitch, cavity without NS, and bonding structure. These micrographs show flatly attached cells.
Some similarities between the micrographs and AA images were observed. For example, sample
A shows two cells attached separately. The AL image shows a similar shape, but the distribution
within the cells was slightly nonuniform and did not correspond to the organelle distribution; the
nonuniformity was greater than 1 nm in the AA image. Such nonuniformity is more evident in
other samples. Sample B shows a complicated image including cell-to-cell adhesion. The round
cells show smaller redshifts in the AA image. Such round shapes indicate weak attachment.
Cell-to-cell adhesion also influences the cell-to-device attachment. Samples C and D show more
nonuniform patterns. The cells with cell-to-cell adhesion show more nonuniform distribution

than those without. Because the evanescent field of the nanolasers can only detect behaviors
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Fig. 5.9 Observation of HeLa cells attached on a nanolaser array and snapshots for samples A-D. Left
and right panels for each sample show optical micrographs and AA images, respectively. Dashed lines

depict the cell boundaries. [5-4]

within their penetration depth from the device surface into the fluid and cells (~120 nm), the AL
image might reflect the attachment condition determined by the footing of the cells.

Figure 5.10 shows the time evolution of the AA image. Here, the setup for short-term
observation was used. Single-LD excitation was used during wavelength tracking, and the
DMEM was exchanged repeatedly during the measurement to compensate for the evaporation
of volatile elements. The condition of the device used was a 21 x 21 nanolaser array on an
integrated scale, 5-um pitch, cavity without NS, and bonding structure. When the culture fluid
was exchanged, all As showed a constant shift owing to slight changes in the concentration and
temperature of the fluid. This shift was neglected. As observed, the redshift pattern gradually
changes during the 150-min measurement. Three cells, A, B, and C, show different changes:
small changes, spreading of the pattern, and an increase in redshift, respectively. Referring to
the discussion for Fig. 5.9, it is reasonable to believe that the larger change is mainly due to a

local change in the attachment condition of the cells.
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Fig. 5.10 Continuous observation of HeLa cells attached on a nanolaser array: (a) optical micrograph,

and (b) continuous AA image. [5-4]

5.3 Cell reaction

Figure 5.11 shows optical micrographs and near-field lasing patterns in the observation of
cell reactions. These optical micrographs show that the entire surfaces of the samples were
covered with cells. Here, the setup for short-term observation and the multimode-LD excitation
were used in the tracking measurement. The condition of the device used was a 5 X 5 nanolaser
array on an integrated scale, 2.5-um pitch, cavity without NS, and air bridge structure. A
0.41-mM nocodazole and 0.80-uM actinomycin D solution was injected. In this experiment, the
optical alignment was manually adjusted. Comparing the samples before and after the injection
of nocodazole, the cell changed from being in a flattened state to a shrunken state. The image
after the injection of actinomycin D is an InGaAs camera image instead of an optical
micrograph. This shows cellular adhesion similar to that before the injection.

Figure 5.12 shows the tracking of AA for each nanolaser without compensating for the
injection and evaporation of reagent. Here, the nanolaser array was not treated with the
wavelength control process, so that this plot contains an error from the overlap of spectra, and
identification using the A of each nanolaser was impossible. This shows the continuous variation
of each nanolaser. Before the reagent was injected, A was stable to less than £1 nm, taking into

account cell variations and structured nonuniformity. This is evidence that the behavior of cells,
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Fig. 5.11 Optical micrographs and near-field patterns of cell reactions to reagents: (a),(b) before the
injection of reagents, (c), (d) lasing pattern during the experiment, and (e), (f) after the experiment. The
left and right panels show the experiments with nocodazole and actinomycin D, respectively. The

concentrations of nocodazole and actinomycin D are 0.41 mM and 1 ng/ml, respectively.

thermal shifts, and evaporation are almost negligible in such a short measurement. With the
injection of nocodazole, as shown in Fig. 5.12(a), the condition of A varied corresponding to the
injection of reagent. After the injection, most of the A redshifted immediately due to a change in
the liquidity index.

However, the shift amounts are different between devices. This difference might be due to
the nonuniform attachment strength of the cells. Subsequently, A quickly blueshifted within
~500 s and finally became stable. This blueshift is generally larger when the immediate redshift
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Fig. 5.12 Nanolaser spectral shifts for two reagents: (a) nocodazole and (b)

actinomvcin D. Reagent iniection times are indicated bv arrows. [5-41

is larger, although some exceptional cases were also observed. Therefore, we consider that this
blueshift arises from a pure reaction of the cells against nocodazole. Nocodazole is known to
bind to tubulin within several seconds [5-2] and make microtubules rapidly depolymerized [5-3].
When the actinomycin D was injected, A did not show an immediate change because the
solution had an index similar to that of the culture fluid. Then, A redshifted within ~3500 s and
became stable, followed by a second redshift at # = 5000 s. The first shifts were nonuniform
between devices, whereas the second ones have almost the same slope. This suggests that first
shifts were mainly due to the reactions in the cells, whereas the second ones were due only to
the evaporation of volatile elements. As a result, we successfully observed the cellular reaction
against the injection of the reagent. We thought that such observation can be applied to cell

screening cells. By considering the sensing depth, the variation around the cellular membrane
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should make large AA. This also indicates that this method is suitable for the observation of the
proteins around the cellular membrane. It is known that such proteins around the membrane

play an important role in the interaction with extracellular environment.

5.4 Conversion to index-based image

Figure 5.13 shows the HeLa cells before and after continuous observation. Samples A and B
indicate cell movement or desorption. Here, the setup for long-term observation was used.
Single-LD excitation was used during the wavelength tracking. The condition of the device used
was an 11 x 9 or 11 x 11 nanolaser array on an integrated scale, 5-pum pitch, cavity with NS, and
bonding structure. Fig. 5.14 indicates the time evolution of the image, which partially
corresponds to the cellular behaviors in the optical micrograph. Here, the gradation of the color
bar corresponds to the absolute accuracy of the refractive index. When the color scale was
changed in sample A, we realized that the cell on the left side moved more frequently than the
one on the right. Because the lamellipodium on the left side moved out of the observation frame,
such frequent movement might reflect the activity of the cell. Sample B shows an An image for
cells that were finally desorbed from the device. The An image disappeared gradually from the
lower to the upper side of the cell image. This temporal change must be due to a chain reaction
of the local adhesion. Such variations were not observed in the resolution before an
improvement of ~107* (refractive index resolution (RIU). The observation of these minute An

values was enabled by the improvement.

5.5 High frame-rate

Figure 5.15(a) shows the optical micrograph of the HeLa cells attached on the nanolaser
array. This displays the cellular attachment all over the nanolaser array. Here, the setup for
long-term observation and the multimode-LD excitation was used in tracking A. The integration
scale of the used device was a 3 x 3 array with a 4.5-um pitch. The nanolaser without NS, after
the post-A trimming, and the air bridge structure was used. Fig. 5.15(b) shows an example of the
spectra measured in the tracking procedure. The spectral peaks were aligned with spacings
sufficient for the spectral identification. We then measured the spectra of nine nanolasers
simultaneously, with a frame time of 2.3 — 2.8 s. Fig. 5.15(c) shows the continuous trace of A for
each nanolaser. Here, the nanolaser array with a spectral pitch of 2.5 nm was used. This shows
that almost of A were separated but some were overlapping in spectra. This frequency of the
overlap is sufficiently low to identify by the automatic program. From this result, we succeeded

in the improvement of the frame rate by the A trimming. To get more image pixels, maintaining
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Fig. 5.13 Optical micrograph of index-based imaging. Panels present the before- and
after-measurement images for each sample. Samples A and B show moving cells and cells finally

desorbed, respectively. [5-4]
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Fig. 5.14 Time evolution of Hela cells observed in the NS nanolaser array. Samples A and B

correspond to Fig. 5.13. [5-4]
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Fig. 5.15 Cell observation with high frame rate: (a) HeLa cells attached on nanolaser array, (b)
spectrum measured in tracking, (c), (d) time evolution of A and AA, respectively, and (e) 3-D contour

map of (d). Arrows indicate the injection of actinomycin D (1 ng/ml).

the standard spacing of 2.5 nm in the spectrum, a wider spectral bandwidth of the material
emission is necessary. In GalnAsP, the bandwidth is <200 nm, so that the number of pixels will
be limited to <80. To realize a more pixels with a high frame rate, the introduction of a parallel
measurement such as that using a bundle optical fiber instead of the single optical fiber and
multi spectroscope will be required. The AA was calculated from the reference A, as shown in
Fig. 5.15(d). This shows the time evolution of the redshift caused by actinomycin D. Compared
with Section 5.3 showing the reaction of the same reagent, the behaviors of the red shifts were
not uniform among the nanolasers. This might reflect the individual specificity between cells
and/or the widening of the pitch between nanolasers. This result also shows larger AA (several
nm) than other cell observation results (< ~ 2 nm). To know the reason of this large shift, we

checked the variation of the sensing property after the trimming process. Fig. 5.16(a) shows
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Fig. 5.16 The variation in lasing characteristics by A trimming. (a) Aging variation during the
preparation. (b) Sensitivity between before and after A trimming. The color of the plots indicates same

designing nanolaser in the same chip.

the spectral shifts during the preparation process of nanolasers. Fig. 5.16(b) shows the
comparison of 4 between before and after the trimming. They show a diffence of only less than
10% in A. These variations were sufficiently small to compare the results. Thus, we consider
this large shift to be reflected from the other physical variations such as the removal of the
protein from the device surface. We observed the details of this redshift and calculated the
continuous mapping images, as shown in Fig. 5.15(e). In this experiment, because of the
extension of the exposure time in the spectral detection in the photodetector array, the result
indicates a lower frame rate than the ideal one of second order. However, the frame rate was still
sufficient to observe the details of the redshift reflecting the reagent. Such detailed observation

was thought to be applicable to cell screening.

5. 6 Discussion

The A\ images for the resist coating and cultured HeLa cells corresponded roughly to those
observed in the optical micrographs. Next, we converted the A\ images to An images by
introducing a nanoslot into each nanolaser. We demonstrated a 12 x 12 = 144 array with a 100%
yield and improved the index resolution to ~2 x 10~ RIU, which was a five-fold improvement
over that without the NS. Cell images thus obtained mainly reflected the attachment condition
of the cells on the nanolaser, which is usually difficult to observe in an optical micrograph.
Further investigation of the correspondence between the image and actual cellular behavior is
expected in future studies.

For an image sensor, three constraints must be cleared for progress to continue. The first
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constraint is the spatial resolution determined by the nanolaser pitch. Without an NS, the laser
mode was distributed over a ~2-um diameter area, which determined the minimum pitch. This is
not sufficiently small for the observation of detailed cellular behaviors but may be applicable to
some macroscopic observations. The second constraint is the readout time of all A values: at
present, the readout time of one frame is more than 10 min for large arrays (over 100). An
optical system allowing parallel pumping and readout may be a solution for this. Another
alternative would be to focus on a smaller array with parallel pumping and readout, allowing the
capture of rough cell images at a video frame rate. It would be helpful if the index resolution
could be further improved or if the image could detect delicate behaviors such as the emission
of secretory proteins. Thus, the third constraint is the index resolution, which is currently
limited to ~1 x 107> RIU without a nanoslot. For higher index resolutions, the nanoslot must be
incorporated, although it would result in a larger modal area and lower spatial resolution.
However, the resolution is still limited to ~2 x 10~ RIU, for which further optimization of the

cavity structure, laser mode, and fabrication process are necessary.
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Chapter 6
Conclusion

In this study, we propose and demonstrate a novel cell imaging method using a photonic
crystal nanolaser array. We developed and improved the device, system, and imaging
performance and demonstrated its functionality.

First, we proposed the principle of the particular imaging method that has a high throughput
owing to the label-free sensing mechanism, minute spatial resolution of < 1pm?, high resolution
of the refractive index, sufficient signal intensity for low penetration into cells, and a fast
measurement frame rate. By including these features, we expected to find solutions to the
problems encountered with existing methods. With due consideration of the factors limiting
imaging performance, we adopted the key technologies required to improve this method, aiming
toward practical cell imaging.

We fabricated the nanolaser array using the GalnAsP/InP wafer process. In this process, the
resistant pattern, formed by EB lithography, is transferred to the GalnAsP layer, and any
unnecessary layers are removed. We developed this process for a large area device by bonding
the GalnAsP layer to a glass substrate, thereby solving the problem of fragility of previous
air-bridge structures. The observation area was improved from 25 um® to >100 um?, which
enabled the examination of a whole human cell. We were able to control the PC hole diameter,
enabling the selection of a resonant mode and suppression of the coupling between nanolasers;
this enabled the independent operation of the nanolaser and worked as the imaging pixel. We
developed a method to control the wavelength of the nanolaser. In this method, the wavelength
was designed in the ~90-nm range using the diameter of the holes that formed the HO cavities.
Moreover, we introduced a nanoslot structure in the cavity of the nanolaser array to improve the
refractive index resolution. We also developed the post-process by trimming the wavelength of
an arbitrary nanolaser in the array. During this process, the nanolaser array was put in a dilute
HCI solution and pumped by irradiation with pumping light. We aligned the wavelength of the
nanolaser array with a pitch of 2.5 nm by a post-trimming process, which enables the
observation with a second order frame rate.

We confirmed the fundamental property of the fabricated device. We measured and observed

the laser’s sensing and imaging properties. The nanolaser array lased with a 100% emission
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yield. We demonstrated the imaging results by the observation of the test pattern. In the test
experiment, the boundary of the wavelength shift and a droplet on the nanolaser array matched.
We also demonstrated the acquisition of the refractive index shift using the wavelength shift and
sensitivity. Compensation for the non-uniformity of the sensitivity of an array suppresses the
distortion in the acquired index shift. The practical sensitivity was averaged to 97 nm/RIU in the
NS nanolaser and 57 nm/ RIU in the simple nanolaser. The absolute accuracy of the refractive
index resolution was ~2.0 x 10~ RIU in the NS nanolaser and ~ 10~ RIU in the simple
nanolaser. Moreover, we developed an imaging system that automates the measurement of a
large-scale integrated nanolaser array and associated data processing.

To demonstrate the cell imaging, a procedure was developed. We prepared the device as
follows: HeLa cells were attached to the surface of the device, the device was then attached to
the measurement system, the wavelength of each nanolaser was repeatedly measured, the
reagents were injected to the culture solution to induce cell reaction, the cells were then
removed with trypsin, each nanolaser measured again for the reference wavelength, and the
wavelength shift corresponding to the nanolaser position mapped. We successfully acquired
images of the wavelength shift that matched the shape of the cells. The acquired image and its
time evolution is thought to reflect the conditions of the cell and cell attachment. We also
demonstrated the acquisition of a refractive index shift image and video using the NS nanolaser
array. The image, with a refractive index resolution of 10~ RIU, shows the vibration in the
index signal, i.e., the frequency of which may reflect the cell condition. We attempted to
observe cell reaction at a high frame-rate using the nanolaser array with wavelengths aligned by
the post-trimming process. The time evolution of ~2 s/frame showed minute dynamic
information associated with cell reaction.

Following these studies, we intend to propose and develop a novel method with a label-free,
high-spatial resolution, high intensity signal, and an index resolution sufficient to observe cell
conditions and demonstrate cell imaging. However, the resolution is still limited to ~2.0 x 10~
RIU, so the further optimization of the cavity structure, laser mode, and fabrication process are
necessary. In future, the contribution to cell imaging technology is expected to develop with

further improvements in spatial and refractive index resolution.
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