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ABSTRACT

Ever since their first demonstration by Theodore Maiman in 1960, lasers have enormous
influence in our life. Laser light is coherent in space and time, directional and its spectrum is
tunable. With their unique emission properties, lasers have a broad range of applications
including barcode readers, blu-ray players, high-resolution imaging, and fiber-optic
communication. Moreover, their use is emerging in biomedical imaging, diagnosis, and
surgery. Commonly, lasers are fabricated using artificial or inorganic materials, however,

these lasers are not proper to interface with living systems such as cells and tissues.

As a solution, in this research, we fabricated biomaterial-based lasers (biolasers) made of
biocompatible materials of proteins and biopolymers. Motivating from the coffee-stain
effect, we developed unconventional cavities for biolasers using self-assembly methods.
First, we demonstrated whispering gallery mode biolasers using silk fibroin protein and
synthetic biopolymers. No tools, components, and/or human intervention are needed after the
construction process is initiated. In the first section, we showed the transition of 2D coffee
stain into 3D hollow spheroid structure and utilized them spheroid lasers. Next, we used the
suppression of the coffee stain effect to fabricate disk lasers that are flexible, physically

transient, and can be directly integrated on a variety of substrates.

Second, we explained the use of self-assembled spatially localized feedback random lasers
utilizing cracks. Directional random lasers with high Q-factors were presented using a wide
variety of materials including fluorescent proteins, silk fibroin, silica nanoparticles, and

synthetic biopolymers.

Finally, we stated single transverse mode all protein lasers utilizing distributed feedback
cavities and the emission was adjusted according to the cavity design. Our findings introduce
an innovative way of fabricating biocompatible and biodegradable lasers. This research

generates the foundation of the advances of biolasers that are implantable to living systems.



OZET

1960 yilinda Theodore Maiman tarafindan ilk kez gosterilmesinden bu yana, lazerler
hayatimizda olduk¢a 6nemli etkiler yaratmislardir. Lazer 15181 uzay ve zamanda uyumludur,
yonliidiir ve spektrumu ayarlanabilir. Bu benzersiz 1sima 6zellikleriyle lazerler, barkod
okuyucular, blu-ray oynaticilar, yiiksek ¢6ziiniirliikklii goriintiileme ve fiber optik iletisim gibi
cok c¢esitli uygulamalarda kullanilirlar. Dahasi, biyomedikal goriintiileme, tant ve
ameliyatlarda lazer kullanimi1 artmaktadir. Genel olarak, lazerler yapay veya inorganik
malzemelerden yapilir ancak bu malzemeler lazerlerin hiicre ve dokulara temas etmek i¢in

uygun degildir.

Bir ¢dziim olarak, bu arastirmada, proteinler ve biyopolimerler kullanilarak biyomalzeme
lazerler (biolazerler) iirettik. Biyomalzeme lazerleri iiretebilmek i¢in kahve lekesi etkisinden
esinlenerek kendiliginden olusan ve bilinen yapilardan farkli kavite sekilleri gelistirdik. 1k
olarak, ipek fibrin protein ve sentetik biyopolimerler kullanarak fisildayan galeri modu
biyolazerleri gosterdik. Uretim basladiktan sonra higbir aygit, bilesen ya da insan etkisi ile
yapilanmaya miidahalede bulunmadik. ilk kisimda 2B kahve lekesini 3B i¢i delik kiirecik
yapilara c¢evirdik ve bunlar lazer olarak kullandik. Sonrasinda ise kahve lekesi etkisini

bastirarak esnek, fiziksel olarak gecici ve ¢esitli yilizeylere aktarilabilen disk lazerler tirettik.

Ikinci boliimde ise, kendiliginden olusan catlaklar kullanarak mekansal olarak
konumlandirilmig geri beslemeye dayali rastgele lazerlerin kullanimmi agiklanmistir.
Yiiksek nitelik etmenine sahip yonlii rastgele lazerler silika nanopargaciklar, floresan

proteinler, ipek fibrin ve sentetik biyopolimerler kullanilarak sunulmustur.

Son olarak, tek enine manyetik alan kipli tamamen protein lazerler 1s1manin kavite tasarimina
gore ayarlandig geribildirim kaviteler kullanilarak bildirilmistir. Sonuglarimiz biyouyumlu
ve biyobozunur lazerler iiretmenin yenilik¢i bir yolunu ortaya koymaktadir. Bu arastirma

canl1 organizmalara implant edilebilecek biyolazerler gelistirmek i¢in zemin hazirlamaktadir.
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Chapter 1

INTRODUCTION

Nature is always charming in terms of self-made patterns and structures. It offers stability
with the least amount of work. In nature, from snowflakes to pinecones, from viruses to
seashells we ran into numerous structures that build themselves spontaneously. As the
principles of spontaneously forming are understood, self-assembly has begun to be
scientifically appealing since there is no need for sophisticated devices and complex
engineering steps. Self-assembly can appear with constituents from the molecular scale to
meters [1]. For instance, the self-assembly of nano-rod arrays into the nano-sphere in Figure
1.1-a shows different electronic and optical properties than its components and shows a new
type of functional material [2]. Micron-scale wrinkled microspheres spontaneously formed
by silica nanoparticles in Figure 1.1-b and the grooves of wrinkles are used to trap particles
[3]. Moreover, by mimicking the molecular interactions, millimetric hexagonal arrays are

formed by capillary action as shown in Figure 1.1-c [1].

Figure 1.1 (a) Nano-spheres [2], (b) wrinkled microspheres [3], and (c) millimetric

hexagonal arrays [1] formed by self-assembly methods.



To make self-assembled lasers, we inspired by the coffee stain effect. Coffee stain forms
when a droplet of a colloidal solution dries on a surface [4]. A droplet of a colloidal solution
spilled on a surface forms a spherical cap shape by surface tension. The contact area pins to
the surface. Since the height of the perimeter is thinnest, evaporation is faster at the edges.
The evaporated amount is replenished by the capillary flow carrying the particles inside it as
shown in Figure 1.2. The particles deposited at the edges act as a barrier. After the solvent

evaporates completely, the coffee ring forms along the perimeter of the droplet (Figure 1.3).

Figure 1.2 Outward flow mechanism during evaporation [4].

Figure 1.3 Schematic of coffee ring formation [5].

Previously, the coffee ring effect is utilized to arrange quantum rods[6], and nanorods [7]
and lasing of the arranged rods were demonstrated. In another study, coffee rings made up of

fluorescent proteins (Figure 1.4-a) are used as ring biolasers [8].



Figure 1.4 (a) Fluorescent protein coffee ring and (b) lasing of rings [8].

In this thesis, we developed self-assembled biolasers from organic dye or fluorescent protein
doped colloidal solutions. Unlike previous studies, we created resonators based on the

phenomenon of coffee stain but different from rings. The organization of the thesis is:

In the first chapter, we make a brief introduction about self-assembly, in particular the coffee

stain effect.

In the second chapter, we briefly explain the working principles of lasers. Then, we state a

common type of lasers in terms of their optical resonator design.

In the third chapter, we explain the experimental methods used in this research. First, we
describe the synthesis of aqueous silk fibroin solution that is biocompatible, biodegradable,
and mechanically robust. Then, we give details about the optical set-up used in the biolaser

experiments.

The fourth chapter is about self-assembled whispering gallery mode resonators made up of
silk fibroin proteins and biopolymers. We examine the self-assembly effect in terms of
surface and heat. With these interventions, we obtained disk and spheroids and show their

lasing emission.

In the fifth chapter, once again using coffee stain phenomena, we fabricated cracks and we

demonstrate rough crack sidewalls are highly scattering and useful as random laser cavities.

In the sixth chapter, we state the single transverse mode and all protein lasers utilizing

distributed feedback lasers.

In the last chapter, we close the thesis with future applications.
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Chapter 2

LASER PHYSICS

Laser is an acronym for Light Amplification by Stimulated Emission of Radiation. To
understand the working procedure of a laser, we need to understand each phenomenon that
constitutes this acronym. In this chapter, stimulated emission, population inversion, and
photon amplification is explained. Moreover, laser types in terms of optical cavities are

briefly described.

2.1 Stimulated Emission

Absorption is a phenomenon that is observed when electromagnetic waves transmit their
energy into a matter. An electron in an atom with initial state energy E: jumps to a state E>
through its interaction of a photon with hv=Ez-E: energy is called absorption [9] as shown in

Figure 2.1.

Figure 2.1 (a) Absorption of a photon and (b) excitation of an electron to a higher state.



The excited atom has a certain lifetime and when it jumps back to the lower state, it emits a
photon as demonstrated in Figure 2.2. The released photon energy is equal to the energy
difference between two states and the photon moves in a random direction and this

phenomenon is nominated spontaneous emission [10].

.

Figure 2.2 (a) Excited electron and (b) its fall to the lower state and spontaneous emission.

When a photon with hv=E,-E1 energy encounters with an excited electron at E; level, it
perturbs the electron, the electron falls to E: state and emits a photon has the same frequency,
phase, and polarization with the incoming photon. This process called stimulated emission
[9], the passing electromagnetic wave leaves the atom increasing its energy one quantum (hv)
as the two leaving photons are coherent with each other (Figure 2.3). When we avalanche
this process, we obtain coherently amplified light that is one of the essentials to build a laser.

@

Figure 2.3 (a) Excited electron and (b) its stimulated emission through an incoming photon.



2.2 Population Inversion

Another requirement to build a laser is the population inversion. Population inversion occurs
when there are more atoms at the higher state than the lower state. To acquire amplification,
the number of incoming photons that stimulates the atom should dominate the number of
incoming photons absorbed. However, population inversion cannot be achieved by two
energy-level atoms.

To get population inversion, a metastable state that has slightly lower energy than the excited
state can be utilized. E1, E2and Es represent the energy levels of a three-level system in Figure
2.4. Considering when the electrons at the ground state are pumped to Ez level via an external
light source (Figure 2.4-a), they will rapidly decay to E level and emit phonons (Figure 2.4-
b). E2 is a long-lived state, population inversion between E2 and E1 is more likely to happen.
When a spontaneously emitted photon arrives at the electrons at E> state from the neighboring
atoms (Figure 2.4-c), it stimulates the electron and we observe photon amplification, so-
called optical gain (Figure 2.4-d).

(@)Es— (b) @@ — (O — (
E,— igle

Figure 2.4 Working principle of three-level laser. (a) Pumping of electrons from the ground
state to Es state. (b) Quick decay from Es to E> with phonon emission. (c) Population

inversion between Ez and E; and (d) stimulated emission.

Furthermore, there are four level laser systems with additional metastable are seen (Figure
2.5). In these systems, external photons pump the electrons from the ground state to Ez state
and electrons fast decay to long-lived E> state with phonon emission. After stimulation



electrons arrive to E; level, and quickly return back to ground level that is slightly below. In
these system, population inversion between E; and E; is procured with lower pump power

than three level energy systems.

E3 ﬁ '-a.:::.'.

Figure 2.5 Working principle of four energy level laser

2.3 Photon Amplification

To construct a laser, another requirement is optical resonators. Optical resonators cause light
to circulate in a closed path. When a gain medium inserted in a cavity, the emitted light by
gain takes round trips by reflecting from resonator boundaries. At each turn, the reflected
light stimulates the gain medium therefore resonators create an avalanche effect of stimulated
emission and provide feedback. If the light constructively interferes with itself after one trip,
it forms a standing wave and photon amplification is observed. If we say the length of the

one trip is I, to support constructive interference, the wavelength A should support
mA\ = | (2.1)

formula, where m is an integer and called mode number. The most commonly used lasers

according to their optical resonator types are explained below.



2.3.1 Fabry—Pérot Lasers

Fabry—Pérot optical cavities are the simplest design of laser cavities that consist of two
parallel mirrors facing each other [11]. One of the mirrors partially reflective to provide laser
beam output after amplification. When the gain medium surrounded by the mirrors pumped,
spontaneously emitted photons will initially travel in a random direction (Figure 2.6-a) and
the ones move perpendicular to the mirrors are reflected back (Figure 2.6-b). They move
back and forth reflecting the mirrors and stimulate the gain medium at each pass (Figure 2.6-
c). The stimulated emission quickly amplifies when they interfering with each other. As a
result, we obtain a standing wave (Figure 2.6-d). If we say the distance between two mirrors

is L, and n is the refractive index, for Fabry—Pérot cavities one round trip is

| =2nL 2.2)

and the wavelengths that fit the Fabry—Pérot cavities can be found using Equation 3.

A =2nL/m (2.3)



sl |u

Figure 2.6 (a) Spontaneous emission in random directions when the gain medium is pumped.
(b) Reflection of light waves from the mirrors and (c) stimulation of them as they move back
and forth along the gain medium. (d) The standing wave formed by the stimulated photons

constructively interference with themselves.

2.3.2 Whispering Gallery Mode Lasers

Whispering gallery mode (WGM) cavities confine the light by total internal reflection (TIR)
[12]. The guided light wave circles by reflecting from the cavity surface (Figure 2.7-a) and
when it constructively interferes with itself, it forms a standing wave (Figure 2.7-b). So
toroids, disks, rings and spheres are suitable structures to be used as WGM resonators. To

meet the resonance criteria in WGM resonators, if we say one round trip length

[ =27nR (2.4)

where R is the radius of the WGM cavity, the wavelengths should satisfy Equation 2.5.



A =2nR/m (2.5)

Figure 2.7 (a) Guided light in a WGM cavity by TIR and (b) its forming a standing wave.

2.3.3 Distributed Feedback Lasers

Distributed feedback (DFB) resonators are made up of periodic corrugated structures [10].
There is diffraction grating in their active region functions as Bragg reflector. Figure 2.8
shows a schematic of a DFB laser where a gain medium is inserted on top of the active region.
When DFB is pumped, if two reflected waves from different corrugations constructively
interfere, they amplify. To interfere, waves should be in phase when they meet. To maintain
these criteria, their path difference should be an integer multiple of the wavelength. If we say
that the A is the grating period length, the optical path difference reflected from two
consecutive corrugations is 2A (light moves to the second corrugation and reflects).

Therefore, the condition of in-phase interference is

8= 2nA (2.6)

where n is the effective refractive index, q is the integer called diffraction order and Az is the
Bragg wavelength. According to this formula, the emission wavelength of the DFB laser can

be adjusted by period length. Only the wavelengths that support Formula 6 will lase, while

10



other wavelengths are suppressed by the resonator. This selective reflecting in DFB lasers

results in single-mode emission.
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Figure 2.8 Schematic of DFB lasers

2.3.4 Random Lasers

Unlike the lasers mentioned above, random lasers (RLs) do not have a specific cavity. Instead
of regular cavity design, there are randomly distributed scattering elements to provide optical
feedback [13, 14]. The emitted photons travel along with the gain medium multi-scatters
from the edges of irregular shapes or disordered particles as shown in Figure 2.9. The
combination of scattering points forms a closed loop for the beam operating like a cavity
[15]. The increase in the number of scattering elements traps the light inside the medium for
a longer time and the beam amplifies during its travel [16]. The scattering points may be an
irregular part of the gain medium like ridges and cracks or can be found independently
dispersed in the gain medium [17]. Since the scattering is based on disordered and random
arrangement, there is no need for controlled fabrication methods in RLs.

11



Figure 2.9 Schematic of scattering feedback based RL.

RLs based on scattering elements where they are randomly positioned is called RLs with
spatially distributed feedback (SDF) as shown in Figure 2.9. Recently, a new architecture has
been proposed where the gain medium is separated from the scattering region [18]. These
RLs are called spatially localized feedback (SLF) based RLs. Their structure is quite similar
to Fabry—Pérot lasers where the reflective mirrors are replaced by scattering surfaces as

shown in Figure 2.10.

Figure 2.10 Schematic of SLF based RLs.
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Chapter 3

MATERIALS & METHODS

3.1 Biomaterial Extraction

3.1.1 Preparation of Agqueous Silk Fibroin Solution

Silk fibroin (SF) is a natural protein that is directly extracted from Bombyx Mori silk cocoons
(Figure 3.1-a). In this research, to make protein lasers, we utilized SF. Raw silk consists of
sericin and fibroin proteins as demonstrated in the scanning electron microscopy (SEM)
image in Figure 3.1-b. Fibroin proteins form the structural element of silk while sericin acts
as a glue and hold the SF proteins together.

Figure 3.1 (a) Silk cocoons. (b) SEM image of silk fiber [19].

To extract SF, we need to remove sericin. First, we cut the cocoons into small pieces to
remove the worms and increase the surface area (Figure 3.2-a). 4.24 g sodium carbonate
(Na2C0O3) is added to 2 liter boiling water to prepare 0.02 M aqueous Na>,COs3 solution and 5
g cut cocoons are added (Figure 3.2-b) and stirred for half an hour to remove sericin using a

13



magnetic stirrer (Figure 3.2-c). Rinsed degummed SF is held in deionized water for 20
minutes and stirred (Figure 3.2-d). This process is repeated by changing the water. Afterward,

SF is squeezed out (Figure 3.2-e) and allowed to dry at room temperature (Figure 3.2-f).

Figure 3.2 (a) Cut silk cocoons. (b) Boiling cocoons in 0.02 M aqueous Na2CO3 solution
and (c) stirring using a magnetic stirrer. (d) Rinsing degummed SF in deionized water and
(e) squeezing it. (f) Degummed SF left in room temperature to dry.

The next step is dissolving the dried SF (Figure 3.3-a) in aqueous 9.3 M lithium bromide
(LiBr) solution to break the hydrogen bonds and make SF transparent. The added amount of
LiBr is calculated using Formula 3.1.

(86,65 g/mol) x (9,3 mol/L) x (1 L/2000 mL) x (4X) =m gr LiBr (3.2)
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where X is the amount of degummed SF and m is the amount of LiBr. After SF is added to
the LiBr solution (Figure 3.3-b), the mixture is placed in an oven at 60 °C for 4 hours (Figure
3.3-c). The viscous mixture is injected into a dialysis cassette to separate LiBr and other
contaminants. The dialysis cassette is placed inside the water and stirred. The cassette lets

the water move in inside while LiBr and other contaminants go out (Figure 3.3-d).

Figure 3.3 (a) Dried SF. (b) Mixing LiBr solution with SF and (c) inserting the mixture into
the oven. (d) The dialysis procedure of viscous mixture inside distilled water.

The dialysis procedure lasts for 2 days by changing the distilled water 5 times at time
intervals (Figure 3.4-a). Next, the SF solution taken from the cassette is centrifuged at -2°C

for 20 minutes with 9000 rpm twice [20]. Finally, we obtain a 7-9 wt% aqueous SF solution.
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Figure 3.4 (a) Dialysis of SF after 2 days. (b) Removing the aqueous SF solution from the
cassette. (c) The centrifuge of the aqueous SF solution. (d) Transparent aqueous SF solution.

SF is a beneficial material being biocompatible, biodegradable, and mechanically robust [21].
Moreover, it is optically transparent [22]. Figure 3.5 shows the absorbance spectrum of a 500

um-thick SF film dried on a glass slide while inset is the photograph of a transparent SF film.

Absorbance %

400 ' 600 ' 800
Wavelength (nm)

Figure 3.5 Absorption spectrum of an SF film (Inset: Photograph of an SF film).
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SF consists of the beta-sheet crystallite domain and amorphous domain (Figure 3.6). Since
the SF solution is aqueous, it is easy to process. When the water evaporates, polymer chains

gather easily by hydrogen bonding between N-H and C=0 of amide groups.

» B-sheet crystallite
domain

----- -+ Water molecules

%Nm----» Amorphous domain

Figure 3.6 Aqueous SF solution structure [23].

3.1.2 Fluorescent Protein Expression and Purification

Fluorescent proteins gained significant attention in biomedical technologies as they
illuminate and track the cells and tissues [24, 25]. To produce fluorescent proteins,
transformed Escherichia coli (E. coli) cells are used. Firstly, GST-tag containing vector is
converted into E. coli cells that are grown on plates. Enhanced Green Fluorescent Protein
(eGFP) (30 kDa) and GST tag (26 kDa) are linked to the N terminal of the protein eGFP-
GST vector. After a bacterial colony is chosen, large scale growth is initiated. Proteins are
expression is induced using 1 mM isopropyl p-d-1-thiogalactopyranoside. After protein
expression bacteria cells are pelleted with centrifugal force, and cells are lysed using
lysozyme enzyme and washed using GST Wash Buffer (1X PBS (phosphate-buffered saline),
0.25 M KCl, freshly supplied with 25 pg/mL LPC, 17.4 pg/mL PMSF, and 10 pg/mL
Aprotinin). After freezing-thawing-sonicating the cells, superflow glutathione agarose beads
are utilized for protein purification. Elution buffer (50 mM Tris pH 8.0, 10 mM Glutathione,
freshly supplied with 10 mM DTT, 25 ug/mL LPC) is added to the proteins and eluted with
centrifugal filters. Proteins are concentrated on the same filters. Last, eGFP is concentrated
1X PBS (phosphate-buffered saline) is passed through the filter until eGFP is concentrated
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down to 250-300 uL. Then fluorescent proteins are desalted with dialysis membranes and
7.96 mg/mL eGFP solution is obtained (Figure 3.7) [26].

Transformation Induction Cell harvest
C ﬂ Y — N |
c OO D
Concentration Purification Lysis

Figure 3.7 eGFP expression and purification [27].

3.2 Optical Set-up

To analyze the emission properties of the samples, we used 10 Hz Quanta-Ray INDI pulsed
neodymium-doped yttrium aluminum garnet (Nd: YAG) laser with a pulse width of 5-8 ns
[28]. To tune the pump wavelength, a BasiScan optical parametric oscillator (OPO)
(SpectraPhysics) is positioned in front of the laser [29] (Figure 3.8). OPO consist of a
nonlinear beta barium borate (BBO) crystal that divides the incoming wave into Idler (709.5-
2550 nm) and signal (405-709.4 nm) waves. The output wavelength is adjusted changing the
BBO orientation.

18



Figure 3.8 Nd: YAG laser (right) and OPO (left).

To examine the emission properties of our samples, we coupled the emitted waves into an
Andor Shamrock 500i Spectrograph mounted with Andor Newton Cooled Spectroscopy
Camera with 0.03 nm resolution (Figure 3.9-a). The input light passes from the slit through
concave lenses and arrives at the gratings. The grating diffracts the light with different angles
in terms of wavelength. Before the light arrives at the camera, it is collected by a concave
lens as shown in Figure 3.9-b.
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Figure 3.9 (a) Spectrograph and (b) schematic view of its design used in laser experiments
[30].
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Chapter 4

SELF-ASSEMBLED WHISPERING GALLERY MODE LASERS

The coffee stain effect is a beneficial method to produce WGM resonators because, in the
coffee stain effect, droplets of colloidal solutions transform into perfect circular structures.
The light coupled into circular structures has round trips along the perimeter of the circle and
lase when it interferes with itself constructively. In this chapter, we analyze the effect of
solution concentration and surface properties (e.g. surface area, hydrophobicity) and

temperature, we obtain disks and spheroids and use them as optical cavities in biolasers.

4.1 Self-assembled Spheroid Whispering Gallery Mode Lasers

Reproduced (adapted) from Ref. [31] with permission from the Royal Society of Chemistry.

In this section, the coffee stain effect that forms 2D structures is used to generate 3D
structures that we nominated 3D coffee stains. At first, we showed the transformation of a
coffee ring into a 3D coffee stain. Then, we made a parametric study based on surface contact
angle and solution concentration. Finally, to increase the surface quality of 3D coffee stains,
adapting from the pendant droplet approach we decreased the contact area of the surface with

the droplet, enhanced surface quality of stains to be used as biolasers.

4.1.1 3D Coffee Stain Formation

To investigate the 3D coffee stain formation, an aqueous photoluminescent SF solution
modified with eGFP is placed on a superhydrophobic surface, with a water contact angle
(WCA) greater than 150° [32]. Water tries to minimize its contact on hydrophobic surfaces.
When the surface is roughened by hydrophobic nano and microstructures, it transforms into
a superhydrophobic surface. The droplet pinning area to the substrate decreases excessively.

Figure 4.1 shows the superhydrophobic polydimethylsiloxane-urea (SHPSU) surface used to
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produce 3D coffee stain. The surface is produced by the introduction of silica particles (1 to

10 um in size) which are randomly distributed on the polymer surface.

Figure 4.1 Superhydrophobic SHPSU surface.

While the same protein solution generates a 2D ring on a hydrophilic poly(methyl
methacrylate) (PMMA) surface (Figure 4.2-a), a superhydrophobic surface allows the
formation of a 3D spherical structure (Figure 4.2-b). The process from liquid droplet to 3D
solid form can be divided into two main stages. As shown in Figure 4.2-b, in the first stage
(0 - 16 min) the droplet volume becomes smaller due to evaporation. The spherical droplets
exhibit d-square law behavior

(D?/Dy* =1 —kt/Dy?) (4.1)

where D is the droplet diameter as a function of time during the evaporation process, Do is
the initial droplet diameter, k is the evaporation rate and t is the time (Figure 4.1-c). This

square law behavior means that the solvent and air interface dominates the droplet
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vaporization [33]. The diameter of the droplet decreases (k = 0.037 mm?/s) to a steady-state
value and then stays approximately the same (Figure 4.2-c). Besides, it is important to note
that the pinned contact area both in 2D and 3D stain formation (Figure 4.2-a and b,
respectively.) stays constant during evaporation. To keep the contact area fixed, the particles
in the liquid flow in a radial motion towards the edges as in the 2D coffee stain formation
[4]. As a result, the formation of 3D coffee stain proceeds with the construction of the 2D

ring at the three-phase contact line, which can be considered as the first stage.

While the evaporation continues, the solvent permeation flux is higher on the surface of the
droplet than its interior, and the flow due to the radial migration piles up the colloidal particles
on the edges of the 2D coffee stain. The continued stacking of the particles initiates the
formation of droplet skin on the initial coffee stain ring. Furthermore, since the surface
energy of water (72.6 mN/mm) is much higher than that of SF (43-52 mN/mm) [34], skin
formation also leads to a substantial reduction in the overall surface energy of the system and
thus, it is thermodynamically favorable. The formation of the 3D skin becomes completed

on top of the 2D ring at the end of the first stage.

In the second stage (18 - 26 min) the radius of the skin does not significantly change (Figure
4.2-b) while evaporation continues. This is due to the formation of a water vapor permeable,

semi-crystalline and robust SF skin on the outer layer of the droplet.

At this point, the droplet has a fairly dense solid-air interface, while the inside is filled with
liquid. As the evaporation continues a bubble nucleates in the 3D skin (Figure 4.2-b), which
is more clearly observable for a transparent SF droplet (Figure 4.2-d). The volume of the SF
solution decreases as the solvent permeates through the skin, which results in the expansion
of the bubble inside the droplet and reinforcement of the 3D skin. The 3D spheroid surfaces
remain fairly smooth during the evaporation process. At the end of the evaporation, a 3D

coffee stain is formed.
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2D coffee stain formation
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Figure 4.2 Formation of (a) 2D and (b) 3D coffee stains from a colloidal, aqueous eGFP
modified SF droplet placed on a hydrophilic and a superhydrophobic surface, respectively.
(c) The change in the droplet diameter (D%/Do?) on the superhydrophobic surface as a function
of time. (d) Demonstration of bubble formation using transparent SF solution on the

superhydrophobic surface.

The structure of a 3D coffee stain was analyzed using confocal microscopy (Figure 4.3-a).
The 3D coffee stain has sub-millimeter dimensions with a height of 660 um (in the z-
direction) and a maximum outer radius (rqy:) of 477 um (in the xy plane) (Figure 4.3-b and

¢). Starting from the top (z=660 um) while we image the sphere downwards (-Z direction),
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we observe the first cavity at the z=465 um plane. At this point, the vertical thickness of the
upper wall is 215 pm and the lateral wall thickness in the xy plane (t) is 400 um, which is
equal to the outer radius. Afterward, the internal radius (r;,) of the sphere starts to increase
and it reaches a value of 310 um (at z=330 um). At the same time, the lateral wall thickness
decreases to 170 um. Thus, the coffee stain effect can generate well-organized and robust 3D

structures on a superhydrophobic surface.
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Figure 4.3 (a) Confocal z-stack images of eGFP modified SF 3D coffee stain formed on the
superhydrophobic surface, (b) the side view and schematic description of the 3D stain with
outer (rout) and inner (rin) radius, and wall thickness (t) in the xy plane, and (c) their values in

z-direction.

4.1.2 Influence of Surface Hydrophobicity and Solution Concentration on the Topography
of the 3D Coffee Stains

Our studies indicate that the contact angle (CA) of the substrate is critical for the formation
of 2D or 3D coffee stains. To explore the effect of the substrate surface, we kept the

concentration of SF constant at ca. 7-9% by weight and utilized four different substrates
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PMMA (64°), silicon rubber (PDMS) (94°), Teflon tape (PTFE) (123°) and SHPSU (165°),
where WCA are provided in parenthesis. Images provided in Figure 4.4-a show the droplet
structures on initial (top images), mid (middle images), and final (bottom images) stages of
the protein solution evaporation on these surfaces. Droplets on PMMA and PDMS surfaces
resulted in coffee stains with flat domes, similar to conventional 2D coffee stains. On the
other hand, a highly hydrophobic PTFE surface resulted in a collapsed dome indicating a
transition from 2D to 3D coffee stain. As the substrate surface became superhydrophobic,
the protein deposition on the pinned base increased leading to skin formation and a stable 3D
dome (Figure 4.4-b). For all samples, the droplet heights decreased with time until reaching
a stable level. Only the droplet on the superhydrophobic surface exhibited an earlier plateau
value for dome height. Moreover, there is a correlation between the initial CA of the solution
and the final CA of the solid structure. As the hydrophobicity of the surface increases, the
final value of the contact angle increases as well (Figure 4.4-c). While CA of the droplets on
all surfaces continues their decrease until complete evaporation, the superhydrophobic
surface, which starts with a CA of 145°, reaches to a fairly high final CA of 95°. These
results demonstrate the critical effect of surface hydrophobicity on the formation of 3D coffee

stain.
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Figure 4.4 (a) Images of aqueous SF droplets on PMMA, PDMS, PTFE, and SHPSU at the
initial (top images), mid (middle images), and final (bottom images) stages of evaporation,

and time-dependent (b) droplet height, and (c) contact angle.

The effect of solution concentration on the formation and the structure of the 3D coffee stain
was also investigated. For this purpose, droplets were deposited on a superhydrophobic
surface using SF solutions with concentrations of 1.0, 2.0, 4.0 and 8.0 wt%. As expected, the
initial CA is highest for the solution with the lowest concentration, which approaches to the
water contact angle (without any protein). On the other hand, the final CA of 3D stains
gradually falls, while the concentration decreases because lower concentration leads to a
weak skin formation that starts to perturb the spherical shape of the dome and may even
collapse (see 1% and 2% solutions in Figure 4.5-a). As the concentration increases, a self-
standing and spherical 3D coffee stain is formed. Also, the time to reach plateau values

decreases with increasing concentration as expected (Figure 4.5b and c).

27



160

1.0’_|=i ® 8% EEEE A
_ 0y . o i 5 : § -+
3 § o 1% | 120} s 0 %
s ¥ : : |
£ g 2 !
5 0.5 i cee0{c 80 é [
€ ; 3148
= R
k= . ég S 4ot :
s C

0'%.0 0.5 1.0 0.0 0.5 1.0

Time (normalized) Time (normalized)

Figure 4.5 (a) Images of aqueous SF droplets with different concentrations on SHPSU
surfaces at the initial (top images), mid (middle images) and final (bottom images) stages of

evaporation, and time-dependent (b) droplet height, and (c) contact angle.

4.1.3 3D Coffee Stains for Lasers

Spherical 3D coffee stains with a smooth surface can facilitate the light oscillation in the
solid-air boundary that can generate a WGM resonator. Even though the superhydrophobic
surfaces were useful to generate 3D stains, the quality of the surfaces obtained were not at a
sufficient level to utilize it as an optical cavity. As a further improvement in the structure and
the surface quality of 3D coffee stains, we adapted a pendant-drop approach. A blunt stainless
steel needle was used to suspend a pendant droplet of aqueous eGFP blended SF solution.
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The spherical shape of the pendant droplet was maintained throughout the evaporation
process due to a very small contact area with the needle tip. Although a perfectly spherical
droplet is expected due to the minimization of surface energy, as shown in Figure 4.6, a
slightly elongated pendant droplet is formed as a result of the gravitational force. As shown
in the superimposed images provided in Figure 4.6-a, until the outer skin is formed, the
droplet diameter shows a fairly constant rate of decrease with a slope of 0.036 mm?/s (Figure
4.6-b), which is almost identical to that of the sessile droplet. As the evaporation proceeds,
the skin formed adheres to the tip of the needle and an air bubble is formed similar to those
observed on superhydrophobic surfaces. The shape and the size of the droplet do not change
after the skin formation and the air bubble keeps expanding until complete evaporation of
water, eventually leading to the formation of a spherical 3D coffee stain with enhanced

surface quality as shown in Figure 4.6-c.
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Figure 4.6 (a) 3D coffee stain formation from aqueous eGFP modified SF pendant droplet.
(b) Change in the pendant droplet diameter (D% Do?) as a function of time. (c) SEM image of

3D coffee stain (bottom view).

To generate an all-protein laser, initially, we explored the amplified spontaneous emission
(ASE) of eGFP in transparent SF protein. A thin film of SF containing eGFP was utilized for
ASE experiments via the variable stripe length (VSL) method. Using a cylindrical lens
(Figure 4.7-a), a focused narrow line of a laser beam at 482 nm, which overlaps with the
strong absorption band of the eGFP, excited a stripe on the slide, which functioned as a one-
dimensional optical amplifier. While spontaneous emission was generated in random
directions as the pump flux was increased, emitted photons were amplified through the stripe
due to population inversion and were collected. As shown in Figure 4.7-b, the spectral
narrowing at 521 nm demonstrates the amplified spontaneous emission (Figure 4.6-c). This
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result shows that fluorescent protein in an SF matrix has the potential to generate laser

emission in a cavity structure.
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Figure 4.7 (a) Schematic of the optical set-up used in ASE experiments. (b) ASE spectra of
spin-coated eGFP modified SF protein film under various pump levels. (c) The full width at
half maximum (FWHM) of ASE as a function of pump flux. Inset shows the eGFP doped SF
spin-coated glass slide.

Spherical 3D coffee stains obtained by using pendant droplets advantageously increase the
surface quality for lasing (Figure 4.8-a). To generate laser emission, Quanta-Ray INDI pulsed
Nd: YAG laser with a BasiScan OPO (SpectraPhysics) is used. The pump with a repetition
rate of 10 Hz is passed through an optical density (OD) filter where the laser energy is
adjusted. Then, the laser arrives on the sample via a 10X microscope objective. The emitted
light from the sample is collected by a fiber placed to the side of the sample (i.e., orthogonal
to the direction of the pump light) and reached to the spectrometer (Torus Concave Grating
Spectrometer, Ocean Optics) as shown in Figure 4.8-b. eGFP containing SF spheroid was
pumped with 5 ns OPO pulses ranging from 0.3 pJ to 234.7 uJ at 482 nm and a laser threshold
behavior was observed at 37.15 ulJ, where the slope efficiency increased 7.3 times in
comparison with the subthreshold condition (Figure 4.8-c and d). Laser emission was further
confirmed with spectral narrowing above the threshold. Even though in the subthreshold
regime the peak at 521 nm dominates the emission due to ASE, in the suprathreshold region

a new and narrowing peak due laser emission is observed at 547 nm, which drastically
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increases above the threshold (Figure 4.8-d). Thus, the threshold and spectral behavior prove
the laser emission by the 3D stain. Due to the limited resolution of the detector (= 1 nm), the
longitudinal and transverse modes were not distinguishable for such a millimeter-scale
sphere. The 3D spheres obtained using aqueous SF solutions, which are biodegradable,
biocompatible, and transparent have unique properties for cavity formation. Moreover, the
biologically produced fluorescent protein of eGFP presents an important natural biomolecule
as a laser gain medium in SF [8]. Thus, the spherical 3D coffee stains obtained using pendant

droplets of eGFP modified SF solutions enabled the construction of all-protein lasers.
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Figure 4.8 (a) Image of the 3D protein stain under blue light. (b) The optical set-up used in
laser experiments. (c) Emission spectra of protein laser at different pump levels. Inset:
Zoomed emission spectrum at 14.79 and 37.15 pJ. (d) The output energy of the protein laser

as a function of pump energy. Inset: Image of 3D stain while lasing.
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4.2 Self-assembled Disk Whispering Gallery Mode Lasers

Reprinted (adapted) with permission from I. B. Dogru, R. Melikov, and S. Nizamoglu,
"Biomaterial Disk Lasers by Suppressing the Coffee Ring Effect,” ACS Biomaterials Science
& Engineering, vol. 4, no. 12, pp. 4385-4390, 2018. Copyright 2018 American Chemistry
Society.

Here, the effect of heat in coffee ring phenomena is analyzed. Heating the droplet facilitates
the evaporation and prevents the particle flow to the droplet edges. The particles gather at the
air-liquid interface [35]. Since the surface descending rate is faster than particle diffusion,
the coffee stain effect is suppressed and a uniform film is obtained. We analyze the effect of
solution concentration and temperature in the stain formation. We utilize this method to make
disk biolasers that are flexible and physically transient [36]. Moreover, we made a mode

analysis of disks in terms of size.

4.2.1 Suppressed Coffee Stain Formation

Using transparent and biocompatible biopolymers of SF and PVP [37, 38] as host materials
to form the disks, we doped the biopolymers with the synthetic dyes rhodamine B (RhB) and
rhodamine 6G (R6G) to generate gain media. To fabricate the microresonators, we heated
the droplets on a polydimethylsiloxane (PDMS) substrate in an aluminum foil cap with a
standard incandescent lamp (42 W, OSRAM CLASSIC 230 V), as illustrated in Figure 4.9-
a. We used the lamp because it can produce heat and light simultaneously, which enables
both the adjustment of the environmental temperature within the necessary range of 45-90°C
and the visualization of the processes under illumination. We placed the disks inside the
aluminum cap when the temperature reached 45°C and maintained a distance of 1.5 cm
between the lamp and the droplets. Figure 4.9-b depicts the disk formation of the droplets.
After placing the droplets containing the SF and RhB mixture onto the surface (t = 0), we
observed a contact angle of 94.4 + 1.8 and the beginning of liquid evaporation. As a
characteristic of the coffee ring effect, coffee ring formation commenced at the pinned edges,
and the particles moved toward the pinned edges due to the capillary flow (t = 1 min). Next,

33



the polymers began to coagulate due to evaporation, which started from the edge and
continued toward the center of the droplets (t = 1-3 min). Once the droplets had completely
evaporated, a disk made of biomaterial and dye formed (t = 4 min). When we used a heater
or oven to heat the droplets, we obtained the same results due to an increase in water
evaporation rate and suppression of the coffee ring effect. Numerous disks can be produced
by using that method, and Figure 4.9-c presents the RhB- and R6G-doped SF disks. The SEM
image of the SF disks shows that the surface was highly smooth (Figure 4.9-d), which
corroborated the surface profile measured with an atomic force microscope (AFM) as well
(Figure 4.10-a and b).
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Figure 4.9 (a) Schematic of the setup for disk production, which consists of an incandescent
lamp covered by aluminum foil. When placed on a hydrophobic surface inside the aluminum
cap, the droplets form a disk after evaporation. (b) The transformation of the RhB-SF
solution from a droplet to a disk structure on PDMS as a function of time. (c) Arrays of RhB-
and R6G-doped SF disks on PDMS under ultraviolet light. (d) The SEM image of an SF disk.
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Figure 4.10 The AFM image of an SF disk taken from (a) the center and (b) close to the
edge.

We further analyzed the disk structure, as shown in Figure 4.9-d. The AFM measurement
taken from the side of the disk revealed that the disk had a thickness of 10 um, and the
sidewall presented a smooth convex profile that allowed light oscillation via TIR (Figure
4.11-a). We also analyzed disk samples by using attenuated total reflectance (ATR) Fourier-
transform infrared spectroscopy (FTIR) to understand the molecular structure of the SF in
the disk (Figure 4.11-b). In a control group, spin coating the SF resulted in an amorphous
structure with an amide | peak at approximately 1,641 cm™, whereas the methanol treatment
of the amorphous silk film shifted the peak to approximately 1,622 cm™ due to B-sheet crystal
formation [39]. The self-assembled disk thus showed an amorphous silk structure similar to

the spin-coated films.

Next, we investigated the effect of temperature and biomaterial concentration on disk
formation (Figure 4.11-c). We observed conventional coffee rings at a temperature of 26°C.
At 45°C, the coagulated polymers on the surface of the droplet filled inside the ring, which
generated a disk structure. At 65°C, faster evaporation limited the time for particle
deposition, and the surface of the disks became deformed. Accordingly, we determined the
appropriate starting temperature for disk formation to be 45°C, at which the solution’s

concentration also directly affected disk formation. As the concentration decreased from 8%,
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at which disk formation could properly occur, the amount of polymer colloid that can fill the
inside of the coffee ring decreased which resulted in regular coffee rings.
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Figure 4.11 (a) AFM images of an SF disk. The parts close to the edges were measured to
observe the thickness of the disk. (b) ATR-FTIR of spin-coated, methanol-treated silk films
and the disk. (c) White light interferometric images of coffee ring formed at different
temperatures and concentrations. The y-axis, representing the height profile in the z-
direction, is normalized with respect to the different fabrication conditions for the maximum
height of each disk, whereas the x-axis, representing the position of each height, is
normalized with respect to the measured length from the edge of the disks. The legends refer

to the concentration of the SF solution and the initial fabrication temperature of the disks.

4.2.2 Whispering Gallery Mode Disk Lasers

We conducted laser experiments with the optical setup shown in Figure 4.12-a. To pump the
disks, we used a laser of 10 Hz Nd: YAG with a pulse width of 5-8 ns and adjusted the
wavelength to 482 nm by using an optical parametric oscillator. We altered the input laser
energy by using OD filters from 1.36 nJ/um? to 43 nJ/um?. We collected the emitted light
from the disk by using a fiber placed to the side of the sample and measured it by using a

spectrometer with a spectral resolution of approximately 1 nm. Figure 4.12-b depicts the
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absorption and photoluminescence of RhB inside the SF solution. Since the absorption and
emission effectively intersected in the interval from approximately 550 nm to 590 nm, the
laser emission was more observable at longer wavelengths on the emission spectrum, at

which the absorption had less strength.
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Figure 4.12 (a) Schematic illustration of the optical setup. (b) Absorbance and
photoluminescence spectrum of RhB in SF solution.

Figure 4.13-a depicts the emission of an RhB-doped SF disk 517.3 pm in diameter on a
PDMS layer under different pulse energies. As the pump energy increased, spectrally narrow
emission peaks became observable at above 600 nm. We also observed threshold behavior;
the integrated output energy increased rapidly above 10.8 nJ/um? (Figure 4.13-b). The inset
of Figure 4.13-b presents photographs of a disk excited below and above the lasing threshold
pump energy, respectively. Next, to assess the laser emission, we cut the same disk from the

circumference and repeated the experiments. Since WGM lasers confine the light inside the
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cavity produced by TIR in the periphery, structural discontinuity at the edge prevents the
light oscillation inside the cavity by increasing the losses, which halts mode formation and
the laser emission. Figure 4.14-a and presents the microscopy images and emission spectra
of the disk before and after cutting. The emission of the cut disk thus shows a broad emission
profile instead of narrow laser emission peaks, as well as a linear dependence as the pump
energy increases instead of threshold behavior (Figure 4.13-b), which indicates that the laser

emission occurred via a WGM resonator, not a Fabry—Pérot interferometer.
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Figure 4.13 (a) Emission spectra of the RhB—SF disk under different pump energy densities
and (b) its integrated fluorescence intensity in terms of input energy before and after cutting.
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Figure 4.14 (a) A disk on PDMS and (b) its emission spectrum. (c) The same disk is cut

from the edge and (d) emission spectrum of the cut disk.

Figure 4.15 depicts the time-dependent laser intensity of an RhB-SF disk. We pumped the
disk with an energy density of 43 nJ/um? in 10-Hz pulses for 20 min, and after 12,000 shots,
photodegradation of the RhB dye was clearly observable.
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Figure 4.15 Time-dependent lasing intensity of an RhB—SF disk. The disk was pumped with

10-Hz pulses for 20 minutes at an energy level of 43 nJ/um?,

4.2.3 Size-Dependent Analysis of Whispering Gallery Mode Disk Lasers

We assessed the lasers by altering the disk size. We fabricated disks with diameters of 267.4
um, 517.3 um, and 701.4 um and investigated their lasing properties (Figure 4.16-a, ¢, and
e). In WGM cavities, the confined wave coherently added to itself when it completed each
loop. As the size of the disks increased, the optical path that the light traveled also increased.

The relationship between the radius change (AR) and wavelength shift (AA) is:

AJ/J. = ARIR (4.2)

where 1 is the laser wavelength, R is the cavity radius [40]. However, this formula does not
apply to our samples. We observed ~8.5 nm and ~2.3 nm wavelength shift while the expected
shift about 300 nm. This inconsistent result shows that other factors affect the WGM lasing.
In coffee stain formation, the particle distribution inside the stains is based on the particle

size, and the dye distribution inside the disks may fluctuate [41]. Although we made the
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radius change analysis, the height of the disks also differs that results in a gain medium
concentration alteration. The relation of light out-coupling power (Po) and gain spectrum of

the dye (g) can be found using the following formulas [42]:

Po~ [V(R.2) / 21 9(2) B(R.2) (4.3)

where £ is the out-coupling efficiency of light and V is the optical mode volume of the cavity.
The out-coupling efficiency of light from the cavity to free space can be found using Formula
4.4,

ﬁ = Qrad_l/ Qtotal_1 = Qrad_l/ [Qrad_1+ Qabs-l] (4-4)

In Formula 4.4 Qraq stands for the radiative quality factor, Quortal is the total quality
factor and Qabs is the absorption loss. The light with lower spectral overlap between
emission and absorption experienced a higher gain along a longer optical path. For small
disks, it was more difficult to confine light with high curvature, since possible defects on the
surface could disturb TIR [43]. As a result, outcoupling efficiency increased and blue shifts
emerged, which prompted additional losses to lower wavelengths [42]. Therefore, the laser
emission shifted toward reddish wavelengths as the diameter of the disks increased. The free
spectral range (FSR) decreased as diameter increased at a rate of

FSR =22/ nzD (4.5)

in which n is refractive of the cavity and D is the diameter of the cavity. For example, for a
disk with a diameter of 267.4 um, the FSR corresponded to approximately 0.3 nm, which
was lower than the spectral resolution of the spectrometer (approximately 1.0 nm). Therefore,
we observed a collective emission with a high spectral overlap between the multiple modes.

Moreover, as the size of the disks increased, the separation of the observed lasing modes

41



clearly became closer to each other due to the reduced FSR. The threshold was inversely
proportional to the size (Figure 4.16-b, d, and f).
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Figure 4.16 RhB-SF disk emission spectra with a diameter of (a) 267.4 um, (c) 517.3 um,
(e) 701.4 um, and their corresponding output energy in terms of pump energy, in (b), (d) and
(F), respectively.

4.2.4 Physically Transient Whispering Gallery Mode Disk Lasers

The biopolymer of the polyvinylpyrrolidone (PVVP) was a material generally recognized as
safe, according to the U.S. Food and Drug Administration, and widely used in contact lenses,
pharmaceutical tablets, and food additives. We fabricated a self-assembled disk by using PVP
doped with RhB and analyzed the structure of the PVP disk with a white light interferometer
(WLI). Unlike with SF disks, we observed that PVP disks had a slightly convex surface
(Figure 4.17-a). In coffee ring formation, because particle size affected the contact line
pinning, different polymer sizes, adhesion forces between the particles, and the surface

energy of the molecules influenced the deposition of the particles inside the ring [41]. To
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reduce the size of the disk, we sprayed the RhB—PVP solution on a PDMS surface and thereby
obtained small disks. Figure 4.17-b shows the emission spectrum of a 45.8-um RhB-PVP
disk. At that size, the disk accommodated WGM mode analysis, and we calculated the actual

mode number according to the formula

Am=2mrn/m (4.6)

in which r is the radius of the disk, n is the refractive index of the PVP cavity (1.53), and m
is the mode number. When compared with the calculated theoretical modes, the peak
positions agreed with the mode numbers from 336 to 344 (Figure 4.17-c). Moreover, since
PVP is a water-soluble biopolymer after we placed the fabricated disk inside an aqueous

environment, the disk laser completely dissolved in less than 1 min (Figure 4.18-d).
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Figure 4.17 (a) The WLI image of a PVP disk. (b) The emission spectrum of an RhB-PVP
disk and (c) calculated mode numbers. (d) Left of the dashed line: A RhB-PVP disk on a
PDMS surface; right of the dashed line: 20 uL water poured on the disk, which dissolved in
22 s.
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We could also detach the disks from the surface and transfer them to other surfaces as well
as onto different substrates. Figure 4.18-a displays the image of an RnB—PVP disk 841.9 um
in diameter detached from the PDMS and stuck on tape (MAS® Invisible Tape) rolled on a
circular rod with a radius of approximately 1 mm (Figure 4.18-b). The RhB—PVP bent disk

also generated a WGM laser as the pump energy increased (Figure 4.18-c).
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Figure 4.18 (a) RhB-PVP disk structure on a flat and (b) rolled tape (MAS® Invisible). (C)
The emission spectrum of a rolled RhB-PVP disk at different pump intensities.
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Chapter 5

SELF-ASSEMBLED SPATIALLY LOCALIZED FEEDBACK LASERS

In this chapter, we fabricated self-assembled films with cracks and utilized them as SLF
based RLs. In the first section, self-assembled microstructural cracks that are spontaneously
formed upon radial strain-release of colloidal nanoparticles from wet to dry phase. In the
second section, we fabricated uniform films using self-assembly and applied mechanical
stress by bending the film to obtain nanocracks. In both sections, the cracks are utilized as
diffuse reflectors, and between two consecutive cracks, a microcavity is formed that supports
SLF based RLs.

5.1 Spatially Localized Feedback Lasers using Self-assembled Cracks

In this section, we demonstrated SLF based RLs using cracks oriented in a radial direction.
We made RLs from a wide variety of nano and biomaterials including silica nanoparticles,
fluorescent proteins, and biopolymers. These microlasers are created by strain release that
spontaneously induces cracks with rough sidewalls. Normally undesired crack sidewalls
work well as diffusive reflectors; and output coupling occurs at the crack sidewall-air
interface. Diffuse reflection from these sidewalls results in light oscillation in the pumped
gain medium and lasing directionality that is quasi-orthogonal to the unparalleled crack

boundaries.

5.1.1 Self-assembly of Cracks

The self-assembled cracks are fabricated via room-temperature drying of droplets that
consist of Rhodamine B (RhB) as the gain medium, 13-nm silica nanoparticles as the crack-

forming dielectric medium, and methyl ethyl ketone (MEK) and acetonitrile as the solvent.
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After the droplet is cast on a glass, the perimeter of the droplet pins to the glass surface.
Although the solvent evaporates from the droplet surface, evaporation is faster at the
perimeter[4] where the droplet is thinnest. During the evaporation, the particles are carried
to the edges by the outward radial flow of the solvent (Figure 5.1). The faster solvent
evaporation near the pinned contact line concentrates the particles close to the droplet edge.
Micron-sized particles tend to form a few lines of stacked particles at the perimeter, resulting
in a well-known ‘coffee-ring’ pattern [4]. Nanoparticles, on the other hand, can form
multilayered close-packed arrays [44]. In the late stages of the drying process, the receding
contact line induces tensile stress on the nanoparticle film, which eventually cracks to release
the internal stress [45]. While the final crack pattern depends highly on the size and softness
(shear modulus) of nanoparticles [46], film thickness, and particle packing ratio, highly
periodic and radially oriented cracks are often observed for rigid spherical nanoparticles [47,
48].

Figure 5.1 Transformation of silica nanoparticle solution into a cracked pattern.

The drying induced cracks of nanoparticles are often considered as undesirable defects [49],
here we use them as diffusive reflection sides (Figure 5.2 and b), which function as resonator
cavities that support SLF based RLs (Figure 5.3).
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Figure 5.2 SEM image of (a) crack patterns and (b) their rough sidewalls.

Figure 5.3 Schematic illustration of cracks supporting SLF based RL modes.

5.1.2 Laser Light Generation by Cracks

To investigate the emission characteristics of self-assembled structures, the selected area of

the microstructure (Figure 5.4-a) was pumped with pulses generated by an optical parametric
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oscillator (10 Hz, 5 ns) (Figure 5.4-b). The pump wavelength was set to 535 nm within the
absorption band of RhB for population inversion (Figure 5.4-c). Spectral emission patterns
of the cracks below and above threshold were investigated corresponding to pump energy
densities of ~40.6 and 253.8 pJ/mm? respectively (Figure 5.4-d and e). While the
subthreshold emission pattern exhibits spectral uniformity and weak intensity, at pump power
above the lasing threshold, narrower spectral lines emerge with much higher intensities. The
emission spectrum of a cracked sample is illustrated at different pump energy densities

(Figure 5.4-f). The Q-factor (Q) is calculated from the ratio of the peak emission wavelength

Q = /lPeak / AL (51)

where Apeak=587 nm and the emission linewidth A1=39 pm, and is equal to 15,051.
Moreover, the integrated emission intensity also shows a threshold behavior and increases
significantly faster at pump powers above ~88 pJ/mm? (Fig 5.4-g). These observations
support laser emission characteristics. We investigated the side facets of the cracks and since
the cracks are established by the stress relief, the side-facets are rough and scatter the light.
Each microstructure creates a local optical path between the boundaries of the cracks, which
is surrounded by air. In addition to their roughness, the consecutive side facets are also not
parallel to each other. Therefore, these rough and non-parallel facets cannot support Fabry—
Pérot resonances based on specular reflection. Yet, these boundaries can form SLF for the
gain medium. Hence, the boundary can simultaneously lead to diffuse reflection from the

scattering crack boundaries, as well as out-coupling the generated laser light.
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5.1.3 Mode Analysis and Numerical Simulations

To explore the effect of the crack structures on the laser emission spectrum, we pumped
cracked microstructures of different inter-crack distances and compared their emission

profile with the calculated mode wavelengths using

A= 2nsi|ica|_/m (52)

formula, where 1 is the wavelength, nsilica = 1.46 is the refractive index of our host medium
[50], L is the distance between two cracks and m is the mode number. First, two
microstructures are simultaneously pumped (Figure 5.5-a) and dominant modes appear at
580.45, 581.81, 582.40, 583.8, 583.97 and 584.67 nm (Figure 5.5-b) while theoretical
calculations are shown in Figure 5.5-c from 580 nm to 585 nm. Theoretically, 60.4 pm crack
zone supports the wavelengths at 580.29, 582.20 and 584.12 nm with a free spectral range
(FSR) of 1.6 nm. On the other hand, in experimental results, the FSRs are 1.95 nm and 1.57
nm. Likewise, 73.0 um zone calculations result in the wavelengths at 580.21, 581.80, 583.40
and 584.99 nm with 1.9 nm FSR. However, when we compare the experimental results and
the calculated wavelengths, we observe that the results are not in agreement as the FSRs vary
and the modes do not agree with the Fabry—Pérot equation. Accordingly, we observe that the

cracks support SLF based RLs.
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Figure 5.5 (a) Optical microscopy image with an overlayed emission intensity of RhB doped
silica crack patterns when two microstructures are pumped. The pumped regions are marked
with two-sided arrows. (b) Emission spectrum of microcavities. (c) Theoretical mode

analysis of green and red-colored arrows.

To sustain the phenomena that non-parallel crack side-facets constitute an RL, we examined
the emission properties of RhB doped colloidal silica droplet until it transforms into a cracked
pattern. There is a time slot between solvent evaporation and crack formation. In this time

interval, lasing was not observed until crack formation (Figure 5.6).
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Figure 5.6 (a) Transformation of SiO- solution to SiO- cracked patterns with respect to time

under pump laser and (b) their emission spectrum at equal time intervals.

5.1.4 Directional Random Lasing

The silica crack patterns have high periodicity in a radial direction. Each zone between two
consecutive cracks performs as a single microcavity since cracks are lined up next to each
other with an air gap in between them (Figure 5.7-a). We pumped the radially oriented cracks
using a deltoid beam with vertical symmetry to prevent the effect of the pump beam shape.
The narrow peaks arose in the emission graph indicating the SLF based random lasing
(Figure 5.7-b). The in-plane emission directionality was estimated by the far-field pattern of
light intensity (Figure 5.7-c). During laser action, emission that is orthogonal to the crack

sidewalls was observed with an angle of divergence of 24° (Figure 5.7-d). Moreover, the
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emission is also partially coupled to the microcavities, which behave as optical waveguides
as well.
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Figure 5.7 (a) Fluorescence image of RhB doped silica cracks and (b) their laser emission
spectrum. (c) The optical microscopy image of cracks while lasing. The dashed green lines
show the pumped area. Angle marks are included. (d) The intensity of the emission profile

as a function of the angle.

Previously, in SDF based RLs consisting of distributed scattering points, the shift in output
spectrum was studied by adding more scattering particles to the system [51]. In the coffee
stain effect, the residue formation depends on both the particle size [41] and shape [52]. In
our structure, given that the structure is formed by the coffee stain effect, the gain and
thickness change with the position. To map the emission features of cracks (Figure 5.8) in
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terms of the position, we utilized an automated system to shift the sample in one direction
periodically and measured the photoluminescence of cracks at each position.

Figure 5.8 Fluorescent image of RhB doped silica cracked pattern.

The optical microscopy image of the cracked pattern is shown in Figure 5.9-a where the
dashed green arrow shows the direction of the pump laser scan. The spectra images were
taken along ~160 um line in steps of ~4 um. We illustrate the emission spectrum under the
threshold pump power to check the gain medium distribution according to the position
(Figure 5.9-b). The emission spectrum blue shifts from 574.5 nm to 571.7 nm at 120 pm
distance and red shifts to 572.1 nm at 140 um. Next, we increased the pump power density
above the threshold and the position-dependent output spectrum is measured along 160 um
(Figure 5.9-c). High-intensity points with non-uniform distribution represent the random
lasing based on domains between cracks. We plot the output spectra at each 20 um in terms
of wavelength extracted from Figure 5.8-c while the inset images illustrate the pumped area
of the cracks while the insets show the optical image of cracks under pump light (Figure 5.9-
d). When we compare the gain emission spectrum with RL modes, we observe that the shift

behavior is in agreement (~4 nm).
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Figure 5.9 (a) The optical microscopy image with an overlayed emission intensity of RhB

doped silica cracks with marked laser scan direction to investigate laser wavelength emission

dependence with the structure width (b) Emission spectrum of shifted points below the

threshold. Inset shows the zoomed view of the fitted peaks. (c) Emission spectra along the

scanned line of a single microstructure that becomes narrower at greater distances. (d)

Emission spectrum of shifted points shown at each 20 um measured above the threshold. The

inset shows the camera image while the cracks lase random.
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5.1.5 Laser Light Generation by Biomaterial Cracks

GFP has been widely used in biology and medicine for imaging and studying processes in
cells and whole organisms. Since fluorophores of GFP are surrounded by pB-barrels, (Figure
5.10), their luminescence is more stable than other fluorescent dyes. With these protective
shields, bioluminescent proteins are quite suitable optical gain material for lasers. To date,
GFP expressing cells [53], solid-state GFP films [8], or rod-shaped GFP crystals [54] were
inserted in between mirrors, and their lasing properties were investigated [8, 53, 54].
Furthermore, GFP is doped in SF protein and whispering gallery mode lasers [31] and
distributed feedback lasers [26] were built. Here in this study, we made a GFP RL utilizing
similar cracks as above. Since GFP is a bioluminescent protein, we can simultaneously use

GFPs as the gain and cavity material without adding it into a host material.

Figure 5.10 Schematic GFP structure [55].

To create GFP crack-based microstructures, we used aqueous GFP solution. 7 wt% 5 ul GFP
solution was dripped on a glass slide and heated inside a 50°C oven to evaporate water and

we obtained cracked GFP stain. The GFP crack formation is illustrated in Figure 5.11.
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Figure 5.11 Transformation of aqueous GFP solution to the cracked pattern at 50°C.

The absorption and emission spectra of the solidified and cracked GFP film (Figure 5.12-a)

is illustrated in Figure 5.12-b.

Absorbance (norm.)

Photoluminescence (norm.)

Figure 5.12 (a) Optical microscopy image of GFP crack patterns. (b) Absorbance and

photoluminescence spectrum of GFP cracked film.

The measurement area for RL experiments is marked with a red, dashed circle in white light
interferometry (WLI) image of the cracked GFP layer (Figure 5.13-a). To excite the GFP
crack interfaces, we used a 521 nm pump laser wavelength and a 500 nm long-pass filter. We
pumped this area with different pump energy densities and observed narrow spectral peaks
above ~68 pJ/mm? pump power (Figure 5.13-b and c). Then, we separated GFP from the
crack boundaries to obtain individual GFP pieces and studied their emission properties
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(Figure 5.13-d). With this separation, we obtained the SLF based random lasing where the
light emission is confined within the cracked sidewalls (Figure 5.13-e). To further investigate
the GFP based RLs, we examined the time-dependent intensity of the GFP crack pattern. To
measure this, an ordered GFP crack zone was pumped for 40 minutes with a 10 Hz pulsed
laser at 136.5 pJ/mm? pump energy density (Figure 5.13-f). Since the p-barrels in the GFP
(Figure 5i inset (left)) prevent photobleaching when the GFP is in the form of a solid film[54],
the integrated emission field remained almost constant and the emission intensity was

maintained for 40 minutes under 10 Hz excitation with a mean decrease less than 15%.
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5.13 (a) Image of GFP film thickness using WLI. Dashed circle marks the probed area for
laser emission. (b) Emission spectrum of the marked area at different pump energy densities.
(c) Output power of cracked GFP as a function of pump energy density. Optical image of
GFP sample when it is pumped by 483 nm laser above threshold. (d) Optical microscopy
image of an eGFP crack and (e) its emission spectrum. (f) Integrated emission intensity of
GFP cracks with respect to time when it is pumped at 136.5 pJ/mm?. Inset shows the
simplified sketch of packed GFP and optical image of the pumped area during emission,

respectively.
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To motivate our method and its potential to utilize a different kind of materials, we repeated
the experiments with another biopolymer. We prepared Rhodamine 6G (R6G) doped PVP
cracks patterns. PVP is a biocompatible and biodegradable polymer commonly used in
medicines. To obtain a crack pattern from PVP, the aqueous PVP solution was doped with
R6G and 100 pl of the solution was drop cast on a glass slide. The deposit, which was kept
in the 200°C oven for 5 minutes, had a very smooth surface when removed from the furnace.

The cracking starts after the deposit moved out from the furnace (Figure 5.14).

Figure 5.14 Crack formation by stress relief from R6G doped PVP.

We showed that these cracks can also successfully generate SLF based random lasing. The
PVP cracks (Figure 5.15-a) absorption and emission spectrum are shown in Figure 5.15-b.
Figure 5.15-c shows the WLI image of the sample that we measured lasing where the dashed

circle shows the pumped area. We observed lasing after ~38 pJ/mm? (Figure 5.15-d and e).
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Figure 5.15 (a) Optical microscopy image of R6G doped and cracked PVP film. (b) The
absorption and emission spectrum of R6G doped PVP film. (c) WLI image of the PVP crack
pattern. (d) Emission spectrum of PVP cracks and (e) integrated output energy of these
cracks with respect to pump energy density. Inset shows the images of the cracks below and

above threshold pump power densities respectively.

5.2 Spatially Localized Feedback Random Lasers Using Cracks Formed on Self-
Assembled Biopolymer Films

This section explains the lasing properties of self-assembled SF films applied to stress-
induced cracking. Nanocracks are oriented in parallel and the structure resembles the gratings
with rough sidewalls. A microcavity is formed between two cracks and the periodicity of the

structure result in directional emission.
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5.2.1 Silk Fibroin Nanocrack Formation

Aqueous SF solution is doped by the optical gain material of Rhodamine B (RhB) and the
biopolymer-dye solution is poured on a petri dish substrate and treated with heat at 60° C in
the oven. The dried free-standing SF film (~11 pm-thick) is cut in a rectangle shape (1 cm x
4 cm) (Figure 5.16-a), folded (Figure 5.16-b) and twisted for nanocrack formation by 2 mm
radius of curvature (Figure 5.16-c and d). Bending and rolling were used for applying
uniform bending stress to generate nanocrack on a relatively large area sample. As a result,
parallel nanocracks extending uniformly along the twisted zone are produced (Figure 5.16-¢
and f). The size distribution of microcavities corresponds to an average length of 6£1.7 um

(Figure 5.16-g) and the sidewalls between the cracks are around 182 nm (Figure 5.16-h).
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Figure 5.16 (a-d) Schematic process flow for SF nanocrack formation. (e-f) SEM images of
SF nanocrack films. (g) Length distribution of microcavities. A total of 49 microcavities was

counted. (h) Image analysis of nanocrack width. Inset: Zoomed version of an exemplary
nanocrack interval.
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5.2.2 Random Lasing of Nanocracks

To determine suitable pump wavelengths, we measured the absorption and emission
spectrum of our gain medium (Figure 5.17-a). We used a 10 Hz and 5-8 ns pulsed Nd: YAG
laser that was set the pump wavelength to 520 nm to pump the microcavities (Figure 5.17-
b). To understand the role of the nanocracks in RL emission, we prepared SF films with and
without nanocracks. We excited these free-standing SF films at different pump powers from
~1.8 to 141.4 pJ (Figure 5.17-c and d). While the crack-free film emits a broad spectral range
emission, narrow spectral peaks started to be observed by the cracked film after a definite
pump power of ~23 uJ. Furthermore, the integrated emission intensity increases linearly in
the crack-free SF film, whereas nanocrack originated microcavities show a threshold
behavior (Figure 5.17-¢). The optical microscopy image of free-standing films without and
with cracks are shown in the inset of Figure 2e, at pump energies of below and above
threshold energy of nanocrack lasing, respectively, and the change of the laser emission
directionality above the threshold is also clearly visible. Here, RL light is formed by spatially
localized feedback (SLF), which uses scattering zones on the edges of the gain medium[18,
56]. In our structure, two sequential crack forms a single SLF based RL microcavity and the

scattered light oscillates between the nanocracks for laser light generation (Figure 5.17-f).
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Figure 5.17 (a) The absorption and emission spectrum of RhB inside water. (b) Schematic
of the optical set-up used in RL experiments. Emission spectrum of SF film (c) without and
(d) with nanocracks at different pump energy densities, (e) their corresponding output energy
of emission in terms of pump energy, respectively. Insets: Optical images of the pumped area
below (left) and above (right) threshold energy, respectively. (f) Schematic diagram of SLF
based nanocrack RL (not drawn in-scale).
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5.2.3 Directionality of laser emission

We performed 2D numerical simulations using a finite-difference time-domain (FDTD)
method in Lumerical to check the possibility of directional laser emission via nanocracks. In
our model, the nanocracks having an interval of 180 nm are introduced to the SF (nsix=1.54)
with an interval of 6 um (Figure 5.18-a). The rough surfaces were predefined using 500 nm
correlation length both in x and y-directions and 50 nm root mean square (RMS) amplitude
and the simulation is characterized using bidirectional scattering distribution function
(BSDF) [57]. Gaussian beams injected into the system with a 2 um beam radius and perfect
matching layers applied as boundary conditions to analyze the non-specular scattering.
Rough surfaces enhance diffuse reflection and the introduction of diffuse reflectors transfer
the generated laser light with high directionality (Figure 5.18-b). Moreover, the laser modes

by the nanocracks were also visible (Figure 5.18-c).

We investigated the directionality of the SF RL. For that, we pumped an array of
microcavities (Figure 5.18-c) and generated laser emission (Figure 5.18-d). We observed in-
plane directionality with a narrow divergence angle of 17° (Figure 5.18-e). So far, silk RLs
have omnidirectional output in spatially distributed feedback (SDF) systems that have
random scatter inside the gain medium [58-61]. Differently, in this study, the rough parallel
side walls are the scatterers, which simultaneously bounces back the light to the pumped gain
medium and out-couple from the microcavity to the air facets. In this way, laser light can

propagate with high directionality.
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Figure 5.18 Simulation results of (a) effective refractive index of microcavities and (b) their
electric field profile. (c) Optical image of nanocracked SF film under pump beam and (d) its

emission profile at the pump energy of ~64 uJ. (€) The angular emission profile.
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Chapter 6

SINGLE TRANSVERSE MODE AND ALL PROTEIN DISTRIBUTED
FEEDBACK LASER

Reproduced (adapted) from I. B. Dogru et al., "Single transverse mode protein laser,"”
Applied Physics Letters, vol. 111, no. 23, p. 231103, 2017. with permission of AIP
Publishing.

Here we report a single transverse mode DFB biolaser. The gain medium that is composed
of eGFP in an SF yields a waveguiding gain layer on a DFB resonator. The thin titanium
dioxide (TiO2) layer on the quartz grating improves optical feedback due to the increased

effective refractive index [26].

6.1 Grating Fabrication

For the fabrication of the quartz grating, the template was fabricated on square-shaped quartz
samples of 1 x 1 cm?. First, a 50 nm thick Cr layer was deposited on the cleaned quartz
sample using an e-beam evaporator (ZZS550-2/D, Maestech). A negative photoresist (AZ
nLOF 2070, Microchemicals) was then spin-coated on the Cr surface with a thickness of 250
nm by controlling spin-coating speed to 4000 rpm, followed by post-baking at 95 °C for 1
min. Further, the sample was subjected to laser beam interference to generate a 1D diffraction
grating pattern by the laser holography lithography (LHL) method (Figure 6.1-a). The LHL
system mainly consists of a 266 nm diode-pumped solid-state source laser (FQCW266-50,
CryLas), a spatial filter, and a Lloyd’s mirror stage. The desired duty cycle and grating period
were controlled by the exposure time and incident beam angle. The exposed sample was
baked at 100 °C for 1 min and then the exposed resist was developed. The resist pattern was
transferred to the underlying Cr-deposited quartz substrate using reactive-ion etching (RIE)
equipment (RIE 80 plus, Oxford Instrument). The quartz grating was obtained by the
conventional Cl,, CF4-based RIE process, and the residual Cr layer was removed by wet-
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etching. Figure 6.1-c shows the AFM image of the DFB grating with a grating period of 330

419 nm

Height 3.0um

nm.

(a) ~ Spatial filter Mitror 3 y
Mirror 2 4 | ~
| a |
Sample
Shutter ‘
—_—_ ‘
00

DPSS laser

Figure 6.1 (a) Schematic of LHL setup. The LHL setup mainly consists of 266 nm diode-
pumped solid-state source laser, a spatial filter, and a rotational stage. (b) AFM image of
DFB quartz grating with 330 nm pitch size.

6.2 Numerical Analysis of Distributed Feedback Laser

Numerical simulations were performed by FDTD solution, Lumerical. Two-dimensional
FDTD simulations were performed with the Bloch boundary condition (kx =0) in the x-
direction, while the perfect matching layers were applied along the top and bottom in the y-
direction. The TiO2 periodic surface was excited by setting multiple random poles to excite
the periodic unit cell structure. Rls of 1.54 (SF), 1.50 (quartz), and 2.45 (TiO2) were used in
the modeling. We obtained spectral and spatial data of the magnitude of the electric field by

setting time conditions of 3,000 fs.

A second-order grating was employed in the fabricated DFB laser structure. The grating pitch
size (A) of 330 nm was chosen to induce a second-order Bragg resonance wavelength (Agragg
= Anesr, With ness being the effective refractive index of the waveguide mode) within the
photoluminescence (PL) emission spectrum of the eGFP. Figure 6.2-a and b show the

simulated spectra and field profiles for the DFB structure made on a quartz substrate
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according to the designed parameters for the second order DFB laser with the pitch size of
(A) of 330 nm, the grating depth of 65 nm with 60 % duty cycle and the 200-nm thick gain
layer. However, in this structure the electric field is leaky to the quartz substrate due to the

small index contrast between the quartz and the gain medium.
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Figure 6.2 (a) Spatially integrated electric field intensity in all the simulated region (black
solid line) and in the optically active silk/eGFP film (red solid line) of the DFB structure. (b)
The electric field profiles of resonance TE modes (I ~ 534 nm).

To achieve lasing, it is important to have sufficient optical gain in comparison with
the optical losses. Therefore, it is critical to obtain strong optical feedback by an
optical resonator. In order to enhance field localization in the gain medium, a thin TiO>
layer with a higher refractive index was deposited on the surface of the quartz grating.
Applying a very thin TiO> layer to the silk/quartz interface induces a narrower field
profile of the waveguide mode around the interface and therefore optical feedback and
confinement are increased. The confinement factor of the electric field in the silk gain
layer, defined in Equation 6.1 [62] was almost doubled when the TiO. layer was
applied, due to the increased nest (Figure 6.3-a). Therefore, it is important to use a TiO2

layer on quartz grating.
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The main peak at 534.2 nm, shown in Figure 6.3-b, corresponds to TE polarization
(with the magnetic field vertical, normal to the grating surface, and with the electric
field parallel with the grating lines), and illustrates that the perturbation produced by
the TiOz2 layer influences the coherent feedback provided by the grating structure. The
TM resonance mode was investigated corresponding to satellite peak at 500.2 nm in
Figure 6.3-c. The blue-shifted resonance of the TM mode is due to a lower nes of the
grating for the TM mode than for the TE mode, which is induced by different border

conditions for TE and TM modes at the grating interfaces.
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Figure 6.3 (a) Simulation results for 200 nm thick eGFP/SF gain layer with TiO2 in the DFB
structures. Simulated spectrum results showing the resonance peaks. The normalized electric
field profiles corresponding to the resonance mode at (b) 534.2 nm and (c) 500.8 nm,

respectively
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6.3 Experimental Analysis of Distributed Feedback Lasers

eGFP shows a quasi-four level laser system as shown in Figure 6.4-a, where the
ground (S,) and excitation state (S;) include sub-energy levels [53]. In this laser
system, the optical pump excites the molecule atS, to the S; that populates the
molecule in the excited state [63]. Afterward, the molecule relaxes quickly to the
lowest energy level in S;, which is a long-lived state with a lifetime of about 1.7 ns
(MicroTime 100, Picoquant) (Figure 6.4-b). Thus, at sufficiently-high pumping levels
the transition between S, and S; levels result in population inversion and stimulated

emission.

For population inversion, Quanta-Ray INDI pulsed Nd: YAG laser is used with a
typical pulse width of 7 ns and a repetition rate of 10 Hz. The excitation wavelength
is adjusted as 483 nm by OPO (Basiscan, SpectraPhysics) due to the strong absorption
of eGFP at this wavelength (Figure 6.4-c). The pump that is generated by the OPO
passes through optical density filter for laser transmission adjustment (Figure 6.4-d).
After the pump signal arrives at a 500 nm long pass dichroic filter, the dichroic filter
reflects the pump laser and it passes through a cylindrical lens to have a line-shaped
laser beam on the sample. Since the emitted light from the sample has a longer
wavelength than 500 nm, it passes through the dichroic filter and reaches to the

spectrometer (Torus Concave Grating Spectrometer).
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Figure 6.4 (a) Quasi-four-level energy diagram of eGFP with absorption, fluorescence and
stimulated emission. (b) Time-resolved spectroscopy of 1:1 eGFP/silk at 520 nm that is spin-
coated on glass. (c) Absorbance and photoluminescence spectrum of eGFP. (d) Schematic of

the optical set-up for laser emission measurement.

When the laser structure using an all-protein gain medium is optically pumped,
initially a broad emission is observed due to the dominance of spontaneous emission
of eGFP with respect to the stimulated emission at low pumping levels (Figure 6.5-a).
Above 92.1 pJ/mm? a spectrally-narrow peak starts to be observed (Figure 6.5-b).
Moreover, the slope efficiency above the threshold increases 12 times in comparison
with below threshold (Figure 6.5-c). While the FWHM was around 24 nm below
threshold, the FWHM reaches 1.1 nm above threshold, which is close to the resolution
of our spectrometer (ca. 1 nm) (Figure 6.5-d). Furthermore, while the previous reports
with fluorescent proteins present multi-mode laser emission due to the Fabry—Pérot

and whispering gallery resonators [53, 64, 65], the distributed feedback cavity.
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The threshold value of the protein laser is higher than the thresholds obtained from
organic semiconductor DFB lasers and colloidal nanocrystal DFB lasers, which we
attribute to the lower quantum yield of eGFP in solid form and scattering-induced
losses due to random packing of proteins [65]. The reduction of the threshold can
decrease the adverse effect of laser light generation in cellular environments (e.g., bleb
formation due to photothermal effects [66] ). In comparison with conventional lasers,
protein lasers are advantageous in terms of their biocompatibility that allows them to
be interfaced with biological environments. In addition, their biodegradation time may
be also programmed such that they can be safely absorbed by the living system after
the laser finishes its function [67]. These lasers can be used for intracellular sensing
and light-generation [53, 68, 69].
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Figure 6.5 Emission spectra of spin coated 1:1 eGFP solution/SF solution (a) below (b)
above threshold. (c) Measured light-light characteristic of the optically-pumped DFB laser.

(d) FWHM of emission as a function of pump flux.
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Chapter 7

CONCLUSION & FUTURE WORKS

In conclusion, we showed that the coffee stain effect is a useful, cost-effective, and
facile method to fabricate the various type of self-assembled biolasers with small
interventions. First, the effect of surface hydrophobicity and solution concentration is
investigated. It is observed while hydrophilic surfaces lead to the formation of
conventional 2D coffee stain, it has been demonstrated that superhydrophobic surfaces
facilitate the formation of 3D coffee stain. Furthermore, spherical 3D coffee stains
with excellent surface quality can be produced by the evaporation of a pendant droplet
which leads to all-protein lasers. The spheres can further be modified with a wide
variety of magnetic and optical nanomaterials to demonstrate novel free-standing
devices by self-assembly. Furthermore, this study can open-up new scientific venues
on the dynamics and modeling of interfacial interactions and investigations of

unconventional 3D systems.

Then we analyzed the suppression of the coffee stain effect and obtained self-
assembled disk biolasers. This method is suitable for mass production of disk lasers
by using a wide variety of biomaterials. As a proof of concept, biomaterials such as
SF and PVP were used as the construction material of the disk cavities, and organic
dyes are used as the optical gain medium. By varying the size of the disks the laser
emission wavelengths and thresholds can be controlled. Furthermore, the fabricated
disks are flexible and detachable; even when they are bent or inserted on another
surface, the disks show laser emission. Due to these properties, disk resonators can be
integrated on different surfaces. Furthermore, it can be transferred as a building block

in transient electronics and photonics for waste-free device production.

Following WGM cavities, we demonstrated self-assembled and directional random

lasers using nano and biomaterial-based cracks. When the cracks were excited, the
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rough side-facets scattered the luminescence generated by fluorophores and formed
optical feedback for laser light generation. First, we created silica cracks, analyzed
their mode, and in-plane directionality. Moreover, we showed the control of the
output spectrum in terms of the spectral gain distribution. Following silica
experiments, we exhibited that proteins and biopolymers can also function as RLs. We
fabricated GFP and R6G doped PVP cracks and demonstrated random biolasers of
cracks. In addition to the crack inside assemble, the random lasing was also observed
from individual and free-standing pieces removed from the pattern through the crack

boundaries.

Next, we demonstrated self-assembled directional random biolasers made of silk
protein. We applied mechanical stress by folding and bending to the SF films that
induced the nanocrack initiation and propagation along with the SF film. Thus, parallel
nanocracks are formed and utilized as microcavities that support SLF based RL. The
parallelism of the nanocracks allowed in-plane directional laser radiation.
Advantageously, RLs can be produced with a facile, one-step, and cost-effective
method. The directional random lasers hold great promise for integration to photonic

circuits, and they can be interfaced with living systems for cell lasers and biosensors.

Last but not least, eGFP in a silk fibroin protein matrix was employed as an optical
gain material for a DFB laser with a second-order grating fabricated on a quartz
substrate with laser holography lithography. The laser holography lithography method
was used to fabricate the large area grating that was designed according to the
absorption and emission spectrum of eGFP. To provide strong optical feedback, a
biocompatible TiO2 thin film was coated on the quartz grating. The spectral properties
combined with the input-output energy relation reveals a single transverse mode
protein laser. The biocompatibility of the biolaser holds promise for interfacing with

biological cells or tissues that can be used for biosensing.
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