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Preface

We live in an Information age, which is marked by the onset of digital
revolution during or after the latter half of the 20" century. In this era, we saw
sweeping changes in digital computing and communication technology. We largely
depend on electronics and photonics for hardware requirements to aid this
technology. With the assistance of modern technology, electronic devices have
become an indispensable tool in our everyday life.

Inorganic semiconductor materials like silicon and gallium arsenide have been
exploited for the on-growing demands of digital revolution. Fifty years of continuous
research and technological advancements have pushed these materials to their
theoretical efficiency limit. On the other hand, the rapid advancement in technology
has created a huge electronic waste which pose a threat to the environment. The
scarcity of inorganic materials such as gallium and indium is an alarming factor and it
is estimated that these will run out completely in the next 20 years. The availability of
new suitable materials is crucial for the development of semiconductor technology.
With much promise of delivering low-cost and energy efficient materials, organic
semiconductors such as conjugated polymers and small molecules have opened up
new avenues for research. Despite the intense effort by scientists and researchers, the
performance and stability of organic devices have taken a back seat. Therefore an
immediate large-scale replacement of inorganic components by organic counterparts
are not foreseen in the near future. Although research is underway to improve the
performance of organic materials, it is important to constantly search for new
materials.



Nature is a big treasure-trove of successfully conducted experiments by
natural selection. Inspired by its apparent simplicity and actual complexity,
researchers look out for natural materials or synthetic materials mimicked from
natural models, systems or elements. Bio-inspired photonics use natural design as
their inspiration to solve human problems and channel these solutions in new
directions. It is promising that natural and nature-inspired materials can achieve the
ambitious goal of ‘green’ technology for sustainable future.

CHAPTER 1

Introduction to DNA Photonics

We press the need for ‘Green’ for sustainable development and to save non-
renewable resources for the future generation. Biomaterials have become exotic
materials for electronics due to their biocompatible and biodegradable nature. For
long, DNA has been thought as a biomaterial that carry genetic information in all living
organisms and has led research in DNA oriented towards life science, molecular
biology and biomedicine. In the past decade, DNA has made tremendous
advancements in the field of optical science and technology and has emerged as new
field ‘DNA Photonics’. DNA for applications in photonics is available from salmon
testes and calf thymus, which are abundant, inexpensive, readily available, renewable
resource, environment and human friendly. Recently, new avenues for research have
opened in nanobiotechnology (as structuring and templating agent for nanoparticles),
DNA origami, optoelectronic devices (OLED, OFET, light emitting FET, nonlinear opto-
electric modulators), photonic devices (nonlinear optical devices, optical waveguides,
and lasers), organic catalysis and organic memory devices.

CHAPTER 2

DNA as an optical material

Here we review the DNA as an optical/photonic material rather than a biomaterial
carrying genetic information. The natural fibrous DNA extracted from salmon testes is soluble
only in water. However, to fabricate the DNA thin films in aqueous form pose an adverse
problem, when using simple techniques such as spin coating. We refer to the modification of



DNA by attaching a cationic surfactant with the phosphate-sugar chain of DNA which makes it
insoluble in water, but soluble in most of organic solvents. The optical and electrical properties
of DNA-surfactant lipid complex are discussed to reveal the fact that DNA could be used in
photonic and optoelectronic applications.

CHAPTER 3

Experimental techniques

This chapter describes the experimental techniques used in the following three
chapters. The chapter is divided into three sections, first - focusing on the Z-scan
techniques used for measurement of nonlinear absorption coefficient and third order
nonlinear susceptibility of dyes; second — detailing the techniques used for casting thin
films and measurement of amplified spontaneous emission; and third — describing the
fabrication of light emitting diodes by spin coating and thermal evaporation
techniques, and characterization of LEDs by measuring their jV and LV curves.

CHAPTER 4

Effect of DNA on nonlinear optical properties of dyes

The nonlinear property of DNA has been investigated earlier and observed
reverse saturable absorption (RSA) due to two photon absorption property in DNA-
poly vinyl alcohol system. Earlier reports from our laboratory shows addition of DNA
flips the saturable absorption (SA) curve of Rhodamine 6G to RSA. We were interested
to extend this investigation in other dyes with different nonlinear properties. Therefore
we chose two dyes, one that exhibits RSA and the other with RSA-SA curves. This
chapter presents the results of optical nonlinear properties of these two dyes, namely
PicoGreen (PG) and Triazatriangulenium (TATA) salt. Through this chapter we also
show the effect of DNA on nonlinear properties of PG and TATA. We observed that the
two photon absorption coefficient decreased in both dyes as the concentration of DNA
was increased.



CHAPTER 5

Effect of DNA on lasing medium

DNA is known to enhance the photoluminescence of fluorescent dyes. This
enhancement can be attributed to various mechanisms associated with the type of
bonding or intercalation of dye molecules with DNA. Here, we have studied PicoGreen
dye for which the enhancement in emission with addition of DNA was greater than
1000 fold. This enormous enhancement in fluorescence interested us to take up
amplified spontaneous emission (ASE) studies, which could lead us to the development
of DNA based lasing medium. We observed strong emission in the yellow region of the
visible spectrum, with ASE threshold at ~ 2-3 mJ/cm?. The degradation of the dye under
intense laser beam was also investigated and was found to be at par with available
organic dyes.

CHAPTER 6

Effect of DNA on polymer LEDs

Biopolymer based materials are of great interest in organic electronics and
photonic devices due to their combined advantage of biodegradability, renewable
resource of a biomaterial and easy processing techniques of a polymer. With the
discovery of charge transport in DNA, it has been successfully incorporated as a hole
transporting and electron blocking layer in light emitting diodes. We have fabricated
an all-polymer solution processable LED using fluorene based polymers as active light
emitting medium. This chapter discusses the performance of Bio-LED in terms of
output light brightness. The brightness was enhanced from 430 cd/m? to 1925 cd/m?
by incorporating DNA as an electron blocking layer.

CHAPTER 7

Conclusions and future perspectives

The thesis would be concluded by drawing attention to the applicability of
DNA:PG dye-lipid complex as a nonlinear dye and as a lasing medium. However, such



a system could not find relevance as a light emitting polymer/dye due to the high
lowest unoccupied molecular orbital (LUMO) level of the DNA that restrict itself as a
host material for light emitting dyes. By the use of DNA as an electron blocking layer,
we fabricated an all solution processable polymer LED with improved performance.
We further propose possible future advancements in DNA Photonics.
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Introduction to DNA Photonics

Abstract

We press the need for ‘Green’ for sustainable development and to save natural
resources for the future generation. Green materials have become exotic
materials for electronics due to their biocompatible and biodegradable nature.
For long, DNA has been thought as a biomaterial that carry genetic information
in all living organisms and has led research in DNA oriented towards life
science, molecular biology and biomedicine. In the past decade, DNA has made
tremendous advancements in the field of optical science and technology and has
emerged as a new field ‘DNA Photonics’. DNA for applications in photonics is
available from salmon testes and calf thymus, which are abundant, inexpensive,
readily available, renewable resource, environment and human-friendly.
Recently, new avenues for research have opened in nanobiotechnology
(structuring and templating agent for nanoparticles), DNA origami,
optoelectronic devices (OLED, OFET, light emitting FET, nonlinear electro-
optic modulators), photonic devices (nonlinear optics, optical waveguides,
lasers and light emission), organic catalysis and organic memory devices.
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1.1 GREEN FOR SUSTAINABLE FUTURE

‘Green’ signifies life, prosperity and environment. In scientific term, as defined by
United Nations World Commission on Environment and Development?, it is to
“establish sustainable development”, i.e. meeting our present needs without destroying
or depleting the natural resources for the future generation. The word ‘green’ carry a
lot of importance and became a fashionable tag to any advancement directed towards
achieving sustainability. The ultimate goal of green technology is to identify the
materials of natural origin or of nature inspired synthetic materials that are
environment-friendly and find solutions to our problems. Green technology has been
applied to various fields such as green energy, green building, agriculture, organic
electronics, green chemistry, photonics, green computing, biomedical engineering and
biomimetics.

The boom in the electronic industries has accumulated the toxic heavy metals in plants
and animals that are otherwise scattered around in trace quantities. Today we live in
this world with a pile of electronic garbage because our parent generation did not
foresee the dangers they have set by incorporating inorganic semiconductors.
Therefore, it is our responsibility to set up an environment that is safe for our future
generations to live in. Our society must address this problem by choosing
environmentally sustainable pathways for the design, production, and disposal of such
electronic devices. It is not only (i) the danger that pose to the environment, but (ii)
complete energy imbalance embodied in them. The energy consumed by these
inorganic semiconductors or hanomaterials in their processing or production phase is
much more than the energy consumed by them as a product. To achieve sustainability,
materials that have low embodied energy have to be used. (iii) Depletion rate of scarce
natural materials such as gallium and indium estimates that these materials will be
exhausted completely in the next 20 years. These three problems present a negative
impact on the present and future generation.

It is best hoped that the answer to the problem lies in the ‘green technology’. In 1987,
the Brundtland Commission formally known as United Nations World Commission on
Environment and Development was set up by Gro Harlem Brundtland, a pioneer and
international leader in sustainable development. The Commission released its report
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“Our Common Future™ coining and defining the term Sustainable Development as the
process that “meets the needs of the present without compromising the ability of future
generations to meet their own needs”. This Commission gave the momentum to host
the first conference on sustainable development, ‘Earth Summit’ held at Rio de Janeiro
in 1992, recognized that sustainable development could be achieved by encompassing
economic development, social development and environmental protection. It also
acknowledged the right to development to the developing countries and declared
policies and principles to guide the developing countries as well as developed countries
to sustainable development. Influenced by the 2008 Financial Crisis and 2009
Copenhagen Summit on climate change, ‘green’ stimulus packages were considered to
overcome the crisis along with environmental protection. With the developing
countries anguished by the risky green initiatives that might limit their development
due to the new trade restrictions imposed by the developed countries, the United
Nations Department of Economic and Social Affairs released World Economic and
Social Survey (WESS) in 2011. The survey entitled ‘The Great Green Technological
Transformation’? not only discusses the need and importance of green technology but
also the policies and recommendations to develop green technology to safeguard
earth’s ecosystem. The survey insisted the use of biodegradable, renewable and green
resources along with waste reduction to protect biodiversity and ecosystem.

1.2 GREEN MATERIALS

With the dangers posed by inorganic materials cited in the last section, there is an
urgent need to identify new materials that are natural, abundant, economical and
renewable resource which could be easily processed without consuming or producing
toxic wastes. Organic (carbon-based) materials came with many of these features along
with the promise of low-cost energy efficient materials and increased lifetime. But they
were jolted down by the performance and stability their inorganic counterparts offered.
However, they require intense research to overcome these hurdles. With no immediate
replacement of inorganic materials in the near future, we turn to nature for help. Nature
is a continuous researching engine whose successful experiments survive time from
which we profit. It would be beneficial if we could learn to mimic nature that would
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provide environmental safe technologies. The idea of green materials is to study the
systems in nature and re-engineer them with synthetic materials or use those natural
materials to solve our complex problems. Such studies are already in the research table
providing a plethora of unexplored phenomena.

Researchers have been working on recreating photosynthesis process®, fabricating
artificial compound eyes®, replicating natural photonic fibers®, designing hydrophobic
surface inspired from the lotus petals®, crafting super-adhesive surface motivated by
gecko effect in tree frogs’, reproducing natural infrared camouflage coatings from
cephalopod proteins® and exploiting spermatozoid motion for micro-bio-motor®.
Biodegradable, biocompatible and bioresorbable allows integration of electronics into
biological systems for achieving real-time monitoring, diagnosis and trigger instant
drug delivery. Such materials has stimulated wearable and implantable devices!®*
such as bioresorbable stents, cochlear implants, flexible biosensors on brain (neural
interfaces), heart (pacemaker/defibrillators), beneath the skin (glucose monitoring),
and smart electronic tattoos that comes with data or power transfer through wireless
communication®™*8, Such devices are not only biocompatible but also absorbed and
broken down by the body that avoids extraction of those devices via surgery.

These interesting problems require contributions from various fields viz. physics,
chemistry, material science, biology, electrical and mechanical engineering and have
now emerged as ‘organic bioelectronics’. This emerging new field may prove to be the
suitable host for welcoming natural and nature-inspired organic materials and for
achieving the ambitious goal of ‘green’ and sustainable electronics.

In their quest to achieve sustainable development in electronics, highly unusual natural
materials are being investigated. Some natural materials and their applications that are
reviewed recently®-2? are presented here. In the context of organic electronics, the basic
building blocks are the substrates, smoothening agents, encapsulate layers, contact
electrodes, dielectrics and semiconductors.

Researchers have moved towards the use of flexible and stretchable substrates from
conventional glass substrates. Cotton cellulose-fiber paper? coated with natural
mineral pigments has been employed as cheap substrates. However, the mineral
pigments make them non-biodegradable. Apart from paper, various synthetic polymers
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(degradable plastics) like polydimethylsiloxane (PDMS)?, low density polyethylene
(LDPE), polyhydroxy alkanoates (PHA), parylene, polylactic acid (PLA)?, polylactic-
co-glycolic acid (PLGA), polyethylene glycol (PEG), poly(2-hydroxyethyl
methacrylate) (pHEMA), polyurethane (PU)??7, polyvinyl alcohol (PVA)?2° are
currently investigated in fabrication of flexible, deformable and implantable devices.
Polycaprolactone (PCL), polybutylene succinate (PBS), polyhydroxybutyrate-co-
valerate (PHBV), polyhydroxybutyrate-co-hexanoate (PHBH), polybutylene adipate-
co-terephthalate (PBAT) have established themselves as potential biodegradable
substrates. Fully biodegradable and biocompatible substrates from natural materials
such as silk3®3!, shellac®?, hard gelatin, collagen, chitin, chitosan, alginate and dextran
are remarkably attractive substrates for organic electronics applications.

The surface roughness and porosity nature of paper necessitate the use of smoothening
agents. The rosolic acid from the roots of Plantago Asiatical L.** and PDMS act as a
very good smoothening layers to aid the inherent rough surface of the above-mentioned
biodegradable substrates.

Novel conductive electrodes were investigated that could aid the interface between
electronics and biological matter3*. Contact electrodes have been tested on living
organisms using different approaches as mentioned below. One is by using
conformable metal electrodes, such as gold electrode arrays on brain tissue®, and
another by using soft conducting polymers, where a common polymer PEDOT:PSS
poly-(3,4-ethylenedioxythiophene):poly(styrene sulfonate) was either directly
polymerized® or by growing it on a biocompatible substrates by photolithography
technique® and transplanting it - on a living neural tissue of a mouse brain to realize
implantable devices.

The dielectric nature of nucleic acid, especially deoxyribonucleic acid (DNA)3"%, and
its nucleobases - adenine, guanine, thymine, cytosine and uracil®, and various sugar
molecules (glucose, sucrose, lactose) have been identified with good insulating
properties. The unique properties of DNA that make it a photonic material are discussed
in the next chapter and throughout this thesis. Silk*°, shellac*, hard gelatin, peptide
sequence and even edible caramelized sugar (glucose)®* have been explored as
biodegradable dielectrics. Innovative use of irreversible denaturation of natural
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proteins from chicken albumen*? as a dielectric material in high-performance field
effect transistor has been recently demonstrated.

The performance and stability of organic semiconductors were limited due to the weak
van der Waal forces that are linked to each other as against strong intramolecular
covalent bonds in inorganic semiconductors. It has been reviewed that organic
molecules such as DNA, cellulose and various pigments with strong intermolecular
hydrogen bonding shall pose as a good organic semiconductor®®. The hydrogen bonded
semiconductors exhibit good electric charge transporting properties despite the lack of
n-conjugated system. A list of synthetic organic semiconductors are reviewed
elsewhere*®, however, some biodegradable and green semiconductors are mentioned
here. Natural materials such as chlorophyll, cellulose, melanin*#, hemin, phenazine,
terpenoid molecules (beta-carotene®®#’, bixin, retinal), and indigo®, Tyrian purple (6-
60-Br-indigo)*3#° have been investigated for their semiconducting properties and their
applicability in various devices. Nature inspired synthetic materials also provide cheap,
non-toxic and biodegradable semiconductors such as colorants used in textile, food and
cosmetics such as, Indanthrene yellow G, Indanthrene brilliant orange RF, perylene
diimide, naphthalene diimide and anthraquinone derivatives, commonly known as vat
dyes.

1.3DNA AS AN EXOTIC MATERIAL

DNA was first identified and isolated from leucocytes by Miescher® in 1869. With the
confirmation of DNA as a genetic material by Hershey and Chase® in 1952 and the
subsequent discovery of the molecular structure of DNA by Watson and Crick®?in 1953
using Franklin and Gosling’s X-ray analyses and finally cracking the genetic code by
Holley in 1960 led to the understanding of the function of DNA that ushered a whole
new era of molecular genetics. Research in DNA followed in various fields such as
molecular biology, genetic engineering, DNA profiling, life science, and biomedicine.

While the DNA was vigorously investigated by biologists and chemists, the
physicochemical and electronic properties and its material applications were being
explored by physicists and engineers. A decade of research in this line has led DNA
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being applied to nanotechnology, nano-motors, bio-sensors®, bioinformatics, DNA
origami, organic catalysis, optoelectronic devices, organic memory devices, lasers, and
more recently in digital data storage®. An exhaustive list of applications of DNA in
various fields is discussed in the next chapter.

One of the important argument in favor of DNA being used as an exotic green material
is its natural availability from plant and animal sources. This makes them
biodegradable i.e. they decompose easily without causing any environmental hazards.
DNA that is available in the market, for investigations in photonics, are extracted from
calf thymus, herring sperm or salmon roe sacs. Salmon roe sacs being a waste product
of fishing industries combined with the easy extraction process makes it cheaper than
DNA available from other sources. The use of such renewable resource also suffices
the present scientific policy as discussed in section 1.1, to create sustainable
development and minimize environmental pollution. Besides these eco-friendly
beneficial features, DNA also possesses unique electronic and optical properties
(elaborated in chapter 2) which make them a good optical material for their use in
photonic and optoelectronic applications.

1.4 ORGANIZATION OF THIS THESIS

This thesis is organized, with each core chapter (4,5 and 6) investigating an
applicability of DNA incorporated with various dyes and polymers along with
strenuous analysis.

Understanding the need for green materials and with this brief introduction on DNA
Photonics, we shall move to the second chapter where the structure and basic functions
of DNA are stated. For DNA to be applicable to thin film fabrication, certain processing
and tailoring techniques are elaborated. The electrical and optical properties of
functionalized DNA are discussed. The application of DNA in various photonic and
optoelectronic devices are reviewed from literature.

The experimental techniques that are used in this thesis are detailed in chapter 3. The
techniques include Z-scan techniques and analysis for measuring nonlinear optical
properties, experimental setup to measure amplified spontaneous emission from thin
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film samples and setup to measure luminance — current density — voltage characteristics
and electroluminescence from the fabricated light emitting diodes. This chapter also
discusses various thin film fabrication techniques such as drop casting, spin coating
and thermal deposition techniques.

Chapter 4 deals with the effect of DNA on nonlinear optical properties of various dyes.
This is an extension of an earlier work from our lab. Nithyaja et al.>>*¢ has reported the
nonlinear optical properties of DNA — Rhodamine 6G — PVA complex. This work was
extended to various other dyes with nonlinear optical properties different from that of
Rhodamine 6G.

Chapter 5 exploits the property of DNA to enhance the photoluminescence of dyes.
This chapter presents the enhancement of fluorescence from PicoGreen dye on
intercalation with DNA on otherwise fluorescence quenched pristine dye. The
enhanced emission is amplified by providing a planar microcavity and its amplified
spontaneous emission properties are presented. The gain and photo-stability of the
dye:DNA complex is also measured and compared with other organic dyes.

The electron blocking property of DNA is featured in chapter 6 using fluorene-based
polymer light emitting diode. We have used two fluorenes based polymer blend as
active emissive material and observed an eight-fold increase in the brightness of the
LED when DNA is used as an electron blocking layer.

Finally, this thesis is concluded in chapter 7 by presenting the summary of the work
discussed in the previous chapters. The novel findings that add to the scientific
knowledge are listed out for further investigations and discussions.

1.5 CONCLUSIONS

We bring the reader’s attention to the need for green materials for sustainable
development. Inspired by nature, natural and nature inspired synthetic materials shall
be used to protect our environment and help thrive biodiversity and ecosystem. We
chose naturally occurring biomaterial, deoxyribonucleic acid for developing photonic
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and optoelectronic devices. This interesting natural material with unique properties and
earlier work on DNA Photonics generated interest to work on this field.
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DNA as an optical material

Abstract

In this chapter we review the DNA as an optical/photonic material rather than
a biomaterial carrying genetic information. The natural fibrous DNA extracted
from salmon testes is soluble only in water. However, to fabricate the DNA thin
films in aqueous form pose an adverse problem, when using simple techniques
such as spin coating. We refer to the modification of DNA by attaching a
cationic surfactant with the phosphate-sugar chain of DNA which makes it
insoluble in water, but soluble in most of the organic solvents. The optical and
electrical properties of DNA-surfactant lipid complex are discussed to reveal
the fact that DNA could be used in photonic and optoelectronic applications.
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2.1 INTRODUCTION - the ‘molecule of life’

Probably everyone had heard about DNA either in their high school or visualized them
in sci-fi movies such as Jurassic Park, The Amazing Spider-Man or Prometheus. DNA
or deoxyribonucleic acid is the hereditary material in humans and almost all other living
organism that carry the blueprint of genetic information. DNA is wound and coiled
along with proteins into supercoiled structures called chromosomes which either floats
in the cytoplasm of the cell in the case of prokaryotic organism such as bacteria or
resides inside the nucleus of the cell in eukaryotic organism such as plants and animals.
If one could stretch out DNA from a cell, it could span to the height of an average
human and from all the cells would extend to the sun and half way back. The iconic
structure of DNA as a spiraling ladder that is credited to Watson and Crick (1953)* has
attracted interests from biologists, chemists and recently from physicists.

DNA resembles a right handed twisted ladder, famously known as the ‘double helix’?
structure. It consists of base pairs namely Adenine — Thymine pair and Guanine —
Cytosine pair which are linked by hydrogen bonds; and sugar-phosphate backbone
internally linked by phosphodiester bonds. The adenine and guanine are similar in
structure and are known as purines while thymine and cytosine which are similar are
known as pyrimidines. The phosphate group gives negative charge to DNA which are
neutralized by positively charged sodium ions, which can move freely along the
backbone chain. The structure of DNA is depicted in figure 2.1. The diameter of the
helix is about 2.2 nm and the distance between each base pair is around 0.34 nm. The
two helical chains coiled around same axis produces two groves, a wider known as the
major grove and narrow known as minor grove. These groves expose the bases and are
more accessible at those sites. The pitch of the major grove is about 3.4 nm. The size
of the DNA strands is usually expressed in base pairs and molecular mass in dalton.

DNA is important in terms of hereditary as it stores the genetic information and passes
it to the next generation. The biological functions of DNA are beyond the scope of this
thesis, for which the readers may be referred elsewhere® and hence shall not be
discussed here.
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Figure 2.1: The double helical structure of DNA showing the sugar-phosphate
backbone with nucleobases: Guanine (G), Cytosine (C), Thymine (T) and Adenine
(A) [Courtesy. Nature Education, 2013]

2.2 NATURAL DNA FROM SALMON TESTES

Biomaterials such as DNA has been an area of interest in photonics community
working in the fields of organic electronics and photonic devices. Such materials are
highly preferred over conventional polymer materials, due to their natural availability,
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renewable and biodegradable property. DNA, for their use in photonic applications has
been extracted from herring sperm?, calf thymus® and salmon roe sacs®°.

The DNA used in the present work is deoxyribonucleic acid sodium salt extracted from
salmon testes. It is available in a white fibrous form which is soluble in water. This
DNA procured from Sigma Aldrich, USA (Product No. D1626) is a double stranded
molecule extracted from sperm cells of salmon fish. Being a marine waste product of
fishing industry and easy extraction and purification methods makes it cheapest
available DNA in the market. The extraction and purification method is reported briefly
by Ogata et al.'

However, pure DNA has limited performance!?®® for applications in photonics. Being
a water soluble polymer, it is not preferred in device fabrication techniques. However,
such water soluble polymers such as PEDOT:PSS are extensively used in electronic
device fabrication. Another limitation arises from its weak 7 electron conjugation that
provides limited hyper-polarizabilities. Therefore, it is necessary to functionalize DNA
for practical application in photonics and optoelectronics. Functionalization of DNA
can be done either by electrostatic interaction, intercalation or doping.

2.3 MODIFIED DNA-SURFACTANT COMPLEX

As discussed in the above section, natural DNA from salmon testes is soluble in water.
But it is not suitable for thin film fabrication as it is susceptible to water absorption.
Hence a cationic surfactant such as hexadecetyltrimethylammonium bromide (CTAB)
is used to transform hydrophilic DNA to hydrophobic DNA, which is soluble in organic
solvents. The negatively charged DNA binds with cationic nitrogen atom in CTMA
leaving the bromine anion to ionically bind with sodium.

The protocol for modifying the water soluble DNA to organic-soluble compositions is
reported by Heckman et al.* The procedure for preparing DNA:CTMA lipid complex
is detailed here. All the chemicals and solvents were procured from Sigma Aldrich.
The molecular weight of the as received DNA was not reported by the manufacturer.
However a report by Tanaka et al states the molecular weight of the DNA to be 2000
bp. The as received DNA was used without any further purification. DNA solution is
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prepared in ultra-pure (Milli-Q) water at a concentration of 4 g/L. To reduce the
molecular weight of DNA, the solution is subjected to sonication using a probe type
ultrasonic processor. This processor uses an ultrasonic generator, a transducer and a
probe. The generator uses AC power supply to generate high frequency signal which
is fed to a transducer. The transducer converts the electrical signal to mechanical
vibrations which are amplified and transmitted down the length of the probe. The probe
is immersed in the solution and during operation produces compression and rarefaction.
In the liquid, rarefaction causes cavitation or microscopic vacuum bubbles which
implodes at enormous temperature and pressure during compression. This tremendous
energy causes hydrodynamic shear on the DNA causing it to tear randomly. Since
sonication causes localized temperature to raise which may rupture DNA, it is done
with brief resting periods while the sample is placed in an ice bath. The ultrasonicator
used is a Branson 250 analog ultrasonic processor. DNA aqueous solution was
sonicated in ice bath for 50 cycles, with each containing 10 sec sonication - at 50% of

Figure 2.2: Determination of molecular weight of sonicated DNA by gel
electrophoresis method
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the output power and 50% duty cycle - and 20 sec rest period. The molecular weight of
the sonicated sample was measured by gel electrophoresis method and was estimated
to be around 500-200 bp (see 13" well in Figure 2.2).

CTAB aqueous solution was also prepared at same concentration (4 g/L). The CTAB
solution was added to DNA solution drop by drop while stirring. The DNA-CTAB
solution was additionally stirred for 2 more hours at room temperature. The
DNA:CTMA precipitates through ionic bonding leaving NaBr with the solvent. The
precipitate was filtered using 0.45 um nylon membrane to remove any impurities and
then dried in vacuum at 40°C overnight. The precipitate collected as a white powder is
stored in a cool dry place. The DNA:CTMA lipid complex was dissolved in butanol at
the desired concentration which is now suitable for fabrication into thin films. Recently,
other groups have shown an alternative method™ to modify natural DNA. In the
following sections we shall discuss the properties of DNA:CTMA complex that makes
it an excellent optical and photonic material.

2.4 ELECTRICAL PROPERTIES OF DNA:CTMA
COMPLEX

For long, the idea of DNA as a molecular wire® that can efficiently conduct charge
carriers has spurred hot debates!’. Reports of electron transfer rates in m-stacking
polymers such as proteins through electron tunneling has inspired the study of charge
transport in DNA. Eley et al was the first to propose the use DNA as electrical
conductor®. Experiments that followed by various groups held varying views on
conduction in DNA due to the contradictory theoretical predictions. Results have
revealed to be controversial as the data showed all ranges of conductivities from
insulator to superconductivity.!® By the beginning of 21% century, the chemists and
physicists have reached a consensus view? on charge migration in DNA. Barton’s
group??2 had demonstrated the use of DNA as a molecular wire by transferring
electron from donor to acceptor molecules through DNA over a distance of 34 nm. Fink
et al.? and Porath et al.* has revealed the semiconducting behavior of DNA using
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current-voltage measurements. The resistivity of DNA was found to be comparable
with those of the conducting polymers. However, the mechanism of charge conduction
is still an unsolved problem. Electrical conductivity in DNA-lipid complex fabricated
into thin films?2¢ have been studied. The results suggested that the stacked base-pairs
of the DNA strands were responsible for electrical conduction.

The conductivity of DNA depends on many factors, such as its molecular weight, base
pair sequence, structure (single/double stranded), environment (presence of water or
counter ions), shape (stretched/combed), assembly (free standing or attached to
surface), contact electrodes.

The electrical properties of DNA:CTMA thin films were studied by Hagen et al.'* It
was observed that the resistivity was dependent on molecular weight of DNA. The
resistivity varied from 10 Q-cm for higher molecular weight to 10° Q-cm for lower
molecular weight of DNA. It was also presented that the doping with suitable
conductive polymers or organic small molecules can bring down the resistivity. The
dielectric constant for DNA:CTMA?” was found to be around 7. The charge transport
in a material is controlled by its energy level, defined in eV. The energy levels for
organic semiconductors are known as Highest Occupied Molecular Orbital (HOMO)
and Lowest Unoccupied Molecular Orbital (LUMO). The DNA:CTMA!! has a HOMO
of 5.6 eV and LUMO of 0.9 eV. Another study by Lin et al.?® (Lin, 2011) reports
HOMO of 5.7 eV and LUMO of 1.634 eV. The HOMO/LUMO levels of nucleobases
A, G, C, T and Uracil have been reported by Ouchen at al.?® The hole mobility of
DNA:CTMA has been found to be 1.14 x 10 cm?/Vs.

The charge transport in DNA has attracted much interest due to its potential in
molecular electronics. This has opened new avenues for research in DNA-based
electronic devices.

2.5 OPTICAL PROPERTIES OF DNA:CTMA COMPLEX

The optical properties of DNA:CTMA have well been studied®, as these properties
define the applicability of this material in optoelectronic devices. The optical
absorption/transmission, optical loss and refractive index has been examined by Grote
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etal. The DNA:CTMA thin film showed its characteristic peak in the UV-Vis spectrum
at 260 nm, corresponding to each of the four base bridging the two backbone. Above
300 nm extending to near infra-red region, the nucleic acid exhibit excellent
transmissivity.?” This feature is highly attractive in photonic and optoelectronic
devices. The refractive index is found to vary from 1.535 at 300 nm to 1.480 at 1600
nmé, This, along with low optical loss makes it a good optical cladding material for
nonlinear electro-optic modulators and waveguides.

Apart from electrical and optical properties, other useful measurements such as
thermogravimetric analysis, microwave insertion loss and gamma ray irradiation
tolerance have been studied.®

2.6 APPLICATION OF DNA IN PHOTONICS AND
OPTOELECTRONIC SYSTEMS

The applicability of DNA in various photonic devices has been on the rise for about a
decade®2%, DNA has been used as a template and a structuring agent for synthesis of
nanoparticles®, as DNA origami for self-assembly of pre-defined structures®-%, as
fluorescence enhancer in fluorescent and phosphorescent dyes (refer section 5.1), as a
cladding material for optical waveguides?’, cladding and host matrix for nonlinear
optical devices®, as a low optical loss host material for electro-optic modulators, as a
hole transporting layer in polymer solar cells*, as electron blocking layer in organic
light emitting diodes (refer section 6.1), as an insulating gate dielectric material in field
effect transistors and high energy capacitors®®-4°, electro-fluidic fluorescent biosensor!-
3, sensing toxic gases and glucose for biomedical application*, microfluidic switches,
organic memory devices and as organic catalysts. DNA based nanocomposite materials
are also developed as a non-conductive, optically transparent systems for shielding
electromagnetic interference and radio frequency’. DNA films have proven effective
for cell culture and wound healing of skin* in medical applications.
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2.7 CONCLUSIONS

From the above discussion, we perceive how DNA has transformed itself from a
biomolecule to an attractive optical material. Marine derived DNA, extracted from
salmon roe sacs is found to be a novel material for use in photonic and optoelectronic
devices, due to its unique electrical and optical properties. In the course of this thesis,
one may find flourishing reports on the successful use of DNA in various devices. It is
necessary to identify suitable organic materials that intercalate with DNA to yield high
performance devices. Such environmental safe devices and materials are the way
forward to achieve sustainable electronics.
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Experimental techniques

Abstract

This chapter describes the experimental techniques used in the following three
chapters. The chapter is divided into three sections, first - focusing on the Z-
scan techniques used for measurement of nonlinear optical (NLO) properties
such as nonlinear absorption coefficient and third order nonlinear
susceptibility of dyes; second — detailing the techniques used for casting thin
films and measurement of amplified spontaneous emission; and third —
describing the fabrication of light emitting diodes by spin coating and thermal
evaporation techniques, and characterization of LEDs measuring its J-V
(current density vs voltage characteristics), L-V (luminance vs voltage
characteristics) curves and electroluminescence spectra.
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3.1 TECHNIQUES USED IN NONLINEAR OPTICAL
MEASUREMENT

The invention of laser in 1960 has ushered various new fields, one being ‘nonlinear
optics’. Unlike linear optics, when the intensity of light is sufficiently intense, it can
modify the optical properties of the material it pass through. These modifications
respond nonlinearly to the intensity of light. In this thesis we limit our study to third-
order nonlinear optical process, where the processes involve third-order polarization.
One of the results of third-order optical nonlinearity is the intensity dependent
refractive index. The intensity dependent refractive index manifests as intensity
dependent optical transmission and absorption. These can be studied using Z-Scan
technique, detail of which are given in the following section.

3.1.1 Z-SCAN EXPERIMENTAL SETUP

Z-Scan (ZS) technique is a simple and commonly used experimental configuration to
measure nonlinear optical properties. This technique, proposed by Bahae et al.*®
requires simple optical arrangements unlike interferometry and wave-mixing
techniques. This single beam ZS technique has two configurations viz. open aperture
(OA) and closed aperture (CA) to measure nonlinear absorption coefficient and
nonlinear refractive index respectively. The ease of this technique lies in the direct and
simultaneous measurement of the sign and magnitude of the nonlinear parameters. The
sign of the nonlinear parameters can be known by simply observing the ZS curve.
While nonlinear absorption directly affects the amplitude of the propagating electric
field, nonlinear refraction directly affects the phase of the propagating electric field,
which propagate to give spatial and temporal amplitude changes.

This technique involves measuring the transmittance of the test material as a function
of ‘Z’ position which in turn is a function of fluence realized by a focusing lens. A
typical ZS experimental arrangement is shown in figure 3.1. A thin sample of thickness
less than the diffraction length (zo) of a focused laser beam is scanned across the focal
point with a scan range extending from * zo. This sample thickness condition is required
to satisfy the ‘thin sample approximation’®. The scan range depends on beam
parameters and thickness of the sample and is typically of + 5z considering the
experimental imperfections. The sample is scanned through the focal profile using a
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motorized translation stage. The laser intensity fluctuations were considered by using
a reference detector (A, in figure 3.1) to stabilize the transmittance from the sample.

Figure 3.1: ZS experimental setup to measure third order nonlinear optical properties
[SHG: Second Harmonic Generator; S: Aperture; BS: Beam Splitter; L: Lens; C:
Cuvette Cell; A & B: Detectors; B/A: Energy Ratiometer; MS: Motor Stage; MC:
Motor Controller]

The laser source used in this study is a frequency doubled Nd:YAG laser with a pulse
duration of 7 ns and a repetition rate of 10 Hz. A 20 cm lens was used to produce a
beam waist of 42.56 um with a Rayleigh length of 10.7 mm at 532 nm. A cuvette of 1
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mm optical path is used that satisfies the thin sample approximation. The make and
model of the energy ratio meter are Laser Probes Inc. (Rj-7620) with two identical
pyroelectric detectors (RjP-735 probes). The ratio meter and the motor controller
connected to a computer and the experimental procedure were automated using a
LabView program.

3.1.2 OPEN APERTURE Z-SCAN

At low intensity, the light absorption property in an absorbing medium behaves linearly
with the intensity. However at high intensities, the medium shows nonlinear response
due to population redistribution, energy transitions in complex molecular systems and
generation of free carriers. These characteristics results in increase or decrease in
absorption known as reverse saturable absorption (RSA) and saturable absorption (SA)
respectively. The typical ZS curves for RSA and SA, which depicts a positive and
negative nonlinear absorption coefficient, respectively are shown in figure 3.2.

a) SA b) RSA

Figure 3.2: Typical OA ZS curves depicting (a) negative and (b) positive nonlinear
absorption coefficient

RSA behavior in a medium is due to the phenomena such as two or multi photon
absorption, excited state absorption, free carrier absorption or a combination of these
mechanisms. Such mechanisms result in increased absorption due to the higher excited-



3 | Experimental techniques 29

state absorption cross-section over the ground-state absorption cross-section owing to
a decrease in transmission (RSA). In certain materials, the intensity of the incident
beam is sufficiently high to deplete the ground state population allowing the incoming
photons to be transmitted through the medium resulting in a decrease in the absorption
(SA). In such situations, the ground-state absorption cross-section is higher than the
excited-state absorption cross-section. In some materials these mechanisms may occur
in a competitive fashion to cause a flip from RSA to SA or from SA to RSA®15, It could
be observed that these mechanisms produce a change in the intensity of the transmitted
light which leads to the change in nonlinear absorption coefficient.

In the presence of RSA, the intensity dependent optical nonlinearity is described by the
equation 3.1.

a(l) = ay + BI (3.1)

a(l) is the effective (saturated) absorption coefficient, a, is the low-intensity
unsaturated linear absorption coefficient and g is the nonlinear absorption coefficient.
B can be calculated from OA ZS curves using the theoretical geometry developed by
Bahae et al. For RSA curves, the normalized change in the transmitted energy T (z) is
given by the equation® 3.2.

O [BloLesr /(L + YD
1= mZo (m + 1) (32)

The effective thickness of the sample, L. and the peak intensity at the focus, I, is
given by the equations 3.3 and 3.4 respectively.

Lesr = 1—exp(—aol)/ay (3.3)

I, = E/t(mw?) (3.4)

where, L is the sample thickness, E is the beam energy at the sample and t is the pulse
width. The Rayleigh length z, is given by z, = mw2/A and laser beam waist w, is
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given by wy = fA/D, where f is the focal length of the lens, A the wavelength of laser
and D, the radius of the beam. The translation coordinate normalized by the Rayleigh
length is denoted by y = z/z,.

The self-focussing nature of reverse saturable absorbers can be used to limit the optical
intensity transmitted through a system. Such materials exhibit linear transmittance at
low powers, but behave opaque at higher intensities. An ideal optical limiter (OL)
should have a large ratio of excited-state absorption cross-section to ground-state
absorption cross-section over a wide range of spectrum with a fast response time. The
optical limiting performance of such materials can be analyzed with the help of
transmittance vs input energy plot'® or output fluence vs input fluence plot'’. The
transmittance vs input energy plot can be obtained from OA ZS curve data by
substituting the beam waist with position dependent beam spot size as w3 (1 + z2/z%)
in equation 3.4. Hence, the equation can be re-written as follows.

Iy

1) = 1+ (z2/z3%)

(3.5)

The data from z < 0 presents the OL curve and the limiting threshold is determined
graphically at the intersection between the linear and nonlinear parts of the OL curve.

The normalized transmittance for SA curves is given by the equation’ 3.6.

T(z) = Z [—aloLesr/(1+yH)™ (3.6)
m=0

(m+1)

where, the nonlinear absorption coefficient for homogeneous®® and inhomogeneous
broadening'**® systems is given by equation 3.7 and 3.8, respectively where I is the
saturation intensity.

a(l) = (%‘;/w) 3.7)
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Qo
D=——
0 ( 1+ (1/15)> (38)

To interpret the concurrence of RSA and SA, the effective absorption coefficient as in
equation 3.9, combines the negative SA coefficient (first term) and the positive RSA
coefficient (second term)”20:2L,

Qo

The imaginary part of third-order susceptibility is related to g through the equation
3.10 and is expressed in m?V 2,

fnieocd

i (3.10)

Im x®

Applications of RSA materials are for the purpose of shortening and smoothening laser
pulses. RSA materials are also excellent optical limiters which have application in laser
damage protection to human eyes and sensors. Materials with SA property find
application in passive Q-switching or mode locking lasers. Such effects that occur in
semiconductors are used as SA mirrors. Saturable absorbers are also useful for
nonlinear filtering of the laser beam and in optical signal processing. Reverse saturable
absorbers in conjunction with saturable absorbers can be used to mode-lock lasers for
which gain medium have high saturation energies where the SA material cuts the
leading edge of the pulse while the other cuts the trailing edge?.

3.1.3 CLOSED APERTURE Z-SCAN

In CA ZS experimental configuration, the transmittance is measured through an
aperture placed in the far field. This configuration exploits the spatial broadening and
narrowing of Gaussian beams in the far field due to the self-focusing and self-
defocusing effect caused by the nonlinear interaction of the laser beam with the
material. The size of the aperture is represented by its linear transmittance and is usually
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of the range 10 - 50 %. The position of the aperture should be in the far field i.e. greater
than zo and the typical values range from 20z, to 100z,. All other experimental
configuration and procedure are similar to OA ZS.

The sample can be regarded as a thin lens with a variable focal lens. As the sample is
scanned far away from the focus where the beam irradiance is low, no nonlinear effect
predominates and hence the transmittance is constant. As the sample nears the focal
profile, different features were observed for materials with different nonlinear property.
As the irradiance begins to increase, the material with negative lensing effect (diverging
lens), tends to collimate the beam leading to beam narrowing at the aperture. This
causes an increase in the transmittance resulting in a peak in the ZS curve. At the focus,
the sample produces minimal change in the transmittance behavior. Beyond the focal
plane, the same defocusing effect tends to diverge the beam, leading to a beam
broadening at the aperture resulting in a decrease in the transmittance. This is analogous
to scanning a diverging lens instead of the sample. A representation of this picture is
illustrated in figure 3.3. The green shade is the actual focal profile without the sample
while the red dashed line guides the beam profile in the presence of the sample. Thus
for a self-defocusing nonlinearity, the typical CA ZS curve observed is a peak at the
pre-focal position followed by a valley at the post-focal position. The observance of a
peak-valley in ZS curve indicates a negative nonlinear refraction.

Usually, the ZS curves have similar peak height and valley depth. Sometimes
asymmetry may arise in the ZS curve due to the effect of nonlinear absorption in the
CA geometry, resulting in a suppressed peak and enhanced valley. The theoretical fit
of such data is performed by a procedure which takes into account the best pair of
values (B,n,) representing both results from OA and CA data. The normalized
transmittance of the symmetric®® and asymmetric peak-valley** ZS data is given by
equation 3.11 and 3.12 respectively.

877:]/ nzloLeff
A @+ + 1)

T(z)=1- (3.11)

8my  nalgLegsy B BloLers(y* + 3)
A @2+90@2+1D) F2+9F*+1)

T(z) =1+ (3.12)
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Figure 3.3: Typical CA ZS curves of samples with negative lensing effect
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Figure 3.4: Typical CA ZS curves of samples with positive lensing effect
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For a positive lensing effect the opposite occurs, leading to a valley-peak ZS curve (see
figure 3.4). The normalized transmittance of the symmetric? and asymmetric valley-
peak? ZS data is given by equation 3.13 and 3.14 respectively.

87'[}/ nZIOLeff

T@ =1+ 1902+ D

(3.13)

8my  MuloLesy 3 BloLesr(y® + 3)

2 2+DFE+1D) (2 +9DGE+1) (3.14)

T(z)=1-

Bahae et al.? proposed a simpler and direct measurement of nonlinear refractive index
provided the sample has a good optical quality to resolve the transmittance changes by
1%. For a phase distortion, |A®y| < m the nonlinear refractive index, n, can be
calculated in Sl system using the equation 3.15.

AT,_,
= .35 (3.15)

n;

where AT,,_,, is the distance between normalized peak and valley transmittance and k
is the propagation constant.

The n, value can be converted into Sl system by using the following equation.

n,(esu) = % n, (mZ/W) (3.16)

The asymmetrical ZS curves (enhanced peak/suppressed valley or vice versa) carry
nonlinear absorption effect since the CA ZS measurement is sensitive to both nonlinear
absorption and nonlinear refraction. In such cases, dividing the CA data by OA data
yields a ZS curve only due to nonlinear refraction resulting in a symmetrical curve as
shown in figure 3.5. The n,value can be calculated using either of these equations 3.11,
3.13 or 3.15.
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c)

Figure 3.5: Effect of nonlinear absorption in CA ZS curve (a) and its exclusion by
dividing it with OA ZS data (b) resulting in a symmetrical CA ZS curve (c)
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The real part of third-order susceptibility is related to n, through the equation 3.17 and
is expressed in m2V 2. The third order nonlinear susceptibility, y( is calculated using
the equation 3.18.

Re y® = 2n2gycn, (3.17)
2 2 1/2
$® = [(Re ) + (Im x®) ] (3.18)

Materials with high nonlinear refractive index are desirable for all-optical ultrafast
switching, signal regeneration and high-speed demultiplexing applications. However,
such materials have small bandgap energy and also often possess strong two-photon
absorption. This may be unfavorable for certain applications in communication
networks such as channel conversion.

3.2 TECHNIQUES USED IN ASE MEASUREMENT
3.2.1 THIN FILM PREPARATION

Thin films from solution processable organic materials can be prepared using various
deposition techniques such as drop casting, dip coating, tape casting (doctor blade
technique), spin coating, spray pyrolysis, inkjet printing and Langmuir-Blodgett
technique. The thin film prepared in the present studies for fabrication of planar micro-
cavity laser is by a simple drop casting technique.

3.2.1.1 Drop casting

Drop casting involves placing drops of solution on a pre-cleaned substrate and allowing
solvent evaporation at either ambient or controlled environment. It is advisable to use
highly cleaned substrates and to treat it with a basic NaOH solution, piranha solution,
oxygen plasma or UV-Ozone to enhance the wetting properties of the substrate surface
especially when water is used as the solvent. This technique is used in thin films where
a thickness of hundreds of nanometer is required. The thickness is proportional to the
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concentration of the solution. However, there is no provision to control the thickness
of the film. The advantage of this technique, other than being simple, is that there is no
wastage of material. The demerits are poor surface uniformity and evaporation time.
However, evaporation rate can be controlled by increasing the temperature or by
providing saturated solvent vapor atmosphere.

3.2.2 ASE EXPERIMENTAL SETUP

A typical setup, depicted in figure 3.6, for amplified spontaneous emission and lasing
is discussed here. The thin film samples prepared by drop casting method was pumped
by Nd:YAG laser from Spectra Physics (Quanta-Ray, LAB-190-10). The pulse
duration and repetition rate of this laser are 7 ns and 10 Hz respectively. The frequency-
doubled and -tripled were used to excite the thin film sample. The circular beam was
transformed to a beam of stripe geometry with 1 mm x 10 mm dimensions using an
aperture and cylindrical lens. A block was placed on the path of the beam to control the
dimension of the beam. The thin film sample was secured firmly on a stand and was
pumped transverse to the axis of the film. The emission was found emanating from the
edges of the film and was collected with a 200 pm diameter fiber connected to Ocean
Optics HR4000 spectrometer with a resolution of 0.21 nm. As we observed a highly
directional and strong emission, no optics was used to collect the output emission to
the fiber. Suitable neutral density filters were used at the pump beam and emission
beam to vary the pump energy and to adjust the output intensity.

The output emission intensity was measured as a function of input pump energy, which
helps us to determine the threshold energy and confirm spectral narrowing. The
exponential gain coefficient was measured by Shaklee method by introducing a block
to cut down the stripe geometry to 1 mm x 5 mm. The output intensities with an
excitation stripe length of 10 mm and 5 mm were used to calculate gain coefficient
using equation 5.4 discussed in section 5.2.



3 | Experimental techniques

Figure 3.6: ASE experimental setup to measure emission intensity from planar
microcavity.

39
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3.3 TECHNIQUES USED IN ELECTROLUMINESCENT
MEASUREMENT

3.3.1 FABRICATION OF LIGHT EMITTING DIODES

The ease of fabricating polymer light emitting diodes lies in using simple techniques
for preparing thin films such as spin coating, inkjet printing etc. However for cathode
deposition we used the thermal evaporation technique. The following subsections
describe the fabrication technigques used in this investigation.

3.3.1.1 Spin coating

Spin coating is a common technique widely used in the preparation of thin films of few
nanometers to hundred nanometers. A typical process involves dropping a few volume
of the order of microliters of the material in a volatile liquid over the substrate, which
is then spun at thousands of rpm. The centrifugal force on the material causes the
solution to spread across the substrate finally causing it to splatter over the edge of the
substrate. Further spinning at high speeds allows the volatile solvents to evaporate
leaving the material uniformly spread over the entire substrate. The thickness and
quality of the material depend on various parameters making the repeatability a
common issue. The parameters are concentration of the material, volatility and
viscosity of the solvent, volume of the material dropped, spin speed, acceleration and
duration, surface tension, vapor pressure, temperature, local humidity, pretreatment of
the substrate to enhance the wetting properties, etc. However, the thickness of the thin
film of the same material can be varied by changing the concentration of the solution
and spin speed. The solvent for the material is so chosen as to allow it to completely
evaporate at the end of spinning process. Sometimes it may be required to anneal the
coated substrate to ensure complete evaporation. The formation of good quality films
also lies in sleight of the hand, acquired through practice.

There are two types of dispensing methods depending on the type of dispense of the
material used. They are static and dynamic dispense. In static dispense, the material is
first dropped on a static substrate so as to cover the whole substrate or at least on the
active area. The substrate is first spun at lower speed ensuring complete coverage and
then gradually ramping up to a higher speed to achieve required thickness. In dynamic
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dispense, the substrate is first spun at the required speed and carefully dropping the
material exactly at the center of the substrate. Both these dispense methods have their
own advantages and applications.

We now discuss some of the troubleshooting of various spin coating defects

Film too thick or too thin — Usually thickness can be varied by changing the
spin speed and duration along with the concentration of the material.

Air bubbles on the substrate — The use of proper and neat dispensing tip helps
to avoid air bubbles in the material dispensed on the substrate.

Nonuniformity —VVacuum warping of the thin substrate allows the solution to
be controlled by the vacuum pulling resulting in undesired film quality.
Nonuniformity also appears due to unintentional dropping of solution after
dispensing or by contact made by the dispensing tip on the substrate.

Hole in the middle — Sometimes the material is not coated on the center of the
substrate. This appears when the solution is not dispensed exactly at the center
of the substrate.

Pin holes, Comet, Streaks or Flares — These irregularities appear due to any
solids, such as impurities, aggregation/agglomeration or undissolved material
present in the solution. It is better to ensure the use of clean pretreated
substrates and completely soluble material by sonication and filtration of the
solution.

Radiative Striations — Striations?”?® are radially oriented lines of thickness
variation found on the surface of the coated thin film due to the instability in
the surface tension during solvent evaporation. Although the exact reasons to
these undesired effects are not well understood, addition of surfactants and co-
solvents®® can reduce striations and other coating effects.

Uncoated areas — The uncoated areas appear if the dispensing volume is too
low so as not to cover the entire substrate. Static dispensing might help in this
aspect. Another reason is the non-wetting property of the substrate which can
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be avoided by treatment with basic NaOH or Oxygen plasma or UV-Ozone to
produce OH surface terminations.

The Manufacturer/ Model of the spin coater used in this study is Automation &
Produktionstechnik GmbH, SPIN 150. The thickness of the polymer films were
estimated by optical reflectance measurements using ThetaMetrisis (FR-pOrtable) with
an accuracy of 1 nm.

3.3.1.2 Thermal evaporation

Thermal evaporation is a simple and common physical vapor deposition technique. A
thermal evaporator uses an electric resistance heater to melt the target material (source)
and evaporate it to be deposited on a substrate. This process is accomplished at a high
vacuum of the order of 107" mbar. Such high vacuum is achieved by a turbo pump
backed by a rotary pump. The water-cooled vacuum chamber consists of two sets of
electrodes, one to carry lithium fluoride in an encased molybdenum boat and aluminum
in a tungsten filament. The chamber also consists of a quartz crystal monitor (QCM)
for precise measurement and control of deposition rate and thickness using a Digital
Thickness Monitor (DTM). This measurement technique operates on the principle of
piezoelectric effect. The RF voltage applied to the QCM allows it to resonate at its
natural frequency. At constant temperature, the frequency remains stable unless the
mass of the crystal varies. The mass of the QCM is increased by real-time deposition
of the material, which leads to reduction of the resonant frequency and is electronically
measured to compute real time deposition rate and thickness of the depositing thin film.
For this computation, material density, its acoustic impedance and tooling factor are
provided as deposition parameters to the DTM. The tooling factor was estimated by the
equation 3.19 and was found to be 100 %.

2
sc

D
Tooling factor = (D—) X 100 % (3.19)

SS

where, D, is the distance between source and crystal and D, is the distance between
source and substrate

The deposition parameters for lithium fluoride and aluminum are listed below.
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Table 3.1: Deposition parameters for digital thickness monitor

Material Density Acoustic Impedance
(g/em’) (x 105 g cm2 s1)
Lithium Fluoride 2.64 11.41
Aluminum 2.70 817

The Manufacturer/Model of the thermal evaporator used to deposit lithium fluoride and
aluminum is a 10 Volt, 200 Ampere system from Hind High Vacuum.

3.3.2 CHARACTERIZATION OF LIGHT EMITTING DIODES

All the light emitting diodes fabricated were tested by analyzing luminance-current
density-voltage (L-J-V) characteristics and electroluminescence.

The luminance and current density were measured simultaneously by sweeping the
voltage from 0 — 20 V using Keithley 2400 source measure unit (SMU). The current
through the device was also measured using the source measure unit. For luminance
measurement, we used a silicon amplified photodiode, PDA 36A-EC from Thor labs
connected to a Keithley 2000 digital multimeter (DMM). The photodiode was
calibrated using gallium nitride LED with an emission wavelength of 528 nm. The
current through the device measured from SMU was converted to current density in
mA/cm? and the photocurrent measured from DMM was converted to luminance in
cd/m?. The current density and luminance was measured simultaneously by connecting
SMU and DMM to a computer through General Purpose Interface Bus, controlled by a
LabView program.

The electroluminescence was measured using Ocean Optics HR4000 spectrometer with
a resolution of 0.21 nm. All measurements were carried out at room temperature and
in lab environment.



44 DNA PHOTONICS

3.4 CONCLUSIONS

The experimental setup, techniques and calculation methods for nonlinear
measurements and amplified spontaneous emission are discussed. The fabrication
methods and characterization techniques of light emitting diodes are also described in
detail.

REFERENCES

1M S Bahae, A A Said, E W V Stryland, High-sensitivity, single-beam n, measurements,
Opt. Lett., 14, 955, (1989)

2 M S Bahae, A A Said, T H Wei, D J Hagan, E W V Stryland, Sensitive measurement of
optical nonlinearities using a single beam, IEEE J. Quant. Electron., 26, 760, (1990)

3 M S Bahae, M P Hasselbeck, Chapter 17: Third order optical nonlinearities, in Handbook
of Optics: Volume 1V - Optical Properties of Materials, Nonlinear Optics, Quantum Optics,
M Bass, Eds., The McGraw-Hill Companies Inc., (2000)

4 E WV Stryland, M S Bahae, A A Said, D J Hagan, Characterization of nonlinear optical
absorption and refraction, Prog. Crystal Growth and Charact., 27, 279, (1993)

S E W V Stryland, M S Bahae, Z-scan measurements of optical nonlinearities, in
Characterization Techniques and Tabulations for Organic Nonlinear Materials, M G
Kuzyk, C W Dirk, Eds., Marcel Dekker, Inc., (1998)

& T Cassano, R Tommasi, A P Meacham, M D Ward, Investigation of the excited-state
absorption of a Ru dioxolene complex by the Z-scan technique, J. Chem. Phys., 122,
154507, (2005)

7Y Gao, X Zhang, Y Li, H Liu, Y Wang, Q Chang, W Jiao, Y Song, Saturable absorption
and reverse saturable absorption in platinum nanoparticles, Opt. Commun., 251, 429,
(2005)

8 B Karthikeyan, M Anija, C S S Sandeep, T M M Nadeer, R Philip, Optical and nonlinear
optical properties of copper nanocomposite glasses annealed near the glass softening
temperature, Opt. Commun., 281, 2933, (2008)

® FLi, P Lu, HLong, G Yang, Y Li, Q Zheng, Nonlinear absorption in CuPc-doped PMMA
thin film in the femtosecond regime: Experimental and theoretical studies, Opt. Express,
16, 14571, (2008)

1Y J Ma, J | Oh, D Q Zheng, W A Su, W Z Shen, Tunable nonlinear absorption of
hydrogenated nanocrystalline silicon, Opt. Lett., 36, 3431, (2011)



3 | Experimental techniques 45

11.B Nithyaja, H Misha, P Radhakrishnan, V P N Nampoori, Effect of deoxyribonucleic acid
on nonlinear optical properties of Rhodamine 6G-polyvinyl alcohol solution, J. Appl.
Phys., 109, 023110, (2011)

12.C P Singh, K S Bindra, S M Oak, Nonlinear optical studies in semiconductor-doped glasses
under femtosecond pulse excitation, Pramana, 75, 1169, (2010)

13.G Sreekumar, P G L Frobel, C | Muneera, K Sathiyamoorthy, C Vijayan, C Mukherjee,
Saturable and reverse saturable absorption and nonlinear refraction in nanoclustered Amido
Black dye—polymer films under low power continuous wave He—Ne laser light excitation,
J. Opt. A: Pure Appl. Opt., 11, 125204, (2009)

4N K M N Srinivas, S V Rao, D N Rao, Saturable and reverse saturable absorption of
Rhodamine B in methanol and water, J. Opt. Soc. Am. B, 20, 2470, (2003)

%R Wang, Y Wang, D Han, C Zheng, J Leng, H Yang, Modeling and identification on
nonlinear saturable and reverse-saturable absorptions of gold nanorods using femtosecond
Z-scan technique, Chin. Opt. Lett., 10, 101902, (2012)

16.5 A Joseph, Investigations of optical interaction process in certain photonic materials using
Z-scan and thermal lens techniques, Ph. D thesis, Cochin University of Science and
technology, (2006)

E W V Srtyland, Y Y Wu, D J Hagan, M J Soileau, K Mansour, Optical limiting with
semiconductors, J. Opt. Soc. Am. B, 5, 1980, (1988)

18 A E Seigman, Chapter 4: Atomic rate equations, in Lasers, University Science Books,
(1986)

%M Samoc, A Samoc, B L Davies, Saturable absorption in poly(indenofluorene): a picket-
fence polymer, Opt. Lett., 23, 1295, (1998)

20.Z Liu, Y Wang, X Zhang, Y Xu, Y Chen, J Tian, Nonlinear optical properties of graphene
oxide in nanosecond and picosecond regimes, Appl. Phys. Lett., 94, 021902, (2009)

2L.J Wang, B Gu, H T Wang, X W Ni, Z-scan analytical theory for material with saturable
absorption and two-photon absorption, Opt. Commun., 283, 3525, (2010)

22Y B Band, B Scharf, Engineering reverse saturable absorbers for desired wavelengths,
Chem. phys. Lett., 127, 381, (1986)

3.5 Mathew, A D Saran, B S Bhardwaj, S A Joseph, P Radhakrishnan, V P N Nampoori, C
P G Vallabhan, J R Bellare, Size dependent optical properties of the CdSe-CdS core-shell
quantum dots in the strong confinement regime, J. Appl. Phys., 111, 074312, (2012)

24M Vivacqua, D Espinosa, A M F Neto, Application of the Z-scan technique to determine
the optical Kerr coefficient and two-photon absorption coefficient of magnetite
nanoparticles colloidal suspension, J. Appl. Phys., 111, 113509, (2012)



46 DNA PHOTONICS

2F Q Li, N Zong, F F Zhang, J Yang, F Yang, Q J Peng, D F Cui, J Y Zhang, X Y Wang, C
T Chen, Z'Y Xu, Investigations of third-order optical nonlinearity in KBe,BOsF; crystal by
Z-scan, Appl. Phys. B, 108, 301, (2012)

%.R A Ganeev, A S Zakirov, G S Boltaev, R | Tugushev, T Usmanov, P K Khabibullaev, T
W Kang, A A Saidov, Structural, optical, and nonlinear optical absorption/refraction
studies of the manganese nanoparticles prepared by laser ablation in ethanol, Opt. Mater.,
33,419, (2011)

27.X D Min, X Orignac, R M Almeida, Striation-free, spin-coated sol-gel optical films, J. Am.
Ceram. Soc., 78, 2254, (1995)

8.4 Kozuka, Y Ishikawa, N Ashibe, Radiative striations of spin-coating films: Surface
roughness measurement and in-situ observation, J. Sol-Gel Sci. Technol., 31, 245, (2004)

2%.D P Birnie, Rational solvent selection strategies to combat striation formation during spin
coating of thin films, J. Mater. Res., 16, 1145, (2001)



Effect of DNA on nonlinear optical properties
of dyes

Abstract

The nonlinear optical property of DNA has been investigated earlier and had
observed reverse saturable absorption due to two photon absorption property
in DNA-poly vinyl alcohol system. An earlier report from our lab shows the
addition of DNA flips the SA curve of Rhodamine 6G to RSA. We were interested
to extend this investigation in other dyes with different nonlinear optical
properties. Therefore, we chose two dyes, one that exhibits RSA and other with
RSA-SA curves. This chapter presents the results on the nonlinear optical
properties of these two dyes, namely PicoGreen (PG) and Triazatriangulenium
(TATA) salt. This chapter also describes the effect of DNA on nonlinear optical
properties of PG and TATA.
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4.1 INTRODUCTION

Nonlinear optics is a branch of science that deals with the interaction of light with
matter under circumstances such that the linear superposition principle is violated.
Some of the nonlinear optical processes include second, third and higher optical
harmonic generation; sum and difference frequency generation; optical parametric -
generation, oscillation and amplification; optical Kerr effect; four-wave mixing;
Raman amplification; phase conjugation; multiphoton absorption; etc. These processes
lead to various applications such as harmonic generation in lasers, all-optical switching,
optical data storage, optical power limiting in laser goggles, image processing and its
manipulation, holography, optical solitons in optical fiber communication, electro-
optical waveguides, parallel and spatial processing capabilities in optical computing
and as sensitizers for photodynamic therapy in human body.

Although inorganic nonlinear optical crystals are well studied, organic nonlinear
optical materials are not investigated in detail. New organic nonlinear optical materials
are in great need due to their versatility and easy processability. Organic NLO materials
can have non-resonant third-order nonlinear optical susceptibilities, ¥® of the order of
10°%° esu with femtosecond response times®. Delocalized n-electrons, which are free to
travel along the conjugated structure or backbone of molecules and polymers, are the
key factor in high nonlinearities in organic materials. Organic materials especially
biomaterials that are biodegradable and biocompatible are the main topic of discussion
in this thesis. The criteria for choosing optical nonlinear materials are those that present
large nonlinear susceptibility, high conversion efficiency, wide transparent range, fast
response and high optical damage threshold.

4.1.1 DNA AS A NONLINEAR OPTICAL MEDIUM

In this section, we discuss the earlier reports describing DNA as a biopolymer material
exhibiting nonlinear optical properties.

Samoc et al.?® employed Z-scan (ZS) technique using femtosecond pulses over a wide
range of wavelengths to determine the complex cubic nonlinear susceptibility of
aqueous DNA solution. Their results confirmed the possibility of moderate two-photon
absorption in DNA at a wavelength of 530 nm, corresponding to twice the wavelength



4 | Effect of DNA on nonlinear optical properties of dyes 49

of its main absorption peak at 260 nm. The nonlinear absorption coefficient of DNA
aqueous solution was estimated to be 0.2 cm/GW. The nonlinear refractive index and
real part of nonlinear susceptibility varied from 2 x 10 to 1 x 10** cm?W and 8 x 10-
1410 5 x 1023 esu, respectively.

Sahraoui et al.* examined second and third harmonic generation from DNA complexes
with NLO dyes. The second harmonic generation signals were very weak with effective
+®@ values of 0.01 and 0.03 pmV-L. However, they obtained significant third harmonic
generation signals. The calculated third order nonlinear susceptibility values from dye-
doped DNA were five times greater than the value reported using the dye only. This
enhancement was attributed to the electronic interactions between n-systems of DNA
and that of the dye molecules. Similar reports were published by Derkowska et al.®
while using oxazolone derivatives with DNA complexes. The intercalation of dye
molecules with DNA complexes promote charge migration and NLO activities.

Third-order optical response leads to third harmonic generation, two-photon absorption
and intensity dependent refractive index, which are the basis for optical switching
devices. Nithyaja et al.® described possible two-photon absorption at 532 nm
corresponding to twice the wavelength of the absorption peak (260 nm) of DNA. The
two-photon absorption coefficient, p was calculated using OA ZS experiment and was
found to be 1.1 x 10t cm/W.

There are also reports of doping DNA with highly fluorescent dye such as, Rhodamine
6G (Rh6G) to measure the change in the nonlinear optical property of the dye using
frequency doubled Nd:YAG laser in nanosecond and femtosecond regimes. Our group®
had reported OA ZS experiments performed on Rh6G-PVA solution to observe SA
response with TPA coefficient of -237 x 102 cm/W. Switching behavior from SA to
RSA was observed on addition of DNA. The TPA coefficient was observed to change
to a positive value of 540 x 102 cm/W. In another work from our group, Sreeja et al.’
reported enhancement in the negative nonlinear refractive index by two orders of
magnitude from Rh6G-PVA film on addition of DNA. Dancus et al.® compared ZS
curves from Rhodamine B using continuous wave (slow) and femtosecond (fast) pump
pulses.
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From the above reported values, it could be concluded that DNA is a moderately
efficient nonlinear photonic material similar to typical organic polymers. It is therefore
our interest, to study the effect of DNA in various nonlinear optical dyes possessing
different nonlinear mechanism.

4.1.2 PICOGREEN DYE

PicoGreen (PG) is a fluorescent dye used in biomedical research for DNA quantitation
assays®. PG belongs to the cyanine family of fluorescent dyes which is commonly
employed as a quantitation reagent used to probe and quantify nucleic acids such as
double-stranded DNA (dsDNA), single-stranded DNA (ssDNA) and ribonucleic acid
(RNA). This assay, as described in various manuals and protocols®!2, is a common
procedure and has gained importance as it is more sensitive than UV absorbance
method. This stain can selectively bind to dSDNA with increased sensitivity (with a
minimum detection range of 25 pg/ml)*® than ssDNA or RNA. PG does not fluoresce
in its pristine form, but on binding/ intercalation with double stranded DNA, the
fluorescence is enhanced by 1000 fold or more. This enhancement has been exploited
in DNA quantitation in solution and gels, real-time PCR, cell chromosome staining and
other techniques*. Dragan et al.»® have recently proposed the possible modes of
binding PG dye to DNA and explained the change in quantum yield and excited state
lifetime. In their paper, it was detailed that the absence of fluorescence was due to
dynamic quenching process via collisional interactions and subsequent dequenching on
intercalation with DNA molecules has improved the fluorescence quantum yield and
excited state lifetime dramatically.

PG (IUPAC: 2- [N-bis-(3-dimethylaminopropyl)-amino]-4-[2,3-dihydro-3-methyl-
(benzo-1,3-thiazol-2-yl)-methylidene]-1-phenyl-quinolinium)*® with its molecular
formula C34H42NsS has an average mass of 552.794983 Da'’. The molecular structure
of the dye has been determined by H. Zipper et al [Zipper, 2004] and is shown in figure
4.1. The excited state lifetime of PG is estimated to be 4 + 3 ps, which is increased to
4.4 +0.01 ns on intercalation with DNA?™. The pristine form of PG has a fluorescence
guantum yield of 0.0006 which was improved by more than 1000 fold to 0.64, on
intercalation with dsDNA and 0.30, on intercalation with SSDNAZ.
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Figure 4.1: Molecular structure of PG dye

PG was made available from Invitrogen, USA. Commercially available PG reagent is
in liquid form with the solvent being dimethyl sulfoxide (DMSQ). The approximate
concentration of the reagent was calculated to be 2.75 x 10~ mol/L based on the molar
extinction coefficient reported by Singer et al.®, as 70,000 cm*M-L. PG was stored away
from light as it is susceptible to photo-bleaching due to prolonged exposure to room
light. Hence, the dye was immediately subjected to investigation once removed from
storage.

The linear normalized absorption spectrum of PG diluted in DMSO is shown in figure
4.2(a). The absorption spectra has a band in the visible region around 440 nm to 540
nm with its peak at 499 nm. The normalized fluorescence of PG is depicted in figure
4.2(b). The intrinsic fluorescence of free PG dye was negligible when excited at 500
nm. This is due to the dynamic quenching process via intramolecular collisional
interaction, which reduces the excited-state lifetime of the order of picoseconds. When
dsDNA is added to the dye, the fluorescence is enhanced many-fold with its emission
peak at 535 nm as clearly seen in figure 4.2(b). This is due to the dye molecules being
trapped in the groves of the DNA, which inhibits collisional interactions, resulting in
an excited-state lifetime of the order of nanoseconds*®.
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Figure 4.2: (a) Normalized linear absorption spectrum of PG dye and (b) normalized
linear absorption spectra of PG:DNA complex and normalized fluorescence
spectrum with and without salmon extracted dsDNA in PG dye

4.1.3 TRIAZATRIANGULENIUM SALT

Triazatriangulenium salt was synthesized at Photosciences and Photonics laboratory at
Council of Scientific and Industrial Research - National Institute for Interdisciplinary
Science and Technology, Thiruvananthapuram. The preparation method was referred
from Laursen et al.’8. Aqueous tetrafluoroboric acid, HBF, (2.5 ml) is added to tris
(2,6-dimethoxyphenyl) carbinol®® in ethanol (100 ml), to which diethyl ether and
petroleum ether each of 100 ml was added. The precipitate that is formed is filtered and
washed with diethyl ether. The obtained greenish black crystals, tris(2,6-
dimethoxyphenyl)carbenium tetrafluoroborate, were prepared in N-methyl-2-
pyrrolidone at a concentration of 200 mg/ml. n-octylamine was added to the above
solution and the reaction mixture was refluxed for 24 h. After cooling, diethyl ether
was added to precipitate the crystals. Recrystallization from methanol yielded thin
needle-like orange-red crystals of triazatriangulenium salt (4,8,12-Tri-n-octyl-4,8,12-
triazatriangulenium tetrafluoroborate). The molecular structure of the salt is shown in
figure 4.3.
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Figure 4.3: Molecular structure of synthesized TATA salt

The normalized absorption spectra of the TATA salt dissolved in acetonitrile is
presented in figure 4.4(a). The absorption of the dye in the visible region extends from
450 nm to 550 nm with its dominant peak at 523 nm and a shoulder at 490 nm. The
normalized fluorescence spectra of TATA salt was recorded while exciting at 523 nm.
Figure 4.4(b) presents the fluorescence spectrum ranging from 540 nm to 640 nm with
a peak at 564 nm. The observed spectra are in accordance with the earlier reports'®%,
On addition of DNA, we observed that the fluorescence peak was shifted from 564 nm
to the 591 nm with a considerable enhancement in fluorescence intensity.

Figure 4.5(a) and 4.5(b) give a detailed picture on the enhancement of fluorescence
from TATA salt. Aqueous solution of DNA at a concentration 8.5 mg/ml was added to
TATA salt in microliters. At low concentration of DNA, a steep decrease in
fluorescence intensity is observed while it enhances above 50 pl of DNA concentration,
as seen in figure 4.5(b). It is also noted that beyond this DNA concentration, there is a
sudden red-shift in the peak fluorescence intensity followed by a gradual blue shift at
a higher concentration. The red-shift and decrease in fluorescence intensity are the
usual observations in fluorescence characteristics of dyes as a function of its
concentration due to the nonradiative relaxation effect. At low values of DNA
concentration, enhancement in the collisional interactions between dye molecules and
DNA reduces the fluorescence intensity and the observed red-shift in the fluorescence
spectra. As the DNA concentration is increased, the intercalation causes the dye
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molecues to occupy the groves in the DNA structure, thereby reducing the nonradiative
relaxation resulting in enhanced fluorescence emission.
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4.2 NONLINEAR OPTICAL PROPERTIES OF PICOGREEN
DYE

4.2.1 NONLINEAR ABSORPTION COEFFICIENT

The original concentration of PG dye, as supplied by Invitrogen was maintained during
ZS experiments. The experimental setup and data analysis described by Bahae et al.?*
are discussed in detail in section 3.1. Figure 4.6 shows the OA ZS curve of the dye at
532 nm with an incident intensity of 0.1 GW/cm?. The picosecond lifetime of the
excited state of the dye inhibits saturation at lower intensities, however at higher
intensity, two photon absorption is possible due to the linear absorption peak at 260
nm. Hence an optical limiting type (reverse saturable absorption, RSA) behavior was
observed with nonlinear absorption coefficient, f at 116.15 cm/GW. The experimental
data was analyzed using two-photon absorption model represented by the equation 3.2.
A decrease in nonlinear absorption coefficient with increased intensity of the incident
laser beam was observed and the results are presented in table 4.1.
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Theoretical fit|
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Figure 4.6: OA ZS curve of PG at an incident intensity of 0.1 GW/cm?
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Table 4.1: Key parameters related to OA ZS experiments of PG dye

Intensity, lo Nonlinear absorption
(GW/cm?) coefficient, B (cm/GW)

Optical limiting threshold,
OLwn (MW/cm?)

0.10 116.15
0.21 72.86
0.32 50.29

36.2
63.0
77.6

To confirm the role of dye in the optical limiting type behavior of the PG solution, OA
ZS was performed on both pure solvent and the dye solution. As shown in figure 4.7(a),
no significant nonlinear absorption was found for DMSO while PG solution showed
strong nonlinear absorption with a TPA coefficient,  estimated to be 40 cm/GW at an
incident laser intensity of 0.35 GW/cm?. This confirms that the optical limiting

behavior is due to the dye only.

One of the important exploits of RSA behavior in materials is its application as an
optical limiter. In principle, an optical limiter is opaque to high input intensities while
transparent at low light intensities. An important term in optical limiting
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Figure 4.7: (a) Comparison of OA ZS curve of DMSO solvent and PG dye solution
(b) Optical limiting response of PG dye at various input intensities.
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(OL) measurement is the limiting threshold. An ideal optical limiting material should
have low limiting threshold. In the present studies, we have used OA data to extract the
limiting threshold by expressing abscissa in terms of input fluence using equation 3.5
described in section 3.1.2.

Figure 4.7(b) shows the OL response of PG dye at different incident intensities and the
limiting threshold was observed at 36.2 MW/cm? at an incident intensity of 0.1
GW/cm?. As the incident intensity was increased, the limiting threshold was found to
increase. The continuous line with an arrow in the figure indicates the approximate
threshold value (OLw) which is determined graphically as the intersection between the
linear and nonlinear part of the OL curve. The OL thresholds at various intensities are
presented in table 4.1.

4.2.2 THIRD-ORDER NONLINEAR OPTICAL SUSCEPTIBILITY

When an aperture of 20 % linear transmittance was introduced in the far field of the
sample (CA ZS), the resulting transmittance exhibited self-defocusing effect with an
asymmetrical peak-valley curve as shown in figure 4.8(b). This suppressed peak and
enhanced valley was due to the fact that the CA measurement is sensitive to both
nonlinear absorption and nonlinear refraction. Some materials such as ZnSe and BaF
showed similar asymmetrical curve as reported by Stryland et al.?2%, Shahriari et al
have also reported a similar ZS results in silver nanofluid®#. By dividing the CA data
(figure 4.8(b)) by OA data (figure 4.8(a)), the ZS curve due to nonlinear refraction
alone could be obtained. Figure 4.9 shows the results of dividing the CA data by the
OA data at an incident intensity of 0.3 GW/cm?.

The linear refractive index, no of the PG dye was measured using Abbe refractometer
and was found to be 1.46. The calculated values of nonlinear refractive index, n, and
third-order nonlinear susceptibility, [x®| using equation 3.11 and 3.18 respectively, are
given in table 4.2. We observed an intensity dependent third-order susceptibility.
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Table 4.2: Key parameters related to CA ZS experiments of PG dye

Intensity, lo Nonlinear refractive Third order susceptibility,
(GW/cm?) index, n2 (cm?/W) x102?  |x®)| (esu) x101?

0.1 -16 9.3

0.2 -0.9 5.2

0.3 -0.5 3.2
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Some cyanine dyes such as PC (1,1’ -diethyl- 3,3,3’,3° -tetramethyl-
indolepentylmethinecyanine iodine) and various other cyanine (polymethine) dyes
which possess considerable nonlinear absorption coefficient, nonlinear refractive
indices and third order susceptibilities have been reported. Research is targeted towards
identifying new materials with higher nonlinear refractive index due to their possible
applications as optical limiters. In this study we introduced material, PG dye that
possess a nonlinear absorption coefficient that is two orders of magnitude higher than
the polymethine dyes?® and a nonlinear refractive index and third order nonlinear
susceptibilities of approximately two orders of magnitude higher than the PC
solution?’,

4.3 EFFECT OF DNA ON NONLINEAR OPTICAL
PROPERTIES OF PICOGREEN DYE

As discussed in section 4.1.1, DNA exhibited strong nonlinear absorption due to two-
photon absorption. To study the role of DNA on the nonlinear optical property of the
PG solution, we performed OA ZS studies on PG with and without DNA. Figure
4.10(a) shows the plot related to OA ZS experiment of the dye and dye intercalated
DNA at an incident intensity of 0.10 GW/cm?. As described earlier, the free dye showed
reverse saturable absorption (RSA) behavior. At lower concentration of DNA in PG
solution, it was observed that the transmitted intensity increased at the focal point
relative to that in PG solution alone. As the concentration of DNA is increased, the
onset of SA behavior is observed away from the focal point. The saturable absorption
effect away from the focus is due to the increased excited-state lifetime caused by
evading intramolecular collision by intercalation of dye molecules with DNA. A dip in
the SA behavior near the focal point is observed indicating RSA at higher intensities
due to the excess dye molecules that are not trapped in the groves of the DNA. It can
be noted that the RSA valley decreases with increase in concentration of DNA. This
indicates the presence of more than one type of nonlinear optical processes taking place
in the DNA:dye complex medium. Such multiple nonlinear absorption processes were
reported by various groups in different materials?®-**. Nithyaja et al.® had reported a flip
of SA to RSA in Rh6G as DNA concentration of DNA was increased. However, in the
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present case, the flip was from RSA to SA as the concentration of DNA was increased.
Figure 4.10(b) and 4.10(c) show the OA ZS experiments performed at an incident
intensity of 0.23 GW/cm? and 0.32 GW/cm? respectively. Though the SA effect (the
humps that flank the central RSA) increased with the concentration of DNA, it
decreased with increase in the overall incident intensity at the focus. From the figure
4.10, it could also be observed that the onset of nonlinear effect starts at lower
intensities as the concentration of DNA is increased.
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Figure 4.10: OA ZS curve of PG (pg) and PG dye intercalated DNA at a
concentration of 2 g/L (pgdna2) and 20 g/L (pgdna20) at an incident intensity of (a)
0.10 GW/cm? (b) 0.23 GW/cm? and (c) 0.32 GW/cm?,
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Theoretical fit for the above experimental plots was obtained by using two-photon
absorption geometry described by equation 3.6 and 3.9, from which I; and B are
calculated. The values of these parameters are presented in Table 4.3. It could be
observed that the TPA coefficient,  of the PG dye varied from 113.05 cm/GW at 0.10
GW/cm? to 42.94 cm/GW at 0.32 GW/cm?. This was in agreement with our earlier
results presented in table 4.1. At 0.10 GW/cm?, B reduced to 51.17 cm/GW on addition
of DNA and remained constant as the incident intensity was increased. It could be
found that the TPA coefficient of the dye decreased as the incident intensity was
increased, but for the dye intercalated DNA the coefficient remained constant with
respect to incident intensity.

Table 4.3: Key parameters related to OA ZS experiments of PG and PG:DNA complex

Incident Nonlme_ar Saturation
. absorption .
Sample Intensity, lo coefficient Intensity, Is
2 ! 2
(GW/cm?) B (cm/GW) (MW/cm?)
pg* 113.05 25.46
pgdna2* 0.10 98.27 27.74
pgdna20* 51.17 62.69
pg* 52.28 55.07
pgdna2* 0.23 52.96 51.48
pgdna20* 51.79 61.94
pg* 42.94 67.05
pgdna2* 0.32 40.29 67.67
pgdna20* 48.66 65.92

* pg — PicoGreen dye; pgdna2 — PicoGreen doped in 2g/L DNA; pgdna20 — PicoGreen doped in
20g/L DNA
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Figure 4.11: (a) Normalized transmittance of PG at an incident intensity of 0.10
GW/cm? as a function of input fluence (b) Comparison of OA ZS curve of DNA in
distilled water and DMSO

In figure 4.11(a), the normalized transmittance is plotted against input intensity. This
data was extracted from the OA ZS curve of DNA (20 g/L) doped in PG dye at an input
intensity of 0.10 GW/cm2 at the focus. The displacement of the sample from the focus,
z in the ZS plot is converted to input intensity using the formula described by equation
3.5. From this plot, it could be understood that at lower input intensities the
transmittance increased while above a critical value (37.5 MW/cm?) the transmittance
decreased. This effect could be exploited in many dye-based optoelectronic devices
such as an optical switch. With the variation of transmitted intensity observed in DNA
doped in dye, it is important to check the effect of DNA on the solvent. Aqueous DNA
solution (15 g/L) was prepared by dissolving DNA in both single distilled water and
DMSO and were subjected to OA ZS. Figure 4.11(b) shows the RSA behavior of DNA
in both the solvents. From the observations, it has been found that there was only a
minor change in their nonlinear absorption. This might be due to a slight difference in
the concentration of DNA.
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4.4ANONLINEAR OPTICAL PROPERTIES OF
TRIAZATRIANGULENIUM SALT

4.4.1 NONLINEAR ABSORPTION COEFFICIENT

OA ZS experiments were performed on the synthesized TATA salt detailed in section
4.1.3. We used the same experimental setup and laser source as used to measure the
nonlinear optical properties of PG dye. Both PG dye and TATA salt have significant
optical absorption at 266 nm, so both shall exhibit two-photon absorption induced
nonlinear optical effect. The OA ZS curve of TATA salt at a concentration 1.00 mg/ml
at an incident intensity of 0.29 GW/cm? is shown in figure 4.12. We observed an RSA
type behavior near the focus, flanked by SA behavior away from the focus. The SA and
RSA behavior is due to the single photon absorption and two photon absorption at 532
nm, respectively. Initially the single photon absorption saturates the excited state of the
dye, and as the intensity increases the two photon absorption dominates the former
process resulting in a RSA valley. Theoretical curve fit was performed on the obtained
experimental data using two-photon absorption model and its coefficient, p was
calculated using the equation 3.6 and 3.9. This plot was similar to OA ZS curve of PG
dye intercalated in DNA. Similar results have been reported in various materials as
discussed in section 4.3. To understand the nature of the nonlinear effect of salt, OA
ZS was performed at various concentrations and incident intensities.

Figure 4.13(a) depicts the OA ZS curve of TATA salt at a concentration of 0.23 mg/mi
by varying the incident intensity of laser from 0.11 GW/cm? to 0.34 GW/cm?, The
nonlinear absorption coefficient was calculated using equation 3.9 and presented in
table 4.4. The TPA coefficient for the salt at a concentration of 1 mg/ml at an incident
intensity of 0.11 GW/cm? was estimated to be 811 cm/GW. Figure 4.13(b) shows the
OA ZS curve of TATA salt by varying the concentration of the salt viz. 0.23 mg/ml,
0.55 mg/ml and 1.00 mg/ml, at an incident laser intensity of 0.30 GW/cm?. It was found
that as the concentration of the dye was increased the transmitted light across the
intensity profile also increased. It could be observed that there is a considerable
increase in the TPA coefficient, B as the concentration of the salt is increased. It could
also be perceived that the TATA salt exhibited intensity dependent nonlinear
absorption coefficient at higher concentration of the salt (1 mg/ml). However at low
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concentrations, the TPA coefficient remained constant with varying incident
intensities.
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Figure 4.12: OA ZS curve of 1.00 mg/ml concentrated TATA salt in acetonitrile at
an incident intensity of 0.29 GW/cm?
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4.4.2 THIRD-ORDER NONLINEAR SUSCEPTIBILITY

CA ZS experiments revealed nonlinear refractive index and third order nonlinear
susceptibility of the TATA salt. With a 10 % linearly transmitting aperture, the ZS
curve plot showed SA effect away from the focus (figure 4.14(b)), like in OA ZS curve
(figure 4.14(a)). This is due to the fact that the measurement was sensitive to both
nonlinear refraction and nonlinear absorption. To cancel this effect, the data was
subjected to similar treatment as in PG dye case. The resulting curve was an
asymmetrical peak-valley as shown in figure 4.15 which indicates a negative refractive
index. Equation 3.12 which involves two-photon absorption term and optical Kerr
effect term was used to fit the experimental data. The best pair of values of B and n»
were used that represents both the results from the OA and CA ZS curves
simultaneously.

The linear refractive index, no of the TATA salt was measured using Abbe
refractometer and was found to be 1.34. The calculated values of nonlinear absorption
coefficient, B and nonlinear refractive index, n, are depicted in table 4.4. The third-
order nonlinear susceptibility, ¥® was calculated from B and n, using the equation 3.10,
3.17 and 3.18 described in chapter 3, and was found to be 5.31 x 102 m?/V? for a salt
concentration of 1 mg/ml at 0.11 GW/cm? incident intensity. It is clear from the table
4.4, that the nonlinear effect of TATA salt enhances with the increase in the salt
concentration at low incident intensities.
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Figure 4.14: (a) OA ZS curve and (b) CA ZS curve of TATA salt at a concentration

of 0.23 mg/ml at an incident intensity of 0.11 GW/cm?
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Table 4.4: Key parameters related to ZS experiments of TATA salt

Nonlinear

TATA salt Incident . Nonlinear
concentration, Intensity, lo EEZ?IEiF::tiIeOan[ refractive index, nz
C (mg/ml) (GW/cm?) B (cm/ GWS (cm?/W) x 1012
0.23 74.84 -2.321

0.55 0.11 101.70 -4.279

1.00 810.89 -5.713

0.23 75.23 -1.324

0.55 0.30 55.55 -0.982

1.00 370.83 -0.642

0.23 71.54 -1.424

0.55 0.34 57.09 -1.423

1.00 333.30 -0.611
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4.5 EFFECT OF DNA ON NONLINEAR OPTICAL
PROPERTIES OF TRIAZATRIANGULENIUM SALT

To study the nature of nonlinearity in TATA salt doped in DNA, we chose the
following weight ratios of TATA salt with DNA viz. 1:0, 1:5, 1:10 and 1:20. We fixed
the concentration of TATA salt in the final solution at 0.5 mg/ml.

To prepare 1:10 sample, 25 ul of 20 mg/ml of DNA aqueous solution is made to 50 pl
by adding water and then added to 200 pul of 1 mg/ml TATA salt solution. Similarly,
for 1:0, 1:5 and 1:20, O pl, 10 pl and 50 ul of DNA solution is made up to 50 pl by
adding water respectively. The OA ZS experiments were performed on these samples
at an incident intensity 0.25 GW/cm?. It could be observed from the figure 4.16, that
the SA peak reduced as the concentration of DNA is increased. The TPA coefficient,
was calculated by theoretically fitting the experimental data using equation 3.6 and 3.9.
Table 4.5 lists the TPA coefficient of all the samples. Similar to the PG:DNA case, the
TPA coefficient reduces as DNA concentration increases.
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Figure 4.16: OA ZS curve of TATA salt and TATA salt doped in DNA of varying
concentrations viz. 100 mg/ml and 200 mg/ml at an incident intensity of 0.25
GW/cm?
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Table 4.5: Key parameters related to OA ZS experiments of TATA salt and
TATA:DNA complex with the salt concentration of 1 mg/ml

DNA Conc., Incident Intensity, lo Nonlinear absorption
C (mg/ml) (GW/cm?) coefficient, B (cm/GW)
0 110.25
50 85.35

0.25
100 82.07
200 78.69

4.6 CONCLUSIONS

We investigated two different dyes, PicoGreen and Triazatriangulenium salt, for their
nonlinear optical property using a simple and efficient transmission ZS technique to
measure nonlinear absorption coefficient and nonlinear refractive index. The TATA
salt was synthesized by reflux method while the PG dye was procured from Invitrogen,
USA. The dyes were so chosen that it has an absorption in the UV (260 nm) region and
to possess fluorescence enhancement by doping it in DNA aqueous solution. Both the
dyes show enormous enhancement in fluorescence in the presence of DNA. The
absorption in the UV region shall enable two-photon absorption at 532 nm. We also
chose the dyes to have different nonlinear property such as an RSA curve (PG) and an
RSA in SA flip (TATA) to compare it with the earlier reports from Rhodamine dye
with an SA curve. The nonlinear absorption coefficients of PG and TATA were
calculated using the two-photon model and was found to have a value of the order of
~100 cm/GW and ~800 cm/GW, respectively. The nonlinear refractive indices of both
the dyes were calculated and found to be of the order of 1012 cm?/W. In comparison
with the materials discussed in Bahae et al.®®, it could be concluded that PG and TATA
would be desirable for all-optical switching applications.
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On introduction of DNA to these dyes, the samples exhibited a decrease in nonlinear
absorption coefficient. These results were similar to the one reported by Nithyaja et
al.*®, where DNA was used as a stabilizing agent in the preparation of silver
nanoparticles. It could be also observed that on increasing the concentration of DNA,
the SA effect was dominant in PG dye while the SA effect reduced in TATA salt. From
the ZS data presented in this chapter, it could be concluded that DNA plays an
important role in the nonlinear behavior of PG and TATA dyes. The multiple nonlinear
mechanisms involved in the dyes in the presence of DNA could be exploited in
developing various photonic devices, especially in optical switching.
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Effect of DNA in lasing medium

Abstract

DNA is known to enhance the photoluminescence of fluorescent dyes. This
enhancement can be attributed to various mechanisms associated with the type
of bonding or intercalation of dye molecules with DNA. Here, we have used
PicoGreen dye, which on addition of DNA enhances its fluorescence by more
than 1000 fold. This enormous enhancement in fluorescence interested us to
take up amplified spontaneous emission (ASE) studies, which could lead us to
the development of DNA based lasing medium. We observed strong emission in
the yellow region of the visible spectrum, with ASE threshold at ~ 2-3 mJ/cm?.
The degradation of the dye under intense laser beam was also investigated and
is found par with available organic dyes.

Publications
Laser Phys. Lett., 12, 125802, (2015)
Proc. of SPIE, 9557, 95570N, (2015)
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5.1 INTRODUCTION

Ever since the identification of DNA by Friedrich Meischer® in 1869 and subsequent
discovery of its molecular structure by James Watson and Francis Crick? in 1953, DNA
has been known as a carrier of inheritance in every living organism. The hereditary
information is stored in the DNA as a code, which is determined by the order or
sequence of the four nucleobases. Till a decade ago, research in DNA has been
associated with genetic engineering, medicine and microbiology. Fluorescence
labelling based DNA sequencing (determining the order of nucleobases in a DNA
strand) methods paved way for interaction between DNA and Photonics, which led to
a new field termed as ‘DNA Photonics’®®. Presently, DNA has been exploited in
various fields of photonics, optoelectronics and nanotechnology. Such bio-derived
materials from nature can provide ‘green’ technology for a sustainable future.

DNA is found to enhance the fluorescence of lasing dyes when attached/ intercalated/
inserted into its strands, thus inhibiting the aggregation of dye molecules. DNA, being
cheaper, renewable, biodegradable and transparent is a suitable candidate as a host
material for lasing/fluorescent dyes’®. First reports on using DNA in lasing medium
were made by Ogata et al.>** in 2000, who presented an interesting claim of amplified
spontaneous emission in organic dye molecules viz. rhodamine 6G (Rh6G),
pyrromethene 556, 4-[4-(dimethylamino) stylyl]-1-dococylpyridinium bromide
(DMASDPB, sometimes referred as Hemi22) when doped in DNA:CTMA. The doping
assisted the disassociation of dye molecules in the strands of DNA that led to the
increase in fluorescence enhancement. Under higher excitation intensities, spectral
narrowing and super-linear response of output intensity was observed. Later, Ogata et
al. designed optical fiber amplifiers by gel-spinning method using DNA lipid complex
doped with europium based rare earth chelates'? and 4-{4-(dibutylamino)-styryl}-1-
methylpyridinium iodide (DBASMPI, sometimes referred as Hemi1)*. This demanded
the necessity to investigate the properties of DNA:CTMA complex for the use in optical
and optoelectronic applications. Hagen et al.** investigated the electrical and optical
properties of DNA:CTMA complex. They found that the complex was highly
transparent in the visible range, low optical loss, thermally stable up to 200 °C and
could tailor the resistivity by varying the molecular weight of DNA. Surprisingly the
complex exhibited properties that are more suitable for an optical material - such as
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refractive index, electrical conductivity, and dielectric breakdown field as discussed in
chapter 2. Following, this several groups started to explore this interesting and
promising optical biopolymer by doping it with various dyes to fabricate solid-state
dye lasers. Steckl and Grote et al.,*>? investigated a number of lasing dyes viz.
europium bromide, 4-(4-[Bis-(2-chloro-ethyl)-amino]-styryl)-1-methyl-pyridinium
tosylate (BASPT) and sulforhodamine 640 in planar waveguides and distributed
feedback laser (DFB) structures.

Kawabe et al.??® continued to explore the use of hemicyanine dye DMASDPB and
weakly fluorescent quinolone derived carbocyanine dyes, DiQC2 with DNA:CTMA
complex. The dyes were so chosen that it has strong fluorescence enhancement on
intercalation/ disassociation with DNA:CTMA. Light amplification from
DNA:CTMA:dye was perceived along with spectral narrowing in the emission spectra
when excited at higher intensities and was compared with PMMA as the host material.
In order to observe lasing from these dyes, optical resonators were incorporated by
fabricating the dyes on a DFB grating plates. Tunability of emission wavelength was
also achieved by the use of dynamic grating realized by the interference of two lasing
pump beams. In another work??" reported by same group fabricated bi-layered devices
consisting of pyridine 1/DNA:CTMA and disperse red 1/PMMA. The device was
excited with a pump beam while using two interfering beams for grating formation to
observe a tunable lasing at around 680 nm. They also developed a simple immersion
technique®®! of staining dyes to undoped DNA:CTMA films. This technique yielded
highly concentrated films of Hemi 22, Hemil and Eosin Y, which otherwise could not
be fabricated by conventional techniques. They also discovered that the emission
properties of Eosin Y changed by using different surfactants such as
Benzylcetyldimethylammonium (BCDA), Methyltrioctylammnonium (MTOA) and
Dimethyldistearylammonium (DMDA) instead of CTMA.

Mysliwiec et al.®23° used surface relief grating as distributed bragg reflectors (DBR) to
realize lasing from organic laser dyes such as Rh6G, spiropyran and 3-(1,1-
dicyanoethenyl1)-1phenyl-4,5dihydro-1H-pyrazole (DCNP) doped in DNA:CTMA as
well as pure DNA films. Recently they had demonstrated tunable lasing from Rh6G*
based on aggregate formation by varying the concentration of the dye molecules. Hung
et al.*! and Lin et al.*? claimed low threshold and high gain, when Rh6G was loaded in
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DNA modified by benzyltrimethylammonium (BTMA) surfactant instead of
predominantly used CTMA. It was proposed that BTMA aided efficient energy transfer
which led to the improved performance. Nithyaja et al.*® has used DNA from herring
sperm doped with Rh6G in polyvinyl alcohol matrix to observe enhancement in ASE
intensity with a decrease in lasing threshold. From the above reports, it could be
perceived that DNA plays as a good host material for most of the lasing dyes. Similar
studies were demonstrated with Rhodamine B dye by Rujoiu et al.*4. It additionally
enhances the fluorescence of the dyes and have good film forming capabilities. These
advantages make DNA an alternative over other conventionally used host materials
such as PMMA and PVA.

In the present work, we introduce Picogreen (PG) dye as a lasing medium. PG is a
fluorescent probe, generally used in biomedical research for quantitation of double and
single stranded DNA and RNA. PG, an asymmetrical cyanine dye, does not fluoresce
in its pristine form, but on binding with double stranded DNA, the fluorescence
enhanced by 1000 fold or more®. This enhancement has been exploited in DNA
guantitation in solution and gels, real-time PCR, cell chromosome staining and other
techniques?. It has been found to be more efficient way to quantify DNA over other
conventional methods such UV-visible spectroscopy or over other fluorescent probes
such as Hoechst 33258. PG can be used to detect dSDNA as little as 1 ng/ml and require
very small amount of sample. Dragan et al.*” have recently proposed the possible modes
of binding to DNA and explained the change in quantum yield and excited state
lifetime. In their paper it was detailed that the negligible fluorescence was due to
dynamic quenching process and subsequent dequenching by intercalation with DNA
molecules due to the immobilization of dye molecules due to electrostatic interaction
has improved the fluorescence quantum yield and excited state lifetime dramatically.
This enormous enhancement in fluorescence made us interested to take up the
amplified spontaneous emission studies, which could lead us to the development of a
new active lasing medium.

Most of the works reported in respect of DNA lipid complex with lasing emission in
the orange — red region. In this chapter, we present the results on yellow emitting
PicoGreen as a lasing dye in the presence of DNA:CTMA lipid complex. An optimum
weight ratio of DNA and PG mixture was measured at which it exhibited maximum
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fluorescence. We then prepared a thin film by drop casting a mixture of DNA:CTMA
and PG and allowed to dry in the vacuum. Absorption and fluorescence spectroscopy
studies were performed on thin film samples that gave an insight into its emission
properties. The samples were excited by nano-second laser to study the validity of the
dye as a lasing material. Additionally the exponential gain coefficient and
photostability of the dye were also analyzed.

5.2 THEORY OF AMPLIFIED SPONTANEOUS EMISSION

The three important prerequisites of a laser are gain medium, population inversion and
optical resonator. The phenomena of lasing action begin with the absorption of a photon
by an electron at ground level and its subsequent excitation to an excited level
(stimulated absorption), consuming the energy of the photon it absorbed. On spending
its lifetime at the excited level, the electron decays to the ground level and thereby
emitting a photon with an energy equal to the bandgap between the excited state and
ground level (spontaneous emission) and thus satisfying the law of conservation of
energy. However, while at the excited state, had the electron encountered a photon of
specific frequency, the electron de-excites to the ground level faster than the normal
radiative decay process and thereby emitting a photon with its phase correlated to the
photon it encountered (stimulated emission), satisfying both laws of conservation of
energy and momentum. The incident photon is not absorbed by the excited electron,
but is radiated back along with the emitted photon thus providing amplification. This
process cascades a chain reaction to generate thousands of photons of similar
characteristics to that of the incident photon. Both spontaneous emission and stimulated
emission occur in a competitive fashion. Sometimes the spontaneously emitted photon
may stimulate an excited electron to radiate a photon similar in characteristics (identical
phase, frequency, polarization and direction) to the first few photons generated by the
spontaneous emission. Such a process of amplifying the spontaneously emitted photons
by the process of stimulated emission in a single-pass through a gain medium is known
as Amplified Spontaneous Emission (ASE).

When the first requirement of a laser is provided i.e. an active medium, amplification
of light or optical gain is achieved by stimulated emission. In addition to the gain
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medium, if the second requirement is achieved i.e. population inversion by pumping
sufficient and appropriate energy to the active medium, the stimulated emission
dominates the spontaneous emission. The first two requirements impose a limitation
on the output gain which is dependent on stimulated emission cross section, population
density difference and effective gain length. The stimulated emission cross section of
a particular laser transition is essentially a constant for a medium and the population
density difference is limited in any particular energy level*®. Hence the third
requirement, optical resonator cavity when provided, applies feedback to allow the
light to take multiple passes inside the gain medium, a way of extending the effective
length of the gain medium and thus improving the gain, directionality,
monochromaticity and coherence of the output laser beam.

Here the amplification is achieved due to the gain medium while the domination of
stimulated emission is due to the population inversion. The resonator cavity extends
the active medium to improve the gain by many-fold. To identify a gain medium, an
efficient way is to confirm ASE. The important condition for ASE is to have sufficient
number of excited state molecules at the metastable state or upper laser level. Some
lasing medium have exceptionally high gain that they do not require optical resonator,
yet emit very bright and spatially coherent beam due to their high amplification of
spontaneous emission. They are termed as mirror-less lasers and are used where no
temporal coherence is required. Some of the available mirror-less lasers are N2 laser
(337 nm), H2 laser (120 nm), He-Ne laser (3.39 m), He-Xe laser (3.51), few pulsed
excimer lasers, high-gain dye laser amplifiers, high-gain semiconductor diode laser®.
The enormously large and powerful natural lasers which occur in interstellar space are
also examples of mirror-less or ASE laser systems.

In spontaneous emission (fluorescence/thermal emission) decay of excited state
electrons happens without any external influence. This emission although centered on
a single wavelength, they have large linewidth ranging from a few tens to hundreds of
nanometer. The individual photons do not have phase correlation between them and
they emanate in random direction. In contrast, amplified spontaneous emission possess
distinct features that are intermediate between a laser and a conventional light source.
The features are (1) moderate directionality — stimulated emission emits in the same
direction as the incident photon, yet resonators can achieve low divergence beam as
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that of laser oscillator; (2) spectral narrowing — This narrowing is due to the fact that
stimulated emission generates photons of similar frequency as that of the incident
photon. However, in systems of planar microcavity or cuvette cavity, the planar/
cuvette faces act as resonators to provide particular mode propagation with high gain
that enhances the narrowing to the order of subnanometer as in lasing; (3) limited
coherence — ASE exhibits low temporal coherence due to the spontaneous emission,
but may be spatially coherent depending on the circumstances; (4) super-linear
response of output intensity — This super-linear response with respect to input energy
implies the amplification taking place in the gain medium; (5) intense output beam —
the emitted output light consists of a beam due to low divergence; (6) saturation gain —
ASE occurs in materials with high gain without the aid of resonators. It is necessary to
have gain amplification for the medium to lase.

Mathematically gain is defined as the natural logarithm of ratio of number of photons
emitted to the number of photons absorbed. The gain as dictated by Shank’s technique®
is calculated by measuring ASE intensity as a function of excitation length of the pump
beam at the same wavelength. In this technique, a laser beam of stripe geometry is used
to pump the sample using a cylindrical lens. The output ASE intensity was measured
with a given length, L and L/2. The length of the stripe is varied by using a beam block.
According to the theory described by Shaklee et al.%!, the rate of change in the
fluorescence intensity with respect to the stripe length is given by

j—i = AP, + gl (5.1)
where, | is the fluorescence intensity propagating along x axis

A is a constant related to spontaneous emission cross section

Po is the pump intensity

gis the net gain (g=g'- )

g’ is the gain due to stimulated emission, and

a is the net optical loss
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The solution to equation 5.1 is

A0 oxp [gAL — 1] (52)
exp — .
g P Y

where, L is the stripe length

For a stripe length of L/2, the equation 5.2 changes to

AP,
o &P [g(DL/2 = 1] (5.3)

From equation 5.2 and 5.3, the gain could be deduced as

ln [— _ 1] (5.4)
I/,

To validate a dye as a gain medium, it is necessary to confirm the following features as
discussed by Samuel et al.52. ASE can be considered as lasing without optical feedback
and this phenomenon strongly increases the chance of lasing action.

e The output beam will have a narrow linewidth emission of the order of few
nanometers.

e A distinct threshold is observable in output intensity with respect to the input
power.

e A distinct threshold is observable in linewidth of the emission spectra with
respect to the input power.

e The emitted light consists of a beam with low divergence.

In some cases where lasing modes are observed, it would require additional
measurements such as polarization and temporal coherence of the emitted light to
investigate the nature of light emission. In such cases the characteristics of emission
will largely depend on the various other factors including the type of resonators, the
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alignment of the cavity that define the particular mode competition, the resonator losses
and the time period to repopulate the excited states which depend on the fluorescence
lifetime.

We confirm the observance of ASE and lasing action in the gain medium consisting of
DNA:CTMA:PG thin film on a glass substrate considering the points discussed by
Samuel et al.52. We therefore, present necessary and sufficient evidence of spectral
narrowing, a distinct threshold in linewidth and output intensity and the lasing output
beam.

5.3 FABRICATION OF PG:DNA THIN FILM

Marine derived DNA (extracted from salmon testes) and CTAB
[hexadecyltrimethylammonium bromide] were procured from Sigma-Aldrich, USA.
PG dye was supplied by Invitrogen, USA. The molecular structure, International Union
of Pure and Applied Chemistry (IUPAC) name [2-(n-bis-(3-dimethylaminopropyl)-
amino)-4-(2,3-dihydro-3-methyl-(benzo-1,3-thiazol-2-yl)-methylidene)-1-phenyl-
quinolinium] and molecular mass (552.5 Da) were determined by Dragan et al.’. The
optical properties such as absorption and fluorescence spectroscopy of PG has already
been given in Section 4.1.2. As already discussed, DNA in its fibrous form is soluble
only in water. It can be made soluble in organic solvents by attaching a surfactant,
CTAB. The DNA:CTMA (DC) lipid complex was prepared as described elsewhere
(detailed in chapter 2). DNA was prepared in distilled water at a concentration of 20
mg/ml. DC lipid complex was prepared in butanol at a similar concentration.

It is known that DNA enhances the fluorescence of PG through a de-quenching process.
In order to use DNA-PG as a lasing medium, it is necessary to estimate the optimum
concentration of DNA with respect to PG at which the photoluminescence is maximum.
To investigate this optimum concentration, PG solution was prepared with varying
amount of DNA. The weight ratio of DNA:CTMA (DC) with respect to PG was varied
from 2 to 5000 in nine different samples. Figure 5.1 shows the fluorescence peak
intensity of different samples at a wavelength 530 nm. The samples were excited at 500
nm. From the observed plot, it could be found that DC:PG with weight ratio of 50:1
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Figure 5.3: Photograph of pure DNA (left) and modified DNA (DNA:CTMA, right)
film

showed maximum fluorescence. This weight ratio was used in fabricating thin film that
was further used for ASE measurements. The variation in the peak emission
wavelength in all the samples were recorded and depicted in figure 5.2. Thin films of
DNA and DC were prepared by drop casting method, as described in Section 3.2.1.1.
We found that the DC film produced better optical quality than DNA film (see Figure
5.3). The opacity of the DNA film was higher than DC film, which could possibly
affect the transmission of emitted light from lasing dyes.

Hence, we chose DC film. PG dye was used as received and no further
purification and dilution was made. To prepare dye doped DC film, DC lipid
complex was added to PG dye in a volume ratio of 2:1 and drop casted on a
clean glass substrate. The corresponding weight ratio of DNA with respect to
PG was estimated to be 40:1, approximately close to the ratio at which the
fluorescence enhancement is maximum. The film was allowed to dry in vacuum
chamber at 40 °C for 2 hours. The annealing in vacuum was necessary to
evaporate DMSO at a lower temperature and thus not degrading DNA. The film
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Figure 5.4: Photograph of bilayer DNA-PG film (top left) and bilayer DC-PG film
(top right) prepared by immersion technique; DNA:PG (bottom left); and DC:PG
film (bottom right) prepared by drop casting technique.

was stored at room temperature for further lasing studies. We also prepared bilayer
films where first DC film was drop casted and annealed. We further casted PG dye
solution over the DC film, similar to the immersion technique followed by Suzuki et
al.?28. In their paper, DC film was immersed in a dye solution for 24 hours, showed
discoloration of dye solution and significant coloring of the transparent film. The
immersion technique yielded films of higher concentration over the conventional
casting method. However in this case, the film fabricated did not produce a better
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quality film. Figure 5.4, shows four films prepared from DNA (left) and DC (right) by
immersion technique (top) and drop casting method (bottom). The thin film prepared
by casting a mixture of DC and PG yielded uniform and better quality film and
therefore, was the only film subjected to further studies. This film will henceforth be
referred to as the sample film. The thickness and refractive index of the sample film
were measured using ellipsometer and was estimated to be 0.35 um and 1.511
respectively.

5.4 OPTICAL AMPLIFICATION IN PG:DNATHIN FILM

The experimental technique followed is detailed in Section 3.2.2. We irradiate the thin
film sample by a 10 mm stripe geometry of second and third harmonic frequencies
from an Nd:YAG laser of 10 Hz repetition rate with a pulse duration of 7 ns. The stripe
geometry was achieved using an aperture and a cylindrical lens. The experimental setup
is shown in figure 3.6. The pump laser beam was irradiated normally on to the sample
and the output emission from the thin film was collected using an optical fiber
connected to Ocean Optics (HR4000) spectrophotometer, without using any collecting
lens. The power of laser beam was measured using Newport 1918-R optical meter
along with an 818E-10-25-F model Newport detector.

The normalized optical absorption and normalized fluorescence spectra along with
ASE spectrum from the sample is presented in figure 5.5. The UV-absorption of the
sample film exhibit two spectrally distinct wavelengths with its peak at 300 nm and
506 nm which is attributed to the absorption regions of DC and PG, respectively. The
fluorescence spectrum, when excited at 355 nm, reveals a broad peak ranging from 515
nm to 586 nm (at the half-maxima), with its peak at 550 nm. The full-width at half-
maximum (FWHM) was measured and found to be 68.67 nm. We further measured
fluorescence when excited using third harmonic frequency (355 nm) from an Nd:YAG
laser. At an energy density of 15.4 mJ/cm?, a dominant peak was observed ranging
from 554 nm to 564 nm (at half-maxima) with the peak at 559 nm. This shift from the
conventional fluorescence peak is due to the particular mode oscillation corresponding
to 559 nm. The FWHM of the ASE spectrum was measured to be 12.16 nm. This
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reduction in FWHM is associated with the observance of spectral narrowing, which is
due to the high gain of the active medium.
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Figure 5.5: Normalized spectra of absorption, fluorescence and amplified
spontaneous emission from DC:PG thin film

For ASE measurements, the sample was irradiated with second harmonic frequency
(532 nm) from Nd:YAG laser. A stripe geometry laser beam of cross section 10 mm x
1 mm was used to pump the thin film sample and the output emission was collected
from the edge of the film as shown in figure 3.6. The energy density of the laser beam
was varied from 1 mJ/cm? to 180 mJ/cm? and the output was measured corresponding
to each fluence. Characterization of their emission profiles exhibited a growing peak,
centered at 568 nm. At low pump energy density of 1.9 mJ/cm?, the FWHM recorded
was 67.9 nm which was approximately equal to the bandwidth observed from the
conventional spectrofluorometer. As the pump energy density was increased beyond 3
mJ/cm?, we observed a tendency of spectral narrowing along with a super-linear
response of output intensity with respect to the input energy density. The ASE outputs
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presented in figure 5.6 were obtained with energy densities at 0.60, 1.55, 12.3 and 17.6
mJ/cm? and the corresponding FWHM for the spectra were 37.9, 21.68, 18.07 and
13.26 nm. Figure 5.7 and 5.8, shows the dependence of FWHM and output ASE
intensity as a function of input energy density using a laser pump beam of wavelength
532 nm. As the figure 5.7 reveals, the FWHM rapidly decreased to 17.45 nm at 24
mJ/cm? and to 13.26 nm at 176.2 mJ/cm?. From figure 5.8, there appears a distinct
lasing threshold at 3 mJ/cm?.
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Figure 5.6: Emission profiles from DC:PG film under 532 nm excitation at energy
densities of 6, 15.5, 123 and 176 mJ/cm?
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Citing the presence of DNA, which could help in resonant energy transfer with PG, the

89

thin film sample was irradiated with third harmonic frequency (355 nm) of Nd:YAG

laser. Here as the pump energy density was varied from 0.1 mJ/cm? to 65 mJ/cm?, we
observed an emission profile with its peak centered at 559 nm. At a low energy density

of 0.2 mJ/cm?, the observed emission spectrum showed a linewidth of 67.9 nm. Beyond
a pump energy density of 1.7 mJ/cm?, a super-linear response of output intensity with
respect to the input energy density was observed along with a spectral narrowing.
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The ASE outputs presented in figure 5.9 were obtained with energy densities at 1.7, 5,
8.9 and 63 mJ/cm? and the corresponding FWHM for the spectra were 59.04, 47.26,
12.85 and 5.71 nm. Figure 5.10 and 5.11, shows the dependence of FWHM and output
ASE intensity as a function of input energy density using a laser pump beam of
wavelength 355 nm. As depicted in figure 5.10, the FWHM at 7.1 mJ/cm? was 13.93
nm and at 63 mJ/cm?, it was 5.71 nm. Similar to 532 nm irradiation, a distinct lasing
threshold was perceived from figure 5.11 at 1.7 mJ/cm?.
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Figure 5.10: Dependence of FWHM parameter on energy density using 355 nm
pump beam

Figure 5.12 shows the dependence of integrated ASE intensity as a function of input
energy density for an excitation wavelength of 355 and 532 nm. It could be observed
that PG:DC thin film exhibited a lower ASE threshold and higher efficiency when
excited with 355 nm.
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Figure 5.13 shows the ASE spectra from DC:PG film under 532 nm excitation at energy
densities of 86.2, 123.5, 147.5 and 176.2 mJ/cm?. At higher intensities, the spectrum
appears to exhibit mode structures. We could observe modulation structures from
resolution limited spectrometer ranging from 562 nm to 579 nm. But on careful
inspection of the ASE spectra, we see that the modes appear to be random. This may
be due to the possibility of aggregation of dye molecules. The spikes that were clearly
visible in the spectra excited with 147.5 mJ/cm? may be due to the surface roughness
of the thin film. Similar results were also obtained from the thin film while using 355
nm pump beam. Figure 5.14 depicts the ASE spectra from DC:PG under 355 nm
excitation at energy densities of 15.4, 19.1, 32.0 and 63.0 mJ/cm?. Here the spectrum
ranges from 555 nm to 563 nm. However by providing suitable cavity design and
excitation, it could be possible to tune the lasing wavelength from 555 nm to 579 nm.

The exponential gain coefficient was calculated by Shaklee method (described in
section 5.2) by introducing a block to the laser pump beam. The initial beam geometry
was 10 mm x 1 mm. The intensity measured at an excitation strip length of 10 mm is
denoted by I.. A block was placed so as to alter the beam geometry to 5 mm x 1mm, at
which the intensity is denoted by I.». The exponential gain coefficient, y was calculated
using the equation 5.4 and was found to be 4.7 cm™ while using 532 nm excitation. At
355 nm excitation, the gain coefficient was found to be 5.2 cm™.

5.5PHOTO STABILITY OF PICOGREEN

Another important factor is the photo-degradation of PG, which will determine its
practical applicability as a lasing medium. While using a pump beam of 532 nm pulses
at 1.5 mJ and measuring the output spectrum for every 15 seconds, we estimated that
the output intensity was reduced to 50 % of its initial value after 215 excitation pulses.
Figure 5.15 shows the temporal stability of ASE signals when excited at 532 nm. The
peak intensity was measured at 569 nm and are normalized in the plot. With the
available literature, we conclude that this value is typical for an organic dye. We show
the photograph of the observed output beam on a white screen when excited at 355 nm
(see figure 5.16 and 5.17). The observance of green output light, which is otherwise
yellow is due to the fluorescence from the white sheet of paper used as a screen.
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Figure 5.15: Dependence of ASE intensity on time for DC:PG film

Figure 5.16: Photograph of yellow emission from DC:PG film when irradiated at
355 nm. The green color is due to the fluorescence emission from the white paper
(screen)
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o,

Figure 5.17: Photograph of yellow emission from DC:PG film under ambient light

To quantify the performance of dye, an elaborate comparison has been made with
DNA-based other cyanine and hemicyanine dyes and a common lasing dye, Rh6G.
Dyes with weak fluorescence yield shows enhanced performance on doping it with
DNA. Our results were compared with the reports referred in section 5.1 and were
presented in table 5.1. We could infer from the table that the PG:DC film exhibited
very low ASE threshold (p) without the aid of distributed feedback (DFB) structures or
surface relief gratings (SRG). The gain (y) of the cyanine and hemicyanine dyes were
not reported and hence a comparison could not be made. In comparison with rhodamine
dye, the gain from PG:DC was slightly lesser.

Table 5.1: Comparison of dye doped DNA complex available from earlier reports
with our results from PG:DC complex

Dyes/ Sample

. : Pumping Source ASE performance Reference
configuration
PicoGreen- L = 532 (355) nm | p=3(1.7) mJ/cm? Present study
DNA:CTMA film | (ns) y=4.7(5.2) cm?

) =568 (559) nm
AL=13.26 (5.71) nm
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Rhodamine 6G

Rh6G-
DNA:CTMA film

A =532 nm (ns)

A =595 nm
AL=15nm

p =2 mJ/cm?

Kawabe et al. %10

Rh6G- A =532 nm (ns) p=5.77 mJ/cm? Hung et al.**
DNA:CTMA film y=28.49 cm?

A =572 nm

AL =6.61 nm
Rh6G- =532 nm (ns) p=3.1 mJ/cm? Mysliwiec et al. 3233
DNA:CTMA film y=2cm?

A =592 nm

AL =10 nm

Rh6G-
DNA:CTMA film

A =532 nm (ns)

p =3 (1.8) ml/cm?
% = 605 (590) nm

Mysliwiec et al. %

with AL =5nm

photochromic

polymer

(lasing with SRG)

Rh6G-DNA film | A =532 nm (ns) p=4.5 ml/cm? Mysliwiec et al. ¥
y=6.5cm?
A =587 nm
Ak =16 nm

Rh6G- L =532 nm (ns) p=3.6+0.4 mJ/cm? Mysliwiec et al. “°

DNA:CTMA film

A =579, 587, 593 nm

Rh6G-DNA-PVA

A =532 nm (ns)

p =150 ml/cm?

Nithyaja et al. 43

film A=565nm

AL =15 nm
Rh6G- A =505 nm (fs) A =600 nm Gupta et al. ¥’
DNA:CTMA- AL =15nm
Ormocer
SRh 640- A =532 nm (ns) p =95 pJ/cm? Yu et al. 1920
DNA:CTMA film A =605 nm

AL= 10 nm

Hemicyanine dye

DMASDPB-
DNA:CTMA film

A =532 nm (ns)

A=625nm
AL =20 nm

p=0.5ml/cm

2

Kawabe et al. 1




98

DNA PHOTONICS

DMASDPB- XA =532 nm (ns) p = 0.3/10 mJ/cm? Kawabe et al. 282°
DNA:CTMA film A= 625/605 nm
(immersion/ AN =14/24 nm
conventional
technique)
DMASDPB- A =532 nm (ns) p=10/1.5 mJ/cm? Chida et al. 2%
DNA:.CTMA A= 629/605 nm
(solution in AL =4/-nm
Littrow cavity/
filmin DFB
structure)
DMASDPI- A =532 nm (ns) p= 1ml/cm? Yoshida et al. %
DNA:CTMA film A =615 nm
AL=6nm

Cyanine dyes

DiQCx(1)- A =532 nm (ns) p =3 mlJ/cm? Chida etal. %
DNA:CTMA film p =6 mJ/cm?
DiQC»(3)-
DNA:CTMA film
with DFB
structures
DiSC»(3)- A =532 nm (ns) p=7.5/2 ml/cm? Honda et al. 2
DNA:CTMA film
(methodl/
method2)
Other dyes

Pyridine 1- A =532 nm (ns) p =10 mJ/cm? Chida et al. &
DNA:CTMA film A=675nm
Spiropyran- A =355 nm (ns) p = 8.6 mJ/cm? Mysliwiec et al. 3
DNA:CTMA film y=6cm?

A =680 nm

AL =6 nm

DCNP-
DNA:CTMA film
(without/ with
SRG grating)

A =532 nm (ns)

p=17/11 mJ/cm?
vy =10/12-15 cm™*
A=637/643.5 nm
AA=7/<1nm

Mysliwiec et al. %
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5.6 CONCLUSIONS

In summary, we investigated a new dye for lasing at 560-570 nm using
deoxyribonucleic acid, which not only acts as a host matrix for the dye but also as
fluorescence enhancer through dynamic dequenching process. We have therefore
fabricated modified DNA lipid complex intercalated with PG dye thin film and
observed amplified spontaneous emission at 568 nm and 559 nm while exciting at
second and third harmonic frequencies respectively from an Nd:YAG laser. We also
observed modes ranging from 555 nm to 579 nm and also propose probable tunable
emission by utilizing proper cavity structure and excitation wavelength. We estimated
an ASE threshold at 3 and 1.7 mJ/cm? when excited at 532 and 355 nm pump beam
respectively. We also observed spectral narrowing with a lowest FWHM recorded was
13.26 and 5.7 nm when excited at 532 and 355 nm pump beam respectively. The film
of 0.35 um thick could sustain approximately 215 pulses of 1.5 mJ, 532 nm laser
radiation before the emission degrades to 50% of the initial intensity. Though we find
an exponential gain coefficient of ~ 5.0 cm™ in our PG:DC samples, which is at par
with most of the organic dyes. Here, we see that the DNA not only acts as a host
material but plays an important role in the luminescence of the dye molecules that could
lead to the development of DNA based lasers.

REFERENCES

1 F Miescher, Ueber die chemische Zusammensetzung der Eiterzellen, Med. Chem. Unters.,
4,441, (1871)

2 J D Watson, F H C Crick, A Structure for Deoxyribose Nucleic Acid, Nature, 171, 737,
(1953)

3 J AHagen, J G Grote, N Ogata, J S Zetts, R L Nelson, D E Diggs, F K Hopkins, P P Yaney,
L R Dalton, S J Clarson, DNA Photonics, Organic Photonic Materials and Devices VI,
edited by J G Grote, T Kaino, Proc. SPIE 5351, 77, (2004)

4 J G Grote, D E Diggs, R L Nelson, J S Zetts, F K Hopkins, N Ogata, J A Hagen, E Heckman,
P P Yaney, M O Stone, L R Dalton, DNA Photonics [Deoxyribonucleic acid], Mol. Cryst.
Lig. Cryst., 426, 3-17, (2005)

5> F D Lewis, DNA Photonics, Pure Appl. Chem., 78, 2287-2295, (2006)

& Y-W Kwon, D H Choi, J-I Jin, Optical, electro-optic and optoelectronic properties of
natural and chemically modified DNAs, Polym. J., 44, 1191, (2012)



100 DNA PHOTONICS

" A J Steckl, DNA — a new material for photonics?, Nat. Photonics, 1, 3, (2007)

8 A J Steckl, H Spaeth, H You, E Gomez, J Grote, DNA as an optical material, Opt. Photonics
News, 22, 34, (2011)

% Y Kawabe, L Wang, T Koyama, S Horinouchi, N Ogata, Light amplification in dye doped
DNA-surfactant complex films, Linear, Nonlinear, and Power-Limiting Organics, edited
by M Eich, M G Kuzyk, C M Lawson, R A Norwood, Proc. of SPIE, 4106, 369, (2000)

10y Kawabe, L Wang, S Horinouchi, N Ogata, Amplified spontaneous emission from
fluorescent-dye-doped DNA-surfactant complex films, Adv. Mater. 12, 1281, (2000)

1Y Kawabe, L Wang, T Nakamura, N Ogata, Thin-film lasers based on dye-
deoxyribonucleic acid-lipid complexes, Appl. Phys. Lett., 81, 1372, (2002)

12 Wang, K Ishihara, H Izumi, M Wada ,G Zhang, T Ishikawa, A Watanabe, S Horinouchi,
N Ogata, Strongly luminescent rare-earth ion-doped DNA-CTMA complex film and fiber
materials, Materials and Devices for Optical and Wireless Communications, edited by C J
Chang-Hasnain, Y Xia, K Iga, Proc. of SPIE, 4905, 143, (2002)

13 M Ozaki, Y Kagami, M Wada, N Ogata, K Mito, T Ishikawa, S Horinouchi, Function of
plastic optical fiber composed of DNA compound, Nanophotonics, Nanostructure, and
Nanometrology, edited by X Zhu, S'Y Chou, Y Arakawa, Proc. of SPIE. 5635, 194, (2005)

1.3 A Hagen, Enhanced luminous efficiency and brightness using DNA electron blocking
layers in bio-organic light emitting diodes, PhD thesis, University of Cincinnati, (2006)

15.J G Grote, E M Heckman, D E Diggs, J A Hagen, P P Yaney, A J Steckl, S J Clarson, G S
He, Q Zheng, P N Prasad, J S Zetts, F K Hopkins, DNA-based materials for electro-optic
applications: current status, Nonlinear Optical Transmission and Multiphoton Processes in
Organics |11, edited by A T Yeates, Proc. of SPIE, 5934, 593406-1, (2005)

16.G S He, Q Zheng, P N Prasad, J G Grote, F K Hopkins, Infrared two-photon-excited visible
lasing from a DNA-surfactant-chromophore complex, Opt. Lett., 31, 359, (2006)

1P Gupta, P P Markowicz, K Baba, J O’Reilly, M Samoc, P N Prasad, J G Grote, DNA-
Ormocer based biocomposite for fabrication of photonic structures, Appl. Phys. Lett. 88,
213109, (2006)

18.Z Yu, J A Hagen, J G Grote, A J Steckl, Red photoluminescence emission of laser dye
doped DNA and PMMA, Organic Photonic Materials and Devices VIII, edited by J G
Grote, F Kajzar, N Kim, Proc. of SPIE, 6117, 61170N, (2006)

19ZYu, Y Zhou, D J Klotzkin, J G Grote, A J Steckl, Stimulated emission of sulforhodamine
640 doped DNA distributed feedback (DFB) laser devices, Organic Photonic Materials and
Devices IX, edited by J G Grote, F Kajzar, N Kim, Proc. of SPIE Vol. 6470, 64700V,
(2007)

2.Z Yu, W Li, J A Hagen, Y Zhou, D Klotzkin, J G Grote, A J Steckl, Photoluminescence
and lasing from deoxyribonucleic acid (DNA) thin films doped with sulforhodamine, Appl.
Opt., 46, 1507, (2007)



5 | Effect of DNA in lasing medium 101

21-M Honda, N Nakai, M Fukuda, Y Kawabe, Optical amplification and laser action in cyanine
dyes doped in DNA complex, Nanobiotronics, edited by E M Heckman, T B Singh, J
Yoshida, Proc. of SPIE, 6646, 664609, (2007)

22T Chida, Y Kawabe, Tunable dye lasers based on DNA-surfactant-dye complexes,
Nanobiosystems: Processing, Characterization, and Applications 1V, edited by N
Kobayashi, F Ouchen, | Rau, Proc. of SPIE. 8103, 81030P, (2011)

23Y Kawabe, K | Sakai, DNA based solid-state dye lasers, Nonlinear Optics and Quantum
Optics, 43, 273, (2011)

24T Chida, Y Kawabe, Tunable DFB lasers based on DNA-surfactant-dye complexes,
Nanobiosystems: Processing, Characterization, and Applications V, edited by N
Kobayashi, F Ouchen, | Rau, Proc. of SPIE, 8464, 84640E, (2012)

35T Chida, Y Kawabe, Hemicyanine-DNA-complex: Application to solid-state dye lasers,
Nonlinear Optics and Quantum Optics, 45, 85, (2012)

%.y Kawabe, T Chida, T Matsuoka, K Fukuzawa, K Tada, Grating formation in bi-layered
DNA-complex devices: Application to thin-film tunable dye lasers, Nanobiosystems:
Processing, Characterization, and Applications VI, edited by N Kobayashi, F Ouchen, |
Rau, Proc. of SPIE, 8817, 881707, (2013)

27T Chida, Y Kawabe, Transient grating formation in azo-doped polymer and its application
to DNA-based tunable dye laser, Opt. Mater. 36, 778, (2014)

2T Suzuki, Y Kawabe, Light amplification in DNA-surfactant complex films stained by
hemicyanine dye with immersion method, Opt. Mater. Express, 4, 1411, (2014)

29y Kawabe, T Suzuki, Y lisaka, Light amplification and lasing from dyes doped in DNA-
complex thin films prepared by soaking method, Nanobiosystems: Processing,
Characterization, and Applications VI, edited by N Kobayashi, F Ouchen, | Rau, Proc. of
SPIE, 9171, 91710G, (2014)

0.y Kawabe, T Suzuki, Y lisaka, Light amplification in DNA and other polyion complexes
stained with simple immersion technique, Nonlinear Optics and Quantum Optics, 47, 211,
(2015)

1Y Suzuki, Y Kawabe, Optical amplification in DNA-surfactant complexes incorporating
hemicyanine dyes with long and short alkyl chains, Nanobiosystems: Processing,
Characterization, and Applications V111, edited by N Kobayashi, F Ouchen, | Rau, Proc. of
SPIE, 9557, 955709, (2015)

32 3 Mysliwiec, L Sznitko, B Smoczynska, S Bartkiewicz, A Miniewicz, B Sahraoui, F Kajzar,
Applications of the DNA-based material for lasing and dynamic holography, Organic
Photonic Materials and Devices Xl, edited by R L Nelson, F Kajzar, T Kaino, Proc. of
SPIE, 7213, 721301 (2009)

3.3 Mysliwiec, L Sznitko, A Miniewicz, F Kajzar, B Sahraoui, Study of the amplified
spontaneous emission in a dye-doped biopolymer-based material, J. Phys. D: Appl. Phys.,
42, 085101, (2009)



102 DNA PHOTONICS

34.J Mysliwiec, L Sznitko, S Bartkiewicz, A Miniewicz, Z Essaidi, F Kajzar, B Sahraoui,
Amplified spontaneous emission in the spiropyran-biopolymer based system, Appl. Phys.
Lett. 94, 241106 (2009)

%.J Mysliwiec, L Sznitko, A Sobolewska, S Bartkiewicz, A Miniewicz, Lasing effect in a
hybrid dye-doped biopolymer and photochromic polymer system, Appl. Phys. Lett., 96,
141106, (2010)

3. Sznitko, J Mysliwiec, P Karpinski, K Palewska, K Parafiniuk, Biopolymer based system
doped with nonlinear optical dye as a medium for amplified spontaneous emission and
lasing, Appl. Phys. Lett. 99, 031107 (2011)

7.1 Rau, A Szukalski, L Sznitko, A Miniewicz, S Bartkiewicz, F Kajzar, B Sahraoui, J
Mysliwiec, Amplified spontaneous emission of Rhodamine 6G embedded in pure
deoxyribonucleic acid, Appl. Phys. Lett., 101, 171113, (2012)

38.J Myslieiec, L Sznitko, K Cyprych, A Szukalski, A Miniewicz, F Kajzar, | Rau, Random
lasing in bio-polymeric dye-doped systems, Nanobiosystems: Processing, Characterization,
and Applications VI, edited by N Kobayashi, F Ouchen, | Rau, Proc. of SPIE, 8817,
88170A, (2013)

3% A Camposeo, P D Carro, L Persano, K Cyprych, A Szukalski, L Sznitko, J Mysliwiec, D
Pisignano, Physically transient photonics: Random versus Distributed feedback lasing
based on nanoimprinted DNA, ACS Nano 8, 10893, (2014)

40.K Cyprych, Z Kopczynska, F Kajzar, | Rau, J Mysliwiec, Tunable wavelength light
emission and amplification in Rhodamine 6G aggregates, Adv. Device Mater., 1, 69, (2015)

41Y C Hung, C H Su, H W Huang, Low threshold amplified spontaneous emission from dye-
doped DNA biopolymer, J. Appl. Phys., 111, 113107, (2012)

4T Y Lin, CY Chang, C H Lien, Y W Chiu, W T Hsu, C H Su, Y S Wang, Y C Hung,
Preparation and characterization of DNA-aromatic surfactant complexes for optoelectronic
applications, Organic Photonic Materials and Devices XIlI1, edited by R L Nelson, F Kajzar,
T Kaino, Y Koike, Proc. of SPIE, 7935, 79350E, (2011)

43N Balan, M Hari, V P N Nampoori, Selective mode excitation in dye-doped DNA polyvinyl
alcohol thin film, Appl. Opt., 48, 3521, (2009)

4T B Rujoiu, A Petris, V Il Vlad, | Rau, A M Manea, F Kajzar, asing in DNA-CTMA
doped with Rhodamine 610 in butanol, Phys. Chem. Chem. Phys., 17, 13104, (2015)

4V L Singer, L J Jones, S T Yue, R P Haugland, Characterization of PicoGreen reagent and
development of a fluorescence-based solution assay for double stranded DNA quantitation,
Anal. Biochem., 249, 228, (1997)

6.5 J Ahn, J Costa, J R Emanuel, PicoGreen Quantitation of DNA: Effective Evaluation of
Samples Pre-or Post-PCR, Nucleic Acids Res., 24, 2623, (1996)

4TA | Dragan, J R C Finet, E S Bishop, R J Strouse, M A Schenerman, D C Geddes,
Characterization of PicoGreen interaction with dSDNA and the origin of its fluorescence
enhancement upon binding, Biophys. J., 99, 3010, (2010)



5 | Effect of DNA in lasing medium 103

W T Silvast, Laser Fundamentals, Chapter 7.6, 247, Cambridge University Press, New
Delhi, (2004)

%A E Siegman, Lasers, University Science Books, (1986)

%.C V Shank, A Dienes, W Silfvast, Single pass gain of exciplex 4-Mu and Rhodamine 6G
dye laser amplifiers, Appl. Phys. Lett., 17, 307, (1970)

SLK L Shaklee, R F Leheny, Direct determination of optical gain in semiconductor crystals,
Appl. Phys. Lett., 18, 475, (1971)

521 D W Samuel, E B Namdas, G A Turnbull, How to recognize lasing, Nat. Photonics, 3,
546, (2009)

53.J Yoshida, H Takano, S Narisawa, S Takenaka, N Nakai, M Fukuda, N Ogata, Thin film
dye lasers based on DNA-lipid complex materials, Nanobiotronics, edited by E M
Heckman, T B Singh, J Yoshida, Proc of SPIE, 6646, 664608, (2007)



104 DNA PHOTONICS



Effect of DNA in polymer LEDs

Abstract

Biopolymer based materials are of great interest in organic electronics and
photonic devices due to their combined advantage of biodegradability,
renewable resource of a biomaterial and easy processing techniques of a
polymer. With the discovery of charge transport in DNA, it has been
successfully incorporated as a hole transporting layer and electron blocking
layer in light emitting diodes. We have fabricated an all-polymer solution
processable LED using fluorene based polymers as active light emitting
polymer. This chapter discusses the performance of Bio-LED in terms of output
light brightness. The brightness was enhanced from 430 cd/m? to 1925 cd/m? by
incorporating DNA as an electron blocking layer.

Publications

Proc. of SPIE, 9557, 955700, (2015)
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6.1 INTRODUCTION

Organic light emitting diode has been of great interest in recent years due to its
application in high-efficiency solid-state lighting and high quality flat-panel displays®.
However OLEDs require new materials for charge injection, charge transport, charge
blocking and light emission that could improve their performance in terms of
efficiency, brightness, stability and lifetime. Such materials require to possess specific
optical and electrical properties that are well suited to carry out the specific task in the
OLED device structure. Natural electronics is a developing area of research that
explores naturally occurring or nature derived biomaterials to replace traditional
synthetic materials in solid state organic electronics. As described in chapter 2, marine
derived DNA extracted from salmon fish shows unique optical and electrical properties
necessary for an electron-blocking layer (EBL) in OLED. DNA as the EBL has proved
to increase the efficiency and luminance of organic light emitting diodes and promises
a great future as a photonic material in OLEDs.

Following initial reports of electrical conductivity in DNA?*3, the biomolecule was
first applied to organic light emitting diodes by Kobayashi et al.'* in 2001 followed by
Koyama et al.?® in 2002. They used DNA as a template or as a host material for
lumophores confirming that the charge carriers could be injected and transported in the
biomaterial. In 2004, Koyama et al.'® prepared organic solvent soluble DNA complex
to be used as a separate buffer layer in organic light emitting diodes for explaining the
electrical conductivity. However, no significant improvement in device performance
was achieved. Investigating this unsuccessful device performance, Grote and Steckl
studied the properties'” of DNA lipid complex and closely examinied the Highest
Occupied Molecular Orbital (HOMO) and Lowest Unoccupied Molecular Orbital
(LUMO) levels and understood that the complex exhibited electron blocking and hole
transporting capabilities in light emitting diodes. These properties are discussed in
detail in the next section. By using the biomaterial complex as an electron blocking
layer, the devices showed increased performance in terms of brightness, lifetime and
efficiency. With this understanding, numerous reports followed involving small
molecules!®2¢, nanoparticles?*° and polymer-** based light emitting diodes. Hagen at
al.®° used small molecules viz. tris-(8-hydroxy quinoline) aluminum (Algs) and N,
N’-bis(naphthalene-1-yI)- N, N'-bis(phenyl) benzidine (NPB) as active emissive layers



6 | Effect of DNA in polymer LEDs 107

to fabricate BioLEDs, which performed 10x efficient, 30x brighter and 3x longer life
than the control devices.

In addition to narrow and tunable emission from Quantum Dots, they exhibit high
external quantum efficiency especially with core/shell configuration. Sun et al.?"?
incorporated the effect of DNA in double-shell CdSe/CdS/znS (core/shell/shell)
guantum dot. They also demonstrated deposition of DNA complex using matrix
assisted pulsed laser evaporation (MAPLE) technique along with the conventional spin
coating technique. MAPLE technique retains the chemical and structural integrity of
the biomaterial while producing high quality uniform film. DNA as EBL was also
incorporated in PFO/MEH:PPV based copolymer®! to demonstrate white light emitting
diodes with reduced turn-on voltage.

Kobayashi at al.2%?2 developed a voltage-controlled color tunable LED using a bilayer
consisting of a lumophore doped in water soluble DNA/polyaniline complex and Algs
as emissive layers The tunability ranged from green to red region as the voltage was
varied from 5V to 18 V. The tunability was attributed to the shift in the recombination
sites from Alg3 to the rubidium based lumophore.

Mathur at al.32% fabricated polymer LEDs with PFO and MEH:PPV as emissive layers
to observe two-fold increase in the luminance. They also developed UV LEDs from
ZnO nanorods?® with the help of DNA as electron blocking layer.

Zalar et al.** explored to use DNA complex as electron injection/ hole blocking layer
in polymer light emitting diodes with aluminum as cathode. Usually low work function
materials such as Barium (Ba) and Calcium (Ca) are used as buffer layer to match the
LUMO level of electroluminescent semiconducting conjugated polymers along with
stable metal electrodes (Al, Au or Ag). DNA based devices exhibited enhanced
performance in terms of turn-on voltage and luminous efficiency over their control
device without DNA layer. This performance was comparable with devices using
Ba/Al as cathode.

Hung at al.Z2*° tailored the material properties of DNA complex layer by varying the
amount of aromatic surfactant and by incorporating metal nanoparticles such as Ag and
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Au in the complex. Such modified DNA layer made significant improvement in
luminance and current efficiency.

It was known that the base pairs of DNA were responsible for charge transport rather
than the sugar phosphate backbone. This inspired Gomez et al.®% to use the
nucleobases to improve the performance of BioLEDs. The properties of Adenine,
Guanine, Cytosine, Thymine and Uracil were studied and incorporated in organic light
emitting diodes as electron blocking/hole transporting and hole blocking layer/electron
transporting configurations. Of all the nucleobases, Adenine based devices proved to
be efficient in terms of efficiency and current transporting capabilities.

In this work we focused on developing an all-polymer BioLED for optimizing the
thickness of DNA complex layer to extract maximum performance from the devices.
For this purpose we varied the thickness of DNA layer from ~30 nm to 5 nm by varying
the spin parameters and concentration of the complex. The performance was rated by
maximum luminance.

6.2 DNA ASHOLE TRANSPORTING AND ELECTRON
BLOCKING LAYER

As mentioned in the last section, DNA has been introduced to organic light emitting
devices as a non-emitting host material for small molecule dyes. However, such device
structures were unsuccessful. DNA based OLED devices proposed by Kobayashi et
al.**, and Koyama et al.™® showed the feasibility of using the biopolymer in light
emitting devices, but without any significant improvement in the performance of the
devices. Hirata et al.’® demonstrated various device structures in which the DNA-
CTMA layer was incorporated to take different roles in organic light emitting diodes.
Better performance was achieved in the device where DNA-CTMA was incorporated
between hole transporting layer and emissive layer concluding that DNA-CTMA
preferentially transports holes and barring electron injection from the adjacent carrier
transport layer. This interesting work led the scientists and researchers to explore the
properties of DNA-CTMA layer.
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By closely examining Hirata’s work, it became clear that DNA-CTMA may have the
properties of an electron blocking layer. The HOMO level of DNA-CTMA is located
at 5.6 eV. This efficiently aids the hole transportation from PEDOT:PSS (HOMO - 5.2
eV) to the emissive iridium based polyvinyl carbazole layer (HOMO — 5.7 eV).
Additionally the LUMO level at 0.9 eV also aids by providing a large barrier to block
the flow of electrons and thereby increasing the electron-hole recombination in the
emissive layer. The DNA-CTMA layer provided a step barrier of 1.3 eV with the
emissive layer, the LUMO of which is located at 2.2 eV. Thus the prime location of
HOMO and LUMO level of DNA-CTMA helps to inject hole and electrons into the
emissive layer, leading to an efficient recombination. This property had led to an
increase in enhanced brightness and improved efficiency in DNA based organic light
emitting devices. Hagen et al.®® conveniently demonstrated organic light emitting
diodes using DNA-CTMA complex as electron blocking layer.

There are several other crucial factors that make DNA-CTMA a promising material for
the design of optoelectronic thin film device applications. Being transparent in the
visible and near infra-red region helps the cause of using transparent conductive ITO.
Low optical loss with suitable refractive index helps DNA-CTMA to be used in optical
waveguide devices. This biopolymer complex is thermally stable upto 225 °C, which
makes it much more viable than other polymers such as polycarbonate and polymethyl
methacrylate. DNA efficiently transports electrical charge and helps to operate DNA-
CTMA based devices at low voltages. The electrical resistivity of DNA can be tailored
by varying its molecular weight. Simple techniques such as spin coating and inkjet
printing could be used to fabricate DNA-CTMA thin films, which would effectively
reduce the cost of devices.

6.3 POLYMERS USED IN FABRICATION OF BIO-LED

All the polymers except the biopolymer DNA are reviewed in the following sections.
The biopolymer have been adequately discussed in chapter 2 and section 6.2. We have
used three polymers viz. (1) hole transporting PEDOT:PSS; (2) active PFO:F8BT
blend; and (3) electron injecting PFN.
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6.3.1 HOLE TRANSPORTING LAYER - PEDOT:PSS

We used poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate), commonly known
as PEDOT:PSS as hole transporting layer in all the devices. The structure of
PEDOT:PSS is depicted in figure 6.1. This polymer is commonly used for hole
transporting in many polymer based light-emitting diodes due to the following
advantages. One of the important factor of these interfacial buffer layer is to provide
suitable step barrier for the transport of holes and electrons to the emissive layer. The
ITO has a work function of 4.7 eV while the emissive layer has an HOMO level at 5.8
eV. The HOMO level of PEDOT:PSS falls at 5.2 eV which bridges the gap between
anode and emissive layer. This makes the polymer a good hole transporter.
Additionally the polymer smoothens the surface of ITO, so that the emissive layer
could be coated over a smoother surface. The polymer is also transparent which helps
to aid the use of transparent anode to extract light from the diode.

6.3.2 ACTIVE EMISSIVE LAYER - PFO:F8BT

Conjugated polymers attracted interest from the scientific community and found their
first application in light emitting diodes. Initially poly(p-phenylene vinylenes) were of
main interest, but were later turned to polyfluorenes. Polyfluorenes consists of
repeating units of two coplanar benzene rings with a central carbon having two
hydrogen bonds that breaks the planarity with the benzene rings. These class of
polymers are of great interest in academic and industrial research due to their
conjugated nature, high fluorescence quantum yield, good charge transport properties,
high net gain and electroluminescence property. In fact they are the only class of
conjugated polymers, whose emission can be tuned throughout the visible region by
staining it with chromophoric constituents. Among the polyfluorenes poly(9,9-
dioctylfluorene) (PFO, also known as F8), and a derived copolymer, poly(9,9-
dioctylfluorene-altbenzothiadiazole) (F8BT), are the most well-studied light emitting
polymers. Such derived polyfluorenes are of particular interest because they contain a
rigid biphenyl unit —which emits in the blue region due to their large bandgap, and the
possible substitution of side chains at the C9 position of the fluorene group — which
improves the solubility, emission tunability and processability for applicability in
polymer light emitting diodes®.
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In this study we have used blends based on PFO and F8BT as active light emitting
material. The structure of PFO and F8BT is shown in figure 6.1. The reason for using
this particular blend is two-fold*¢. One is that the charge motilities of these two
polymers are complementary to each other. PFO efficiently conducts holes while the
latter conducts electrons. The other is that there is a strong overlap between the
emission of PFO and absorption peak of F8BT. This results in efficient energy transfer
from PFO to F8BT. In a study conducted by Lidzey et al.*’, it was concluded that there
appears a particular ratio of the polymer blends to sufficiently allow complete Forster
resonant energy transfer from PFO to F8BT. This ratio was considered in this current
investigation.

6.3.3 ELECTRON INJECTION LAYER - PFN

The electron injection layer used for this study was poly [(9,9-bis(3'-(N,N-
dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene), PFN. This
copolymer is a polyfluorene based polymer containing fluorene unit and amino end
groups to their side chains. The structure of PFN is depicted in figure 6.1. The synthesis
of this aminoalkyl-substituted polyfluorene copolymer is reported by Huang et al.®.
PFN is soluble in most organic solvents such as toluene, chloroform, tetrahydrofuran
and xylene, but insoluble in dimethyl sulfoxide and water. It is thermally stable upto
250 °C. As an emitting layer, this polymer luminesce at around 500 nm with a
maximum quantum efficiency of 0.38 %.

Charge injection and charge transport are the limiting factors of device efficiency and
operating lifetime. In polymer light emitting diodes, charge injection and transport in
most light emitting polymers are limited by its LUMO level. Hence it is necessary to
use low-work function metals such as Ca and Ba along with high-work function metal
cathodes such as Al, Ag and Au. However, these low-work function metals are highly
sensitive to air and can degrade the lifetime of the devices. PFN has proved® to enhance
the electron injection in various light emitting polymers viz. MEH:PPV, P:PPV and
PFO resulting in highly efficient polymer light emitting diodes, whose performance are
comparable to those that use Ca and Ba as with cathodes. Xiao et al.*® has reviewed the
use of polyfluorene based cathode interfacial layers for efficient polymer solar cells.
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Figure 6.1: Molecular structure of PEDOT:PSS, PFO, F8BT and PFN.
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6.4 DEVICE FABRICATION OF ALL POLYMER BIO-LED

Light-emitting diodes were prepared layer by layer on pre-cleaned non-patterned ITO
glass substrates. The ITO coated over the glass substrates was used as a common anode
and was cut into 17 x 1” square substrates. The sheet resistance of the ITO is 8-12 Q/sq
and the thickness of the coating is 120-160 nm with a surface roughness of 30-45 nm,
as informed by the manufacturer. The ITO surface may not be smooth and contain large
spikes. These spikes may project out to the overlying polymer layers and along with
diffusion of metal cathode to the polymers shall pose problem of shorting. Therefore a
part of the ITO was etched from the substrates (see figure 6.2). The metal cathode shall
be coated over the etched portion with some portions overlapping with anode ITO. The
overlapped potion shall form the active area of the light-emitting diode. The portion of
the ITO to be protected from etching is covered with cello-pane tape. Care should be
taken to see that the edges of the tape are sealed properly and no bubbles remain under
the tape. The substrate is then immersed in concentrated nitric acid (HNOs) for about
three minutes. The etching of ITO could be observed by viewing the substrates at an
angle. Care should be taken to remove the substrates in time and not to soak in the acid
for more than five minutes. This will allow the tape to be affected by the acid as it may
sweep through the tape. The substrates were removed and dipped in water. The cello-
pane tape is removed immediately and washed with copious water. The fabrication
procedure starts with laborious cleaning procedure. Such an elaborate cleaning
procedure is necessary for good device performance and to avoid black spots on the
active area of the device. The dust particles shall also pose problems of surface wetting
properties and create pinholes or comet streaks. The substrates were handled with the
help of tweezers. The cleaning procedure start with rubbing the ITO surface with
undiluted laboratory detergent to remove any visible dirt, markings or dust particles.
The substrates were then placed in a cleaning rack and immersed completely in a beaker
containing diluted laboratory detergent. The beaker is placed in an ultra-sonicator bath
and sonicate it for about 30 minutes. This is followed by ultra-sonication in deionized
water, acetone, isopropyl alcohol and ethanol for 30 minutes each. Every time the
solvent is changed, the substrates were rinsed/sprayed with the successive solvent to be
cleaned with. After ultra-sonication with all the solvents, the cleaning rack along with
the substrates were transferred to an empty beaker and placed in drying oven at 60 °C
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for about an hour (usually overnight, a day before the device fabrication). The
substrates were again cleaned by blowing nitrogen gas through a nozzle to remove any
foreign substances. The substrates were then treated with ultra-violet radiation along
with ozone gas using a UV-O;3 cleaner (UVOCS Inc., Model: T10X10/OES/E). This
treatment will help to remove any organic contaminants and increase surface wetting
properties for the hydrophilic hole transporting layer for adhesion to the substrate. Once
the substrates were subjected to UV/O3 treatment, the substrates were immediately
transferred to the glove box filled with nitrogen. This shall avoid any reabsorption of
water vapor or oxygen to the surface from atmosphere. This completes the cleaning
procedure. It is best to commence fabrication procedure immediately. In case of delay
the substrates were stored on a hot plate at 120 °C with the ITO surface facing up, until
the coating of the first polymer.

The first layer deposited was PEDOT:PSS as hole transporting layer by spin coating.
The PEDOT:PSS was procured from Sigma Aldrich, USA. The polymer was used as
received and without any dilution. The polymer was filtered using a rubber-free syringe
and a PVDF syringe filter of pore size 0.45 um. The filtered polymer was further stirred
for two hours prior to coating. The polymer was spin coated by dynamic coating
procedure detailed in section 3.3.1.1. The parameter for the coating is 5000 rpm for 30
seconds. The polymer film was then annealed on a hot plate at 150 °C for 5 minutes
which ensured removal of excess solvent. These parameters yielded a film thickness of
80 nm, measured by optical reflectance system using Theta-Metrisis FR-pOrtable.

In Bio-LED the second layer was DNA:CTMA. The DNA:CTMA was prepared as
described in section 2.3. The DNA:CTMA was dissolved in butanol at a concentration
of 1 mg/ml and 0.7 mg/ml. Four different devices were fabricated by dynamically
coating the above mentioned two concentrations of DNA:CTMA, each at 5000 rpm
and 10000 rpm for 20 seconds. The DNA films were annealed at 80 °C for 5 minutes.
The thickness of the DNA films fabricated were 29 nm, 27 nm, 17 nm and 17.5 nm;
and were named Device B, C, D and E respectively. A device without DNA:CTMA
layer, named Device A, was also fabricated to serve as a control device.

The next layer was the active polymer PFO:F8BT. The PFO and F8BT polymers were
prepared separately in toluene at a concentration of 15 mg/ml. The two polymers were
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filtered separately using a PTFE syringe filter of pore size 0.2 um and then mixed in a
volume ratio of 19:1 to prepare a blend of PFO and F8BT. This co-polymer yielded a
thickness of 55 nm when it was dynamically spin coated at 8000 rpm for 20 seconds.
The annealing was done at 80 °C for 10 minutes.

The last polymer, PFN was coated over the active co-polymer. PFN was prepared in
methanol at a concentration of 2 mg/ml. A few drops of acetic acid was used to improve
the solubility of PFN. The polymer solution was filtered using PTFE syringe filter of
pore size 0.20 um. PFN was coated dynamically at 2000 rpm for 15 seconds. Using the
above parameters, the thickness of the PFN film was estimated to be 45 nm.

Table 6.1: Spin coating parameters of various polymers used in BioLED

Polymer Concentrati | Rotation Annealing Thickness
on (mg/ml) | Speed | Time | Temperat | Time | of the film
(rpm) | (s) ure (°C) | (minu | (nm)
tes)
As
PEDOT:PSS . 5000 |30 150 5 80
received
1 5000 29
1 10000 27
DNA:CTMA 0.7 5000 20 80 5 17
0.7 10000 17.5
PFO:F8BT 15 8000 |20 80 10 55
PFN 2 2000 |15 - - 45

Care has been taken to choose the solvents of successive layers, such that the
underlying layer is not washed away. The polymers were properly filtered using
suitable filter for the solvents, to ensure uniform coating and smooth films. The edge
of the substrates were cleaned using a cotton bud dipped in chlorobenzene, to expose
the part of the ITO for anode contact.

Finally, the polymer coated substrates were removed from the nitrogen glove box and
transferred to vacuum chamber of the thermal evaporation system. The polymer coated
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substrates were placed with the polymer layers facing down on a shadow mask
containing cathode strips with wide end apertures. The substrates were placed such that
one of the wide end aperture overlaps with the unetched ITO substrate surface to make
an active area of 0.09 cm?2. The pressure in the vacuum chamber was brought down to
3 x 10 Torr using a turbo pump backed by a rotary pump. Lithium fluoride was first
coated as a buffer layer that helps to reduce the work function of the metal cathode. A
very thin layer of 2 nm was coated at the rate of 0.1 A/s, measured using digital
thickness monitor with the help of piezoelectric crystal. At last the metal cathode was
coated without breaking the vacuum. We used aluminum of thickness 100 nm at the
rate of 1 A/s as metal cathode.

These devices were immediately encapsulated to protect the active area from reacting
with oxygen or moisture. We used a specialized UV curable epoxy from Ossila
Limited, UK to seal a coverslip over the active area. Curing is done by irradiating the
device with UV light for about 30 minutes. Thereafter the devices were immediately
characterized at laboratory atmosphere in air. The characterization set up to measure
luminance-current density-voltage curves and electroluminescence was detailed in
section 3.3.2. The final device structure of BioLED is depicted in figure 6.2, with its
energy level diagram shown in figure 6.3. Figure 6.4a and 6.4b shows the actual
photograph of the device before encapsulation.

-0

LiF/Al

PFN
PFO:F8BT

DNA:CTMA
PEDOT:PSS

Glass

Figure 6.2: Device structure of BioLED incorporating DNA:CTMA as EBL.



6 | Effect of DNA in polymer LEDs 117

0.9
2.2
2.4
3.1
3.5
%) <
£ = | 8 3
o -

2l el gl 5] 8| =
[a] o -
wl 8| =

4.7
5.2

5.6
5.8 5.8

Figure 6.3: Energy level diagram of BioLED incorporating DNA:CTMA as EBL.

Figure 6.4: (a) Actual photograph of the final device before encapsulation (b)
Reflection from the device shows the cleaned common anode at the bottom with the
lower end of the cathode strip overlapping the underlying ITO layer.
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6.5 PERFORMANCE OF BIO-LED

All the materials used in this device structure except for the electrodes are polymers.
Here, the transparent ITO is used as anode with a work function of 4.7 eV while
PEDOT:PSS, a well known polymer, is used to transport holes effectively due to its
matching HOMO level with the ITO substrate. The biopolymer, DNA:CTMA is used
as an electron blocking layer to control the flow of electrons from cathode directly to
anode and help the recombination sites localized in the active light emitting material.
The active layer is a blend of two polymers, a blue emitting PFO and green emitting
F8BT. The emission is by fluorescence decay due to the absorption of photons emitted
by the recombination of holes and electrons in the © and n* band of the polymer. PFN
is an aminoalkyl substituted polyfluorene co-polymer employed as cathode interfacial
layer which helps to avoid the use of low work function metals such as Ca or Ba, that
are susceptible to moisture and oxygen. Though the presence of PFN in the device
reduced the brightness, the efficiency was much improved. A thin layer of Lithium
Fluoride (LiF) was coated prior to the deposition of Aluminum without breaking the
vacuum to alter the work function of
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Figure 6.8: L-V characteristic of device A (control device) and B, C, D and E
(BioLED) of varying DNA:CTMA thickness.

Aluminum from 4.7 eV to 3.1 eV. We have also confirmed that combined contribution
of PFN and LiF increased the efficiency compared to a device with either PFN or LiF.

The L-j-V (Luminance — Current density — Voltage) characteristic of PFO:F8BT based
device with and without DNA layer (Device A and E) is shown in figure 6.5 and 6.6
respectively. All the devices were cycled from 0 V to 20 V with a resolution of 0.3V,
while simultaneously recording the current through the device and the photocurrent
from the photo diode. The current through the device was converted to current density
knowing the active area of the device, and the photocurrent was converted to luminance
by calibrating the photodiode with the help of a standard LED. On comparing the
luminance plots in figures 6.5 and 6.6, it is evident that the brightness was improved
by incorporating the biopolymer.

The current density dependence on the applied voltages of all the devices A to E are
displayed in figure 6.7. We see that the device A, with no DNA:CTMA layer has higher
current density and attained a maximum at ~ 900 mA/cm? above 14 V. Above 7 V the
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current density of the devices with EBL dropped considerably and above 14 V, we
could observe the current density was dependent on the thickness of the DNA:CTMA
layer. Here, the device B has the thickest DNA:CTMA layer (29 nm) while the device
D has lowest DNA:CTMA layer (17 nm). This drop in the current density could be
attributed to the increase in the overall resistance of the devices in accordance with the
presence of DNA:CTMA layer and its thickness. The linear behavior of log of current
density with respect to the bias voltage shows the stable operation of diodes.

A comparative plot of the luminous performances of all the devices are depicted in
figure 6.8. We could observe that the turn on voltage of device A is 6.5 V, while the
devices with DNA:CTMA layer was around 9-10 V. However the interesting feature
we perceive is that the maximum luminance values are obtained for devices with
DNA:CTMA layer. The maximum luminance of device A was achieved at 432 cd/m?
at 12.8 V; the device B reached 748 cd/m? at 17 V; device C reached 1056 cd/m? at
17.3 V; device D reached 1831 cd/m? at 17.7 V; and device E reached 1924 cd/m? at
17.3 V. It could be noted that the maximum luminance was achieved at higher voltages
for devices with DNA:CTMA layer in comparison with devices without DNA:CTMA
layer. The observed luminance

—&— Device A

—— Device E

Luminance (cdlmz)

T T T T T T T T T T
0 100 200 300 400 500
Current Density (mAIcmz)

Figure 6.9: Current density vs Luminance plot of device A (control device) and
device E (BioLED).
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from PFO:F8BT based devices with DNA:CTMA layer was enhanced by more than 4
times over the device without DNA complex layer.

Figure 6.9 shows the luminance performance as a function of current density for device
A and device E. The DNA:CTMA incorporated device showed improved luminance
performance above 20 mA/cm?. At a typical current density of 460 mA/cm? the device
with DNA:CTMA layer showed an 8 fold increase in luminance over the device
without EBL. This enhanced performance of the DNA:CTMA based device is
attributed to the combination of HOMO and LUMO levels of DNA that efficiently
transports holes to the active polymer while blocking electrons from cathode to directly
flow towards anode.

In a separate set of experiments, the thickness of DNA complex layer was reduced to
~5 nm by varying the concentration of the lipid complex extracted from the same batch
of DNA:CTMA used in earlier experiments. However, such devices showed a loss in
the performance weighted by the brightness of the OLED. Figure 6.10 shows a drop in
the luminance by 50 % in the device with 5.5 nm DNA:CTMA and by 25 % in the
device with 5 nm DNA:CTMA layer over the devices without DNA complex layer.
This decrease in performance may be due to the reduced hole injection from
PEDOT:PSS to the active layer leading to a charge imbalance at the recombination site.
Figure 6.11 shows the emission characteristics of device E at 17 V, where the
brightness was maximum. We also found that there was no variation in the
electroluminescence spectra of the devices with and without DNA:CTMA. The
electroluminescence from PFO:F8BT blend ranges from 500 to 600 nm with its peak
at 534 nm. Figure 6.12 shows the actual photograph of the emission from DNA:CTMA
based light emitting diode (device E) at 17 V. The color of the light emitted from a
light emitting diode can be classified by coordinates (x,y) in the color space
chromaticity diagram as proposed by the International Commission on Illlumination
(CIE, 1931). The CIE 1931 color chromaticity coordinates were obtained from the EL
spectra and found to be (0.33,0.61). This is mapped in color space as depicted figure in
6.13.
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Figure 6.10: Luminance characteristic of devices with thin (~5 nm) DNA:CTMA as
electron blocking layer.
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Figure 6.11: Electroluminescence spectra of device E (BioLED) at 17 V.
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Figure 6.12: Actual photograph of green emission from device E at 17 V.

Figure 6.13: CIE 1931 color chromaticity diagram with color co-ordinates of device
E obtained from emission spectra (fig. 6.10).
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6.6 CONCLUSIONS

In summary, we have incorporated DNA as electron blocking layer in PFO:F8BT based
all solution processable polymer light emitting diode. With the prime position of
HOMO and LUMO level of DNA complex, improved performance was achieved. The
devices with DNA of thickness 17.5 nm exhibited increased brightness by four fold
over the devices without DNA. The performance of the devices diminished when the
thickness of DNA complex was reduced below 17.5 nm. On increasing the thickness
of DNA complex, the luminance was decreased due to the efficient transport of holes.
On the other hand, decreasing the thickness of DNA complex, improved the transport
of excess of holes leading to a charge imbalance at the recombination site.
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General Conclusions

Abstract

This chapter summarizes the major findings reported in this thesis by drawing
attention to the applicability of DNA:PG dye-lipid complex as a nonlinear
optical material and as a lasing medium. However, such system could not find
relevance as a light emitting polymer/dye due to the high lowest unoccupied
molecular orbital (LUMO) level of the DNA that restrict itself as a host material
for light emitting dyes. By the use of DNA as an electron blocking layer, we
fabricated all solution processable polymer LED with improved performance.
We further propose possible future advancements in DNA Photonics.
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We would like to conclude this thesis by reminding its essence — which is bringing
‘green technology’ to aid the future generation. Photonic and electronic industries
strive to become more ‘green’ by using natural materials that are renewable, abundant
and inexpensive. Biomaterials, that are biodegradable, biocompatible, and
bioresorbable plays an important role in creating a sustainable future. Over the past
decade, the biomaterial, deoxyribonucleic acid known as the ‘molecule of life’ has been
investigated in various photonic applications. The unique optical and electronic
properties such as low optical loss, visibly transparent, suitable refractive index,
thermal stability, mechanical robustness, wide HOMO/LUMO energy gap, lower
resistivity, effective charge transport, led DNA to be a promising optical material.

In this context, this thesis was aimed at developing DNA-based new photonic materials
and investigations were carried out in nonlinear optics, lasing materials and organic
light emitting diodes. The major findings of this thesis which have contributed to the
scientific knowledge are summarized below.

e The nonlinear optical properties of PicoGreen dye have been studied using
open aperture transmission Z-Scan technique and found to possess nonlinear
absorption coefficient of 116 cm/GW. PicoGreen dye exhibited an optical
limiting type behavior with a threshold value of 36.2 MW/cm?,

e We have also investigated nonlinear optical properties of Triazatriangulenium
salt, which possesses nonlinear absorption coefficient of 810 cm/GW. The salt
exhibited saturable absorption behavior with an RSA valley at the focus.

e The nonlinear refractive index of PicoGreen and Triazatriangulenium dyes
were calculated using closed aperture transmission Z-Scan technique. It was
found to be of the order of 102 cm*W for both the dyes. Reviewing the
literature, it could be learnt that the materials with a nonlinear refractive index
as that of PicoGreen and Triazatriangulenium salt are highly desirable for all-
optical switching applications.

¢ Onintercalation of these dyes with deoxyribonucleic acid, the TPA coefficient
was reduced. One interesting feature was that the PicoGreen dye that exhibited



7 | General Conclusions 131

optical limiting property started to behave like saturable absorber on increasing
the concentration of DNA added to it.

e However, in the case of TATA salt, the saturable absorption effect was
reduced. This effect was similar to the one reported by Nithyaja et al from our
laboratory in Rhodamine 6G when the concentration of DNA was increased.

e Intercalation of PicoGreen dye with DNA showed enormous enhancement in
fluorescence, which was amplified in a resonator cavity to observe amplified
spontaneous emission.

e The PicoGreen-DNA lipid complex thin film exhibited an ASE threshold of
1.7 mJ/cm? when excited at 355 nm, which was lower than that for the common
lasing dye, Rhodamine 6G.

e The exponential gain coefficient was found to be 5.2 cm™ for the dye:DNA
complex that exhibited a fluorescence quantum yield of 0.64.

e The photostability of PicoGreen dye in the presence of DNA was found to be
at par with most organic dyes.

e The DNA as an electron blocking layer was investigated with polymer light
emitting diodes using fluorene-based PFO:F8BT as an active material.

e The brightness of DNA based LED was enhanced by four-fold over devices
without electron blocking layer. At a typical current density of 460 mA/cm?
devices with DNA:CTMA layer exhibited an eight-fold increase in luminance
performance.

e Similar work was performed using PFO as the active material with an increase
in brightness by two-fold, using DNA:CTMA as electron blocking layer.

The science of DNA has opened up new avenues and novel ideas for developments of
new optical materials for various applications. It is clear from the applications of DNA,
that DNA research spans various scientific and engineering fields and is truly an
interdisciplinary field. With DNA being developed in various photonic and
optoelectronic applications, it is essential to understand the role of DNA and the
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underlying mechanisms at the molecular level in these DNA-based hybrid materials. It
is, therefore, necessary for physicists, chemists and biotechnologists to unify and
collaborate to provide solutions and develop new technology exploiting the unique
optical and electronic properties of this wonderful biomolecule. Finally, it would be
best to quote the words of Steckl et al. to describe DNA as the ‘molecule of light’ that
would soon become the ‘silicon’ of the next generation.
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Abstract

DINA as a genetic biomolecule is more commonly referred to in life sciences, genetics,

and microbiology. With the development of *“DNA photonics™, it has shown tremendous
applicability as an optical and photonic material. In this letter, we introduce o novel dye
PicoGreen as a lasing medium in which DNA not only acts as a host matrix but also functions
as a fluorescence enhancer. A dramatic inerease in the fluorescence led us Lo the observation
of optical amplification in dye doped DNA thin films. We also indicate the possible mnability
of the output emission in the green—yellow region. With the obtained results, we have enough
reasons 1o lead to the development of DNA -based bio-lasers.

Keywords: amplified spontancous emission, PicoGreen, deoxyribonucleic acid, DNA : CTMA

(Some figures may appear in colour only in the onling joumal)

1. Introduction

With the discovery of the double helical structure of deoxy-
ribonucleic acid in 1953 by James Watson and Francis Crick,
DMNA has been a center of attraction for researchers inbiology,
genetics, and medicine. Barely sixty years later, DINA remains
in the limelight, attracting the awe of scientists and research-
ers in other fields as well.

With the advent of DNA photonics, DNA continues 1o
stimulate interest among researchers i many fields, espe-
cially photonics, by finding applicability in the fluorescence
enhancement of dyes, asa host matnx for lasing dyes, organic
light emitting diodes, memory devices, as a template for
self-assembling of nanostructures, and application in nonlin-
ear optics. Recently various groups [1-9] have reviewed the
application of DNA in various fields, namely organic elec-
tronics, photonics, optoelectronics, nanotechnology, nonlin-
ear oplics, organic catalysis, ete, clearly demanding intense
research, whereby DNA could be exploited to its full poten-
tial. In the context of application of the biomolecule in lasing
and light emission, DNA is used as a host matrix for a lasing

1612-20 11415125802+ 5§33.00

medium, which tends to enhance the fluorescence of lasing
dyes and improve the fluorescence quantum yield. There are
many reports of amplified spontancous emission and lasing
from various dyes doped in either pure DNA films [10] orina
DNA surfactant lipid complex [11-14]. Swudies are performed
in varous geometries like liquid solution in a simple cuvetle
cavity, optical fiber by the gelspinning method [15, 16],
planar micro-cavity with surface relief grating [17, 18],
dynamic distributed feedback (DFB) grating [19-21], or dis-
trbuted Bragg reflectors (DBR) as resonators. DNA thin films
could be easily prepared using simple techniques such as spin
coating, drop casting, tape casting [22], and dip coating [23].

PicoGreen (PG) 1s a fluorescent dye used in biomedical
research for DNA quantitation assays [ 24). PGdoes not fluoresce
n its free state, but on binding with double-stranded DNA, the
fluorescence is enhanced by 1000-fold or more. This enhance-
ment has been exploited in DNA quantitation in solution and
gels, meal-time PCR, cell chromosome staining, and other tech-
niques [23]. Dragan et al [26] recently proposed the possible
modes of binding o DNA and explained the change in quantum
yield and excited state hfetime. In their paper it was detailed

©2015 Astro Ltd  Printed in the UK
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Figure 1. Photograph of the (a} comparison of undoped DNA (left) and undoped DNA : CTMA (right) film, (b} prepared DNA : CTMA : PG

thin film.
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Figure 2. Experimental setup for the measurement of ASE.

that the negligible Mluorescence from the pristine dye was due
o a dynamic quenching process and subsequent dequenching
by intercalation with DNA molecules has improved the fluo-
rescence quantum yield and excited state lifetime dramatic ally.
This enormous enhancement in fluore scence made us interested
in taking up the amplified spontaneous emission studies, which
could lead us to the development of DNA-based lasers.

2. Materials and methods

The DNA extrcted from salmon testes and PG dye was pur-
chased from Sigma Aldrich, USA and Invirogen, USA respec-
tively. DNA :CTMA lipid complex was prepared in butanol at
4 concentration of 20mg ml~! [27]. The molecular structure,
absorption spectrum, and fluorescence enhancement of PG in
the presence of DNA were already presented in our carlier
work [28, 29]. PG is available in liguid form with DMSO as
a solvent. The PG solution was doped n the DNA:CTMA
lipid complex in a volume ratio 1:2. The mixture was then
drop casted on a glass plate and annealed at 40 °C in vacuum
for 2h. The annealing In vacuum was necessary Lo evaporate
DMSO at lower temperature and thus not degrade the DNAL
Additionally, we also prepared bilayer thin films by drop
casting PG solution over a pristing DNA : CTMA film and

pure DNA film, which were soluble in water. DNA:CTMA
films were optically more transparent than pure DNA films,
see figure 1(a). This was similar to the immersion technique
used by Suzuki er al [23] for increasing the doping concentra-
tion of the dye. However, this lechnigue did not yield a good
and uniform thin film. The thin film prepared by an earlier
method, as shown in figure 1(b), was used for further studies.
The absorption and fluorescence spectra were measured using
a Jasco V-570 spectrophotometer and a Varian Cary Eclipse
fluorimeter.

For the ASE measurements, the typical setup [ 10]is shown
in figure 2. The samples were excited using second and third
harmonic frequencies from a Nd:YAG laser (Quanta-Ray,
Lab-190-10) with a pulse duration of 7 ns and a repetition rate
of 10 Hz. The beam was made into a stripe geometry 10mm in
length and 1mm in width using an apertwre and a cylindrical
lens. The output emission was collected perpendicular (o the
excitation beam using a fiber and recorded with a spectrom-
eter of resolution 0.27am (Ocean Optics HRA000).

3. Results and discussion

The thickness of the DNA:CTMA PG film was estimated
to be (.35 pm. The nomalized absorption and normalized
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Figure 4(a) shows the dependence of FWHM and output
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beam of 532nm. We could observe spectral narrowing with a
decrease in the linewidth of the emission spectrum from 69 nm
to 13 nm. A clear threshold in the output power was observed
al an inpul energy density of 3 mJ em™2. Figure 4(b) depicts
the similar characteristics while using a 355 nm pump beam.
Here we observe the threshold at 1.7 mJ em 2, beyond which
the linewidth reduces to 5.7 nm. However, the spectral char-
acteristics of the emission while exciting at 532 and 355 nm
were different.

Figure 5(a) shows the ASE spectra from the thin films
when excited at a wavelength of 532 nm (8.6 mJ) and 355 nm
(3.2 ml ). We could observe modulation structures from a reso-
lution-limited spectrometer ranging from 562 to 579 nm under
green excitation and from 555 to 563 nm under UV excitation.
These features may be due to the random lasing or surface
roughness of the film. Figure 5(b) shows the spectral struc-
tures obtained from DNA : CTMA: PG thin film when excited
at 532nm at 12.35 ml. With suwtable pumping wavelength and
cavity design, it could be possible to tune lasing wavelength
from 555 to 579nm.

The exponential gain coefficient was calculated by the
Shank method by providing a block and measuring the emis-
sion intensity for an excitation stripe length of lem and
05cm. The calculated gain coefficient using the formula
given below was, ~ =4.7em™ (at 532nm) and 5.2em™!
(at 335nm).

Excitation Energy Density {mJ.l'cml}

Figure 4. Dependence of FWHM and output lasing intensity
(inset) on input excitation energy at a wavelength of (a) 532nm

and (b) 355 nm.
2
T [ |
L Ip 2

Another important factor s the photodegradation of PG,
which will determine its practical applicability as a lasing
medium. The expenmental results of the photodegradation
property using laser excitation are shown in figure 6. While
using & pump beam of 532nm pulses at 1.6 m) and measuring
the output spectrum every 15 s, we estimated that the output
intensity was reduced to 50% of its initial value after 215 exci-
tation pulses. With the available lierature we conclude that
this value is typical for an organic dye. We show the photo-
graph of the observed output beam on a while paper when
excited at 355nm in figure 7. The appearance of green light is
due o the fluorescence from the white screen.

4, Conclusion

In summary, we imvestigated a new dye for lasing when embed-
ded in deoxyribonucleic acid, which not only acts as a host
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Figure 5. (a) ASE spectra from DNA: CTMA: PG thin film excited
with second (8.6 ml) and third (3.2 mJ} harmonic frequency from

a Nd:YAG laser. (b) Spectral features obtained from thin film when
excited with 532nm at 12.35 ml.
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Figure 6. Dependence of ASE intensity of PG dve doped in DINA
lipid complex thin film over time using a 10 Hz, 532 laser.

matny for the dye but also as a fluorescence enhancer through
the dynamic dequenching process. We have therefore fabncated

Figure 7. Photograph of vellow lasing (seen as green) from the two
faces of the film when excited at 355 nm.

a modified DNA lipid complex intercalated with PG dye thin
film and observed amplified spontaneous emission al 568 nm
and 560nm while exating at the second and third hammonic fre-
quency, respectively, from a Nd:YAG laser We also observed
maodes rnging from 555 o 579nm and also propose probable
tunable emission by utilizing a proper cavity structure and exci-
Ltation wavelength, We estimated an ASE threshold at <2-3 mJ
em ™ with a spectral narrowing from 69nm w0 5.7nm. The film
(.35 pom thick could sustain approximately 215 pulses of 1.5 ml,
532 nm laser radiation before the emission could degrade w 50%
of the mital mtensity. Though we find an exponential gain coef-
ficient of ~5.0cm ™" with our samples, which is in par with most
of the organic dyes, it is necessary 10 find the optimum doping
concentration of dye with the intercalating DNA. Here, we see
that the DNA not only acts as o host materal bot also plays an

mnportant roke m the luminescence of the dye molecules, which
could lead 1o the development of DNA-based lasers.
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ABSTRACT

Biopolymer light emitting diodes were fabricated by using all solution processable polymers incorporating biomaterials
such as deoxyribonucleic acid lipid complex as an electron blocking layer. Light emission is from a blend of fluorene
based copolymers. The devices with electron blocking layer exhibited higher brightness and luminous efficiency. The
mereased luminance of the multilayer polymer LED is attribuled to the contribution from DNA:CTMA as electron blocking
layer and PEN, a derivative of polyfluorene, as electron igjection layer. Our results show four fold mcrease in luminance
values when DNA s used as electron blocking layer.

Keywords: biopolymer LED, deoxyribonucleic acid, DNA:CTMA, clectron blocking layer, light emitting polymers,
PFO:FEBT

1. INTRODUCTION

Since the discovery of light emission from polymers over two decades ago, especially conjugated polymers have paved
the way for simpler technology viz. solution casting method to make light emitting deviees. However in the past few years,
biopolymers such as DNA has gained tremendous interest among researchers trying w develop BioLED. Deoxyribonucleic
acid from salmon sperm has been exploited as biodegradable polymeric material for photonic and electronic applications.,
Recently the “molecule of life” had made way into the field of photonics, semiconductors and display technology. Many
devices such as optical waveguides, bio-organic light emitting devices, bio field effect transistors and bio sensors are at
the research table with promising results. What the DNA could offer in LED application is multifold. Steckl et al' in his
article elaborated how DNA, through the emerging field of ‘DNA Photonics’, could be exploited as a biodegradable
polymeric material for photonics and optoelectronics applications. Apart from being biode gradable, abundant, inexpensive
and renewable resource, they hold unique optical and electrical properties. Being optically transparent in the visible region,
clectrically conductive, tunable resistivity from 10" 1o 107 -cm by varying its molecular weight, suitable refractive index
and dielectric constant, all keading towards a promising material for optical devices. Additionally, the HOMO (5.6 ¢V) and
LUMO (0.9 eV) levels support hole transportation and also effectively block electrons enabling it to be used as an electron
blocking layer (EBL) in LED which has resulted in increased brightness and luminous efficiency.

DNA entered the photonics field as a host material for lumophore — thereby avoiding agglomeration of molecules and
enhancing photoluminescence. Kobayashi et al* was the first to incorporate DNA doped with Rutbpy)s** in light emitting
diodes using dip coating technigue in the form of water soluble DNA polyaniline complex. Kovama et al later introduced
organic solvent soluble DNA lipid complex in light emitting devices®. They hosted DNA lipid complex as a matrix for dye
molecules such as ethidium bromide and fluorescein and claimed that DNA could be a good hole transporting layer.
Though they were not clear about the role of DNA in ight emission, they opened a whole new interest. After a careful
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serutiny of the HOMO and LUMO levels of DN A, Hirata et al in 2004° confirmed the electrical conduction in LEDs and
followed from J. Hagen et al® and Sun et al® complimented the electron blocking ability of DNA in OLED (organic light
emitting diodes) and QDLED (guantum-dot light emitting diodes) respectively. Kobayashi et al'* came up with a voltage
controlled color tunable OLED based on DNA. The green to red tunability was contributed by green emitting Tris( 8-
hydroxyquinolinatojaluminium {Algs) and subsequent shift in  the recombination site w0 red  emilling
Trs(hipyridine)ruthenium(ID) (Ruibpy):*). Madhwal et al*'? supported the enhanced luminance and luminous efficiency
by incorporating DNA in PLEDs (polymer light emitting diodes). Instead of hexadecylrimethylammonium (CTMA) as
lipid, Chen et al’ demonstrated BioLED with benzyltrimethylammonium chloride (BTMAC) as surfactant o DNA and
achieved efficient OLED at lower driving voltages. Recently, Grykien et al'? claimed 40% mmprovement in luminous
efficiency by fabricating DNA as EBL in phosphorescent I ppy); based OLED.

Motivated by the polential of DNA as an interesting material in the field of light emitting diodes, much research was
directed to designing and developing BioLED and a solution Lo increase the efficiency and brightness. This paper presents
the effect of thickness of electron blocking DNA layer in polymer LEDs. We demonstrated an efficient bio-LED using all
solution processable polymer lavers except for the cathode. Here we used a blend of green emitting poly(9,9-
dioctylfluorene-alt-benzothiadiazole) (FSBT) and blue emitting poly(9,9-di-n-octylfluorenyl-2.7-diyl) (PFO) as a light
cmilling polymer.

2. EXPERIMENTAL

2.1 Materials and Methods

Manne denved DNA (exiracted from salmon testes, saDNA), CTAB [hexadecylinmethylammonium bromide]. F8 (PFO)
[Poly(9.9-di-n-octylfluorenyl-2,7-diyl)], FEBT [Poly(9.9-dioctylfluore ne-ali-benzothiadiazole) |, PEN [poly [(9.9-bis(3'-
(N.N-dimethylaminojpropyl -2, 7-fluorene)-alt-2.7 -(9 9—diocty lfluorene) |, PEDOT: PSS [Foly(3.4-
cthylenedioxythiophene)-poly(styrenesulfonate )] and Aluminum used in this study were supplicd by Sigma Aldrich, USA.
The ITO glass plates were supplied by Delta Technologies, Limited, USA. The molecular structure of DNA and other
polymers are shown in Figure 1.

The DNA:CTMA lipid complex was prepared as deseribed elsewhere ™. DNA (4g/L) and CTAB (4g/L) agueous solution
was prepared using Milli-QQ water. For reducing the molecular weight of DNA, the DNA aqueous solution was somcated
in ice bath for 50 cycles, with cach containing 10 sec sonication - at 30% of the output power and 50% duty cycle - and 20
sec rest period. The molecular weight of the sonicated sample was measured by gel electrophoresis method and was
estimated 1o be less than 300 bp (see Figure 2). The CTAB solution was added 1o DNA solution drop by drop while stirring
and was additionally stimed for 2 more hours. The DNA:CTMA precipitated was filtered using 045 pm nylon membrane
and dred in vacuum at 40°C overnight. The lipid complex was dissolved in butanol at the desired concentration.

2.2 Device fabrication

The devices were fabricated by following the procedure detailed below. The ITO coated glass plates of sheel resistance 8-
12 Qs were cleaned under ultrasonication in a series of solvents, viz. laboratory detergent, DI waler, acetone, s0-
propanol, ethanol, each for 15 minutes. Further, the plates were blown with nitrogen gas, dried in vacuum oven and reated
with UV/Os prior to coating.

The deviee structure and its energy level diagram are presented in Figure 3. A control device (Deviee A) was also
fabrcated without DNA:CTMA layver o compare the effect of DNA layer with the following structure
ITO/PEDOT:PSS/PFO:FEBT/PEN/LIF/AL PEDOT:PSS was filtered using a pore size of 0.45pm PVDF filter and used
without any dilution. It was spun at 5000 rpm for 30 s to yield a thickness of 80 nm. Annealing at 150 °C for 5 min ensured
evaporation of any excess solvent. To study the effect of DNA as EBL, DNA:CTMA layer was introduced between the
active layer and the hole transporting PEDOT:PSS. Device B and C were structured by incorporating DNA:CTMA of
concentration 1 mg/ml and spun at 5000 and 10000 rpm respectively. In devices D and E, DNA:CTMA of concentration
0.7 mg/ml was used and spun at 5000 and 10000 rpm respectively. The thickness of DNA:CTMA layer in devices B, C.
D and E were 29 nm, 27 nm, 17 nm and 17.5 nm. The hight ermitting copolymer was prepared by dissolving PFO and FEBT
separalely in toluene at a concentration of 15mg/ml and mixed in a volume ratio il 19:1. 55 nm thick layer was obtained
by spinning the blend solution at 8000 rpm for 20 s and annealing at 80°C for 10 min. An electron injection, PEN layer
was prepared by mixing it in methanol at 2 mg/ml along with an addition of few drops of acetic acid and spinning it at
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2000 rpm. All the polymers were filtered uing 0.2 pm PTFE syringe filter to ensure smooth and uniform films. Finally
Aluminum (100 nm) as cathode was coated using thermal evaporation with lithium fluoride (2 nm) as buffer layer. The
mask used here provided an active area of 9 mm?. The devices were then encapsulated using a commercially available
epoxy in nitrogen atmosphere and cured under UV irradiation for 30 minutes. The devices were characterized in air
immediately thereafter.

L ¢ If df
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Figure 1: Molecular structure DNA, PFO, F8BT and PFN.

Figure 2: Gel phase electrophoresis - reduction of molecular weight of DNA by sonication

2.3 Measurements and Characterization

The mechanical shearing of DNA was realized using a probe type Branson 250 analog ultrasonic processor. The luminance
and current density versus voltage characteristics were simultancously recorded using (Keithley 2400) SMU and
photocurrent was recorded using a calibrated photodiode (Thor Labs, PDA 36A-EC) connected to (Keithley 2000) digital
multimeter with the help of LabView program The electroluminescence spectra was observed using Ocean Optics
(HR4000) spectrophotometer. The thickness of thin polymer films were measured by optical reflectance system using
ThetaMetrisis (FR-pOrtable). All measurements were carried out in air at room temperature.
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rom: http/spiedigitallibrary.org/on 08/30/2015 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUseaspx



A | Publications 145

0.9
'.["'_‘\14'
= 22 54
3.1
LiFfAl 3.5
v <
ol 2| B =
PFO:F8BT = E g E E <
DNA:CTMA 2| 2 =
PEDOT-PSS a| 8| =
4.7
5.2
5.6
58 5.8

Figure 3: Device structure (left) and energy level diagram (right) of the fabricated BioLED

3. RESULTS AND DISCUSSIONS

All the materials used in this device structure except for the clectrodes are polymers. Here, the transparent ITO is used as
anode with a work function of 4.7 ¢V while PEDOT:PSS, a well know polymer, 1s used o transport holes effectively due
Lo its matching HOMO level. The biopolymer, DNA:CTMA is used as an electron blocking layer to control the flow of
electrons from cathode directly to anode and help the recombination sites localized in the active layer (PFO:FSBT). The
active layer is a blend of two polymers, a blue emitting PFO and green emitting FEBT. The emission is by fluorescence
decay due to the absorption of photons emitted by the recombination of holes and electrons in the © and a* band of the
polymer. PFN is an aminoalky] substituted polyfluorene co-polymer employed as cathode interfacial layer™-1® which helps
Lo avoid the use of low work function metals such as Ca or Ba, that are susceptible to moisture and oxygen. Though the
presence of PEN in the device reduced the brightness, the efficiency was much improved. A thin layer of Lithium Fluonide
{LiF) was coated prior to the deposition of Aluminum without breaking the vacuum to alter the work function of Aluminum
from 4.7 eV to 3.1 eV. We have also confirmed that combined contribution of PEN and LiF increased the efficiency
compared o a deviee with either PEN or LiF.

The L-j-V { Luminance — Current density - Voltage) characteristic of PFO:FEBT based device with and without DNA layer
(Device A and E) is shown in Fig 2a and 2b respectively. The twrn-on voltage for Device A was at 6 V and for all other
DMNA based devices it was at 10 V. This 15 due to the additional DNA:CTMA layer that increased the overall resistance of
the device.

A comparison of current density-bias voltage of devices A to E are shown in figure 3a which dictates the increased
resistance in EBL based devices. While comparing the luminous performances of the devices in figure 3b, it could be
observed that devices with thin EBL layer (17.5 nm) achieved higher luminance over devices with thick EBL layer (28.5
nm}; which in turn was higher than device with no EBL layer. It was observed that the luminance from PFO:FEBT based
devices with DNA were enhanced by more than 4 times over the devices without DNA complex layer.
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Figure 4a shows the luminous performance of Device A and Device E as a function of current density. It could be noted
that at a current density of 180 mA/em? the devices without EBL produce maximum luminance, which is enhanced by
introducing the EBL. At a current density of 460 mA/em? the device with EBL shows an 8 times increase in luminance
over the device without EBL. In a separate set of experiments, DNA complex layer was reduced o ~5 nm by varying the
concentration of the lipid complex extracted from the same batch used in earlier experiments. However, such devices
showed no improvement in luminance (see Fig. 4b). It may be concluded that other factors apart from thickness such as
the molecular weight and mobility of charges plays an important role. The normalized electroluminescent spectra of the
device is shown in figure 5, depicting a dominant wavelength at 534 nm. Figure 8 shows the photograph of the green
emission from the Device E.

104
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Figure 5: Electroluminescence spectra (left) and 1931 CIE color chromaticity plot (right) of BioLED. Inset on the left figure
shows the actual photograph of emission from LED at 17 V.

4. CONCLUSION

We have reported a four fold increase in brightness of a polymer LED by introducing PEN as the electron injection layer
and DNA:CTMA as clectron blocking layer on either side of the polyfluorene active layer. It has been observed that the
variation in thickness of DNA layer even at small values is very crucial. While the thickness is much lower (~5 nm), there
was no improvement in luminance.
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Abstract We have investigated the effect of DNA on
nonlinear absorption of PicoGreen dye using single beam
open aperture Z-scan technigque in nanosecond regime. We
observed reverse saturable absorption at 532 nm for Pico-
Green without DNA. In the presence of DNA, the sample
begins to behave like saturable absorbers and this effect
increased as the concentration of DNA was increased. The
dye-intercalated DNA showed SA characteristics near the
focus but exhibited RSA characlenstics at the focus. The-
oretical analysis has been performed using a two-photon
absorption model based on nonlinear absorption coefficient
and saturation intensity. Such wiloring of optical nonlinear
absorption in PicoGreen makes it a potential candidate for
photonic application.

1 Introduction

Deoxynbonueleic acid (DNA), a highly nonlinear bio-
organic polymer, has made way into the field of photonics,
semiconductors and display technology [1]. Many devices
such as optical waveguides [2], bio-organic light emitting
devices [3-7], bio field emitting transistors [8-12], bio
sensors [13], and lasing medium [14-16] provide promising
results. DNA entered into photonic industry to determine its
base pair sequence using fluorophores that could be easily
intercalated into 18 base stacks [17]. It was also found that
the fluorescence emission of varous dyes is enhanced many
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fold on doping with DNA [18]. Of various dyes used. most
of them including certain metal nanoparicles showed
fluorescence enhancement on intercalation with DNA [19],
which was primarily due to the disassociation of dye mol-
ecules. This property of DNA was exploited to serve as a
photonic material in various optoelectronic devices. There
has been numerous investigations on various fluoro-
phore-doped DNA and reported its amplified spontancous
emission and lasing action [20-22]. Thus, the biopolymer
with its renowned double helical structure has emerged o
develop a new field ‘DNA Photonies™ [23-26], transforming
itself into an exciting photonic material.

Nonlinear optical properties of dye-incorporated DNA
systemn are useful in developing devices based on optical
limiting, two-photon absorption, etc. Here we introduce
Picogreen (PG) dye as a nonlinear optical matenal that
could be exploited in optical limiting applications, two-
photon microscopy and photonie devices. The molecular
structure and chemical formula of PG dye have been
refemed elsewhere [27]. PG s used as a standard stain for
quantification of double stranded DNA (dsDNA), single
stranded DNA (ssDNA) and nbonucleic acid (RNA) [28].
To understand the detailed aspects of DNA biomolecule
interaction with the dye, investigation on nonlinear optical
properties of dye-doped DNA is carnied out. The nonlinear
properties of the dye were studied using single beam
Z-scan lechnique developed by Sheik Bahae et al. This
lechnigue 1s a well established tool for the determination of
nonlinear refraction and absorption and has been widely
used in material characterization. It has been reported that
two-photon  absorption (TPA) is possible in DNA al
532 nm corresponding to twice the wavelength of the main
absorption peak (260 nm) [29-31]. The properties of DNA
and PG having optical limiting behavior and the enhance-
ment of fluorescence of the dye on binding with the
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biomolecule nvited interest in studying the interaction
between the two in the context of nonlinear optical
TESpPOnse.

2 Experimental

PG and manne-derived DNA (DNA from salmon lesles,
saDNA) was made available from Invitrogen, USA and
Sigma Aldrnich, USA, respectively. Commercially available
PG reagent is in liquid form with solvent being dimethyl
sulfoxide (DMSO). DMSO was supplied by S. D. Fine
Chem Limited, India. The saDNA 1s fibrous and 1s used as
received without any further punfication. Single distilled
waler was used Lo prepare agueous solution of saDNA.
Two concentrations of DNA aqueous solution were pre-
pared viz, 2 and 20 g/L. The UV-visible absorption spectra
are recorded vsing Jasco V-570 Spectrophotometer and the
photoluminescence  was  measured using  Varian  Cary
Eclipse Fluorimeter. The Z-scan setup used in this exper-
iment is already discussed in our carlier work [32].

3 Results and discussion

The lincar normalized absorption spectra and normalized
photoluminescence of PG are shown in Fig. 1. Absorption
peak of PG dye is prominent in the visible region around
500 nm along with two minor peaks in the UV region (not
shown). The intdnsic fluorescence of free PG dye was
negligible when excited at 500 nm. Upon binding with
dsDNA the fluorescence enhanced many folds with its
emission peak at 535 nm.

It has been shown from our previous work that DNA
exhibited strong nonlinear absorption due to two-photon

' ' [—8— Absamiion

1.0 1 —o— PLwith DMA 7 '
5 —o— PL without DNA] T
o o
= 084 roa ;
; :
S 0 roe g
g o
o

o o
& 04 E
" El
E Loz E
2 o2 32

oo

0.0 T T T
400 500 £00 700 800

‘Wawvelength (nm)

Fig. 1 Normalized absorption spectra and normalized fuorescence
emission of PG dye with and without DN A
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absorption [32]. To estimate the role of DNA on nonlinear
property of the PG solution, we performed open aperture
Z-scan on PG with and without DNA. In open aperture
Z-scan technique, the sample 1s moved across a focused
beam, where the transmittance 15 collected as a function of
position of the sample (or on-axis input intensity). Figure
2a shows the plot related o open aperture Z-scan expern-
ment of the dye and dye-intercalated DNA at an incident
intensity of 0.10 GW/em®. In PG dye. without any inler-
calation with DNA, as the sample approaches the beam
waist the transmittanee decreased rapidly. This indicates
reverse saturable absorption or optical limiting phenomena.
When the dye was inlercalated with DNA al a concentra-
tion of 2 g/L, there developed a hump in the transmillance
curve very close to the beam waist, Interestingly, at a DNA
concentration of 20 g/L the humps developed further and
lends to flip the nonlinear absorption curve around the
focus indicating the existence of saturable absorption.
While at the focus the tansmittance increased relative 1o
the dye alone. In other words, the DNA:dye complex
exhibits SA behavior around the focus and RSA behavior
at the focus. This indicates the presence of more than one
type of nonlinear optical processes laking place in the
complex medium. Such multiple nonlinear absorption
processes were reported by various groups in different
materials [33-40]. Nithyaja et al. [32] had reported a flip of
SA o RSA as DNA was doped in Rhodamine 6G. How-
ever, in this case, the flip was from RSA to SA, which was
due to the effect of DNA. To determine the irradiance
dependence of the nonlinear absorption coefficient, the
measurements were performed at different laser energies.
Figure 2b, ¢ shows the open aperture Z-scan expeniments at
an incident intensity of 0.23 and 0.32 GWfL'ml, TCSpeCs
tively. Though the SA effect (the humps that flank the
central RSA) increased with the concentration of DNA, it
was less pronounced at higher imadiances.

To explain the nonlinear behavior we numerically fit the
experimental data and are analyzed using the approach
described by Sheik Bahae et al. [41]. The experimental data
show both RSA and SA behavior and hence we define
effective nonlinear absorption coefficient, «(7) instead of
considering the TPA coefficient, § alone. The effective
nonlinear absorption coeflicient contains two terms, the
first describing saturable absorption and the other repre-
senting the two-photon absorption. The effective nonlinear
absorption coefficient is expressed as [35]

—_— oty .
2l = (—1 L +ﬁ1) (1

where, 2 is the unsaturated linear absorption coefficient at
the excitation wavelength, f being the incident laser intensity
and 7, the saturation intensity. The normalized trunsmittance
of the open aperture Z-scan is given by the equation,
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. = (—alolar/l + 1) .
o 27 4
Tz m+1 (2)

m=0

where, Ley = (1 — expl{—al)/ 2 Loy the effective interac-
tion length, I, is the irradiance at the focus, and [ the
sample length. ¢ = (z/z¢), where z and zq are the longilu-
dinal displacements of the sample from focus and the
Rayleigh length, respectively. Theoretical fit of the
experimental data was obtained wsing the Egs. 1 and 2
from which I, and § are calculated. The values of these
parameters are presented in Table 1. We find that the
theoretical simulation is in good agreement with the
experimental data indicating the two-photon absorption
maodel used here is quite reasonable.

In Fig. 3, the normalized transmittance is plotted against
input intensity. This data were extracted from open aper-
ture Z-scan curve of DNA (20 g/L) doped in dye at an

input intensity of 0.10 GW/cm® al the focus. The dis-
placement of sample from the focus z in the Z-scan plot is
converted o corresponding input fluence using Eq. 3. From
this plot, it could be understood that at lower input inten-
sities the wransmittance increased, while above the critical
value (37.5 MW/em?) the transmittance decreased. This
effect could be exploited in dye-based optloelectronic
switches.

) i, .
Iiz) = m (3]

With the vanation of transmitted intensity observed in
DNA doped in dye, it is important to check the effect of
DNA on DMSO, the solvent wsed in the dye. DNA
solutions (15 g/L) were prepared by dissolving DNA in
both distilled water and DM SO and were subjected to open
aperture Z-scan at same input intensity. Figure 4 shows the
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Table 1 Key parameters related 1o the open aperture Z-scan plot of
PG and dye intercalated DNA

Sample  Input intensity,  TPA coefficient,  Saturation intensity,
I, (GWiem®) J (miGW) 1, (MWiem®)
e 010 11305 2546
pednal 1.9827 27.74
pedna2 05117 62.69
pe 0.23 0.5228 55.07
pednal 0.5296 51.48
pedna20 0.5179 61.94
e 0.32 0.4294 67.05
pednal 0.4029 67.67
pedna20 04866 65.92

pg PicoGreen dye, pgdnal PicoGreen doped in 2 g/l DNA, pgdnal
PicoGreen doped in 20 g/ DNA

1.15 4

1.10 4

1.05

Normalized Transmittance

095

090

1(‘)0 1000
Input Intensity (GW'm®)

Fig. 3 Normalized tmnsmittance of PG intercalated DNA at an
incident intensity of 0.10 GWicm® as a function of input intensity.
The solid fine denotes the theoretical fit

RSA behavior of DNA in both solvents. From  the
observations, it has been found that there was only a
minuscule change in their nonlinear absorption. This might

be due o a minor difference in the concentration of DNA.

4 Conclusion

In summary. the results depicted here show interesting
features of saDNA and its effect on nonlinear absorption of
PG dye. The dye alone showed optical limiting behavior
when excited at 332 nm. On intercalating the dye with
saDNAL we observe a saturable absorption behavior at low
incident intensity (away from the focus) and reverse satu-
rable absorption at high incident intensity (at the focus).
Best theoretical fit was made and, saturable intensity and
nonlinear absorption coefficients were estimated. Thus, it
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Fig. 4 Comparison of open aperture Z-scan of DNA in distilled
water and DMSO solvent. The solid line denoies the theoretical fit

could be concluded that DNA plays an inleresting role in
tailoring the nonlinear absorption coefficient of PG dye. In
comparison with our previous resulls conceming the effect
of DNA in Rhodamine 6G [32], it could also be concluded
that DNA can be used to switch the nonlinear behavior of
mtercalating dyes. However, more extensive research in
various dyes could ascertain these conclusions. Such flex-
ibility in controlling the optical nonlinear properties of
dyes by saDNA could be exploited in developing various
photonic devices.
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Abstract In this paper we study the nonlinear optical
properties of PicoGreen dye. The investigations involve
the single-beam Z-scan technique and measurements wene
cartied out at different incident intensitics. Both open
and closed aperture Z-scan techniques were performed at
532 nm and it was found that the dye exhibited a reverse
saturable absorption with significant nonlinear absorption
coefficient and intensity-dependent negalive nonlinear re-
fraction coeflficient, indicating self-defocusing phenomena.
The third-order nonlinear susceptibility and optical limiting
threshold were also measured.

1 Introduction

There has been an extensive need for nonlinear optical ma-
terials that can be wsed with low-intensity lasers due to
thewr potential application in optical switches and devices
[1, 2]. Large nonlinear optical susceptibility resulting from
the nonlinear response of organic molecules has attracted
much attention. Many reports have been published for the
case of single crystals of organic molecules [3, 4], organic
molecules in liguid solutions [5, 6] and organic and bio-
logical materials doped in various solids [7, 8], Nonlinear
optical phenomena can be due to electronic, thermal (non-
electronic) or anisotropic orientational processes. The elec-
tronic nonlinearity arises from electronic structural change
due to distortion of electronic clouds or distribution of elec-
trons to different levels. The response time is of the order

C. Pradeep (&) « 5. Mathew - B. Nithyaja - B Radhakrishnan -
V.EN. Nampoord

International School of Photonics, Cochin University of Science
and Technology, Cochin 682022, India

e-mail: pradeep® photonics.cusat edu

Fax: +91-(484-25767 14

of femtoseconds. The thermal nonlinearily occurs as a re-
sult of generation of phonons on absorption of light. The
orentational nonlinearity is due to birefringence when off
resonance and dichroism on resonance. There are vanous
techniques Lo ascertain the underying phenomena of opti-
cal nonlinearity and often two or more experiments are re-
quired to confirm the same. The single-beam Z-scan tech-
nique, developed by Sheik-Bahae et al. [9, 10], 15 a well-
established tool for determining the nonlinear properties and
1s widely used in matenal characterization since il can pro-
vide not only the magnitudes of the real and imaginary pants
of nonlinear susceptibility, but also the sign of the real part.
In this method, the intensity -dependent lransmission 1s com-
puted, which can rapidly measure both nonlinear refraction
and nonlinear absorption.

We report here the optical nonlinear measurements of
PicoGreen (PG) dye [11, 12]. PG s an asymmetncal cya-
nine dye used as a nucleic acid stain in molecular biol-
ogy described by various manuals and protocols [13-15].
This expensive dye is commonly employed as quantitation
reagent used to detect and guantify nucleie acid. This stain
selectively binds to double-stranded DNA (dsDNA) and has
a characteristic similar 1o that of SYBR Green L This cya-
nine dye is a fluorochrome which has a low fluorescence
as such. Its fluorescence enhances by over 1000 fold as it
binds to dsDNA [16], with high quantom yield and mo-
lar extinction coefficient when binding 1o as litle as 25
pe/ml dsDNA [17]. It can also stain single-stranded DNA
(ssDNA) and RNA with relatively lower pedformance. PG
(IUPAC: 2-[N-bis-(3-dimethylaminopropyl)-amino|-4-[2,3-
dihydro-3-methyl-(benzo-1,3-thiazol-2-yI)-methylidene] - 1-
phenyl-guinolinium [ 18]) with its molecular formula CyyHyz
NsS has an average mass of 552.794983 Da [19]. The
molecular structure of the dye has been determined by Zip-
per et al. [18] and is shown in Fig. 1.
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Fig. 1 Molecular structure of PG dye

2 Experimental

PG was made available from Invitrogen, USA. Commer-
cially available PG reagent is in liquid form with the solvent
being dimethyl sulfoxide (DMSO). DMSO was supplied by
S5.D. Fine Chemn Limited, India. The UV-visible absorption
spectra are recorded using a Jasco V-570 spectrophotometer.
The linear refractive index of the dye was measured using an
Abbe refractometer.

PG was stored away from light as it is susceptible 0
photobleaching al prolonged exposure Lo room hght. Hence,
the dye was immediately subjected o mvestigation once re-
moved from storage.

The Z-scan technique was used o measure optical non-
lincanty employing a mode-locked Nd:YAG laser having
T ns pulses at a repetiion rate of 10 Hz giving a second
harmmonic at 332 nm. The sample 15 moved along the beam
axis of light focused with a kens of focal length 20 cm. The
radius of the beam waist wy 15 caleulated to be 42 pm. The
Rayleigh length, zp =JI'1J':£';{.J\., is estimated w be 10.7 mm,
which is much greater than the thickness of the sample cu-
velte (1 mm), which is an essential prerequisite for Z-scan
experiments. The transmitted beam energy, reference beam
energy and their ratio are measured simultaneously by an
energy ratio meter having two identical pyroclectric detec-
tor heads. The Z-scan system is calibrated using CS7 as a
standard.

3 Results and discussion

The linear absorption spectrum of PG is shown in Fig. 2.
The absorption is prominent in the visible region at around
440 nm o 340 nm o with its peak at 499 nm. The concentra-
tion of the reagent was calculated o an approximate value
of 2.75 x 1077 mol/L based on the molar extinction coeffi-
cient reported by Singeret al. as 70000 cm ' M~! [16]. The
solvent used by Singer et al. was phosphate buffer while that
of our study is DMSO. However, the nonlinear properties of
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Fig. 2 Absorption spectrum of PG in the visible region

the dye solution will not be affected due to the change in the
solvent. The original concentration was maintained during
Z-scan experiments without diluting the dye. Figure 3 shows
the open aperture Z-scan curve of the dye at 532 nm with an
incident intensity of 0.1 GW/em?. An oplical imiling Lype
(reverse saturable absorption, RSA) behavior was observed
with nonlinear absorption coefficient, g, at 1.1 m/GW. A de-
crease in nonlinear absorption coefficient with increased in-
tensity of the incident laser was observed at this wavelength
and the numbers ane presented i Table 1.

When an aperture was introduced in the far field of
the sample (closed aperture Z-scan), the resulling ransmit-
tance exhibited a self-defocusing effect with an asymmet-
ncal peak—valley curve as shown in Fig. 4. The suppressed
peak and enhanced valley were due to the fact that the closed
aperture measurement is sensitive 0 both nonlinear absorp-
tion and nonlinear refraction. Some materials such as ZnSe
and BaF; showed a similar asymmetncal curve as reported
by Sheik-Bahae et al. [20]. Shahnart and Yunus have also re-
ported similar Z-scan results in silver nanofluid [21, 22]. By
dividing the closed aperture data by the open aperture data,
the Z-scan curve due to nonlinear refraction alone could be
obtained. Figure 5 shows the results of dividing the closed
aperture data by the open aperture data at an incident inten-
sity of (1.3 GW/em?.

In explaining the nonlinear behavior of the dye, we used
two-photon-absorption (TPA) geometry and found the best
fit for the experimental data. In a circularly symmetric laser
beam incident on PG dye, the normalized ransmittance de-
tected in the far field in the closed aperture and open aperture
Z-scan expenments is given by Egs. (1) and (2) [11, 12].

40y

T =1-——5———
(I+p=19+y-)

(1)
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Table 1 Kev pammetes related o nonlinear optical properties of PicoGreen dye

Intensity, Nonlinear absorption

Optical limiti

g threshold,

Nonlinear refractive Third-order susceptibility,

Ty (GWiem?) coeflicient, g (m/GW) They, (MWiem?) index, ny (esu) = 1010 1™ fesu) x 1071
0.1 1.1 362 57 93
0.2 0.7 630 iz 2
0.3 0.5 776 1.9 iz

=== Thearetical fi

0.9+

0.8+

Normalized Transmittance

074

Fig. 3 Open aperture Z-scan of PG at an incident intensity of
0.1 GWiem?
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Fig. 4 Closed aperture Z-scan of PG at an incident intensity of
03 GWiem?

where Ag = 2m(nalol(t) Ler/A) with y = (z/z0) and Leg =
(1 — expi{—al)) /o, A¢ being the phase
cus, Iy the incident laser power at the focus, Loy the effec-

istortion at the fo-

tive interaction kength and [ the sample length. z and 7y are

MNormalized Transmittance

-40 -30 -2 -10 o 10 20 3 40

Fig. 5 Resulis of division of closed aperture by open aperture data at
an incident intensity of 0.3 GWicm?®

the longitudinal displacement of the sample from focus and
the Rayleigh length, respectively.

oo 3 e 2ym
(S i CUT R AL ‘“L‘;”Jr“l;,l Uiy 2)
m=i)

where gy oy = flo(t VLew. Theoretical fit of the experimen-
tal data was obtained using Eqgs. (1) and (2). The non-
lincar absorption coefficient, f§, was calculated using the
above equations. The nonlinear refractive index was cal-
culated as ny = cng Ao/ 40m k() Legr. The linear refrac-
tive index, ng, of the PG dye was measured using a refrac-
tometer and was found to be 1.46. It 1s observed that the
peak—valley of the closed aperture Z-scan satisfies the condi-
tion Az = 1.7z, thus confirming the presence of third-order

optical nonlinearity. The real and imaginary parts of the
third-order nonlinear susceptibility _:;l;] of the cyanine dye
were calculated from the values of ny and § using Eqs. (3)
and (4 ).

@ _ Rofz

Rex (esu). (3)
22
@ _ M P
Im = o e - e
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Fig. 6 Open apenure Z-scan of DMSO solvent and PG dye solution

The nonlinear susceptibility 3 was computed using
the relation [{Re x )2 4 (Im x*)?1Y2. The calculated val-
ues of nonlinear optical parameters are depicted in Ta-
ble 1.

Some cyanine dyes such as PC (1,1-diethyl-33,3".3"-
tetramethyl-indolepentylmethinecyanine iodine) and vari-
ous polymethine cyanine dyes which possess considerable
nonlinear absorption coefficient, nonlinear refractive index
and third-order susceptibility have been reported. Research
is targeted wwards exposing new materials with higher
nonlinear refractive index due to the possibility of appli-
cations as optical limiters based on the Kerr effect. We

present here a material (PG) that possesses a nonlinear ab-
sorption coefficient that is two orders of magnitude higher
than the polymethine dyes [23] and nonlinear refractive
index and third-order nonlinear susceptibility of approxi-
mately two orders of magnitude higher than the PC solu-
ion [24].

To confirm the cause of optical limiting type behavior
of the PG solution, open aperture Z-scan was performed on
both solvent alone and the dye solution. As shown in Fig. 6,
no obvious nonlinear absorption was found for DMSO sol-
vent while PG solution showed strong nonlinear absorption
with its TPA coefficient, f, taking the value 0.4 m/GW at
an incident laser intensity of 0.35 GW/em?®. Hence, optical
limiting is only due to the dye.

One of the important exploits of RSA behavior in ma-
terials is its application as an optical limiter. In principle,
an optical limiter is opaque to high input intensities while
ransmitting low light intensities. An important term in op-
tical imiting (OL) measurement is the imiting threshold.
An ideal optical limiting material should have low limiting
threshold. Here we have used open aperture data to extract
the limiting threshold by expressing the abscissa in terms of

@ Springer
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Fig. 7 Optical limiting response of PG dye

the input fluence using Eq. (3).

Iy

= . (5)
1+ (22 /zg)

Figure 7 shows the OL response of PG dye at different

mcident intensities; the limiting threshold was observed at
36.2 MW/em? at an incident intensity of 0.1 GW/em?®. As
the ncident mtensity was increased, the miting threshold
also inereased. The continuous line with a head in the figure
indicates the approximate threshold value (Thep ), which is
determined graphically as the intersection between the linear
and nonlinear parts of the OL curve. The OL threshold at
various intensites is presented in Table 1.

4 Conclusion

In summary, our Z-scan experiments revealed interesting
features of optical nonlinear properties of PG dye. Using the
532 nm line of a Nd: YAG laser, the cyanine dye exhibited an
optical limiting characteristic and the closed aperture exper-
iments depicted a self-defocusing effect. The dye exhibited
a significant TPA coefficient, f, and intensity-dependent
third-order nonlinear refraction, n,, and third-order suscep-
tibility, x 3 These attractive properties of PG could be ex-
ploited in developing it as an optical limiter and as vanous
phownic and optoelectronic devices.
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