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Preface 

Photonics deals with the generation, emission, transmission, modulation, 

signal processing, switching, amplification, detection and sensing of light. The 

application and potential advantages of optics and photonics have been the 

enabling factor in the shift of modern information technology era from the 

Electronics age to Photonics age. In the last few years, interest in polymer optical 

fibers (POFs) has increased significantly because of its ease of handling, 

flexibility and potential low cost. Availability of inexpensive sources in the visible 

region has increased the utilization of POF in data communication.  

However, the higher loss factor is a major handicap for POF. Recently developed 

techniques for decreasing losses in poly (methyl methacrylate) (PMMA)-based 

POF have raised much interest in different fields such as short distance 

communication, lasing and sensing applications. One of the important 

advantages of the PMMA compared to the traditional optical materials is that it is 

possible to introduce organic dyes or other compounds that can play the role of 

active components into the polymers, which appreciably changes the 

characteristics of the polymer matrix. Laser dyes, which act as highly efficient 

media for amplification and lasing have a wide range of tunability in the visible 

region. The main advantage of incorporating laser dyes in solid matrices such as 

POF is that it is easier and safer to handle them than when they are in liquid 

form. Rhodamine dyes are the best known of all laser dyes, which have been 

frequently investigated in solid-state dye lasers in a variety of hosts, on account 

of their high fluorescence quantum yield, low intersystem crossing rate and low 

excited state absorption at both pump and lasing wavelengths.  
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The thesis presented in seven chapter’s deals with the work carried out on 

different types of dye doped polymer optical fiber and dye doped polymer coated 

waveguides. 

Chapter 1 gives an overview of guided Polymer Optical Fibers (POFs). Historical 

developments of polymer waveguides/fibers and commonly used polymer 

materials together with their applications have been covered in this chapter. It 

also deals with the potential advantages of POFs over silica fiber. 

Chapter 2 provides useful information on the photophysical properties of 

Rhodamine B (Rh B) dye in different solvents with theoretical support. The 

structural geometries, UV-vis absorption spectra and emission intensities of Rh 

B in various solvents have been determined for different excited states by 

density functional theory (DFT) and time-dependent (TD) with polarizable 

continuum model (PCM) methodologies. This chapter also demonstrates the 

pulsed, photo-pumped multimode laser emission in the visible spectral range 

from Rh B dye dissolved in various solvents. The cavity lasing spectral structure 

and the number of longitudinal modes are easily controlled by changing the 

solvents. A shift in the emission spectra observed by changing the solvent allows 

a limited range of tuning of laser emission wavelength. The gain coefficients, 

stimulated emission cross-section and life time for the Rh B dye dissolved liquid 

laser system are also determined in this chapter. 

Chapter 3 discusses in detail about the various fabrication techniques of 

Rhodamine 6G (Rh6G) doped polymer optical fibers, such as step index, graded 

index and hollow fiber. This chapter also gives the details of the optical 

characterization of different types of dye doped POFs drawn under different 

initial conditions like, draw rate, feed rate and temperature. Cut back method 

and Side Illumination Fluorescence (SIF) technique have been employed to 
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characterize the drawn fiber. Detailed measurements were made to understand 

the amplified spontaneous emission (ASE) and photo degradation phenomena in 

these POF systems. Measurements of peak emission wavelength, optimum 

length, line-width and half-life of Rh6G doped hollow, GI and SI POFs are 

included in this chapter. 

In chapter 4, we report the observation of multimode laser emission at 

wavelengths corresponding to whispering gallery modes (WGMs) from a free-

standing micro-ring cavity based on Rh6G dye doped hollow polymer optical 

fiber (DDHPOF). Theoretical modelling of WGM resonator has also been realized 

using COMSOL Multiphysics software package. Cylindrical microcavities with 

different diameters were fabricated and their performances have been 

evaluated. Resonant modes of the microring laser are excited inside the gain 

medium which is strongly confined along the radial direction so that the spacing 

of lasing modes is controlled by the diameter of the cylindrical microcavity. A 

reduction in the free spectral range of WGM spectra along with a red-shift is 

observed with an increase in the diameter of DDHPOFs. In the second part of this 

chapter, we discuss two different types of pumping schemes to characterize the 

DDHPOF; 1) stripe illumination and 2) spot illumination. As the pump power is 

increased, stripe illumination shows a blue-shift and spot illumination shows a 

red-shift for the emission spectra. By using spot illumination, the slope efficiency 

of system is enhanced by more than three times than that of stripe illumination. 

However, due to higher power density, spot illumination will lead to quicker 

degradation of dye molecules as compared to stripe illumination. 

Chapter 5 describes multimode laser emission from symmetric (SRC) as well as 

asymmetric resonant cylindrical (ARC) microcavity based on a Rh B dye doped 

hollow polymer optical fiber by transverse pumping. An SRC can provide a 

circularly symmetric whispering gallery mode (WGM)-like laser emission from 

its surface with a quality factor (Q) of ~1.2 × 104, while an ARC supports a 
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strongly chaotic internal ray dynamics, which will in turn lead to an anisotropic 

emission with a lower Q of ~8 × 102 with a far field divergence of about 20˚ in 

the plane of the cavity. An ARC can be fabricated by a controlled deformation of 

SRC, which enables dumping out the stored light effectively with minimum loss. 

Such deformed free-standing cylindrical polymer microcavities also provide a 

stable and constant laser emission in a desired direction, which can effectively 

utilized in the design of highly sensitive fiber laser sensor and low threshold 

micro-lasers for organic optoelectronic integrated devices. We also observed two 

different sets of resonant laser modes: namely, fundamental whispering gallery 

high Q modes (HQMs) and leaky unidirectional low Q modes (LQMs) from an 

asymmetric hollow polymer optical fiber. It is found that the far-field emission 

pattern of LQM shows a good directionality with a narrow divergence angle 

when compared with HQM. Numerical results for asymmetric resonant cavity 

(ARC) with suitably positioned air hole can support LQM with highly directional 

emission. It has also been found that the emission directionality can be tuned by 

adjusting the deformity of the microcavity.    

In Chapter 6, we demonstrates pulsed, photo-pumped multimode laser emission 

in the visible spectral range from cylindrical microcavities of dye doped thin 

polymer film deposited on silica core optical fiber. The laser emission is 

characterised by two different sets of resonant modes viz; waveguided modes 

(WMs) and whispering gallery modes (WGMs). Simultaneous occurrence of the 

WGM and WMs will lead to a resonant modulation in the laser emission 

spectrum. In the second part of this chapter, a detailed study of amplified 

spontaneous emission from a polymer thin film doped with Rh6G is presented. 

The emission spectrum of the dye-doped polymer thin film on a glass substrate 

exhibits high directionality, narrow linewidth and presence of soft threshold 

behavior. Performance of a compact solid-state laser based on leaky mode 
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propagation from dye-doped polymer free-standing film waveguide is also 

discussed. The partial reflections from the broad lateral surfaces of the free-

standing films provided the optical feedback for the laser emission.  

Chapter 7 deals with the fabrication and characterisation of Rh B doped 

microring resonator embedded in the inner walls of the silica capillary. Strongly 

modulated multimode laser emission has been observed from such 

microresonators by transverse pumping. We have studied the lasing behavior of 

different thickness microring cavities with enhanced mode selection and 

particularly almost single mode lasing with a side mode suppression ratio of up 

to 10.2 dB is obtained from a very thin microring cavity. The lasing modes inside 

such cavities can be easily collected from one end due to its very good 

propagation characteristics. 

Chapter 8 deals with the main conclusions of the work presented in this thesis. A 

brief sketch of future research prospects is also mentioned in this chapter. 
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Chapter 1  

Polymer Optical Waveguides: An overview 
 

“Your word is a lamp to my feet and a light to my path” 

Psalms 119:105 

 

 

 

Abstract 

This chapter gives an overview of guided Polymer Optical Fibers (POFs). 

Historical developments of polymer waveguides/fibers and commonly used 

polymer materials together with their applications have been covered in this 

chapter. It also deals with the potential advantages of POFs over silica fiber. 
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1.1 Introduction 

The advances in the field of fiber optics communication and integrated 

opto-electronics have increased the interest in guided wave optics, in which 

optical waveguides and optical fibres play a central role. Photonics  and 

related applications have an extremely large information capacity (due to 

broad bandwidth), high immunity to internal noise, cross talk, electrical noise, 

ringing, echoes or electromagnetic interferences, immunity to lightning and 

thus unaffected by lightning caused hazards. The transmitted signal through 

the fibers does not radiate and photons do not interact linearly when multiple 

wavelengths propagate in an optical medium and thus allow parallel 

processing of different wavelengths. Further the signal cannot be tapped from 

a fiber in an easy manner. Therefore optical fiber communication provides 

hundred percent signal security. Fiber optic cables are developed with small 

radii, and they are flexible, compact and lightweight. The fiber cables can be 

For twisted without damage. Further the optical fiber cables are superior to the 

copper cables in terms of storage, handling, installation and transportation, 

maintaining comparable strength and durability, low risk of fire, explosion and 

ignition. Due to the recent advancement in optical fiber technology the 

fabrication costs of optical fibers are coming down drastically. Even though 

the initial cost of installation is very high when compared to electrical 

communication cables, it has very low maintenance cost. 

Polymer waveguide technology has a great potential for economic mass 

production of complex planar photonic circuits and polymer optical fibers. The 

low cost prospect arises from the availability of a wide range of inexpensive 

optical polymers and the simplicity of fabricating waveguides from them. A 

significant subset of optical polymer materials has shown excellent optical, 

chemical and mechanical characteristics that are very attractive for wide range 
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of applications such as optical communication devices, physical and chemical 

sensors and illuminators. 

Polymer optical fibers (POFs) are the most promising solution for “last 

100 m” in data communication. Polymer waveguide technology has a great 

potential for economic mass production of complex planar photonic circuits 

and POFs. In photonic applications, they offer advantages over optical glass; 

they weigh less, have flexibility, ease of handling, low cost, relatively high 

resistance to fracture and high geometrical versatility (they can be easily 

molded into spherical, aspheric and symmetric shapes). 

POF was introduced by Dupont in the mid-1960s at approximately the 

same time when glass optical fiber (GOF) was suggested as a transmission 

medium for optical communications. Dupont’s product was a step index fiber 

with a poly methyl methacrylate (PMMA) core and fluoropolymer cladding. 

Despite the fascinating ability to guide light, POF had very large attenuation, 

limited applicability and negligible commercial value as far as the field of long 

distance communication was concerned. Due to the incomplete purification of 

the monomer materials used and the attenuation in excess of 1000 dB/km 

made their use in long haul optical communication impractical. Now various 

types of POF products including Graded index (GI) type POF, single mode 

POF, fluorescent POF, non-linear POF, etc. have been developed which are 

widely used in the fields of light and image transmitting, sensing, and 

information transmission over short distance. 

As we have already mentioned, POFs present some important advantages 

over their glass counterparts. Specifically their large diameter (typically 0.25 -

1 mm) allows low precision plastic connectors to be used, which reduce the 

total cost of the system. In addition, POFs stand out for their greater flexibility 

and resistance to impacts and vibrations, as well as for the greater coupling of 

light from the light source to the fiber. Because of these merits, various 
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applications with POFs have been developed and commercialized from their 

use as a simple light transmission guide in displays to their utilization as 

sensors and telecommunication cables. 

1.2 Optical waveguide structures 

In guided wave optics, light travel using the phenomena of total internal 

reflections (TIR), in which light gets confined in the optical waveguide. 

Generally in an optical waveguide a thin-film is deposited over a glass or 

quartz slide or a filament of dielectric material is coated on a cylindrical 

structure. Depending on the various possible patterns of propagating or 

standing electromagnetic fields, there are single or multimode optical 

waveguides.  

1.2.1 Planar waveguide structure 

After the invention of the laser and development of coherent optics, the 

need for long distance propagation medium and other guiding structures to 

build optical components and connect them to other opto-electronic circuits 

arose. Planar waveguide structure is a promising and efficient guiding 

structure to interconnect other electronic circuits at all frequencies up to the 

microwave range. Rectangular dielectric waveguides were first studied 

theoretically by Schlosser in 1964. The film waveguides as well as other 

planar components and circuitry for applications in the infra-red range were 

constructed by Anderson in 1965. Planar waveguide integrated optics involves 

the manipulation of stripe beams that are confined in the waveguide. The 

confined wave can propagate in a direction parallel to the surface of high-

index guiding layer. Figure 1.1 shows the light confinement in an asymmetric 

and free-standing planar waveguide structure. 
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Figure 1.1 Light propagation through an asymmetric and free-standing planar 

waveguide structure. 

The different techniques for the fabrication of planar waveguides are listed 

below 

 Ion etching of polyimides 

 Ion irradiation 

 Photo-structuring (Mask aligner, laser writing) 

 Induced diffusion of doped polymers 

 Injection molding 

 Molecular orientation of the doping 

 Phot-bleaching 

 Electron beam structuring (photoresist) 

 Sol-gel technology 

 Casting technique 

 Spin coating 

One of the most important advantages of polymer waveguide is the low 

processing temperature and the possibility of casting into any shape, which is 

particularly important for mass production. 
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1.2.2 POF Structure 

POFs used for optical communications are highly flexible cylindrical 

waveguides composed of nearly transparent dielectric materials. The cross-

section of these fibers is circular and generally divisible into three layers as 

shown in figure 1.2. The structure of POFs consists of a core surrounded by a 

cladding layer, both of which are made of dielectric materials. To confine the 

light in the core, the Refractive Index (RI) of the core must be greater than of 

the cladding. In practical fibers, the cladding is usually coated with another 

protective layer, generally referred to as Jacket.  

 

Figure 1.2 Structure of POF 

1.3 Optical fiber fabrication techniques 

1.3.1 Glass fibers 

Glass fibers are normally produced using preform method. The desired 

refractive index profile is usually produced by doping with small amounts of 

materials such as germanium and boron. The most important doping method is 
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based on vapour deposition, in which layers of the desired materials are 

successively deposited and oxidised by a flame.  

1.3.2 Polymer fibers 

In polymers, there is no equivalent to vapour deposition and it is difficult 

to control the refractive index profile precisely. Some of the approaches tried 

include co-extrusion of materials with slightly different composition, 

centrifuging during polymerisation and interfacial gel polymerisation. Co-

extrusion comes closest to vapour deposition technique in terms of its 

versatility, as it allows multiple steps in refractive index to be achieved. In all 

cases however, considerable optimisation of the process is required to obtain 

the required profile. The use of two different materials generally produces 

much larger difference in refractive index than doping. Polymer optical fiber, 

which usually has a high contrast between core and cladding, possesses a 

relatively high Numerical Aperture (NA). The fabrication techniques of 

different types of POF have been well explained in the chapter 3. 

1.4 Polymer fiber optics 

Silica glass fibers have enabled the modern Information Superhighway, 

but POFs are of great commercial interest because they can maintain 

flexibility at thicker fiber sizes making them easier to handle and install when 

the communication systems make their way from the local loop (premise 

networks and local area networks) and Fiber to the Home (FTTH). POF may 

also be an important building block for devices used in future ultrafast all 

optical communication systems because it has many attractive properties that 

silica optical fiber lacks. An important one is its low processing temperature 

(typically less than 200°C). This allows organic nonlinear optical materials to 

be incorporated into the POF, which is otherwise impossible in silica-based 

fiber because of its high process temperature (typically 1800°C to 2000°C). 
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Many useful devices such as optical switches may be constructed based on 

fibers with fast response and high nonlinearity.  

1.5 Advantages of POF over silica fibers 

In general the polymers have certain advantages which make thus a 

suitable candidate for easier optical fiber fabrication. Their advantages as 

follows: 

 POF is very elastic in contrast to silica fiber, which is very brittle. This 

property is important for the fiber interface within the optoelectronic 

systems where space is usually limited [1]. 

 Commercial POF has a typical diameter of 1mm with no cladding or 

only a thin cladding, making it a multimode fiber. The large core 

diameter and flexibility allow ease of handling, large alignment 

tolerance and connection cost. 

 Low processing temperature (200°C to 250°C) of POF allows organic 

nonlinear optical materials to be incorporated into the POF which is 

otherwise impossible in silica fibers because of its high processing 

temperature (1000°C to I500°C). 

 The transmission windows of POF are distributed throughout the visible 

wavelength range. The availability of inexpensive sources in the visible 

region has increased the utilization of POF in data communication over 

local area network (LAN) systems. 

 Silica fibers have very small non-linear coefficient requiring a large 

amount of optical power or very long fiber length to induce sufficient 

non-linear phase change. Polymer fibers can be made non-linear by 

appropriate doping material. POFs doped with laser dyes or rare-earth 

elements are potential candidates for optical amplifier working in the 

visible region.  
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But some of the problems are: 

• Poor dimensional stability 

• Poor scratch resistance 

So far, highly purified inorganic glass core materials are still unsurpassed in 

their low transmission loss or low attenuation. However, fibers made of glass 

need to have very small diameters to obtain flexibility due to its high Young's 

modulus. Furthermore, glass fibers are very brittle and very sensitive to 

damage to the surface. This implies that connecting glass optical fibers is a 

time consuming process that require high precision tools and skilled workers.  

Unfortunately the main disadvantage of POF is their very high loss, in 

comparison with the silica fibers. Losses in all optical fiber are dominated at 

short wavelengths by Rayleigh scattering, but in polymers absorption due to 

the harmonics of the C-H vibration becomes very significant at wavelengths 

longer than about 600 nm. One approach to reduce this has been to shift the 

harmonics to longer wavelength by replacing hydrogen with some heavier, 

such as deuterium or fluorine. The use of fluorination has substantially 

improved the transmission of polymer fibers, not just by reducing the loss but 

also by extending their transmission window into infrared. This is particularly 

interesting because it allows the use of low-cost components such as sources 

and detectors previously developed for use with silica fibers. Later Kaino et al. 

successfully fabricated POF using deuterated PMMA core with a lowest loss 

achieved of 20 dB/km at 680 nm [2]. 

1.6 Materials used for POF 

History of the development of POFs can be found in Zubia and Arrue [3]. 

A variety of optical polymers are used in the fabrication of POFs including 

 PMMA 

 Amorphous fluorinated polymer (CYTOP) 

 Polystyrene (PS) and  
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 Polycarbonate (PC).  

Most PMMA-based or PS-based POFs cannot withstand temperature higher 

than 90°. However, it is desirable to increase the temperature working of 

POFs. POFs based on PC shows high thermal resistance and can be used at a 

temperature as high as 150°. The commonly used polymers for waveguide 

fabrication are poly methyl methacrylate, polystyrene, poly vinyl alcohol 

(PVA), poly acrylic acid (PA), poly carbonates. As noted earlier, polymer 

waveguides have a great potential to create all-optical devices, which can be 

realized by the incorporation of various functional materials such as organic 

dyes in the polymer host matrix. The basic requirements imposed on a 

polymeric host for lasing dye molecules are good optical transparency at both 

pump and lasing wavelengths, good solubility of the dye in the material and 

resistance to pump laser radiation. The most commonly used material for the 

production of POF is PMMA, which is better known as Plexiglas®. PMMA 

has been the most frequently used host for lasing dyes due to its excellent 

optical transparency in the visible and its relatively high laser-damage 

resistance. The matrix viscoelastic properties of polymers determine the 

optical damage resistance. The external plasticization of the polymer by 

adding low molecular weight dopants improves significantly the laser 

resistance. For example, by the copolymerization of methyl methacrylate 

(MMA) with 2-hydroxyethyl methacrylate (HEMA), the plasticity of the 

material can be internally increased. The presence of HEMA as co-monomer 

not only increases the plasticity of the material while maintaining the good 

transparency in the near-ultraviolet and visible spectral ranges, but also 

ensures good solubility of dyes such as Rhodamine 6G due to the polar 

character of HEMA. 
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1.6.1 PMMA 

The higher loss factor is a major handicap for POF. However, recently 

developed techniques for decreasing losses in PMMA based POF have raised 

much interest in the field of short distance communications. In order to obtain 

POFs with the proper optical characteristics, it is necessary to prepare specific 

preform of PMMA produced by the controlled polymerization of methyl 

methacrylate. From the beginning of 80's the available POF were found to 

have an attenuation of around 150 dB/km. PMMA-SI-POF has a theoretical 

minimum attenuation of 106 dB/km at 650nm which is due to the Rayleigh 

scattering and absorption of C-H bonds. In addition there are losses resulting 

from waveguide structure particularly when taking into account the attenuation 

resulting from cladding. PMMA is produced from ethylene hydrocyanic acid 

and methyl alcohol [4-6]. It is resistant to water, diluted acids, petrol, mineral 

oil and turpentine oil. PMMA is an organic compound forming long chains 

with typical molecular weight around 10
5
. PMMA is amorphous in nature 

when polymerized and has a very good optical transparency. The density of 

PMMA is 1.18 g/cm
3
. Its tensile strength is approximately 7-8 kN/cm

2
 [7]. 

The refractive index of PMMA is 1.492 and glass transition temperature Tg 

lies between +95°C and +125°C. At room temperature and 50% relative 

humidity the material can absorb upto 1.5% water, which also affects the 

attenuation characteristics. MMA monomer has eight C-H bonds. Typical 

properties of PMMA are presented in table 1.1. 
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Table 1.1 Properties of PMMA 

Parameter Unit Value 

Refractive Index (RI) 

Density 

Tensile strength 

Tg 

Molecular weight 

-- 

g/cm
3 

KN/cm
2 

°C 

-- 

1.492 

1.18 

7-8 

+95 to +125 

10
5
 

 

Figure 1.3 Loss spectrum of PMMA fiber 

Figure 1.3 illustrates the absorption spectrum of PMMA fabricated at 

Southampton university [8]. It is evident that the absorption is mainly caused 

by the overtone due to the stretching vibration of the C-H bond. Between the 

overtone absorption from stretching vibration there are some minor absorption 

from a combination of stretching and bending vibrations.  
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1.6.1.1 Properties of PMMA 

(a) Optical behavior  

The two loss properties that define the transmission quality of an optical fiber 

are attenuation and dispersion. The attenuation coefficient, ‘α’ is a measure of 

the power loss of lightwave propagating through the optical fiber per unit 

distance and is defined as, 

𝑷(𝒛) = 𝑷(𝟎)𝟏𝟎−𝜶𝒛 𝟏𝟎⁄    1.1 

where z is the distance along the optical fiber axis, 𝑃(0) is the input power of 

the light wave and 𝑃(𝑧) is the output power at a distance z. The source of 

attenuation in optical fibers can be divided into two types, intrinsic and 

extrinsic [1]. Intrinsic losses are inherent to the material (e.g. material 

absorption, Rayleigh scattering), whereas extrinsic losses are introduced 

during the fabrication of fibers (e.g. structured imperfections, microbends 

etc.). Kuzyk et al. [9] first fabricated polymer optical fiber (PMMA) with a 

doped core that was single mode at an operating wavelength of λ=1300 nm. 

These fibers demonstrated attenuation levels of approximately 0.3 dB/cm 

which is close to the intrinsic material attenuation for PMMA at that 

wavelength.  

(b) Refractive index (RI) 

The RI of MMA is about 1.41. When it polymerized the index of 

refraction will increase up to 1.49 due to volume reduction during liquid to 

solid phase transition. These indices are close to those of silica material. It is 

also possible to make the RI of polymer to match perfectly with that of silica 

by adding other methacrylates. 

During the fabrication of polymer fiber preform, the controlling and 

tuning of the index are important. The difference between the RI profile of the 

core-cladding region is controlled by adding trifluro-ethyl methacrylate to the 
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cladding or by adding benzyl-methacrylate to the core. Copolymerization with 

trifluro-ethyl methacrylate may reduce the index to the range of 1.45 to 1.48. 

Alternatively, copolymerization with benzyl-methacrylate may rise the index 

by about 0.08. 

(c) Mechanical behavior  

The mechanical properties of POFs depend strongly upon the fiber 

drawing process including the drawing ratio (ratio of preform diameter to fiber 

daimeter) temperature and speed [10-11]. An important factor in the fiber 

mechanical behaviour is the annealing process to remove internal stress during 

the drawing process. The polymer molecules align in the axial direction during 

the drawing process, creating anisotropic material properties. In addition to 

changing the mechanical properties, anisotropy in the optical fiber creates 

birefringence in the fiber cross-section which reduces the lightwave 

transmission through the optical fiber. This stress relaxation also causes small 

cracks to appear in the radial direction [12]. This effect is enhanced at elevated 

draw temperature. Jiang et al. [11] annealed polymer bulk material above the 

glass transition temperature for one week before drawing to ensure that they 

were isotropic. 

Aging due to high temperature or humidity environments is an important 

challenge for some POF sensor applications [13]. The maximum operating 

temperature for POFs are typically in the range of 80-100°C [1]. However, 

elevated temperatures below the maximum operating temperature can cause 

the POF to become brittle and disintegrate over time. In addition to weakening 

the POF, these changes increase the attenuation in the POF and can affect the 

dopant properties, changing the RI profile in the cross-section [13]. Humidity 

is another important concern affecting the long term stability of POFs and is 

further emphasized at elevated temperatures. Ziemann [14] provides detailed 

results of extended temperature and humidity testing of POFs. He 
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demonstrated that low or elevated temperature environments accelerate in 

bending of POF. 

(d) Strain and temperature sensitivity 

To measure the strain sensitivity of an optical fiber for sensing devices, 

the fiber is subjected to a pure axial strain. The strain sensitivity can be 

measured by the phase change in a lightwave propagating through the optical 

fiber/unit length of elongation. Based on the Pockel’s constants for bulk 

PMMA the strain sensitivity of PMMA-POF is theoretically predicted to be 

132.6 × 10
5 

rads/m [15]. This is about 15 % larger than the strain sensitivity of 

bulk silica, which is 115 × 10
5 

rads/m. 

Most PMMA based POF cannot withstand temperature higher than 90˚C, 

which is almost the glass transition temperature (Tg).  At temperature higher 

than Tg, the optical properties of POF deteriorates quickly. Likewise the 

thermal sensitivity is measured by the phase shift in a light-wave propagating 

through the optical fiber per unit change in temperature per unit length of the 

fiber. For bulk PMMA, the thermal sensitivity is calculated to be -154.3 rad m
1 

k
-1

. This is not only larger in magnitude compared to that of silica (98.8 rad m
1
 

k
-1

), but also of the opposite sign. This -ve thermo-optic coefficient, which is 

the case for some polymers, will present new possibilities for temperature 

compensation in strain sensors. 

(e) Bandwidth 

One of the major advantage of SI-POF is its large numerical aperture 

(NA) compared with that of silica based fiber. High NA (ranges from 0.3 to 

0.6) which corresponding to acceptance angle between 35 to 74˚ provides the 

ability to accept and guide much more optical power than silica fibers. 

However, large NA will lead to pulse broadening due to intermodal dispersion 

in multimode fibers, which in turn reduce the total bandwidth of the optical 

fiber. Typical bandwidth for a SI-POF is in the order of 5 MHz/Km. Later 
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researchers from NEC and Keio university have demonstrated a 100m POF 

system with transmission rates as high as 2.5 GHz/s which is equivalent to 400 

channels of compressed video signals [8].  

1.7 Application of Polymer Waveguides 

The flexibility of POF is very much higher than that of silica fibers and 

therefore it can withstand much higher strains, which enables applications of 

POFs as elongation sensors in a strain range unattainable for silica fibers [16]. 

Polymer materials have a much lower modulus than inorganic glass and 

therefore can possess much larger diameter and still retain their flexibility. 

Optical polymer materials can exist in a broad refractive index range from 

1.29 to 1.7. Polymer optical fibers also possess a higher NA. As a result, the 

acceptance angle or the light gathering capacity is large compared to glass 

optical fibers. What is more, no expensive lens systems are required to couple 

the light into the fiber due to the high numerical aperture. This makes POFs a 

suitable candidate in short distance data communications and optical 

integrated circuits. POF systems are found in local area network, fiber to home 

applications, fiber optic sensor, the automotive [17] and aviation [18] industry. 

Polymer fibers may show better parameters than fibers made of silica in a 

variety of applications. One of the key advantage is the biological 

compatibility, which opens the possibility for medical applications. 

In the field of sensors, numerous types of products based on POFs have 

been commercialized [19], for example scanning heads, shape-defect detectors 

used in bottling plants, and liquid-level detectors. In addition, by using 

conventional POFs, it is possible to make sensors measure distance, position, 

shape, color, brightness, opacity, density, turbidity, etc. [20-21]. These sensors 

can serve to control the various manufacturing parameters in automated 

production processes with robots. On the other hand, the development of 

fluorescent POFs has enabled sophisticated sensors such as those utilized for 
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particle tracking to be made [22]. In the field of data transmission, POFs are 

especially suitable for short-haul communications links requiring a large 

number of connections, as usually happens in cars and trains inside the 

buildings of some companies or in local area networks. Because of their large 

diameter, POFs are easier to install and align than their glass counterparts [23-

24].  

In recent years, polymer optical fibers (POFs) are becoming increasingly 

attractive for sensing applications, particularly in biomedical and in large 

strain measurement for health monitoring of civil infrastructure. This is 

because unlike silica optical fibers, POFs are rugged, biocompatible and do 

not produce shards when broken. 

1.7.1 High speed data transmission 

POF has been called the "consumer" optical fiber because the fiber and 

associated optical links, connectors and installation are all inexpensive. Due to 

the attenuation and distortion characteristics of the traditional PMMA fibers 

they are commonly used for low-speed, short-distance (up to 100 meters) 

applications in digital home appliances, home networks, industrial networks 

(PROFIBUS, PROFINET) and car networks (MOST). The perfluorinated 

polymer fibers are commonly used for much higher-speed applications such as 

data center wiring and building LAN wiring. They provide data transmission 

up to 400 Mbits/s over 50 meters and are used in consumer electronics and 

industrial electronics as well as the automotive industry. 

1.7.2 Sensing 

The ability to detect and measure physical parameters such as strain, 

stress, load, temperature, displacement and pressure makes POF suitable for 

structural health monitoring applications. In addition to being cheaper than 

their glass-counterpart, polymer fibers offer better fracture resistance and 

flexibility. They also offer ease of termination, safe disposability and ease of 
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handling. Moreover, POFs have a much larger elastic limit and can withstand 

larger strains; this makes POF particularly attractive in large strain 

measurement [25]. On the other hand, POF based optical sensors eliminate the 

risk of electric sparks in explosive environments. It can be also used for 

measuring liquid levels in harsh environments such as oil/petrol tanks or bio-

mass boilers to be used in condominiums and buildings.  

Nowadays, Fiber Bragg Grating (FBG) based optical devices are very 

commonly used in sensors and communication systems [26]. Polymer based 

FBG sensors have exhibited more than 10 times sensitivity than silica FBGs 

sensors [27].  Fiber Bragg grating in single-mode POF have been reported 

since 1999 and many studies have been carried out on the temperature and 

strain characteristics together with the associated applications. However, there 

is little work done on the polymeric FBG-based biomedical applications.  

Muto et al. have realized a dye doped POF based sensor to measure the 

moisture level [28]. In their work, they fabricated moisture sensitive POFs 

using PMMA doped with phenol red dye. This device also operating as an 

excellent humidity sensor with fast response time. 

Over the past few years, the advancement of microstructured polymer 

optical fiber (mPOF) leads to many applications in the field of communication 

and sensing. Argyros et al. have reported the first demonstration of mPOF 

based amplifier with a high gain of 30 dB [29]. Recently mPOFs are widely 

used in bio-medical related applications. For example, it is possible to 

selectively or locally detect antibodies in mPOFs [30], because sensor layers 

of bio-molecules can be immobilized inside the air holes of the mPOF and 

localized sensor layers may be activated on the inner side of the air holes in a 

predetermined section of the mPOF. By doping the mPOF with fluorescence 

dye an optical pH sensor is also possible [31]. Further study should be carried 
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out on biomedical applications using POFs and mPOFs with FBGs written in 

them. 

The use of POF based sensors are more economic, especially in situation 

like throw away sensors are to be used. In recent years several planar optical 

waveguide sensors have been suggested for biological applications due to its 

biocompatibility. 

1.7.3 Illumination and displays 

A growing market however is being explored for side scattering POF for 

stripe lighting. They are produced by incorporation of scattering particles in 

the polymer and can be used at lengths upto 5 meter, usually in conjunction 

with an LED source. Illumination optics is the single largest application of 

POF and certainly one that exploit its advantages. Because of the very large 

cores, high light gathering capacity and flexibility, POF is very suitable for 

illumination purpose. Historically most illumination applications have used 

POF as point sources, for example as highly localised spot lights in buildings 

or areas where there is a limited space.  

 
Figure 1.4 Illuminations using POF 
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POF can be woven like any other textile to form a light-guiding cloth. The 

flexibility and light weight of POFs along with the inexpensive technique of 

fabrication making them ideal for such products. Generally the red-green and 

blue-emitting PMMA fibers run parallel to each other and are illuminated with 

LEDs. Different patterns are etched into the cladding by making a series of 

pits. Each pit is a pixel and scatters light out from the fiber. Commercially pits 

are made by micro-imperfection of POF by chemical treatment with a solvent. 

In this method, the image is permanent. However, multiple images can be 

made and interlaced within a system. In this way, one of several images may 

be selected by illuminating the appropriate set of fibers.  

1.7.4 Automotive applications 

Perhaps one of the most interesting developments has been the use of 

POFs in automotive applications, taking advantage of their being light in 

weight and showing simplicity of connections and interconnection. Increasing 

data volumes add more and more complexity to control systems in the 

automotive field and make these technologies particularly useful for 

instrumentation and control. However, POF does have to meet a number of 

demanding constraints for use in automotive applications, including resistance 

to chemical, mechanical and thermal stress as well as being available with 

high optical quality fiber end. In particular, work is continuing in the 

development of simple and reliable terminations for these devices for these 

types of applications. 

The biggest hurdle to using polymers in active device applications is the 

photostability. Given the fast pace of improvements in polymeric materials 

and highly stable laser dyes to photo degradation, the polymer active systems 

may one day be the material of choice for photonic applications. 
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1.8 Dye doped polymer waveguides 

A large number of optical devices such as switches and tunable 

wavelength filters are constructed based on the non-linear effect in the fiber. 

Generally silica fibers have a very small non-linear coefficient and hence 

requiring a large amount of optical power or very long fiber length to induce a 

sufficient non-linear phase change. But in POF, we can easily dope with 

organic dyes, which is having a very large non-linear coefficient resulting in 

optical switching at a fraction of a mW optical power. 

The increased demand for compact visible laser has accelerated the 

research in the field of dye-doped polymer waveguides. Due to long gain 

length and optical confinement, waveguide structures can reduce the lasing 

threshold which is a requirement for efficient lasing. Due to extremely low 

lasing threshold, the device can be optically pumped for a long time without 

damage. Polymer waveguide doped with laser dyes exhibited enhanced 

amplification of light guided through it. 

In the past two decades, waveguide lasers are largely attributed to the 

geometry of the gain medium, which provides the possibility to store optical 

energy on very small dimension in the form of optical mode. This will allow 

the realization of optical source with enhanced optical gain, low lasing 

threshold and high quality factors. This type of micron sized dye doped 

polymer waveguides will open up exciting possibilities in the area of 

integrated optics by facilitating their on-chip integration with different 

functionalities and highly compact photonic circuits. 

In the beginning of 21
st
 century, optically pumped solid-state dye lasers 

with high optical quality was realized in the form of cylindrical and planar 

waveguide structures. The merits of the waveguide geometry and the 

associated optical confinement have been first highlighted for the fabrication 

of the same. Among them fiber structure is most suitable for the realization of 
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highly efficient amplifier and laser sources owing to the unrivalled low loss 

performance. However, the planar geometry has the potential for integration 

with different functions to photonic circuits and the possibility to convert into 

both nonlinear and dispersion waveguides by suitably choosing their design. 

1.8.1 Dye doped POF as light amplifier 

Short distance communication and network designs such as LANs have 

brought amplifiers and repeaters using polymer optical fibers to the forefront 

of research and development activities. The possibility of a large bandwidth 

available in visible wavelength-based data communication has encouraged 

studies exploring the possibility of using dye-doped POFs as optical amplifiers 

[32-33]. Laser dyes, which act as highly efficient media for lasing and 

amplification, have a wide range of tunability in the visible region. In the 

recent years, the incorporation of dyes into solid-state material has enabled 

development of various opto-electronic devices ranging from tunable lasers 

and amplifiers to non-linear devices such as switches and modulators.  

The tremendous interest in the field of waveguide lasers in the past two 

decades is largely attributed to the geometry of the gain medium, which 

provides the possibility to store optical energy on a very small dimension in 

the form of an optical mode. Given the great flexibility in controlling the 

optical properties of a dye-doped polymer, it is possible to make polymer fiber 

sources that act over a broad range of colours. This allows the realization of 

sources with enhanced optical gain, low lasing threshold and small footprint 

which opens up exciting possibilities in the area of integrated optics by 

facilitating their on-chip integration with different functionalities and highly 

compact photonic circuits. Waveguide structures provide long gain length and 

optical confinement, which offer reduction of lasing thresholds, a requirement 

for efficient lasing. Polymer optical fibers are attractive as waveguide 
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structures because of their symmetric output beam profile and adaptability to 

optical fiber based communication systems. 

Availability of inexpensive sources in the visible region has increased the 

utilization of POF in data communication in the visible region necessitating 

the development of suitable optical amplifiers working in this region [34-36]. 

POF doped with dyes or rare-earth elements are potential candidates for this 

purpose. The availability of different organic dyes makes light amplification 

possible in the above region [37]. 

In dye-doped polymer matrix systems, the dye molecules like – 

rhodamines, coumarins, pyrromethanes etc- are dispersed in solid host media. 

Polymeric matrices offer several advantages such as wide spectral coverage by 

chemical tailoring of structures, ease of processibility that permits fabrication 

of the devices of virtually any shape and potentially very low cost. They also 

show better optical transparency, homogeneity of refractive index and good 

compatibility with organic dyes.  

With low intensity illumination, not many molecules in a material are 

excited so that stimulated emission is not likely. Under this condition, only a 

fluorescence (broad emission) spectrum is observed. As the intensity turned 

up, stimulated emission begins. Since many more photons are created at a 

wavelength corresponding to the fluorescence peak than at any other 

wavelength and more of the inverted population corresponds to this energy. 

This wavelength will be favoured for stimulated emission and amplification. 

The wavelength at which a sample will emit ASE is therefore determined from 

the competition between the material absorption spectrum and fluorescence 

spectrum. 

In an optically amplified medium, not only amplification of photons 

created by stimulated emission can occur but also amplification of 

spontaneously emitted photons. This phenomenon is called Amplified 
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Spontaneous Emission (ASE). The optical amplification scheme is the same as 

for laser light but here a spontaneously emitted photon is amplified i.e. the 

spontaneous decay of an excited molecule sets off an avalanche effect of 

optical amplification and many exact copies of original photons are produced 

without the use of a cavity. 

In 1995, A. Tagaya [32] and co-workers demonstrated the first optical 

amplification in the visible wavelength using dye doped POFs. In their 

experiment, a gain of 27 dB was achieved at 591 nm wavelength with a pump 

power of 11 kW [38] using a dye doped graded index POF. The bandwidth of 

the GI POFA was estimated to be several hundred megahertz per kilometer at 

3 dB. Subsequently, Peng et al. have reported high gain and high efficiency 

optical amplification in Rh B doped POF with a low pump power of 1 kW 

[33]. The gain of a dye doped POF amplifier mainly depends on the doping 

concentration and diameter. The gain of such POFs varies as quadratic 

function of pump power. However, the endurance of dye doped POF amplifier 

is purely depends on the pump power.  Hence the pump power has to be 

limited below a certain level to improve the photostability of POF amplifier. 

High power amplification with an output power of several hundred watts was 

achieved in POFA with a short fiber length (less than 0.5 m) because of the 

fibers large core diameter (250-500 µm) and large emission cross-section. 

Such a high power amplification was never realized in conventional Er
3+ 

doped silica fiber amplifiers due to dielectric breakdown in a very small core 

diameter (<10 µm). Therefore POFA have interesting applications as an 

amplifier in the optical fiber local area network and a booster for a laser diode 

in the visible region. 

1.8.2 Dye doped fiber laser 

A fiber amplifier can be converted into a laser by placing it inside a cavity 

to provide optical feedback; such lasers are so called fiber lasers. Soffer and 
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McFarland first demonstrated a solid-state dye laser using a PMMA sample 

containing Rh 6G dye [39]. Dye doped polymer microcavities provide an 

excellent coupling of spontaneous emission into lasing modes. These cavities 

are found to be an ideal candidate as a laser resonator due to their high quality 

factors (Q) and low lasing threshold.  

Generally the ASE process can deplete the population of the upper laser 

level, thereby diminishing the amplification of a possible subsequent incoming 

laser signal. ASE radiation can possess spatial coherence but lacks temporal 

coherence compared to laser light. The lack of temporal coherence is 

understandable since the choice of spontaneously emitted photon to amplify is 

coincidental. External feedback is necessary to obtain laser emission. In the 

case of fibers there are no external mirrors to give feedback to the gain 

medium. The optical feedback for the gain medium is provided by the 

cylindrical surface of the optical fiber, which exhibits microcavity-like 

behavior due to Fabry-perot effects. Generally a laser device is constructed by 

the combination of the laser medium and an optical feedback structure.  

Optical amplifiers and lasers made of dye doped fiber require much less 

pump power than in bulk material because of the effective confinement and 

long interaction length available in the fiber [40]. These microcavities confine 

light into an interior region close to the surface of the resonator by resonant 

circulation due to total internal reflection at the boundary. Resonators having 

diameters from a few tens to several hundreds of micrometers can have a very 

large free spectral range of several nanometers. Generally a microring cavity is 

realized by making a coating of few micron thick conducting polymers [41] or 

dye doped transparent polymer over a glass fiber [42]. The most important 

parameter for a solid-state dye laser system is the rate of dye photo-

degradation. In all applications of a laser dye, the main concern is the 

photostability of the dye under irradiation by the pump light. The bleaching of 
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dye molecules could be assumed mainly due to the thermal effect. Also the 

thin and long geometry of the fiber is ideal for good thermal relaxation to 

minimize the thermally induced photo-bleaching as well. 

1.9 Outline of the thesis 

The main objective of the research work is the design of compact polymer 

based devices for various applications. Different types of dye doped polymer 

optical waveguides were chosen to be the suitable candidate for the realization 

of the same. The thesis focused on the design, fabrication and characterization 

of different types of dye doped polymer optical waveguides as a light amplifier 

and laser resonator. The photo-physical properties of Rh B laser dye along 

with its theoretical studies in details for a good number of solvent 

environments have been discussed in chapter 2. Subsequently the gain 

coefficient, stimulated emission cross-section and life time for rhodamine B 

dye dissolved in various solvents are determined. The third chapter deals with 

the fabrication and optical characterization of different types of dye doped 

polymer fibers. Observation of Whispering gallery mode (WGM) lasing from 

dye doped hollow polymer optical fiber (DDHPOF) and its characteristics are 

presented in chapter 4. Important parameters such as free spectral range, mode 

volume, Q-factor and finesse in WGM resonators are presented. The 

characterizations of laser emission from an asymmetric ring-type cylindrical 

cavity (ARC) with the help of theoretical studies are described in chapter 5. A 

detailed observation of ASE and different mode propagation in an asymmetric 

planar waveguide are presented in chapter 6. In this chapter we also discuss 

the multimode laser emission from free-standing dye doped polymer film and 

dye doped polymer coated silica fiber. Chapter 7 deals with the fabrication and 

characterization of different thickness microring embedded cylindrical 

microcavities.  Conclusion and future prospects are discussed in the last 

chapter. 
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1.10 Conclusions  

This chapter briefly presents an overview of polymer optical waveguide 

systems, historical development of polymer optical fibers, types of polymer 

optical waveguide structures and the different properties of poly methyl 

methacrylate (PMMA). This chapter also deals with the potential advantages 

of polymer optical fibers over their silica counterparts and its application in 

different fields. The last section of the chapter discusses the outline of the 

presented thesis. 
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Chapter 2  

Photophysical and lasing properties of 

Rhodamine B laser dye 
 

“Anyone who has never made a mistake has never tried anything new” 

Albert Einstein 

 

Abstract 

This chapter provides useful information on the photophysical properties of Rh 

B dye in different solvents with theoretical support. The structural geometries, 

UV-vis absorption spectra and emission intensities of rhodamine B (Rh B) in 

various solvents have been determined for different excited states by density 

functional theory (DFT) and time-dependent (TD) with polarizable continuum 

model (PCM) methodologies. This chapter also demonstrates the pulsed, 

photo-pumped multimode laser emission in the visible spectral range from 

rhodamine B dye dissolved in various solvents. The cavity lasing spectral 

structure and the number of longitudinal modes are easily controlled by 

changing the solvents. A shift in the emission spectra observed by changing 

the solvent allows a limited range of tuning of laser emission wavelength. The 

gain coefficients, stimulated emission cross-section and life time for the Rh B 

dye dissolved liquid laser system are also determined in this chapter. 

 

 

The major contents of this chapter has been published in Journal of Luminescence, Volume 

169, Part A, pp.227-232, January 2016. 
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2.1 Introduction 

The first laser was built in 1960 by Maiman [1], 44 years after Einstein’s 

suggestion of stimulated emission. Six years after, the first dye laser was 

realized by Sorokin and Lankard [2]. Organic dyes of Rhodamine family have 

been extensively used for a laser medium for tunable lasers because of its large 

absorption and emission cross-sections, high internal quantum efficiency and 

their good solubility in different solvents. These dyes are also used as a sensor 

[3], non-linear optical material [4], photosensitizer [5], optical amplifier and 

material protease label [6]. The ultrawide wavelength tuning range and the 

ability to generate both narrow linewidth continuous wave output and ultra-

short pulses (<100 fs) make dye lasers an ideal coherent source for 

spectroscopy [7]. The liquid dye lasers can be easily cooled, bleached 

molecules can be exchanged and the cost of the gain medium is relatively low 

compared to crystals, typically used for solid-state lasers [8]. However, 

conventional liquid dye laser is generally referred to as “user unfriendly 

system” due to their bulky and complex liquid-handling systems and hazards 

of toxic dyes. Therefore, conventional dye laser systems cannot be used in 

many applications. 

Liquid dye lasers are the first material systems used to study the laser 

action and other optical processes in microcavities. In liquid dye lasers, tuning 

of the laser wavelength is performed either by changing the concentration of 

the dye, concentration tuning, or by changing the optical path length in the 

cavity. To change the optical path of the cavity, the solvent of the dye can be 

changed, thereby changing the refractive index in the cavity. This method is so 

called solvent tuning. One should keep in mind that by changing the solvent, 

other properties of the fluid which can affect the laser wavelength may be 

changed due to the interaction between dye molecules and the solvent 

molecules. 
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2.2 Photophysical properties of laser dye 

Generally, laser dyes are complex organic molecules containing long 

chains of conjugated double bonds. The complex molecular structure will lead 

to many vibrational and rotational energy levels within a single electronic 

state. Therefore, laser dyes often have strong and wide absorption bands in the 

UV and visible region [9-10].  For the sake of simplicity, we confine our 

attention to S0 and S1 level, and ignore the influence of other electronic and 

triplet levels. In figure 2.1 we show an energy level diagram in which dye 

molecules have been excited from the ground level (S0) to the first excited 

singlet level (S1). Before absorption of a photon, almost all the molecules are 

in the zero vibrational level (ν=0) of the S0 state, because the spacing between 

vibrational levels is much larger than thermal energy. 

 

Figure 2.1 Energy level diagram of a typical organic dye molecule 

The quantum mechanical Franck-Condon principle states that the 

probability of each transition is determined by the extent of overlap between 

the ground and excited state vibrational wave function. From figure 2.1, one 

could observe that the overlap of wave function between the S0 (ν=0) and S1 

(ν=2) is very high. Under optical excitation, dye molecules are pumped from 
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the ground state S0 (ν=0) to some vibrational-rotational sublevel (ν=2) in the 

first excited singlet state S1 as marked by green line in figure 2.1. The dye 

molecule in this level will quickly relax by a non-radiative decay process to 

the bottom of S1 (ν=0) (the lowest rotational-vibrational sublevel) within a few 

picoseconds or less. From this level, dye molecules can undergo either 

spontaneous emission or stimulated emission (marked as red line in figure 2.1) 

to a sublevel (ν=1) in the ground state S0, where the probability of transition is 

higher due to the extent of overlap wave function between these levels. Due to 

the non-radiative decay process, the emitted photon has always a lower energy 

(higher wavelength) than the absorbed photon. After the emission of a photon, 

rapid thermalization takes place to the bottom of the ground state in a pico 

second time scale. 

Organic laser dyes typically show a large fluorescence yield ranging from 

about 0.6 to near the optimum 1. Figure 2.2 shows the absorption spectra of 

Rh B with a concentration of 5×10
-4

 mol/dm
3
, which is dissolved in methanol, 

ethanol, ethylene glycol and glycerol respectively. These spectra were 

recorded using a quartz cuvette in a UV-VIS spectrophotometer (Jasco V570). 

The absorption spectra exhibit a solvatochromic shifts after exchange between 

one solvent to another. Due to the electron redistribution within the solvent 

molecules, the energy difference between the ground state and excited states 

will vary.  
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Figure 2.2 Absorption spectra of Rh B dye (5 X 10
-4

 mol/dm
3
) dissolved in 

various solvents. 

When the properties of the solvent such as refractive index (n) and 

dielectric constant (ε) changes, the ground and excited state of the dye gets 

stabilized instantaneously by movements of electron within the solvent 

molecules. This electron redistribution results in a change in energy difference 

between the ground and excited states. The stokes shift is related to the 

orientation polarizability term Δf, which is also known as solvent polarity 

function. The value of Δf can be measured by, 

𝜟𝒇 = (
𝜺−𝟏

𝟐𝜺+𝟏
− 

𝒏𝟐−𝟏

𝟐𝒏𝟐+𝟏
)   2.1 

The difference in the two terms (first term depends on the polarizability 

and second term depends on the RI) accounts for the spectral shifts due to re-

orientation of the solvent molecules. Hence the energy state difference 

between the excited state and the ground state of the dye is sensitive to the 

different properties of the solvents. 

2.3 Theoretical Methodology 

Theoretical studies can not only provide valuable information on the 

photophysical and spectroscopic properties of dyes but also play a key role in 
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growing a number of disciplines from nano-biotechnology to photonics and 

opto-electronics with improved performance [4,9]. The optimized structure of 

Rhodamine B with labelling of atoms in gaseous phase is shown in figure 2.3. 

The molecular structure of Rhodamine B (Rh B) dye is constituted by a 

diameno-xanthene ring with a pendant carboxy-phenyl substituent. The 

highest occupied molecular orbital  (HOMO) and lowest unoccupied 

molecular orbital (LUMO) of the molecule in gas phase was calculated using 

B3LYP exchange correlation functional and  6-31+ G (d) basis set 

implemented in Gaussian 09 suite of codes [11-13].  

 
Figure 2.3 Molecular formula and optimized structure of Rhodamine B with 

labeling of atoms in gaseous phase 

The stationary points are characterized by frequency analysis and the 

excited state properties of the molecule are predicted by TD-DFT method. 

Solvation model is also included in the TD-DFT calculation. 

2.4 Computational modelling 

Diameno-xanthene systems are characterized by a π HOMO with a non-

bonding character located on the xanthene ring and to some extent on the 

amino substituents as shown in the figure 2.4. The π
*
 LUMO, is mainly 

located on the xanthene ring and can be partially located on the phenyl ring.  



Chapter 2 

37 
 

 
Figure 2.4 Kohn-Sham Frontier molecular orbitals of Rhodamine B 

Rh B molecules in the Franck-Condon region are characterized by the 

presence of two closely lying states: a bright locally excited state, centered on 

the xanthene moiety and a dark charge transfer state corresponding to a 

transition from the carboxy-phenyl to the xanthene group. The first transition 

is the most intense (with an oscillation strength of 0.9) and corresponds to a π 

to π
* 
transition between HOMO and LUMO orbitals. This will lead to a bright 

locally excited state which is responsible for a strong absorption band in the 

visible domain with its maximum around 530 nm. The second transition 

corresponds to a n to π
* 

transition between HOMO-1 to LUMO orbitals. This 

transition is mainly due to intramolecular PeT (Photo-induced electron 

Transfer), which takes place from phenyl (electron donar moiety) to xanthene 

ring (electron withdrawn group). This type of intramolecular PeT will lead to 

dark state, which is responsible for non-radiative decay (with oscillation 

strength of 0.08) with a weak absorption around 420 nm. 
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Table 2.1 Vertical excitation data of Rhodamine B in different solvent 

Solvent State Main character Wavelength 

(nm) 

Oscillator 

strength (f) 

Ethanol State 1 H            L 538.65 1.1666 

State 2 H-1            L 426.94 0.0466 

State 3 H-2            L 373.58 0.0165 

Methanol State 1 H              L 539.84 1.1725 

State 2 H-1           L 427.24 0.0464 

State 3 H-2           L 369.54 0.0623 

Butanol State 1 H             L 536.54 1.1558 

State 2 H-1          L 426.44 0.0469 

State 3 H-2           L 381.60 0.0048 

The vertical excitation results using the computational method will give 

some accurate data of the photophysical properties in different environments, 

which are listed in table 2.1. On comparing the TDDFT/ PCM calculated data 

with experimental results we have demonstrated the accuracy of the TDDFT/ 

PCM approach for calculating vertical transition energy. The solvent effects 

were included by Conductor-like Polarizable Continuum Model (C-PCM) [14-

15] solvation model. 

The relative energies of these two states depend on the relative orientation 

of the two subgroups present in the molecules, which actually depends on the 

χ1 and χ2 torsions. Dihedral angle χ1 represents the relative orientation of the 

phenyl and xanthene rings, whereas angle χ2 describes the rotation of the 

carboxyl group with respect to the phenyl ring. 
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Table 2.2 χ1 and χ2 dihedral angles (degree) of the Rh B dye in different solvents 

in the ground and excited state at the DFT/TD-DFT – B3LYP/6-31 G (d) and C-

PCM solvation model. 

Energy 

state 

Solvent  Xanthene ring to 

Phenyl ring (χ1) 

Phenyl ring to carboxyl 

group (χ2) 

Ground Methanol 

Ethanol 

Butanol 

-92.93° 

-92.95° 

-92.99° 

-0.00152° 

-0.005° 

-0.0034° 

Excited Methanol 

Ethanol 

Butanol 

-67.34° 

-67.315° 

-67.237° 

-15.347° 

-15.3569° 

-15.41° 

From the theoretical approach, it is observed that, for the various solvents 

the xanthene to phenyl planes is almost perpendicular and the carboxyl group 

lying in the phenyl plane, at the ground state. The χ1 and χ2 torsion angles vary 

in the excited state geometries and are listed in table 2.2. 

When the dye is dissolved in various solvents, new electronic distribution 

of the dye will happen during the electronic transition due to the electronic 

reorganization of the surrounding enviornments. This will lead to a 

solvatochromic shift to the vertical excitation profile. The effect of the 

different solvent on the geometries, oscillating frequency strength (f) and 

corresponding vertical excitation wavelengths were calculated at the TD-DFT 

level within the adiabatic approximation with the same functional and basis set 

along with the integral equation formalism of the PCM. The vertical excitation 

resulting from the computational method will give some accurate data of the 

photophysical properties in different environments. The good agreement with 

experimental data makes our approach suitable to study and monitor the 

interaction of dye molecules in different environment systems. 
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2.5 Concentration tuning 

Figure 2.5 shows the tuning of emission wavelength peak with variation 

in the dye concentration in methanol. The peak emission wavelength of Rh B 

dye with 1 ×10
-4

 mol/dm
3
 concentration is found to be at 589 nm. By 

increasing the concentration of Rh B, the peak wavelength shows a clear 

redshift and at 5 × 10
-3

 mol/dm
3
 concentration the emission peak is at 624 nm.  

 

Figure 2.5 Florescence spectra of Rh B dye dissolved in methanol at different 

concentrations. Inset shows red-shift of peak fluorescence with the concentration 

of Rh B. 

Due to Stokes shift, the shorter wavelength of emission spectrum is 

absorbed by Rh B molecule and re-emit at the higher wavelength. The increase 

in concentration will increase the interaction between the dye molecules and 

the fluorescence light which will result in the shifting of the emitted 

fluorescence peak towards the longer wavelength region. This type of 

concentration dependent red-shift was also reported by F. P Schafer [16]. 

These types of tuning of the emission wavelength by changing the 

concentration of the dye are generally known as concentration tuning. The 
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inset of figure 2.5 shows the redshift of emission spectra as a function of dye 

concentration. From this, it is clear that the lasing wavelength is tunable over a 

wide range (589-624 nm) due to the overlap of absorption and emission 

spectra of Rh B dye. However, after a particular dye concentration, the shift 

tends to exhibit saturation behavior.   

2.6 Life time measurements 

Fluorescence life time measurement is one of the important tool for 

understanding several aspects of excited state dynamics and interaction 

between molecules. The fluorescent life time of Rh B dye were performed 

with standard time-correlated single photon counting (TCSPC) method. The 

dye is dissolved in various solvents with a fixed concentration of 5×10
-6 

mol/dm
3
 were used for life time studies. The typical emission decay curve of 

Rh B in methanol is shown in figure 2.6.  

 

Figure 2.6 Fluorescence decay curve, instrument response (IR) curve, fitting line 

and fitting residue of Rh B in methanol. Excitation: 379 nm laser (0.1 mW, 

69ps); emission 590 nm.  
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Table 2.3 Photophysical and chemical properties of Rh B dye in different 

solvents. 

Solvent Chemical formula Life 

time 

(ns) 

Boiling 

Point 

(°C) 

RI (n) Dielectric 

constant 

Polarity 

Water 

Methanol 

Ethanol 

Propanol 

Butanol 

Ethylene 

Glycol 

H-O-H 

CH3-OH 

CH3-CH2-OH 

CH3-CH2-CH2-OH 

CH3-CH2-CH2-CH2-OH 

C2-H6-O2 

1.44 

2.05 

2.71 

2.36 

2.7 

2.6 

100 

64.7 

78.29 

97.2 

117.6 

197.3 

1.333 

1.34 

1.36 

1.38 

1.399 

1.43 

78.54 

32.7 

24.5 

20.1 

17.84 

37 

10.2 

5.1 

5.2 

4.0 

5.4 

8.0 

Table 2.3 summarizes the different photophysical and chemical properties of 

Rh B dye in different solvents. 

2.7 Lasing studies 

2.7.1 Experimental setup 

To observe lasing from the different dye solutions, we used the second 

harmonic output of a Q-switched Nd:YAG laser that emits pulses of 8 ns 

duration at a repetition rate of 10 Hz as the excitation source. The pump power 

was adjusted with neutral density filters, and focused by a cylindrical lens into 

a 0.2 mm × 4 mm stripe transverse to a quartz cuvette of 1 cm inner length that 

contained dye solution. The schematic of the experimental setup is shown in 

figure 2.7 (a). This optical setup induces amplified spontaneous emission 

(ASE) along with the gain guiding and laser emission. The parallel windows 

of the quartz cuvette will provide the optical feedback, which is necessary for 

laser action. The emissions guided along the excitation stripe were collected 

from the side of the cuvette using a collecting fiber, and were then spectrally 
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analyzed using a spectrometer and a charge coupled device. All the 

investigations were done in Rh B dye solutions with a constant dye 

concentration of 5×10
-4

 mol/dm
3
 in different solvents, while all the 

experimental conditions such as pump power, ambient temperature, excitation 

length of the gain medium and mode of collection remained the same. 

2.7.2 Laser emission 

In our study, Rh B dye is dissolved in different solvents such as ethanol, 

methanol, butanol, ethylene glycol and glycerol, which are pumped transverse 

with short light pulses of several energies [17-18]. Apart from its particularly 

large cross section, it has high photochemical stability, which is important in 

practice to withstand multiple excitation cycles with a pulsed pump laser. 

 

Figure 2.7 (a) Shows the schematic of experimental setup. (b) Lasing spectrum of 

Rh B solution in Butanol at a pump power of 15 mW and (c) shows the emission 

intensity and FWHM of emission band versus pump power. 
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To study the emission characteristics from the dye dissolved in butanol, 

the emission spectra were recorded for various pump powers. When the pump 

power was increased, the amplified spontaneous emission spectrum collapsed 

into multiple narrow lines as shown in figure 2.7 (b). In the laser spectrum, 

each emission line had a linewidth less than 0.1 nm. Such a spectral narrowing 

cannot be found in ordinal ASE in which the linewidth gradually decreases to 

several nanometers [19]. A clear threshold behavior in the emission versus 

excitation intensities plot and a second decrease in the linewidth at higher 

excitation intensity indicated the onset of laser action as shown in figure 2.7 

(c). The strongly modulated laser spectrum with numerous evenly spaced 

peaks clearly indicates the resonant modes. Above the threshold, the total 

emission intensity increased much more rapidly with the excitation pump 

power. As the pump power is increased, the lasing action occurred in the 

direction of the highest gain parallel to the excitation stripe. For increasing 

pump powers, the absorption decreases and the fluorescence grow due to the 

increased population inversion, which increase the gain. Due to Stokes shift, 

the gain maximum grows and moves towards the higher energy side (smaller 

wavelengths). The gain maximum is very important since it has a big influence 

on the spectral position of the laser mode. Ideally, if all cavity modes have the 

same loss, the laser mode is the cavity mode which is positioned closest to the 

gain maximum. Similar blue-shift with the pump power has also been 

observed in various dye laser systems [20-21]. 

The resonant modes are centered at the maximum of optical gain which in 

turn corresponds to the photoluminescent spectrum peak [22]. A large number 

of sharp lines can be seen within the fluorescent emission profile. The lasing 

modes are spectrally narrow with an FWHM of 0.05 nm at a pump power of 

Pth×4 (~ 15 mW), where Pth is the lasing threshold pump power. When the 

pump power is higher than the lasing threshold (Pth×1.2) lasing modes appear 
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in the longer wavelength range (593–596 nm) of the photo-luminescence 

spectra of the gain medium. When the pump power is further increased, the 

lasing modes with high intensities start to develop on the shorter wavelength 

region of the spectra. The number of lasing modes and the resonant mode 

intensities increase with pump power as can be clearly seen in figure 2.8. The 

blue-shift as a function of pump power is attributable to the transfer of mode 

energy to that of the shorter wavelength side, which has got a large gain 

coefficient. However, the magnitude of this transition of energy gets saturated 

after a particular pump power. 

 

Figure 2.8 The graph illustrates the lasing intensities of Rh B dye (5 X 10
-4 

mol/dm
3
) dissolved in butanol at different pump powers. The spectrum moves 

towards shorter wavelengths with growing pump power. 

2.7.3 Resonant condition 

In our lasing experiment, external feedback at the cuvette sides might 

have encouraged the lasing action. It was expected that both the stimulated 

emission along with the gain guiding and the external feedback at the cuvette 

sides would induce a high gain for the laser action. The occurrence of mode 

structure in the emission from dye solution was also reported by Guang et al., 
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where the laser emission was attributed to the Fresnel reflection feedback from 

the two parallel optical windows of the cuvette [23]. Thus the partial 

reflectance from the window of the cuvette produces the effect of a Fabry-

Perot etalon and provides the optical feedback necessary for laser emission. In 

this case four subcavities are involved for cavity lasing; the cavity lasing 

wavelength should fulfil the following resonant conditions  

𝟐[𝐧𝐋 + 𝐧′ (𝐥𝟏 + 𝐥𝟐)] = 𝐊𝟏𝛌 , 

                              𝟐𝐧𝐋 = 𝐊𝟐𝛌 , 

               𝟐(𝐧𝐋 + 𝐧′𝐥𝟐) = 𝐊𝟑𝛌 , 

                                                 𝟐(𝒏𝑳 + 𝒏′𝒍𝟏) = 𝑲𝟒 𝝀 ,   2.2 

where L is the length of the medium, n' is the refractive index (RI) of quartz, l1 

and l2 are the thickness of the cuvette, n is the RI of the gain medium and K1, 

K2, K3 and K4 are arbitrary integers. The schematic of quartz with its possible 

resonant condition is shown in fig 2.9. 

 

Figure 2.9 Schematic of quartz cuvette with its resonant condition. 

The resonance condition providing the shortest spectral periodicity is obtained 

by the subtraction of the condition 1 and 3 of equation 2.2, which results 

     𝟐𝒏′𝒍𝟏 = 𝑲𝝀 ,                         2.2 

where K = K1-K3.The above equation is equivalent to the maximum 

transmission condition of the a Fabry-Perot etalon with an equivalent optical 
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thickness of 𝑛′𝑙1  . This implies that the cavity lasing spectrum will be 

modulated by this equivalent Fabry–Perot etalon which provides the optical 

feedback necessary for laser emission. For the lasing spectrum the wavelength 

spacing between two adjacent modes is given by 

               𝜟𝝀 =  𝝀
𝟐

𝟐𝒏′𝒍𝟏
⁄                    2.4 

where λ is the average lasing wavelength. Substituting for refractive index of 

quartz, n' as 1.46, the average lasing wavelength λ as 593 nm and the ∆λ 

obtained from our studies with a cuvette of 1 cm path length is 0.09 nm. The 

thickness of the first parallel window is measured as ~1.1 ± 0.03 mm. The 

estimated value of 𝑙1 is found to be 1.15 mm at different position of the 

cuvette, which is in close agreement with the observed value.  

2.7.4 Tuning of laser emission 

The dye medium is found to be sensitive to the polarity and refractive 

index (RI) of the solvent in its nature of laser emission. The interaction 

between the solvents and the dye molecules affects the energy difference 

between the ground state and excited states. This energy difference is 

described by the Lippert equation. Most of the laser dyes are polar in nature 

and excitation into their low lying excited singlet state will be accompanied by 

an increase in the dipole moment. Hence the solvent polarity has a decisive 

role in shifting the laser wavelengths. In most of the cases, increasing the 

solvent polarity will shift the gain curve towards the longer wavelength side 

which is known as Stokes shift [24]. The emission spectra are recorded for 

different solvents such as Ethanol, Butanol, and Glycerol at a fixed dye 

concentration of 5×10
-4

 mol/dm
3
 and are shown in figure 2.9. All the 

experimental conditions remained the same throughout the investigations at an 

ambient temperature of 21º C. The result shows a correlation between the 

physical characteristics such as RI, polarity of the different solvents and the 
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multimode laser emission from the cavity. From the figure 2.9 one could 

observe that the change in solvents introduces a corresponding shift in 

emission spectra. From ethanol to butanol the shift is approximately 4 nm, and 

from ethanol to glycerol the shift is approximately 6 nm. These types of shift 

in the emission spectrum with change in the solvent will allow a limited range 

of tuning of emission wavelengths. However, the spectral width and spacing 

between the adjacent lasing modes does not depend on the nature of the 

solvents but it mainly depends on the structure of the cavity. 

 

Figure 2.10 Three measured laser spectra using Rh B dissolved (5 X 10
-4

 

mol/dm
3
) in ethanol, butanol and glycerol as the active gain medium at a pump 

power of 15 mW. The change of solvent introduces an over-all shift of the output 

spectra due to a shift of the gain-spectrum of the dissolved laser dye. 

For a detailed analysis of the effect of solvent in the lasing characteristics 

of Rh B laser dye, the dye is also dissolved in different solvents such as 

methanol, toluene and ethylene glycol at a fixed dye concentration of 5 X 10
-4

 

mol/dm
3
. Interesting results were obtained and these showed that the shift in 

emission spectrum not only depends upon the value of RI and polarity of 

solvents but also on the lower threshold population inversion [10] given by the 



Chapter 2 

49 
 

solvent molecules. For the non-polar solvents like toluene, a deviation is 

observed from the polar and dipole aprotic solvents. This is due to the fact that 

toluene has a comparatively lower quantum yield as compared to other 

solvents and also the high RI, which is almost higher than the quartz cuvette. 

Hence the reflection coefficient of the surface is also important for the lasing 

characteristics. Table 2.4 summarizes peak wavelength and number of lasing 

modes of Rh B dye dissolved in various solvents. From the table the laser 

emission is observed to be red-shifted in Ethylene Glycol solution which is 

less polar and has lower RI as compared to Glycerol. This may be attributed to 

the more viscous nature of Glycerol, which may reduce the molecule 

interaction between dye and solvent molecules. The increased interaction 

between the dye molecules and the fluorescent light will result the shifting of 

emission wavelength toward the longer wavelength region. From this we can 

also conclude that the laser emission from the dye solution not only depends 

on the RI and polarity of the solvent but also on the other nature of solvents 

such as viscosity and higher quantum efficiency or lower cavity loss of the 

solvents. 

Table 2.4. Comparison of emission peak and number of longitudinal resonant 

modes for different solvents. 

Solvent name Emission peak (nm) Number of lasing modes 

Methanol 

Ethanol 

Butanol 

Ethylene Glycol 

Glycerol 

Toluene 

590 

591 

594 

598 

596 

585 

26 

24 

42 

46 

62 

(Only ASE) 
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2.7.5 Modulation of lasing 

A typical lasing spectrum from Rh B dissolved in methanol is shown in 

figure 2.10. The lasing peaks were considerably modulated as a clustered 

pattern. The resonance condition providing the widest spectral periodicity is 

obtained by the subtraction of the last two conditions of equation 2.2, which 

results, 

𝟐𝒏′ (𝒍𝟐 − 𝒍𝟏) = 𝑲𝝀,      2.5  

where K = (K3 –K4 ). From equation 2.6 the modulation period can be 

determined by, 

𝜹𝝀 =  
𝝀𝟐

𝟐𝒏′(𝒍𝟐− 𝒍𝟏)
 ,   2.6  

From the equation we can observe that the modulation period is inversely 

proportional to the difference in the wall thickness (𝑙2 − 𝑙1) of the cuvette. The 

measured mode spacing 𝛿𝜆  is ~ 1.2 nm which is in good agreement with the 

calculated value of mode spacing (~ 1.19 nm), where (𝑙2 − 𝑙1) is estimated as 100 

µm. 

 

Figure 2.11 Resonant modulation of laser modes of Rh B dye dissolved in 

methanol at a pump power of 15 mW. Inset shows the enlarged view of the 

variation in the thickness of the two walls of the cuvette. 
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The photograph of the CCD image taken for two walls of a cuvette is 

given in figure 2.10 inset, which clearly indicates the change in thickness of 

the different walls of the cuvette. The obtained laser emission spectra are 

modulated by the superposition of the laser modes due to optical thickness of 

𝑛′𝑙1 and difference in the wall thickness 𝑛′(𝑙2 − 𝑙1) as shown in figure 2.10. 

We therefore attribute the appearance of emission spectra to a resonant 

modulation of the two type of laser resonant modes within the cavity. 

2.8 Gain Coefficient 

The net gain of the dye doped laser system was generally measured by the 

variable stripe length (VSL) method. An adjustable slit was used to select the 

central portion and vary the width of the pump beam. The output intensity is 

given by, 

𝑰(𝝀) =  
𝜼𝒈′(𝝀)

𝒈(𝝀)
 (𝒆𝒈(𝝀)𝒍 − 𝟏)   2.7 

where g(λ) (=g'(λ)-α, α is the loss coefficient) is the net gain coefficient, g'(λ) 

is the internal gain coefficient due to stimulated emission process and l is the 

length of the pumped stripe. The value of the gain can be determined by 

plotting the emission intensity as a function of pumped stripe length and fitting 

the resulting curve to the expected dependence given by the equation 2.7. The 

systematic measurements of the intensity of the emitted light as a function of 

stripe length for three different pump powers 3 mW, 15 mW and 20 mW have 

been shown in figure 2.11. 

The black line in figure 2.11 is a fit to the data given by equation 2.7, 

which yields a net gain of 7.2 cm
-1

 at a pump power of 3 mW (<Pth). Above 

Pth, the measured gain is 34 cm
-1

 and 42.1 cm
-1

 by fitting the data using blue 

and red line for 15 and 20 mW respectively. In the equation 2.7, we have not 

considered the gain saturation and thus the net gain coefficient represents the 

subsets of data for which gain saturation is not evident. 
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Figure 2.12. Dependence of the emission intensity on stripe length at three 

different pump powers (3, 5, 20 mW) for dye dissolved in butanol. The solid lines 

are fits to the data using equation 2.7. 

2.9 Stimulated emission cross-section 

Another important optical quantity used to characterize a laser medium is 

stimulated emission cross-section (σe). The value of σe can be derived from the 

emission spectrum E(λ), which is by 

 𝝈𝒆 =
𝝀𝟒𝑬(𝝀)

𝟖𝝅𝒄𝝉𝒎𝟒     2.8 

where c is the speed of light in free space, m is the refractive index of the 

medium (solvent), τ is the fluorescent life time and it is assumed to be 2 ns. 

From the equation 2.8, we could obtain the value of σe ~ 8 × 10
-18 

cm
-1

.  

2.10 Conclusions 

In this chapter we provide a detailed discussion of the photophysical and 

lasing studies of Rhodamine B laser dye dissolved in various solvents. 

Changing solvent will allow a shift in the emission wavelength which will in 

turn provides a limited range of tuning of emission wavelength. The amount of 

shift in emission wavelength depends on the different physical property of the 
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solvents, such as polarity, refractive index, viscosity etc. The solvatochromic 

and Stokes-shift of Rh B in various solvents were successfully compared to 

experimental data with computational data using DFT/TD-DFT/PCM 

methodologies. Upon optical excitation, the laser modes are found to originate 

from the subcavities formed by the plane parallel walls of the cuvette 

containing the gain medium. In our study we also determined the gain 

coefficient and stimulated emission cross-section of the Rh B dye laser system. 

The dye dissolved in methanol solution also provides a modulated laser 

emission due to two sets of laser resonance achieved by the difference in the 

wall thickness of the cuvette. 
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Supporting information from the computational data 

Ethanol 
Excited State   1:      Singlet-A      2.3018 eV  538.65 nm  f=1.1666  <S**2>=0.000 

     127 ->128         0.70556 

 This state for optimization and/or second-order correction. 

 Total Energy, E(TD-HF/TD-KS) =  -1881.06720673     

 Copying the excited state density for this state as the 1-particle RhoCI density.  

 Excited State   2:      Singlet-A      2.9040 eV  426.94 nm  f=0.0466  <S**2>=0.000 

     122 ->128        -0.15299 

     126 ->128         0.67817  

 Excited State   3:      Singlet-A      3.3188 eV  373.58 nm  f=0.0165  <S**2>=0.000 

     123 ->128         0.11108 

     125 ->128         0.69264 

Methanol 
Excited State   1:      Singlet-A      2.2967 eV  539.84 nm  f=1.1725  <S**2>=0.000 

     127 ->128         0.70557 

 This state for optimization and/or second-order correction. 

 Total Energy, E(TD-HF/TD-KS) =  -1881.06825969     

 Copying the excited state density for this state as the 1-particle RhoCI density.  

 Excited State   2:      Singlet-A      2.9020 eV  427.24 nm  f=0.0464  <S**2>=0.000 

     122 ->128        -0.13151 

     123 ->128        -0.12255 

     126 ->128         0.67846  

 Excited State   3:      Singlet-A      3.3551 eV  369.54 nm  f=0.0623  <S**2>=0.000 

     122 ->128        -0.10262 

     123 ->128        -0.22352 

     124 ->128         0.11430 

     125 ->128         0.64617 

 

 

http://iopscience.iop.org/article/10.1088/1054-660X/23/11/115104/meta
https://www.osapublishing.org/abstract.cfm?uri=ao-37-24-5720
https://www.osapublishing.org/abstract.cfm?uri=ao-37-24-5720
https://www.osapublishing.org/abstract.cfm?uri=ao-46-21-4786
https://www.osapublishing.org/abstract.cfm?uri=ao-46-21-4786
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Butanol 
Excitation energies and oscillator strengths:  

 Excited State   1:      Singlet-A      2.3108 eV  536.54 nm  f=1.1558  <S**2>=0.000 

     127 ->128         0.70555 

 This state for optimization and/or second-order correction. 

 Total Energy, E(TD-HF/TD-KS) =  -1881.06530285     

 Copying the excited state density for this state as the 1-particle RhoCI density.  

 Excited State   2:      Singlet-A      2.9074 eV  426.44 nm  f=0.0469  <S**2>=0.000 

     122 ->128        -0.16965 

     126 ->128         0.67760  

 Excited State   3:      Singlet-A      3.2491 eV  381.60 nm  f=0.0048  <S**2>=0.000 

125 ->128         0.70233 

 

 



  

 

Chapter 3  

Fabrication and Characterization of Different 

types of Dye doped Polymer optical fibers 
 

“Discovery consists of seeing what everybody has been seen and thinking what nobody has 

thought” 

Albert von Szent-Gyorgy 

 

Abstract 

This chapter discusses in detail about the various fabrication techniques of dye 

doped polymer optical fibers, such as step index, graded index and hollow 

fiber. This chapter also gives the details of the optical characterization of 

different types of dye doped POFs drawn under different initial conditions 

like, draw rate, feed rate and temperature. Cut back method and Side 

Illumination Fluorescence (SIF) technique have been employed to characterize 

the drawn fiber. Detailed measurements were made to understand the 

amplified spontaneous emission (ASE) and photo degradation phenomena in 

these POF systems. Measurements of peak emission wavelength, optimum 

length, line-width and half-life of Rh6G doped hollow, GI and SI POFs are 

included in this chapter. 

 

 

The major content of this chapter has been published in the journal “Optics and Laser 

Technology, 63, 34-38 (2014). 
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3.1 Introduction 

Liquid dye lasers are coherent sources of radiation with advantages such 

as wide tuning range, high output power, high pulse energy and wide choice of 

pumping sources [1]. The first solid-state dye laser were reported by Soffer 

and Mcfarland [2] and then Peterson and Snavely [3] in the late 1960s. From 

the early days of development of dye lasers, attempts were made to overcome 

the problems posed by organic solvents by incorporating the dye molecules 

into solid matrices [1]. They demonstrated stimulated emission from 

polymeric matrices doped with organic dyes. Solid-state dye lasers avoid the 

problems of toxicity [4-8], volatile and flammability, present a low cost gain 

medium, and are compact and easy to operate and maintain [4]. Their 

application range over spectroscopy, communications, atmospheric sensing, 

medical treatment and so on. Various classes of materials like porous glasses, 

organically modified silicates, sol-gel materials and polymers were extensively 

studied as host materials for laser dyes because of their optical properties and 

commercial viability [9]. In addition to low cost and tunability, the 

configurability and potential for minimal size of solid-state dye doped material 

would be advantageous in integrated optics application [10]. 

Polymer optical fibers (POFs) have attracted much attention during the 

past two decades for short distance communication because of their unique 

characteristics, such as flexibility, ease of handling, and relative low costs in 

coupling [11]. POFs have the potential to be used in optical logic-devices such 

as optical switches and amplifiers because of fiber waveguide geometry, 

which is compatible with silica glass fiber; low production cost and wide range 

of available materials that can be incorporated into the fiber core [12]. 

Properties like attenuation due to microbends, sensitivity to temperature and 

humidity of POFs can be effectively utilized for sensor applications [13].  
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Polymeric matrices have some advantages over other hosts materials 

because they have better chemical compatibility with organic dyes and 

inexpensive and simple fabrication technique, although they suffer from 

relatively poor thermal conductivities as well as lower laser radiational 

damage thresholds [10]. PMMA is one of the most commonly used polymeric 

hosts, which shows higher optical homogeneity and transparency in the visible 

region of electromagnetic spectra [1]. The high optical homogeneity of this 

active medium is extremely important for narrow linewidth oscillators and for 

single mode generation [14]. Most of the work on solid-state dye lasers have 

been elaborated with dyes emitting in the yellow and red region of the 

spectrum, such as the well-known Rhodamine 6G (Rh6G). Rh6G, the best 

known of all laser dyes, has been frequently investigated in solid-state dye 

lasers in a variety of solid hosts, on account of its high fluorescence quantum 

yield, low intersystem crossing rate and low excited state absorption at both 

pump and lasing wavelength [15]. Organic luminescent dyes dissolved in 

polymers as potential source of light amplifying media are still very attractive 

materials for fabrication of tunable lasers with high gain and lifetime due to 

easy processing, low cost and wide spectral range [16].  

This chapter deals with the fabrication of different types of dye doped 

polymer fibers as well as their characterization. The properties of dye doped 

polymer fibers should be clearly known before they are used for all optical 

devices. Improvement in the performance of this device requires a thorough 

knowledge of the optical absorption and emission characteristics. The loss 

characterisation was done by cut-back method and non- destructive side 

illumination fluorescence technique. 
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3.2 Fabrication techniques for different types of POFs 

3.2.1 Purification of the monomer 

The base material used for the fabrication of polymer fiber is methyl 

methacrylate (MMA), which is a monomer. Purification of the monomers is an 

important step in the fabrication of preforms. The impurities present in the 

monomers can cause high loss for the fiber. The more pure the polymer, better 

light guidance through the fiber. 

(a) Removing Inhibitor 

Usually, the monomer can contain impurities like metal ions, solvents etc. 

which can be purified through distillation. Moreover the received monomers 

contain ‘hydroquinone derivatives’ as inhibitors to prevent polymerization 

during transport and storage.  

To remove the inhibitor from the monomer, the liquid monomer is washed 

with 5% sodium hydroxide (NaOH) solution taking both in equal volumes. 

The pure MMA and the inhibitor reacted with NaOH forms two separate 

layers and the monomer can be separated. This process was repeated seven 

times. Then the purified monomer was also washed seven times with distilled 

water to remove the remaining NaOH contents from it. Then, calcium chloride 

(CaCl2) is added to MMA and kept for one day in order to remove the water 

content (OH
- 
impurity). Then the monomer is purified by vacuum distillation 

under reduced pressure. 

(b) Monomer distillation 

Figure 3.1 shows the distillation set up. The distillation is done under 

modest vacuum conditions in order to lower the boiling temperature of the 

solution to safer levels. The boiling point scales with the pressure, so less heat 

is required for high vacuum. The boiling point of MMA is 101 °C. The 

vacuum pump used to create the vacuum conditions is a standard oil sealed 
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rotary pump. High vacuum conditions such as the highest attainable with the 

pump used are actually undesirable, as much of the volatile MMA would 

simply evaporate and be sucked into the vacuum lines. Even under low 

vacuum conditions, a cold trap should be placed between the distillation 

apparatus and the vacuum pump. The condenser allows cold water to flow 

through an outer region which is adjacent to the inner distillation region. The 

flowing water cools the vapour more quickly than air. Finally the distilled 

MMA is collected in a glass flask. 

 
Figure 3.1 Schematic and photograph of MMA distillation set up 

3.2.2 Polymerisation process 

Polymerisation requires an initiator (which starts the polymerisation process) 

and a chain transfer agent (which limits the chain lengths of the polymer 

formed) to be added to the monomer. In this work, we are using benzoyl 

peroxide (BPO) (C4H10O14) as the initiator and n-butyl mercaptan (C4H10S) 

as the chain transfer agent. The bond between the two oxygens in the peroxide 

is very weak and benzoyl peroxide readily undergoes homolysis (symmetrical 

scission), forming free radicals whose half-life decreases with increase in 

temperature. The half-life is 1 hour at 92 °C and 1 minute at 131 °C. 

[C6H5C(O)]2O2 → 2C6H5CO2 
* 
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The symbol * indicates that the products are radicals, i.e., they contain at 

least one unpaired electron. Such species are highly reactive. The homolysis is 

usually induced by heating. Since the two radicals of the peroxide are highly 

chemically active, each one bonds to one side of a monomer molecule and 

opens a chemically active site on the other side of the monomer molecule. This 

site then bonds to a second monomer molecule to begin chain formation and is 

followed by sequential chain growth until the process is terminated by 

encountering a molecule of the chain transfer agent. The growing polymer 

chain end radical abstracts the H atom from the mercaptan along with one of 

the electrons in the S-H bond of the mercaptan. This terminates the growing 

chain with a hydrogen atom as shown in figure 3.2. Therefore, the average 

chain length of the polymer is determined by the chain transfer agent 

concentration. For the polymer to have the molecular weight suitable for 

drawing, it is important to control the average chain length during 

polymerisation. If the chain length is too short, the resulting fiber is brittle and 

cracks upon handling. If the chain length is too long, the polymer does not 

flow even at temperature beyond the polymer melting temperature. 

 

Figure 3.2 Polymerisation of methyl methacrylate to get poly-methyl 

methacrylate. 

About 15 ml of monomer is taken in the test tube and 0.01% weight of 

BPO and 0.06M mercaptan are added, which were placed in an ultrasonic bath 

in order to mix the BPO and CTA in MMA. The test tube containing the 

monomer, initiator and chain transfer agent is put in oil bath (filled with 
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silicone oil) at 70° C for 3 days as shown in figure 3.3. Silicone oil is a water 

clear silicone fluid in a wide viscosity range. The following properties make 

silicone oil a suitable candidate for its use in oil bath.  

 Little change in physical properties over a wide temperature range. 

 The fluid can be used from -400 °C to 2800 °C. 

 Excellent water repellences. 

 Low toxicity. 

 Inertness. 

 

Figure 3.3 Photograph of oil bath 

After polymerisation, the test tube is taken, allowed to cool and broken in 

order to get the preform. Then it is placed in an oven at 110 °C for 24 hours 

for the complete polymerization. 

3.2.3 Optimization of PMMA composition 

There are many factors which affect the processability of a polymer. The 

molecular weight and molecular weight distribution play an important role in 

this regard. It has already been proved by researchers that, for the good 

drawability of a preform, a molecular weight (Mw) between 60,000 to 

1,00,000 is preferred and the molecular weight distribution should be narrow. 
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The chemistry of polymer synthesis, including the amount and type of initiator 

and chain transfer agent, can control the molecular weight and molecular 

weight distribution of the polymer formed. Thus, the initial trials were focused 

on the determination of a definite composition of MMA/initiator/chain transfer 

agent for the better drawability of preforms. 

In this work, a peroxide type initiator (BPO) and chain transfer agents 

(CTA) were used in different amounts. The CTA were mercaptan (thiols), 1-

butane thiol and dodecane thiol, as the mercaptans have a better chain transfer 

constant for MMA polymerization than any other chemical species.  

3.2.4 Step index fibers 

A step index (SI) fiber has a simple structure owing to its simpler 

fabrication techniques. The monomer mixed with the initiator, dye, and chain 

transfer agent is poured into a glass test tube of the required diameter and 

length. The uniform mixing of the dye-monomer mixture was ensured by 

stirring well with a magnetic stirrer and filtered using filter paper to ensure 

that no undissolved part remained. This was then kept in a constant 

temperature bath at 70 °C for 48 h, at 90 °C for 18 h, and at 105°C in an air 

furnace for 8 h. These steps led to a high quality polymer preform that could 

be used for drawing the fiber. The detailed fabrication technique of SI fiber 

has been furnished by Rajesh et al. [17]. 

3.2.5 Hollow Fiber 

''Teflon technique" [18-20] is the most successful technique for the 

fabrication of the preform. In this technique a thin Teflon string is properly 

fixed at the centre of a glass tube. The thermal polymerization of the filled 

tube is carried out in a temperature controlled oil bath. After the monomers are 

fully polymerized and heat treated, the Teflon string is removed and we obtain 

a polymer tube (polymer rod with a small hole at its centre). 
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The advantages of using the Teflon technique in the fabrication of 

polymer preform are: a) its non-sticking property allows the string to be easily 

removed b) it has a very good chemical and thermal stability c) it gives smooth 

finish for the inner surface of the polymer tube. d) It gives good core-cladding 

interface and hence reduces the losses due to scattering. 

3.2.6 Graded index fiber 

To date, several methods have been suggested for the manufacture of GI-

POFs. Although continuous extrusion is the dominant method for the 

manufacture of GI-POF as in the case of SI-POF, the preform method appears 

to be the preferred approach due to its versatility. 

(a) Photo-copolymerization 

The first GI POF was fabricated by Ohtsuka and Hatanaka in [21-22] 

1976 by heat drawing graded index plastic rods. Graded index plastic rods 

were also made by two- step co-polymerization and photo- copolymerization 

techniques [23-27]. In two step co-polymerization, a polymerized rod is 

prepared and immersed into a co-monomer that has a lower refractive index. 

The co-monomer then diffuses into the rod to form a concentration gradient in 

the radial direction. This is subsequently fixed by further polymerization. To 

prevent the immersed rod from dissolving too much while allowing the co-

monomer to diffuse inward, the pre-polymerised rod has a cross linked 

network structure. Conversely, a GI rod made by photo-copolymerization does 

not have a network structure, and can be heat drawn into POF. 

Figure 3.4 shows schematic of the photo-co-polymerization apparatus by 

Ohtsuka et al. [25]. A 2.9 mm diameter glass tube reactor was positioned 

vertically in a constant temperature chamber and rotated about its vertical axis 

while being irradiated by UV radiation. The UV radiation quickly induces 

polymerization reaction forming a gel phase. Since the UV intensity was 
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higher near the wall of the glass tube, the gel phase formed first on the inner 

wall of the glass tube and grew inward towards the centre of the tube. 

 

Figure 3.4 The steps involved in photo-copolymerization technique 

(b) Interfacial gel polymerization 

The best known method for the fabrication of GIPOF is the interfacial gel 

polymerization method which was pioneered by Koike and his co-workers 

[28-29]. At first, this method was applied to the co-polymerization of the 

monomer mixture with different reactivity ratios and different refractive 

indices. Later it was applied to mixtures of a monomer and a non-reacting 

organic dopant. In this method a transparent polymeric tube (e.g. PMMA) is 

prepared and this tube is then filled with a mixture of two monomers (e.g. 

methyl methacrylate and vinyl benzoate) that is polymerized thermally while 

the tube is rotated. The inner wall of the tube is swollen by the monomer 

mixture as it forms a thin gel phase. Due to "gel effect" the polymerization 

reaction is faster inside the gel phase than in the monomer bulk phase. 

Consequently, the reaction occurs preferentially on the inner surface of the 

tube and the co-polymer phase extends inward towards the centre of the tube 
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as reaction proceeds. Due to the difference in the reactivity ratios the 

composition of the copolymer changes gradually in the radial direction. If the 

monomer with higher reactivity ratio has a smaller refractive index than the 

other monomer, the preform will have a gradually increasing refractive index 

towards the centre. The refractive index profile obtained by this method 

depends on the relative ratios of monomer mixture. 

 

Figure 3.5 The different steps involved in the interfacial gel polymerization 

technique 

3.2.7 Heat drawing process 

The heat drawing process is shown schematically in figure 3.6. The tower 

is about 2.5 m high. There is a preform holder attached to the top of the tower. 

A stepper motor feeds the preform into the heating furnace. The heating 

furnace used here, has IR lamps for heating the preform. There are three IR 

lamps (Philips) 250W each, which can swing 180° in the clockwise and 

anticlockwise directions so that uniform heating of the preform is achieved. 

Figure 3.7 shows the heating furnace of the drawing tower. 
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Figure 3.6 Schematic diagram and setup of heat drawing workstation 

 

Figure 3.7 IR Lamp heating furnace 

The heater temperature is controlled by means of a temperature controller 

which senses the temperature inside the furnace and compares it with the 

temperature set. The set temperature is maintained by continuously turning on 

and off the IR lamps by the temperature controller. The preform forms a neck-

down region that starts at the hottest point in the preform and comes down due 

to gravity. There is a drawing capstan for pulling the fiber, which is controlled 
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by another stepper motor. Finally, the fiber is wound on a take up spool. The 

winding drum is moved in x and y directions by using two stepper motors so 

that the fiber is properly and evenly wound on it. The diameter of the fiber is 

controlled by varying the ratio of the feed rate of the preform and draw rate of 

the fiber. The diameter is calculated from mass conservation equation 3.1 

𝑫𝟐

𝒅𝟐
/=  

𝑽𝒅

𝑽𝒇
    3.1 

where D is the diameter of the preform, d is the diameter of the fiber 

drawn, Vf is the preform feed rate and Vd is the fiber draw rate. The drawn 

fibers can be taken in a take up spool which is also controlled by an electronic 

circuit. The table 3.1 shows the results of final fiber diameter, which was 

drawn at different conditions. 

Table 3.1 Result obtained under various drawing conditions 

Preform type Temp 

(°C) 

Feed 

rate 

(µ/s) 

Draw 

rate (µ/s) 

Heater 

rotaion 

speed 

(°/s) 

Cal. 

Dia 

(µm) 

Exp. 

Dia 

(µm) 

Solid (dia = 5 mm) 205 10 10000 6 500 557 

Solid (dia = 5 mm) 210 5 10000 6 340 420 

Hollow (ID=6 mm, 

OD=12 mm) 

190 8 10000 5 520 500 

Hollow (ID=6 mm, 

OD=12 mm) 

185 6 10000 8 550 520 

3.3 Fiber attenuation Measurement 

Fiber attenuation measurement techniques have been developed in order 

to determine the total fiber attenuation and this is contributed by both 

absorption losses and scattering losses. The overall fiber attenuation is of great 

interest to the system designer but the relative magnitude of the different loss 

mechanisms is important in the development and fabrication of low loss fibers. 

Different methods can be employed for measuring attenuation: the insertion 
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loss method (non destructive) ,the substitution method (non destructive) and 

the cut –back method (destructive) . A commonly used standard technique for 

determining the total fiber attenuation per unit length is the cut- back or the 

differential method. 

3.3.1 Cut back method 

The cut- back method provides more accurate results than the insertion 

and substitution method. The advantage of this method lies in the fact that 

launching conditions remain unchanged. A schematic diagram of a typical 

experimental set up is shown in figure 3.8. 

 

Figure 3.8 Fiber attenuation measurement using cutback method 

Light beam from a DPSS laser (10 mW, 532 nm) is launched into the fiber 

with the help of a lens. After polishing the fiber end faces, the fiber is firmly 

held in a suitable holder such that only a small length projects outside with V 

groove made on a small horizontal steel platform. The incident beam is 

adjusted at the input end of the fiber so that maximum output power is 

obtained at the output end. The output power is measured with the help of a 

photo detector and let it be P(L1), where L1 is the length of the test fiber. 

Without disturbing the launching conditions, a short length of the fiber from 

the output end is cut and polished. The output power is again measured and let 

it be P(L2) where L2 is the cut back length of the fiber. The cutting, polishing 
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and measuring process is repeated several times. From these measurements the 

attenuation can be measured using the equation 

𝜶𝒅𝑩 = 
𝟏𝟎 𝒍𝒐𝒈(𝑷(𝑳𝟐)/𝑷(𝑳𝟏))

(𝑳𝟏−𝑳𝟐)
           3.2 

where L1 and L2 are the original and cut back fiber lengths respectively, and 

P(L1) and P(L2) are the corresponding output optical power from the original 

and cut back fiber lengths. The attenuation is usually expressed in decibel 

(dB). In this method incident intensity need not be measured. One of the 

important issues is that, it is almost impossible to measure with certainity how 

much light actually couples in to the fiber. First the input side of the fiber is 

left untouched during the whole measurement process so that the intensity 

coupled in to the fiber does not change between the two measurements. The 

best method for protecting the input coupler side is to use a long length of 

fiber so that the cutting and polishing process is as far away from the input end 

as possible. The loss spectrum of a typical poly (methyl methacrylate) fiber is 

given in figure 1.3 which shows that, the maximum attenuation occurs at 632 

nm wavelength and minimum loss at 530, 570 and 650 nm, all in the visible 

range. Since loss is minimum around 532 nm, we have used a diode pumped 

solid state laser (DPSSL, 532nm) as light source for attenuation 

measurements. 
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Figure 3.9 Light propagation through drawn fiber 

3.4 Side Illumination Fluorescence (SIF) Technique 

Usually the propagation losses in fibers and planar waveguide structures 

are measured by the cut-back technique [30-31] which consists in comparing 

the transmittance of several fibers with different lengths at a specific 

wavelength. The disadvantage of the cut-back technique is that it is a 

destructive method. As an alternative to the above mentioned technique, a 

non-destructive side illumination fluorescence technique for measuring the 

optical attenuation in dye doped fibers has been developed by Kruhlak et al. 

[32-33]. 

3.4.1 Experimental setup 

The main component of the experimental setup is the Rh6G (10
-5

 

mol/litre) doped SI and GI and hollow POFs with a diameter of 500 micron, 

Nd: YAG laser (Quanta Ray DCRll) and a monochromator-CCD. The optical 

emission from the dye doped fiber was excited using 532 nm radiation from a 

frequency doubled pulsed Nd: YAG laser. The transverse pumping was done 

with the pump beam profile as a stripe obtained by employing a cylindrical 



Chapter 3 

73 
 

lens of appropriate focal length [32-34].The spectral emission characteristics 

and the gain studies were carried out by collecting the fluorescence from the 

doped fiber using a detector fiber coupled to a monochromator-CCD system. 

Figure 3.10 illustrates the experimental set up for side Illumination 

fluorescence technique. 

 

Figure 3.10 Experimental setup of SIF technique 

Using interfacial-gel-polymerization technique, a dye doped graded index 

polymer fiber preform was fabricated. The photograph of different types of 

dye doped PMMA preforms are shown in figure 3.11. Figure 3.12 shows an 

enlarged cross sectional view of a hollow fiber using a CCD camera and the 

preform after the fiber drawn. The refractive index (RI) profile for different 

types of dye doped fibers is shown in figure 3.13. 
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Figure 3.11 Different types of dye doped PMMA preforms (a) SI, (b) hollow and 

(c) GI respectively. 

 

 

Figure 3.12 Dye doped PMMA preform after the fiber is drawn and enlarged 

cross sectional view of Rh6G-hollow POF using a CCD camera 
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Figure 3.13 Refractive index of the different types of dye doped fibers 

3.4.2 ASE and line narrowing 

Fluorescence of dye doped POF is due to the absorption and re-emission 

mechanism taking place in the dye molecules [35]. Fluorescence emission 

spectra from Rh6G doped hollow POFs at various pump powers are depicted 

in figure 3.14. At low pump power (<10 mW), only fluorescence spectrum 

was observed. A clear line narrowing from 42 to 5 nm has been observed from 

5 mW to 30 mW above which no further line sharpening was observed. 

Similar line narrowing has also been observed in dye doped SI and GI fiber. 

Spectral line narrowing as a function of pump power is the signature of light 

amplification.  
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Figure 3.14 Fluorescent emission from Rh6G-hollow-POF at different pump 

power 

There is a narrowing coupled with a blue shift in the fluorescence 

emission spectra as pump power is increased in Rh6G doped hollow POFs. 

This blue shift is due to the selective excitation of those modes which have 

sufficient gain for amplification [15].  

There is a blue-shift in the peak fluorescence emission for Rh6G doped SI 

to hollow and to GI POFs as shown in figure 3.15. From SI to GI doped POFs, 

the shift is approximately 10 nm and from SI to hollow doped POFs the shift is 

6 nm. The shift is attributed to the variation of dye concentration in the 

different types of POFs. 
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Figure 3.15 Comparison of fluorescence emission from Rh6G doped hollow, GI 

and SI POFs at a pump power of 30 mW. 

From the figure 3.16 we observe that, at given dye concentration, dye 

doped hollow fiber shows maximum line narrowing at a given pump power. 

This is due to the fact that net concentration of dye molecule is lower in the 

case of hollow fiber as compared to SI. Previous experimental studies [36] 

already shown that at higher dye molecule concentration the line width should 

be higher. This phenomenon has been explained in the basis of enhanced 

reabsorption and emission process of dye molecules. When the concentration 

increases, more dye molecules will participate in the absorption and emission 

process, this will lead a reduction in the light intensity. Also the hollow fiber 

has an annular structure; that can dissipate more heat to air. Increase in 

temperature inside the fiber will reduce the fluorescent intensity due to 

reduction of quantum yield of dye molecules [37].  

It can also be observed that the ASE from the dye doped POF was 

increased as a function of increasing the pump power. At high intensities, the 

ASE peak grows and narrows until most of the energy from the sample is 

emitted within the ASE peak. Fluorescence in a fiber can enhance the effect 
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due to transverse confinement, making it possible to build efficient optical 

amplifiers, light sources and lasers. 

 
Figure 3.16 FWHM of the spectral emission from Rh6G doped hollow, GI and SI 

POF as a function of pump power 

The fluorescence emission is measured from various positions of the fiber 

starting from a position closer to the pumping region and then progressing 

towards the other end of the fiber. The optical loss coefficients for shorter and 

longer distances of propagation through the dye doped fiber are different. 

Figure 3.17 shows the variation of output intensity and shift in peak 

wavelength with the length of Rh6G doped SI, GI and hollow POF at a pump 

power of 30 mW. The optimum length for maximum output intensity from 

different types of fiber is different. As the propagation distance increases, the 

magnitude of the output intensity increases up to a length of 2 cm for SI, 4 cm 

for hollow and 7 cm for GI POF. Further increase in length will reduce the 

intensity due to various loss mechanisms such as absorption and scattering of 

fluorescence. The optimum length of fiber samples also depends on the dye 

concentration and input pump power because a longer length of inverted 

medium can be achieved by a higher pump power [38]. 
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Figure 3.17 Variation of emission peak and output intensity with length of Rh6G 

doped SI-POF (a), GI-POF (b) and Hollow POF (c) at a pump power of 30 mW. 
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The red shift of the fluorescence signal is fiber length dependent, and is 

produced by the self-absorption and re-emission effects of the laser dye. Due 

to this self-absorption and re-emission process, the peak emission wavelength 

shows a redshift with an increase in concentration [39]. Increasing the path 

length through the dye doped sample is somewhat similar to an increment in 

dye concentration. The experimental results of the red shift of the fluorescence 

peak when the fiber length is increased for different types of doped fiber have 

been shown in figure 3.17. This red shift in fluorescence can be attributed to 

the gain achieved as the radiation is propagated through the amplifying 

medium as well as to the reemission from the interacting dye molecules at 

longer wavelengths. These types of red-shift in peak fluorescence with 

propagation length will allow a limited range of tuning of emission 

wavelength from the different types of dye doped fibers.  

3.5 Photostability 

An important parameter, determining potential application of the solid-

state dye laser system in which the ASE phenomenon can be observed, is the 

rate of dye photo-degradation during the prolonged exposure to pulsed 

excitation by laser light. Hence photostability is one of the main concerns in 

solid-state gain media. In most organic laser dye systems, luminescence 

efficiency decreases after thousands of excitation pulses and photo-bleaching 

is observed [16]. 

Optical amplifiers and lasers made of dye doped fiber require much less 

pump power than in bulk material, because of the effective confinement and 

long interaction length available in fiber geometry [20]. Since photo-bleaching 

increases with the exposure intensity, low pump power would increase the life 

time of gain medium. Also, the thin and long geometry of the fiber is ideal for 

good thermal relaxation to minimize the thermally induced photo-bleaching as 

well [40]. 
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Figure 3.18 Normalized output intensity as a function of number of pump pulses 

for Rh6G doped different type of POFs at a pump power of 30 mW. 

Therefore solid-state dye doped gain media usually have limited life time. 

There are also other factors that could contribute to the optical bleaching of 

organic dyes. Thermal effect from optically absorbing impurities is another 

important source. Figure 3.18 shows an evolution of normalized output 

intensity as a function of number of pump pulses for Rh6G doped GI, SI and 

hollow POFs. The half-life of different types of dye doped POF has been 

compared. From the figure it is observed that Rh6G doped GI-POF has the 

highest life time as compared to other types of POFs. For a pump power of 

30 mW, the output intensity remains at 50% of initial value after 150,000 shots 

(excitation pulses). From the study, we also conclude that the photo-

degradation is particularly fast for step index type fiber, moderate in hollow 

type and slower in graded index fiber for a given pump power. 

Generally bleaching can happen due to thermal effects as well as excited 

state absorption [21]. In our case bleaching of dye molecules takes place 

mainly due to thermal effects. Bleaching of dye molecules due to thermal 

effects cause permanent and irreversible photo degradation and they no longer 
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cause any emission hence the bleaching in our case does not happen due to 

excited state absorption. 

 
Figure 3.19 Normalized emission intensity for Rh6G-hollow fiber at different 

pump power versus the exposure time 

Figure 3.19 shows the normalized output intensity as a function of 

exposure time for Rh6G doped hollow POF at different pump powers. The 

higher pump intensity could cause quicker degradation of dye molecules. 

From the figure it is observed that the photo-bleaching increases with the 

increase of the exposure intensity, low pump intensity would increase the 

lifetime of the gain medium [20]. 

Table 3.2 Summarize emission characteristics of Rh6G doped Hollow, GI and SI 

POFs 

Fiber 

type 

Peak wavelength 

(nm) 

Optimum 

length (cm) 

FWHM 

(nm) 

Half life 

(shot) 

Hollow 562 4 5 95,000 

GI 585 7 7 1,20,000 

SI 572 2 8 50,000 
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Table 3.2 summarizes peak wavelength, optimum length, line-width and 

half-life of Rh6G doped hollow, GI and POFs investigated in the present 

study. The experiment was carried out at 10 Hz repetition rate with a pump 

power of 30 mW. 

3.6 Conclusions 

In this chapter we have discussed the fabrication techniques for different 

types of polymer optical fibers (POF) such as SI, hollow and GI. Laser pump 

power dependence of fluorescence emitted from Rh6G doped SI, GI and 

hollow POFs were studied and compared. It has been observed that the ASE of 

dye doped POFs has been increased by increasing the pump power and Rh6G 

doped hollow POF shows the highest spectral narrowing for a given pump 

power compared to GI and SI POFs. With the increase in propagation length 

through the fiber, the emission peak shows a red shift due to self-absorption 

and reemission by the dye molecules. Thus we could tune the ASE wavelength 

by adjusting the propagation distance through the fiber. The capability to tune 

the fluorescence peak position gives the capability to tune the spectral gain of 

the doped POFs. The peak wavelength, optimum length, line-width and half-

life of Rh6G hollow, GI, and SI POFs were compared. From our study, we 

also concluded that the photo-degradation is particularly fast in step index 

fiber, moderate in hollow type and slower in graded index fiber for a given 

pump power. 
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Chapter 4  

Dye Doped Hollow Polymer Optical Fiber 

(DDHPOFs) as Microring Resonator 

 

“Creativity is not the finding of a thing, but the making something out of it after it is found” 

James Russell Lowell 

 

Abstract 

In this chapter we discuss the observation of multimode laser emission at 

wavelengths corresponding to whispering gallery modes (WGM) from a free-

standing micro-ring cavity based on Rhodamine 6G dye doped hollow 

polymer optical fiber (DDHPOF). Theoretical modelling of WGM resonator 

has also been realized using COMSOL Multiphysics software package. 

Cylindrical microcavities with different diameters were fabricated and their 

performances have been evaluated.  

In the second part of this chapter, we discuss two different types of pumping 

schemes to characterize the DDHPOF namely 1) stripe illumination and 2) 

spot illumination. As the pump power is increased, stripe illumination shows a 

blue-shift and spot illumination shows a red-shift for the emission spectra. By 

using spot illumination, the slope efficiency of system is enhanced by more 

than three times than that of stripe illumination.  

 

 
The major content of this chapter has been published in the journal “Journal of 

Luminescence 05/2014; 149:204-207 (2014) and Optics Communications” 01/2014; 

320:125–128 (2014). 
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4.1 Introduction 

Lasers have the unique property that they emit light at a single frequency, 

which is not the case for classical light sources. However, any real laser has 

some finite spread in frequency. Stable narrow-linewidth lasers are 

indispensable in many scientific and technological fields such as 

telecommunications, sensing, interferometric measurements, gas detection and 

frequency metrology. 

In 1917 Albert Einstein proposed the ingenious idea of stimulated 

emission in atoms [1]. The first experimental observation followed about ten 

years later by Ladenburg [2]. A few decades later, in the 1950’s, the first 

device was theoretically described and built which made use of this idea by 

amplifying the stimulated emission (SE) of microwave radiations to create the 

first masers [3-4]. Efforts were made in the search for possibilities of devices 

with shorter wavelengths, and Schawlow and Townes theoretically described 

the concepts of infrared and optical maser [5]. Finally in 1960 Maiman 

succeeded in inducing the first stimulated optical output in Ruby crystals [6], 

which marked as the birth of LASER (Light Amplification by Stimulated 

Emission of Radiation). Subsequently research groups all over the world 

focused on using multitude gain media in their lasers, which included the 

invention of helium-neon lasers [7], semiconductor lasers [8], carbon-dioxide 

lasers [9], dye lasers [10-11] and later excimer lasers [12]. 

Incredible new uses of lasers were discovered in the last 50 years, 

primarily due to their unique properties such as their directionality, 

monochromaticity, and spatial coherence 

Therefore, the customized usage of the term laser is generally associated with 

the stricter criteria of 

(i) Spectral of narrow line emission coinciding with resonant cavity modes. 

(ii) Spatial coherence 
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(iii) Strongly polarized output and 

(iv) Lasing threshold 

Similarly, phenomena such as line narrowing [7–9], mirrorless lasing [10] 

or laser-like emission do exhibit some light output properties that match those 

of lasing behaviour to a certain extent. This is a consequence of the fact that 

these high optical gain effects result from large SE cross-sections. There are 

also so-called modeless lasers providing high-quality output in terms of 

emission stability, linewidth and coherence that are built by travelling wave 

amplification without any feedback structure [11]. 

Generally, a laser device is constructed by the combination of the laser 

medium and an optical feedback structure. The high gain medium that serves 

as the active material is energetically pumped by either optical excitation or 

electrical excitation. By virtue of the feedback structure the buildup of the 

laser oscillation is restricted to a few resonant modes. In the conventional 

approach this resonator structure is formed by two end mirrors that form the 

resonator cavity; however, there are many alternative feedback designs which 

can be employed: e.g., ring microstructures, Distributed Feedback (DFB) 

structures.  

Much effort has been put into the development of materials incorporating 

the organic dyes into solid host matrices. During recent years new and 

optimized approaches have led to significant advances in these systems with 

respect to laser efficiency and damage threshold. In the dye-doped matrix 

systems the dye molecules (rhodamines, coumarins or pyrromethenes etc.) are 

dispersed in the solid host media which are either chosen to be sol–gel 

materials or polymers.  

Another important point with regard to the feasibility of employing these 

new materials in highly emissive devices is their photo-stability and photo-

chemical stability. This is not only important for the long lifetime performance 
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of light emitting diodes, but also for organic solid-state lasers. The main 

reasons for material degradation in devices under operation are local heating 

effects and the role of photochemical processes, like photo-assisted oxidation. 

Even for high-gain materials with large SE cross-sections, intense pumping is 

required to accomplish lasing and for continuous operation the laser active 

media must be capable to undergo a large number of excitation cycles. So, 

evidently, photothermal and photo-oxidative stability is one of the most 

important issues to be addressed, together with the intrinsic emissive 

properties of polymeric laser materials. 

4.2 Microcavity resonator 

Optical resonator/cavity represents a key component or platform in 

nonlinear optics, light emitting diodes, low-threshold micro-sized lasing, 

enhanced light-matter interaction and in miniaturized photonic circuit [13-

14].The microcavity resonators have shown several advantageous properties, 

such as high Q factor, narrow resonance line-width, compact size and strong 

optical field enhancement inside cavities. With these unique characteristics, 

microcavity resonators have demonstrated lots of applications in high 

resolution spectroscopy, optical filters, frequency stabilization and all optical 

switching [15-17]. Current WGM research includes biological sensing [18], 

optomechanics [19-20], macroscopical ground state cooling [21], cavity 

quantum electrodynamics [22], light storage [23], microcavity lasers [24-25], 

thresholdless lasers [26], on-chip frequency comb generation [27] and ultra 

narrow filtering techniques [28].  

The design of a microcavity provides one possibility for a compact light-

emitting device structure. The microcavity devices consist of the luminescent 

material placed within a Fabry–Perot resonator with a length of the order of 

the wavelength of emitted light. In this way the light emission is coupled to the 

cavity mode(s) and characteristically the light output is spectrally narrowed 
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and directed. Microcavity designs are important to modify spontaneous 

emission properties in electro and photoluminescent devices and a few are 

attractive as resonators for laser emission. Optical microcavities are mainly 

classified as, 

 Fabry- Perot (FP) type 

 Dielectric optical microcavity 

 
Figure 4.1 Illustration of a (a) Fabry-Perot laser and (b) a ring laser respectively 

The first one is the conventional Fabry-Perot (FP)-type cavities (as shown 

in figure 4.1(a)) comprising of an optical gain media is placed between two 

concave dielectric or metal mirrors facing each other at a distance of the order 

of a few 100 μm. FP-type optical cavities are widely utilized in all branches of 

modern optics, including lasing feedback, optical parametric oscillators, and in 

some interferometers. The second type is the dielectric optical microcavities 

with circular/cylindrical shapes as shown in figure 4.1 (b), referred to as WGM 

resonators. In these resonators, light propagates along the resonators boundary 

via total internal reflection with the guided modes known as whispering 

gallery modes. 

Lasing at low-power thresholds can be achieved by virtue of the strong 

optical confinement due to the high contrast of the refractive index between 

the active medium and the surrounding. This provides light guiding into closed 

optical paths (ring modes) and coupling of these high refractive modes. Laser 
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action will then occur along these circumferences for which the gain exceeds 

the round trip losses. Whispering-gallery microlasers were demonstrated for 

dye doped polymers [29] and conjugated polymers with lasing operation in the 

visible range [30]. 

4.2.1 Cavity parameters 

Three crucial parameters of an optical microcavity are the Q factor, FSR 

and Finesse. 

(a) Q Factor 

The most common and important parameter of the cavity is the quality 

factor (Q factor). The definition of the quality factor for any resonant element 

can be simply given by equation [31]; 

𝑸 = 𝑾𝟎
𝑷𝒔𝒕𝒐𝒓𝒆𝒅

𝑷𝒍𝒐𝒔𝒕
      4.1 

where W0 = 2πf0, which is the angular frequency at which the stored energy 

and dissipated power are measured. Pstored is the stored energy in the resonator 

and Plost is the power dissipated by the cavity. Also the photon life time in the 

cavity is 

 𝝉𝒑𝒉 = 
𝑸

𝝂
        4.2 

Generally cavity Q factor can be measured through the spectrum rather than by 

using ring down time  

   𝑸 =
𝝀𝟎

𝜹𝝀
        4.3 

where δλ is the full width half maximum of the resonant peak. 

(b) Mode volume 

Another parameter to characterize microresonators is the mode volume, 

which is used to describe electric field energy density of optical mode within a 

cavity. A small mode volume cavity can confine a photon to the smallest 

possible volume. Hence the reduction of mode volume can enhance the 
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circulating intensity within a cavity [14]. The parameter Vmode, can be defined 

as: 

Vmode ≈
∫𝑽𝑸 ɛ(𝒓⃗ )|𝑬𝟐|𝒅𝟑𝒓

𝒎𝒂𝒙ɛ(𝒓⃗ )|𝑬𝟐 |
      4.4 

where ɛ(𝑟 ) the dielectric constant of the material, E is the cavity field, and VQ 

is the integration volume. The circulating intensity of the light in a cavity is a 

function of the mode volume and the input power, Pin. For a given input power 

the circulating intensity, I, within the resonator is given by  

𝑰 = 𝑷𝒊𝒏
𝝀

𝟐𝝅𝒏𝒈

𝑸

𝑽𝒎𝒐𝒅𝒆
      4.5 

where ng is the group index. For mW pump powers and mode volumes of 

1000 μm
3
, it is possible to achieve electric field gradients of the order of 

GW/cm
2
. 

(c) Free spectral range  

The free spectrum range is defined as the frequency spacing or 

wavelength spacing between two adjacent modes. If we define the two 

adjacent modes with resonant wavelength at λm and λm-1, then the free spectral 

range (FSR): 

𝑭𝑺𝑹 (𝜟𝝀) =  𝝀𝒎 − 𝝀𝒎−𝟏 = 
𝝀𝟐

𝝅𝑫𝒏𝒆𝒇𝒇
     4.6 

where λ is the peak wavelength, D is the diameter of the cavity and neff is the 

effective  refractive index of the medium. 

(d) Finesse (F) 

The finesse of the resonator is defined as the ratio of the FSR to the 

resonant line width. 

   𝓕 =
𝑭𝑺𝑹

𝜹𝝀
       4.7 

A physical explanation of finesse is the round trip number of the photon in 

the cavity. A suitable parameter taking both the photon storage time (Q factor) 
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 and the resonator size (mode volume) into account, is the finesse, ℱ. 

4.3 History of WGM Resonators 

The Whispering Gallery in St. Paul’s Cathedral in London, UK (figure 

4.2) fascinated Lord Rayleigh a century ago. As in other round structures, such 

as City Hall in San Francisco and St. Peter’s Basilica in the Vatican City, the 

curved walls have the ability to guide seemingly quiet sounds along the 

circumference, thus allowing a listener at the opposite end to vividly hear the 

whispers (figure 4.3). This effect does not work if one speaks at center of the 

dome or normally to the edge of the dome. Lord Rayleigh’s famous paper 

detailed the physics of it in 1910 [32]. The answer to this strange effect is that 

the sound bounces along the smooth curved wall of the gallery with very little 

loss, and so it can be heard at a very long distance. The reason that it does not 

work if you speak at center on normally to the edge of the dome is that the 

increased amplitude of the noise allows it to circulate the gallery multiple 

times, and so the sounds all get mixed up and can no longer be heard properly. 

It can be viewed that there is a narrow region near the edge of the dome where 

the sound waves propagate with very low loss, and this is known as 

“whispering gallery modes” (WGM). 

 
Figure 4.2 Whispering gallery in St. Paul’s Cathedrel, London, UK 
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Figure 4.3 Acoustical reflection from the surface 

This phenomenon which was first observed by sound wave bouncing 

around the edge of wall can also be applied  to the optical wave by assuming 

that the inside and the outside of gallery region are filled with high refractive 

index material and low refractive index optical transparent material, 

respectively. Light inside a circular resonator can impinge on the surface and 

be totally internally reflected and trapped inside the resonator with minimum 

loss. It is very difficult to get light into a resonator from which it cannot 

escape, but in fact there is an evanescent field outside of the medium due to 

the total internal reflection [33] which can be used to couple into the structure. 

Recently, this phenomenon has been found in optical wave region in micro-

circular cavity such as micro-disk, micro-ring, microsphere and micro-tube. 

In fact, around the same time that Lord Rayleigh was describing the 

Whispering Gallery in London, Gustav Mie was investigating solutions for the 

reason for the sharp resonances when light passed through them [33]. In the 

meantime the observation of light scattering from sphere was described by 

Debye [34]. Those observations lead to the emergence of a new field of study 

of scattering of electromagnetic waves in different wavelength ranges [35-37].  

This type of microcavities has rotational symmetric boundary, for 

instance, microspheres, microdisks, microcylinders and microtoroids, as 

shown in figure 4.4 (a) as taken from the reference [31]. Viewed in ray optics, 
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optical whispering gallery modes in the circular dielectric cavities can be 

easily understood with the concept of total internal reflection as shown in 

figure 4.4 (b). As shown in Figure 4.4(b), a ray is emited from the point A with 

an output angle χ (sin χ >1/n, where n is the refraction index of the cavity 

material). Then, it will be continually totally reflected on the cavity boundary 

due to the rotational symmetry. After finite reflections, the ray returns to the 

point A, and it gets a propagation phase θ. When θ = 2kπ (k = 1,2,3,...), the 

propagating field undergoes constructive interference with itself. This means 

that only whole numbers of wavelengths of light can “fit” around the edge of 

the circular dielectric cavity. This selectivity causes discrete modes to exist in 

the cavity, known as whispering gallery modes. The electromagnetic field 

distribution of WGM was shown in figure 4.4 (c) using COMSOL 

Multiphysics software package. 

 

Figure 4.4 (a) Four typical whispering gallery microcavity; microsphere, micro 

disk, microcylinder, and microtoroid. (b) Geometrical optics of the WGM 

resonance; (c) wave optics representation of a WGM [31] 
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4.4 Resonance 

Light that propagates through a dense material may polarize that medium, 

depending on how the molecules interact with the time-varying electric and 

magnetic fields. The permittivity of a material, εm, describes the time delay in 

the molecular response to the optical fields, and can be expressed in terms of 

the permittivity of a wave propagating through vacuum (ε0) and a material-

dependent relative permittivity (εr)i.e., εm = εr ε0. It is often more convenient to 

work in terms of the refractive index, whose real part can be expressed as the 

ratio of the speed of light in a material νm(λ,T) to that in vacuum c. The 

complex refractive index at temperature T and wavelength λ is defined as 

𝒏(𝝀, 𝑻) = 𝑵(𝝀, 𝑻) + 𝒊𝒌(𝝀, 𝑻) =  
𝒄

𝝂𝒎 (𝝀,𝑻)
+ 𝒊𝒌(𝝀, 𝑻)  4.8 

The imaginary part is related to the loss mechanisms in the material, like 

absorption or scattering. The speed of light in the medium is the product of the 

frequency of the electromagnetic wave, ν, which is independent of the 

material, and the wavelength in the medium, λm. This relationship may be 

expressed in terms of the speed of light in vacuum, λ0, as 

  𝝀𝒎 = 𝝀𝟎
𝝂𝒎

𝒄
= 

𝝂𝒎

𝝂
= 

𝝀𝟎

𝒏
     4.9 

WGM resonators typically have circular cross sections that enable light to 

be trapped as it propagates near the periphery. This circulating light is 

confined via total internal reflection at the interface between the resonator and 

the surrounding medium. Light for which a round trip is equal to an integer 

number of wavelengths (M) returns to the point it was coupled into the 

resonator in phase with itself, as illustrated in figure 4.4 (b). Constructive 

intereference occurs under these conditions, allowing the circulating intensity 

to grow until the rate at which light is coupled into the cavity is balanced by 

the rate at which it is lost. This phenomenon is referred to as resonance and the 
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3-dimensional electromagnetic field profile that describes the path of the 

resonant light takes is called the mode. For a given resonator, many modes are 

accessible. A particular mode is characterized by its mode number, which can 

be approximated as the number of wavelengths within the cavity (M) and by 

the wavelength required to excite that mode, λR.  

𝟐𝝅𝒏𝒎𝒐𝒅𝒆𝑹𝒎𝒐𝒅𝒆  ≈ 𝑴𝝀𝑹     4.10 

It is apparent from the criteria for resonance that the resonant wavelength is a 

function of the refractive index encountered by the mode as well as the radius 

of the mode, where Rmode ≈ Rres and Rres is the radius of the resonator. The free 

spectral range (FSR) is the wavelength interval that separates a mode of order 

M and its next-highest order mode (M+1). This quantity may be expressed by 

equation 4.4.  

4.5 Theoretical analysis  

The geometry of a hollow cylindrical dielectric waveguide is shown in figure 

4.5. A hollow core of relative permittivity ε1 = 1 is surrounded by a concentric 

layer of material having relative permittivity ε2. The region exterior to the 

layer is free-space (ε3 = 1). The axial fields in regions 1, 2, and 3 for TM mode 

[38] are: 

Ez
(1)

(r, θ) = AmJm(p1 r) 𝒆±𝒋𝒎𝜽       4.11 

Ez
(2)

(r, θ) = (BmJm(p2 r) +  CmYm(p2r)) 𝒆±𝒋𝒎𝜽    4.12      

Ez
(3)

(r, θ) = DmKm(q r) 𝒆±𝒋𝒎𝜽      4.13 

where Am , Bm , Cm , and Dm are arbitrary constants 
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Figure 4.5 (a) Schematic of the cylindrical dielectric waveguide and cross section 

of the waveguide with inner radius b and outer radius a. Relative permittivity of 

each medium are labelled as ε1, ε2 and ε3. 

The functions Jm, Ym, and Km are the Bessel functions of the first kind, second 

kind, and the modified Bessel function of the second kind respectively. 𝑝1
2 = 

ω
2
 ɛ1µ0 - β

2 
= 𝑘1

2- β
2
, 𝑝2

2 = ω
2
 ɛ2µ0 - β

2 
= 𝑘2

2 - β
2
, and q

2
 = β

2 
- ω

2
 ɛ3µ0 = β

2 
= 𝑘3

2, 

where k1 = 
𝜔𝑛1

𝑐
 , k2 = 

 𝜔𝑛2

𝑐
 , k3 = 

𝜔𝑛3

𝑐
 are respectively the wave number of region 

1, 2, 3, while n1, n2, n3  are the corresponding refractive indices, β is the 

propagation constant, and m is the angular order. For an infinite hollow 

cylindrical dielectric waveguide with negligible absorption and no axial 

component of the propagation constant (β= 0), TM mode degenerates to WGM 

[39-41], then the equation becomes: 

Ez
(1)

(r, θ) = AmJm(k1 r) 𝒆±𝒋𝒎𝜽      4.14 

Ez
(2)

(r, θ) = (BmJm(k2 r) +  CmYm(k2r)) 𝒆±𝒋𝒎𝜽    4.15 

Ez
(3)

(r, θ) = Dꞌm Hm
(1)

(k3 r) 𝒆±𝒋𝒎𝜽     4.16 

where  Dꞌm = (iπ/2)  𝑒𝑖𝑚𝜋/2 Dm , Hm
(1) 

 is the Hankal function of the first kind . 

The relation between Hm
(1)

 and Km is Km(-iz) = (iπ/2) 𝑒𝑖𝑚𝜋/2 Hm
(1) 

 (z).  
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Finally, the radial and azimuthal electric fields are derived from the axial 

electric field using Maxwell’s equations. For TM mode in the cylindrical 

dielectric waveguide, transverse magnetic fields can be obtained as:  

Hr (r, θ) = 
𝟏

𝒑𝟐     [
𝒊𝝎ɛ

𝒓
  
𝝏 𝑬𝒛(𝒓,𝜭)

𝝏𝜭
]      4.17 

Hθ (r, θ) = 
𝟏

𝒑𝟐     [ 𝒊 𝝎ɛ 
𝝏 𝑬𝒛(𝒓,𝜭)

𝝏𝒓
]     4.18 

For WGM in the cylindrical dielectric waveguide, the above equations 

become: 

Hr (r, θ) = 
𝒊

𝒛𝟎𝒌𝟎
 
𝟏

𝒓
  
𝝏 𝑬𝒛(𝒓,𝜭)

𝝏𝜭
       4.19 

Hθ (r, θ) = 
−𝒊

𝒛𝟎𝒌𝟎
 
𝟏

𝒓
  
𝝏 𝑬𝒛(𝒓,𝜭)

𝝏𝒓
      4.20 

The field matching equations at the boundary surface r=a and r=b are 

expressed as: 𝐸𝑧
(1)

(a, θ)= 𝐸𝑧
(2)

(a, θ) , 𝐻θ
(1)

(a, θ)= 𝐻θ
(2)

(a, θ), 𝐸𝑧
(2)

(b, θ)= 𝐸𝑧
(3)

(b, 

θ), 𝐻θ
(2)

(a, θ)= 𝐻θ
(3)

(b, θ). Satisfying these conditions gives: [M] 

[Am,Bm,Cm,Dꞌm]
T
 =0 

where  

[M]=























b) (kHk-b) (kYkb) (kJk0

b) (kH-b) (kYa) (kJ0

0a) (kYka) (kJk-a) (kJk

0a) (kY-a) (kJ- a) (kJ

3

(1)

m32m22m2

3

(1)

m2m2m

2m22m22m1

2m2m1m

 4.21 

mJ , mY ,
(1)

mH  are the derivatives of  mJ , mY  and  
(1)

mH . The dispersion 

equation can be obtained by setting |M| = 0 

4.6 Simulation Model 

Simulation model of the WGM resonator with waveguide coupling is 

illustrated in Figure 4.6. Geometrical parameters of the resonator and 

waveguide are as follows: outer ring radius 2.5 µm, ring width 0.3 µm, 

waveguide width 0.3 µm and distance from waveguide to the ring was set to 

0.232 µm. Coupling to the microring resonator was simulated in 2D spatial 
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domain with RI of 3.2 both for ring and waveguide using COMSOL 

Multiphysics. The above dimensions were selected in order to overcome the 

computational limitations. 

COMSOL was used to solve Helmholtz equation in 2D spatial domain for 

the structure shown in figure 4.6. Excitation source having spatial distribution 

of fundamental waveguide mode was set at left side of the waveguide. 

Transmitted power was monitored at the right side of the waveguide. To get 

transmission spectra, wavelength of the excitation source was set as a 

parameter and parametric sweep for different wavelengths was performed. To 

suppress any reflection from boundaries of computation window, perfectly 

matched layers were used. 

 
Figure 4.6 Simulation model of the WGM resonator with waveguide coupling. 
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Figure 4.7 (a) Visualization of the steady-state electric field pattern in the air-

core microring resonator at the frequency of fr = 198.257 THz (m = 27). (b) 

Power flow distribution. (c) Resonant frequency spectrum of the microresonator. 

The electric field intensity Ez
(2)

 is depending on the azimuthal mode 

number ‘m’ and wave number k2. The simulation is done purely by solving the 

equation 4.15. From the simulation results we can see an increase in the field 

peak with the increase in the value of ‘m’ and ‘k’. In order to avoid the 

computational complexities a small diameter resonator (2.5 µm) has been used 

in our study. Five resonance peaks have been identified with ‘m’ value 

25,26,27,28 and 29 for this structure. Similar computational results have been 

already reported [42]. 
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The asymptotic solutions for mode order p and mode number m are following 

[43]: 

𝝀−𝟏(R, 𝒏𝟏,, 𝒏𝒓 , 𝒑,𝒎) = 
𝟏

𝟐𝝅𝑹𝒏𝟏
 [m+

𝟏

𝟐
 + 𝟐

−𝟏

𝟑 α(p) (𝒎 +
𝟏

𝟐
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 ]    4.22 

where nr = n1/n2, L = nr
-1

 for TM modes, and L = nr for TE modes α(p) are the 

roots of the Airy function. 

4.7 DDHPOF as a microcavity resonator 

There has been a growing interest in exploiting organic and polymeric 

material showing high optical gain and stimulated emission properties for laser 

applications [44]. Wide tunability and high efficiency of laser dyes coupled 

with the high power density that can be easily achieved in waveguide 

structures make the devices based on dye doped polymer waveguides and 

fibers very promising [45]. Microring laser cavity offers a low resonance 

structure that has been utilized to demonstrate lasing with organic gain media 

[46]. Over the past several years, optically pumped microring laser emissions 

have been observed from different polymer gain materials. Cylindrical 

polymer microcavity provides excellent coupling of spontaneous emission into 

lasing modes and a high cavity Q-value which consequently leads to low 

lasing thresholds [47-48]. Due to their high Q-value and small mode volume, 

which leads to unprecedented narrow linewidth, these resonators are used in 

Microlasers, Biosensing applications [49-50], Optical switches, Add or Drop 

filters [8,9], etc. This technique may be applicable to a wide range of material 

systems because low optical cavity loss is obtained from a simple curved 

surface instead of multiple layer dielectric mirrors [53]. 

A micron sized polymer waveguide can confine light to its interior 

volume. The trapped light describes an orbital trajectory circum-navigating 

just below the cylindrical waveguide surface. The light in such cavities is 
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confined inside the gain medium by practically lossless total internal 

reflections [46]. Loss is due to the cavity surface curvature and light scattering 

from imperfections. When the waves come in-phase at a point after every 

revolution, constructive interference takes place. Resonance occurs when the 

guided wave drives itself coherently by returning in-phase after every 

revolution, thereby requiring an integer number of waves in one circum-

navigation. The wave nature of the light allows the photon to penetrate beyond 

the dielectric boundary and into the surroundings as an evanescent field as 

explained in the Goos-Haschen shift in case of optical fibers. 

The low threshold lasing characteristics of microcavity lasers, their 

relatively simple formation from polymers and their ability to be integrated 

directly into other optical components offer good opportunities for their 

commercial application [54]. Laser dye doped poly (methyl methacrylate) is 

found to be a highly efficient gain medium for laser source with narrow pulse 

width, wide tunable range as well as high gain, high power conversion and 

broad spectral bandwidth for optical amplifier [53]. Furthermore, theoretical 

studies have been reported on the resonance modes in a concentric or eccentric 

ring-type cavity [55]. Experimental studies on the ring-type cavity were also 

reported but not widely due to the difficulty in the fabrication and realization 

of ring-type cavity systems [56]. In thicker microring cavity (d/D≥0.2), where 

D is the outer diameter of micro-cavity and d is the thickness of ring (dye 

doped region), resonant modes are no longer guided [57]. In fact these optical 

modes never reach the inner /outer interface and therefore, are dubbed 

Whispering Gallery Modes (WGMs) [47,58]. The light in this case is confined 

by total internal reflections at the interface between air and dye doped region, 

and the mode intensity distribution is concentrated on the outer edge of the 

fiber and hence it can be easily collected from outer surface area of Dye 

Doped Hollow Polymer Optical fiber (DDHPOFs). The hollow fiber acts as a 
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waveguide forming a ring resonator similar to a polymer film on an optical 

fiber. An optical resonance will occur when the optical path length travelling 

inside the resonator is an integer multiple of wavelength. Here the path length 

is the circumference of the fiber. So WGM frequencies in an optical fiber or 

indeed in any cylindrical resonator, are reasonably well approximated by 

matching an integral number of wavelengths to the resonator circumference. In 

the present case, the DDDHPOFs can be modelled as a number of serially 

connected micro-disc type cavities as shown in figure 4.8. 

 

Figure 4.8 Schematic representation of micro disk cavity resonator model of dye 

doped hollow POF (DDHPOF). 

In this section, we discuss the multimode laser emission characteristics at 

room temperature from different diameter hollow cylindrical microcavities 

made up of rhodamine 6G (10
-4

 mol/l) doped hollow PMMA optical fibers 

pumped by a frequency doubled Q-switched Nd:YAG laser. The typical 

procedure for the fabrication of DDHPOF was already described in chapter 3. 

A variety of microrings with different outer (OD) and inner (ID) diameters, 

such as 310 & 160, 400 & 210, 550 & 280 and 660 & 340 μm respectively 

were fabricated by utilizing the same technique. The variation in the OD 

measured for the different DDHPOFs is around 2 μm. In our case, d/D ratio 

for the different diameter DDHPOF is ~ 0.25. In the experimental setup, the 

DDHPOF is transversely pumped at 532 nm with a frequency doubled Q-
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switched Nd:YAG laser (Spectra Physics) with 8 ns pulses at 10 Hz repetition 

rate as shown in figure 4.9. A set of calibrated neutral density filters was used 

to vary the pump power. The pump beam was focused onto the sample with 

the help of a convex lens of focal length 75 mm. The laser emission in the 

radial direction from the cylindrical microcavity was collected using a 

collecting fiber. The laser emission was directed to a spectrograph 

(SpectraPro-500i) coupled with a cooled CCD array with a resolution of 0.03 

nm.  

 

Figure 4.9 Schematic of experimental setup. 

4.7.1 ASE to Lasing emission from DDHPOFs 

At low pump intensities, the emission spectrum from the 400 μm 

DDHPOF exhibit a broad luminescence with a peak at 565 nm. By increasing 

the pump power we observe an increase in the output. When a certain 

threshold is reached, narrow lines begin to grow out of this broad 

luminescence, indicative of microring lasing [59] as depicted in figure 4.10. 

Above the clear threshold pump power, Pth (~20 mW) at which sharp spectral 

peaks and bright emission appeared, the emission intensity increased much 
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more rapidly with the excitation intensity. This sharp spectral peak is 

considered as resonant modes in a cylindrical microcavity.  

The free spectral range (FSR) of the WGM is inversely proportional to the 

diameter of the resonator by the equation 4.5. 

 

Figure 4.10 Emission spectra from 400 micron DDHPOF at different pump 

power. 

4.7.2 WGM Lasing from different diameter DDHPOFs 

The output power (numerically integrated output intensity) versus the 

pump power for different diameter DDHPOF is shown in figure 4.11. The 

observed change of slope in the curves is considered as laser threshold pump 

power; Pth, which is a clear signature of the onset of lasing. The linear 

dependence and change in slope reveal the laser action [60]. Due to the large 

thickness of the microring cavity, the cavity supports only WGMs, thus the 

variation of Pth should be less dependent on the diameter [61]. To obtain the 

output laser power the optical output spectra have been numerically integrated 

from 557-562 nm,  561-566 nm and 563-568 nm for 310 µm, 400  µm and 550 

µm respectively. 
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Figure 4.11 The output laser power versus the pump power for different 

diameter DDHPOFs. The linear dependence and change in slope reveal laser 

action. The lasing threshold is at about 20 mW. 

4.7.3 Dye bleaching threshold 

When the pump power is again increased, at a certain pump power the 

laser modes start to disappear, which is a clear evidence of degradation of laser 

dye as depicted in figure 4.12.  

 

Figure 4.12 The emission spectra from a 400 micron diameter DDHPOF after 

bleaching of the dye. 
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This degradation leads to the bleaching of dye and the dye no longer gives 

stimulated emission which results in the vanishing of laser modes. The dye 

bleaching threshold is at about 35 mW in our study for 400 µm DDHPOF. 

From the inset, it is clear that FWHM of emission spectrum increased with 

pump power, and also a red-shift in the peak emission was observed after the 

bleaching of laser dye.  

The observed FSR of the WGM spectra varied from 0.09 to 0.23 nm, 

when the diameter of the DDHPOF decreases from 660 to 310 μm. The 

emitted photon has a longer round trip distance for higher diameter fiber. Thus 

the cavity can support large number of longitudinal modes. The emission 

spectrum from the different diameter DDHPOFs for a given pump power 

(above Pth) is shown in figure 4.13. From the figure it is clearly observed that 

higher diameter DDHPOFs can support large number of longitudinal modes 

and also a red-shift in WGM envelope was observed.  

 

Figure 4.13 The spectra shows the typical WGM laser emission from different 

diameter DDHPOF as 310, 400 and 500 micron with pump power maintained at 

around 1.5 – 2 X Pth 
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The red-shift is due to stokes shift, which arises because of the overlap of 

absorption and emission spectra of Rh6G. The red-shift in the emission spectra 

shows an increase with dye concentration. Increasing diameter of the 

DDHPOF was somewhat similar to an increment in dye concentration. The 

variation of red-shift in WGM envelope of the cylindrical microcavities with 

different values of D is plotted in figure 4.14. 

 
Figure 4.14 Peak fluorescence versus diameter, D of the cylindrical microcavity 

laser 

 
Figure 4.15 Relation between FSR and diameter 
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Figure 4.15 shows the relationship between the FSR value 

(experimentally determined by analysing the lasing spectrum) and the 

diameter of hollow fiber. It is well fitted by a α/D function, where α is a 

constant. The observed and calculated FSR of WGM spectrum for different 

diameter DDHPOFs are shown in table 4.1. The calculated value of FSRs can 

be estimated using Eqn 4.6. From the table a close agreement between the 

observed FSR and calculated values is observed. This observation is a clear 

evidence for the observed fine structures in the emission spectra which are 

resonant modes of the cavity formed by the cylindrical surfaces of the dye 

doped polymer optical fiber [62]. From the table it is also observed that the 

FWHM of the WGMs decreased from 0.09 to 0.05 nm with an increase in the 

diameter of DDHPOFs, but the magnitude of decrease become smaller. These 

results indicate that the presence of cylindrical microcavity, suppresses the 

excitation of random modes and the resonant conditions of lasing modes are 

mostly dependent on the geometry of the cylindrical microcavity [56].  

Table 4.1 The total number of modes, FWHM of modes, Observed and 

calculated FSR of WGMs for different diameter DDHPOFs 

Diameter 

(D) (µm) 

Calculated 

FSR (nm) 

Observed 

FSR(nm) 

Number of 

modes 

FWHM of 

modes (nm) 

310 ± 2 

400 ± 2 

550 ± 2 

660 ± 2 

0.23 

0.16 

0.12 

0.09 

0.23 ± .03 

0.16 ± .02 

0.12 ± .01 

0.09 ± .01 

15 

20 

32 

36 

0.09 

0.07 

0.06 

0.05 

 

A measure of an optical resonator or cavity’s ability to confine light of a 

given wavelength, λ0 is usually expressed in terms of a Q-value which can be 

measured using equation 4.3. We have estimated the microlaser Q-value to be 

about 1 × 10
4
 for 400 μm DDHPOF. The high Q-value in addition to the low 
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threshold, results in narrow laser emission lines. The evaluated Q-value from 

different diameter DDHPOFs shows strong wavelength dependence. 

4.8 Pumping scheme dependent WGM emission  

In this section, we have analysed pumping scheme dependent laser emission 

from Rh6G dye doped DDHPOF, with an outer diameter of 280 μm, inner 

diameter of 120 μm and a length of 5 cm. For this analysis, the pump beam 

was focussed onto the DDHPOFs either by a convex lens (figure 4.16 left 

inset) or by a cylindrical lens (figure 4.17 left inset). The pumping scheme is 

very much significant in practical applications, especially for optimizing the 

life of solid state dye gain media [63]. 

4.8.1 Spot Illumination Technique 

When the pump beam is focussed into the DDHPOF with the help of a 

convex lens, the entire light is concentrated on a single point (~0.1 mm). 

Hence the power density at the focused point is very high. This leads to the 

excitation of only a few dye molecules to higher energy bands which can de-

excite with an emission. The emitted light from this point gets propagated to 

other regions of the fiber. As a result, the short wavelength emission from dye 

molecules gets absorbed by itself and is re-emitted at longer wavelength due to 

stokes shift. When the pump power is increased the emission spectrum shows 

a line narrowing (due to amplified spontaneous emission (ASE)) [64]. With an 

increase in pump power, the molecules absorb more energy and hence the 

emission from these molecules can excite more of the neighbouring molecules 

which leads to a shift in the peak emission wavelength from 561 to 565 nm. 

That is, the red-shift is attributed to the absorption of shorter wavelength and 

emission from the neighbouring dye molecules at longer wavelengths. The 

red-shift and line narrowing as a function of pump power are depicted in 

figure 4.16. A clear line narrowing from 30 nm to 4 nm is observed when the 
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pump power is increased to 10 mW, above which no further line narrowing is 

observed due to gain saturation effect [64]. 

 

Figure 4.16 Emission spectrum from DDHPOF as a function of pump power by 

spot illumination technique and right inset shows the expanded modes at 26 mW. 

At a threshold pump power, Pth, laser emission with multimode structures 

emerges as depicted in figure 4.16. This threshold behaviour of the laser peak 

intensity provides a clear signature of lasing. The expanded mode structure is 

clearly shown in figure 4.16 (right inset). From the equation 4.5, we get the 

mode spacing as 0.24 nm, which is the same as the observed mode spacing 

(figure 4.16). The strongest mode at 564.9 nm has an FWHM of 0.1 nm.  

By focussing the pump power with a convex lens, the pump power density 

on the focussed point is very much higher. Hence, when the pump power is 

increased beyond a certain threshold (bleaching threshold), the dye molecules 

start to degrade, leading to bleaching of dye as depicted in figure 4.16. After 

bleaching of dye molecules, the emission shows a random behaviour, in terms 
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of observed emission intensity (figure 4.16 and 4.20), peak wavelength (figure 

4.18) and FWHM (figure 4.19).  

4.8.2 Stripe illumination 

By using cylindrical lens, the pump power is focussed as a stripe of length 

10 mm and approximately 0.5 mm width. Here the power density of focussed 

beam is very much smaller as compared to focussing by a convex lens. i.e. the 

interaction area between the pump radiation and dye molecules is very much 

larger. Hence large number of dye molecules could be excited simultaneously 

to higher energy bands and de-excite with an emission. However, the average 

power absorbed by each dye molecule is very small as compared to spot 

illumination (with the same pump power). Due to this, each molecule will de-

excite at a longer wavelength. When the pump power is increased, the 

radiative transition probability gets enhanced at shorter wavelength side of the 

spectrum creating a shift in the spectrum towards the blue side [65]. As the 

pump power increases from 5 to 34 mW, it can be seen that the emission 

spectrum get shifted from 568 to 564 nm. The blue-shift and line narrowing as 

a function of pump power are presented in figure 4.14, 4.15 and 4.16. As the 

pump power is increased, a clear spectral narrowing is observed coupled with 

this blue shift. At a certain threshold pump power, narrow lines begin to 

emerge out of this emission spectrum, indicative of microring lasing [65-66]. 

The line narrowing is due to the fact that the number of modes for which the 

intensity above the threshold decreases because of the energy transfer from 

low power modes (longer wavelengths) to those lying nears the emission peak 

[64].  
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Figure 4.17 Emission spectrum from DDHPOF as a function of pump power by 

stripe illumination technique and right inset shows the expanded modes at 26 

mW. 

In other words, when the pump power is increased above the threshold (Pth), 

there can be a decrease in the average wavelength of the spectrum (λav). The 

average wavelength is defined as [66], 

𝝀𝒂𝒗 = 
∫ 𝝀 𝑷(𝝀)
∞
−∞

𝒅𝝀

∫ 𝑷(𝝀)
∞
−∞

𝒅𝝀
     4.23 

i.e. as the pump power is increased, the gain in the proximity of the peak 

wavelength of the emission cross section is larger, which produce a relative 

blue shift towards the maximum of the emission cross section. In the case of 

an inhomogeneous medium (dye), the gain at any wavelength is equal to the 

product of stimulated emission cross section and population density difference, 

i.e, 

𝒈𝝀 =  
𝑫 𝜟𝑵𝒖𝒍 𝝈𝒖𝒍 (𝝀)

𝑫     4.24 
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where 𝑔𝜆  
𝐷 is the gain at any wavelength,  𝜎𝑢𝑙 (𝜆)

𝐷  is the stimulated emission 

cross section and 𝛥𝑁𝑢𝑙  is the population density difference. In the case of 

stripe illumination, a large number of dye molecules are involved in the 

emission process, hence the population density difference is higher for higher 

pump power. This will enhance the gain in the proximity of the peak 

wavelength of the emission cross section, which in turn leads to a relative blue 

shift (from 568 to 564 nm) in the emission spectrum towards the maximum of 

emission cross section (in our case ~564 nm). Further increase in pump power 

does not show any blue shift in the emission spectrum and this can be 

attributed due to gain saturation. Similar types of relative blue shift towards 

the peak of emission cross section have been observed with an increase in 

pump power in various other studies [64,66-68] also. 

 

Figure 4.18 Shift in peak wavelength as a function of pump power. 

To confirm the laser action in DDHPOF, the dependence of emission 

intensity on pump power is also studied. As shown in figure 4.20, clear 
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threshold behaviour can be observed. When the pump power is below the 

threshold, the output intensity increases very slowly (small dotted line in 

figure 4.20) and the emission spectrum is broad. Once the pump power is 

above threshold, output intensity changes dramatically (solid line in figure 

4.20). 

 

Figure 4.19 Line narrowing as a function of pump power (when the pump beam 

is focussed with convex and cylindrical lens 

When pumping beam is focussed with a convex lens, the emission 

intensity shows much more pronounced threshold behaviour than in the case 

of cylindrical lens focussing. The pump threshold power, Pth, can be estimated 

from the corresponding light-light curves (figure 4.20). In the case of pumping 

beam focused with the convex lens the threshold is 10 mW in the place of 15 

mW for cylindrical lens focusing and also the slope efficiency of the curve is 

enhanced by more than 3 times. This is also evident from the enhanced line 

narrowing for the convex lens focussing for any given pump power as shown 
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in figure 4.16. For a constant pump power, the power densities available for 

the two geometries are different. Higher power densities available using 

convex lens leads to emission at shorter wavelengths which subsequently 

shifts to larger wavelengths resulting in a red shift due to reabsorption as the 

pump power is increased. In the case of stripe illumination, lower power 

densities results in the emission at longer wavelengths which shifts to smaller 

wavelengths (blue shift) with increase in pump power. Hence in the present 

studies, at a particular pump power the peak emission wavelength in the two 

geometries coincide with one another. 

 

Figure 4.20 Integrated emission intensity from DDHPOF as a function of pump 

power for cylindrical and convex lens focussing 

From the figure 4.16 and 4.17 inset, the measured mode spacing is ~0.24 

nm. i.e. the mode spacing of the WGM laser emission from the DDHPOFs 

does not depend on the pumping scheme, but it depends on the type of dye 

doped in the fiber, refractive index of the fiber material and fiber diameter. 
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Photostability of DDHPOFs mainly depends on the pumping scheme and 

pump power. Due to higher power density, spot illumination will lead to 

quicker degradation of dye molecules as compared to stripe illumination. 

Hence pumping scheme plays a significant role in solid-state dye laser 

systems. 

4.9 Conclusions 

In this chapter we discuss a well resolved whispering gallery mode 

(WGM) laser emission from a free standing microring cavity based on dye 

doped hollow polymer optical fiber (DDHPOF), which is transversely pumped 

by a pulsed Nd:YAG laser. Different diameter cylindrical microcavity lasers 

have been fabricated and their performances have been evaluated. We 

observed that the resonant modes from cavities are well resolved WGMs. The 

microring laser was characterized by a well-defined, low threshold pump 

power at which the emission spectrum dramatically changes and collapses into 

several dominant microcavity laser modes with reduced mode spacing and 

high Q - value. Resonant modes are excited inside the gain medium which is 

strongly confined along the radial direction so that the spacing of lasing modes 

is controlled by the diameter of the cylindrical microcavity. A variation in the 

FSR from 0.23 to 0.09 nm is observed with an increase in the diameter of 

DDHPOF from 310 to 660 μm. It is also found that whispering gallery lasing 

envelope is shifted from 559 to 571 nm (Stokes shift) with the diameter. Two 

different pumping schemes have also been used for the characterization of 

WGM laser emission from DDHPOF. By spot illumination technique, the 

slope efficiency of the microcavity is enhanced by more than three times than 

the stripe illumination technique. 
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Chapter 5  

Unidirectional laser emission from a 

deformed annular cylindrical microcavity 
 

“The science of today is the technology of tomorrow” 

Edward Teller 

 

 

Abstract 

We report multimode laser emission from symmetric (SRC) as well 

as asymmetric resonant cylindrical (ARC) microcavity based on a 

rhodamine B dye doped hollow polymer optical fiber by transverse 

pumping. An SRC can provide a circularly symmetric whispering 

gallery mode (WGM)-like laser emission from its surface with a 

quality factor (Q) of ~1.2 × 10
4
, while an ARC supports a strongly 

chaotic internal ray dynamics, which will in turn lead to an 

anisotropic emission with a lower Q of ~8 × 10
2
 with a far field 

divergence of about 20˚ in the plane of the cavity.  

We also observed two different sets of resonant laser modes: namely, 

fundamental whispering gallery high Q modes (HQMs) and leaky 

unidirectional low Q modes (LQMs) from asymmetric hollow 

polymer optical fibers. 

 
 

The major content of this chapter has been communicated to “Journal of 

Luminescence” and “Optics Letter”. 
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5.1 Introduction 

Optical microcavities have attracted extensive research interest [1-3], not 

only for fundamental physics investigations [4] such as cavity quantum 

electrodynamics (c-QeD) and non-linear optics but also for potential 

applications in novel light sources, active filters in optics communication [2], 

photonic sensing devices for label free detection [5] and so on. A symmetric 

resonant cylindrical (SRC) polymer microcavity provides excellent coupling 

of spontaneous emission into lasing modes, and a high Q which consequently 

leads to low lasing thresholds [6]. Polymer materials have been found to be 

very attractive both from the technical and economical point of view with their 

low cost, ease of engineering, high optical quality and good 

chemical/biological compatibility. In general, almost all the microcavities have 

rotational symmetric boundary. Owing to the rotational symmetry, circulating 

light is confined via total internal reflection at the interface between the cavity 

wall and surrounding medium and only possible way of light loss from such 

cavity is through the evanescent leakage. Constructive interference occurs 

under these conditions, allowing the circulating intensity to grow until the rate 

at which it is lost. This phenomenon is referred to as resonance, and the path 

resonant light takes is called the mode. The resonant modes in such a 

circular/cylindrical shaped microcavities are termed as whispering gallery 

modes (WGMs). The high quality factor available plays the central role in 

various applications of such microcavities. There could be a variety of 

applications of microcavity lasers that have a few modes if they are stable and 

controllable [7]. However, the laser emissions from these types of 

microcavities are isotropic due to the rotational symmetry, which seriously 

limits their applications in a number of areas. For instance, an SRC cannot 

provide a controlled and stable directional emission or adequate output power 
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in the desired direction, thereby resulting in an unavoidable low efficiency of 

output couplings.  

The above problem can effectively be overcome by selectively breaking the 

rotational symmetry of microcavities. In principle, any microcavity with 

broken rotational symmetry has directional emission. Nockel and Stone [8] 

have initially pointed out that a deformation of the cavity lead to partially 

chaotic ray dynamics and highly anisotropic emission. They also describe that, 

any deformation of the microcavity will leading to a significant modification 

of the evanescent leakage orientation from WGMs and appear as strongly 

directional distribution of output fields instead of the isotropic emissions, 

though the Q-factors are significantly spoiled. These types of the broken 

symmetry microcavity are generally known as deformed cavity or asymmetric 

resonant cavity (ARC). Also the deformed microcavities have rich physics 

related to quantum chaos-assisted tunneling, dynamical localization etc.  The 

combination of the tunability and high efficiency of laser dyes [9] along with a 

unidirectional laser emission and high power density under certain 

deformation would be much desirable for integrated organic optoelectronic 

devices.  

A small deformation on the cavity will generate a chaotic ray motion, but it 

is not fully chaotic, and will still have stable periodic orbits. However, 

breaking of symmetry allows the creation of favorable coupling points (leaky 

region) along the perimeters of the resonators [10-11]. These coupling points 

act as directional emission points for a deformed cavity, where the condition 

of total internal reflection is not fulfilled any longer. The far field profile of 

such cavity is determined by the path in phase space that the rays take to 

escape from the cavity through such coupling points. Hence the boundary 

shape and degree of deformation have significant role on the emission 

characteristics of such microcavities. 
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5.2 Experimental setup 

In this work we have used 10 cm length of Rh B dye doped symmetric 

(SRC) as well as asymmetric (ARC) hollow polymer (PMMA) optical fiber 

with an outer diameter (D) of 660 µm and inner diameter (d) of 290 µm, which 

is having a refractive index of 1.49. In the previous paper [12], we reported a 

detailed explanation for the fabrication of the dye doped hollow polymer 

optical fiber. To realize an ARC, we have been used a bend Teflon rod instead 

of a straight one. 

Right inset of figure 5.1 illustrates a schematic diagram of the experimental 

setup. Both polymer microcavities were transversely pumped individually 

using 10 ns pulses from a frequency doubled Nd: YAG laser (532 nm, 10 Hz). 

A set of calibrated neutral density filters were used for varying the pump 

power. The beam was focused onto the sample with the help of a convex lens 

with a focal length of 7.5 cm. The laser emission in the radial direction was 

collected using a collecting fiber, which was kept on a translator so as to 

enable the movement of the collecting fiber from the microcavity in the X-

direction as well as along the microcavity in the Z-direction. The laser 

emission collected by the receiving fiber was directed to a 0.5m spectrograph 

(SpectraPro-500i) coupled with a cooled CCD array with a resolution of 0.03 

nm. It was possible to detect the laser emission due to the whispering gallery 

modes (WGM) from the microcavities [12-14] using this arrangement.  
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Figure 5.1 Typical output spectrum for a symmetric resonant (SRC) cylindrical 

microcavity having D = 660 μm and d = 290 μm. Left inset: schematic diagram 

of different regions in an SRC cavity with WGM resonance. Right inset: shows 

the schematic of experimental setup. 

5.3 Section I:  

5.3.1 Ray dynamics of SRC cavity 

Viewed in ray optics, optical whispering gallery modes (WGMs) in the 

circular dielectric cavities can be easily understood with the concept of total 

internal reflection. The left inset of figure 5.1 shows that a ray emits from the 

point A with an incident angle θ (sinθ > 1/n1, where n1 is the refractive index 

of the cavity material) will be continually totally reflected on the cavity 

boundary due to rotational symmetry. After finite reflections, the ray returns to 

the point A without any change in phase, and the propagating field undergoes 

constructive interference with itself. In a microcavity, only a few numbers of 

wavelengths of light can fit around the edges of the circular dielectric cavity 

which leads to discrete modes in the cavity, known as WGMs. That is, lasing 

occurs at those frequencies that meet circumferential resonance conditions 

[13]. The Free-spectral range (FSR) of WGMs in cavities with rotational 
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symmetry can be theoretically estimated by equation 4.5. From the equation 

the evaluated value is 0.112 nm and our measurement gives an average value 

of ∆λ to be 0.11 nm which is in good agreement with theory.  

The outer boundary diameter, D is much higher than inner boundary 

diameter, d and the structure of resonance mode is the same as that of the 

single boundary circular cavity. That is, WGMs are the only possible 

resonance modes.  

Basically, strong light confinement of the WGMs in the dielectric 

microcavities is given by the total internal reflection and only a small 

evanescent leakage due to boundary curvature is a possible way of light loss. 

In SRC, the angle of incidence ‘θ’ is conserved at each collision and escape 

occurs isotropically by the exponentially slow process of evanescent leakage. 

While these WGMs reside mostly inside the cavity, a small portion extends to 

the outside in the form of evanescent wave (EW) [15]. The WGM emission 

from such cavity is mainly through surface and the usable power from surface 

emitting laser is small due to power is spreading to 360˚. Efficiently couple 

light out from such cavity generally requires an external evanescent wave 

elements, such as prisms [16], side polished fibers [17], and tapped fibers [18].  

5.3.2 Simulations of SRC 

Numerical simulation of SRC can be done by using COMSOL Multiphysics 

software package. A simulation model of the SRC is illustrated in figure 5.2 

(a) and 5.2 (b) shows visualization of normal electric field distribution at the 

resonant frequency of fr = 2.55534 e
14

 Hz and corresponding mode is 

considered as transverse magnetic (TM) mode. The resonant frequency 

spectrum and far-field profile is shown in figure 5.2 (c) and 5.2 (d) 

respectively. 

For the sake of simplicity, the size of the proposed model is a much 

miniaturized version of the original microcavity. This model has an inner 
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hollow diameter (D1) of 1 µm and outer ring material (D2) of 2 µm with 

refractive index 1.5 as shown in figure 5.2 (a), with a far-field calculation 

boundary as shown in figure 5.2 (b). The PML (Perfect Matched Layer) 

boundary is set in the computational domain so as to avoid unwanted 

reflections in the calculation. The surface integration of the normal electric 

field along the ring provides the frequency versus normal electric field (shown 

in figure 5.2 (c)), which also represents the resonance spectrum of the ring. 

The input power is polarized perpendicular to the ring axis; the emission 

polarization of the electric field is oriented along a plane parallel to the fiber 

ring axis. From the resonance spectrum, one could observe that the FSR of 

resonance modes are almost periodical for SRC. The far field emission pattern 

of resonance condition in figure 5.2 (d) shows that the emission is anisotropic. 

(a) 

 
 

(b) 

 
 

(c) 

 

(d) 

 

Figure 5.2 (a) Simulation modal (b) Electric field distribution (c) Resonance 

spectrum and (d) Far-field emission at resonant frequency from SRC. 
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5.4 Section II:  

5.4.1 ARC cavity 

To get a preferred directional (anisotropic) emission from a microcavity, 

the idea of breaking the rotational symmetry of WGM cavity was proposed by 

Nockel et al. [8]. Directional emission from asymmetric as well as elliptical 

whispering gallery resonators (WGRs) was also discussed by many 

researchers [19-21] in the beginning of 21
st
 century. By breaking the symmetry 

in the shape of a microcavity provides control of both direction and intensity 

of light output without dramatically increase the laser threshold [22]. The 

deformed microcavity is also provides a significant modification of the 

evanescent leakage orientation for WGMs and provides a strongly directional 

distribution of output fields instead of the isotropic emission. Due to such 

anisotropic emission from an ARC cavity, the emission can easily be collected 

without the help of any external evanescent wave element. However, due to 

the deformation the evanescent leakage orientation from WGMs is very much 

high and consequently this will lead to escape of the photons that circulate 

within the cavity [23]. Those loss mechanisms broaden the resonance line-

width and reduce the amount of light circulating inside the cavity, which in 

turn reduces the Q of WGMs with respect to SRCs. Therefore, the anisotropic 

optical modes in ARCs are rather leaky. Recently, many studies demonstrated 

that the emission directionality of deformed microcavities can be predicted 

theoretically by a ray dynamical calculation [20, 24-28]. With the increase of 

the deformation, the Q-factor exponentially decreases. This is due to the fact 

that the chaotic region increases with the deformation, and larger chaotic 

region will lead to easier escape from WGMs to the chaotic region by 

dynamical tunneling [29]. 
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5.4.2 Ray optics analysis of ARC 

Analyses of classical ray dynamics will lead to a better understand in the 

optical mode properties of a deformed microcavity, such as internal field 

pattern and emission directionality [30]. Ray model analysis in a deformed 

cavity is a sequential tunneling model in which optical power loss will occurs 

at each reflection due to Fresnal transmission and curvature of interface. This 

model could be improved by non-specular reflection as Goos-Hanchen effect 

(G-H) and Fresnel filtering (FF) [31-32]. According to ray picture of 

geometric optics, a light ray hits on a cavity boundary at an angle greater than 

critical angle will totally reflected on the interface. But in reality, the incident 

ray will be a beam, a bundle of rays with an angle of incidence ‘θa’ centered 

on a mean angle ‘θi’. When θi is close to critical angle, the larger ‘θi’ 

experience total internal reflection, whereas the smaller ‘θi’ are refracted and 

hence the angle of reflected ray ‘θr’ is larger than original angle of incidence 

as shown in figure 5.3. This effect has been termed as FF [33]. 

 

Figure 5.3 Shows generalized reflection law includes Goos-Hanchen (G-H) shift 

(ΔS) and an increase in the angle of the reflected ray from θr to ‘θ+Δθ’ (FF). 

The shift in the starting position of the reflected ray along the surface is 

mainly due to the G-H effect. The shift in range of incident angle due to G-H 

effects will modify the average transmission coefficient for the ray. That is, the 
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G-H effect adds a small kick or lateral shift (ΔS) to the position variable of 

each bounce in phase space. Each kick contribute to small changes in ‘sin θ’ 

upon subsequent iterations of the deformed surface. Hence several cycle 

average of ‘sin θ’ will slowly vary with time, so that the cycle-average power 

loss rate of the trajectory is not constant. 

5.4.3 Simulations of ARC  

 The Simulation model of the hollow asymmetric (elliptical) resonator 

(ARC) is illustrated in figure 5.4 (a), while figure 5.4 (b) shows the 

visualization of normal electric field distribution at the resonant frequency of fr 

= 2.55534 e
14

 Hz. Figure 5.4 (c) shows the resonant frequency spectrum and 

5.4 (d) shows its corresponding far-field profile.  

 (a) 

 
 

(b)  

 
(c) 

 

(d) 

 

Figure 5.4 (a) Simulation modal (b) Electric field distribution (c) Resonance 

spectrum and (d) Directional far-field emission at resonant frequency from 

ARC. 
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The semi elliptical axis of the hollow resonator shown in figure 5.4(a) has the 

following dimensions. The inner hollow semi axis e1 is 0.6 µm and e2 is 1µm, 

and the dimensions of the outer hollow semi axis e3 is 1.2 µm and e4 equals 2 

µm.  

From the comparison of the fig 5.2 (d) and 5.4 (d) one could observe that 

the SRC cavity provide almost uniform emission in a plane, but ARC provide 

an enhanced directional emission in a plane. However both cavities do not 

provide an isotropic emission. From the electric field distribution pattern, one 

could observe that the field distribution is concentrated in some particular area 

of the ARC. This area can be found as bright scattering region due to highest 

curvature of the boundary. Far-field emission pattern in figure 5.4(d) shows 

that the emission is highly directional with a divergence angle less than 30˚. 

5.5 Experimental results 

In general, cylindrical microcavity resonance can drastically change the 

spontaneous emission spectrum of the active gain medium owing to the 

quantum electro-dynamic effect [34]. The left inset of figure 5.5 shows an 

enlarged view of the photograph of an ARC. The degree of deformation of 

such ARCs can be controlled during the fabrication of dye doped hollow 

polymer preform.  
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Figure 5.5 Emission spectra from an ARC at different pump power. Right inset 

shows the output intensity and FWHM of emission as a function of pump power 

(Laser threshold is indicated with arrow mark). Left inset shows the enlarged 

view of photograph of ARC taken in a CCD camera. 

Dramatic change occurs in the ARC emission spectrum when excitation 

pump power, P exceeds the laser threshold pump power, Pth. At low P, only 

fluorescence spectrum was observed. As P increases, laser modes start to 

evolve from the broad spectrum. Further increase in pump power results in 

laser modes with most of the power confining itself into the modes having 

higher peak intensities. In this case the emission spectrum gets transformed 

into several dominant microcavity laser modes [11] as shown in figure 5.5. 

The guidance through the gain medium gave rise to intense narrow emission 

lines. Figure 5.5 right inset gives the full width half maximum and integrated 

emission intensity as a function of pump power. The laser threshold pump 

power was approximately 7 mW, at which drastic spectral narrowing and a 

sudden rising of output intensity are observed. The width of the highest peak 
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laser mode was about 0.8 nm; the corresponding Q was ~ 8 × 10
2
, which is 

much smaller as compared to that of SRC (1.2 × 10
4
) with same measuring 

conditions. Such broadening of laser modes is mainly attributed to the 

overlapping of multiple peaks with small mode spacing. However, the 

coherent radiation at cavity resonance dominates when the pump power level 

was above the lasing threshold and the spacing was essentially dictated by 

cavity resonance [35].  

Breaking of rotational symmetry of the cavity boundary will breaks the 

uniform field distribution along the cavity boundary and may enables the 

position dependence of the resonant properties. Hence the adjacent modes may 

interfere either constructively or destructively within the limited mode 

lifetime. Because of the mode coupling effect and poor light confinement of 

such cavity the spacing between the WGMs was not at all uniform throughout 

the spectrum and intensity of all the dominant modes was very high as 

compared to ordinary WGMs from a SRC. Such WGMs are also referred as 

chaotic WGMs [23].  

Emission directionality was one of the salient characteristics of ARC 

cavities. For a very slight deformation, the emission was the result of tunneling 

process, and the emission comes out tangentially at the boundary points with 

the highest curvature. To study the far-field directionality of laser emission 

from an ARC, we measure the intensity distribution of the laser output as a 

function of viewing angle with a fixed pump power of 22 mW. The tunneling 

of laser emission rate would be maximum at the boundary points with the 

highest curvature in the outer boundary, which can be ascribed to the increased 

tunneling emission of Q-spoiled high-order WGMs [36]. That is, in the highest 

curvature area, evanescent wave is transformed into a propagative wave at a 

certain distance to the surrounding form the boundary. A 1 mm pin hole was 

positioned in front of a collecting fiber kept in a rotational stage and attached 
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to a high speed photo-detector [34]. The distance between the collecting fiber 

and the microcavity was 3 mm. The intensity distribution of the lasing 

emission at 591 nm (highest intensity mode) was measured by varying the 

angle with reference to the transverse direction of the ARC. Initially collecting 

fiber was aligned parallel to the microcavity axis and which was referred as 

angle θ = 0º, where angle 0° refers to the highest curvature area. Then the 

output intensity of emission spectra was measured by gradually 

increase/decrease angle θ (±θ) between -60º to 60º as shown in figure 5.6(c). It 

can be seen that the lasing intensity from 0 degree was much stronger than 

those measured from other angles, showing that the intensity distribution 

pattern of the microcavity possesses a good unidirectional laser emission 

property with a far field divergence of about 20°. Anisotropy of the photon 

escape rate on the highest curvature area will leads to the highly directional 

emission to a preferred direction. From these studies, one could conclude that 

the ARC cavity will provide a highly directional emission as compared to SRC 

cavity. 
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Figure 5.6 (a) Emission from ARC, when collecting fiber moves in Z-direction 

(b) Variation of Q factor of the highest intensity lasing mode with different 

propagation length. (c) Far-field angular distributions of emission intensities of 

all lasing modes from an ARC and SRC cavity. 

The dependence of peak intensity of the lasing mode with respect to the 

distance along the Z-direction from the point of excitation was also measured 

in our studies. When the collecting fiber moves along the Z-direction of the 

doped fiber (1 mm to 4 mm) the intensity of the whole emission together with 

the mode structure diminishes as shown in figure 5.6(a). The variation of the Q 

factor of the highest lasing mode with different propagation length (Z-

direction) was shown in the right top inset of figure 5.6(b). As the propagation 

length increases from 1 to 4 mm, the loss in the microcavity increases, as a 

result the Q factor reduces from 8 × 10
2
 to 2 × 10

2
. For larger Z, the modes 

which get propagated through the whole length of un-pumped region undergo 

self-absorption and remission in the microcavity. Above 5 mm, the emission 

losses its lasing behavior due to breaking of lasing condition that “net gain < 

different loss mechanism within the ARC”.   
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Figure 5.7(a) Emission spectra from ARC, when the collecting fiber moves in X-

direction (1 to 20 mm). (b) Three laser modes with almost equal intensities were 

sustained and stable after a propagation distance from 16 to 20 mm in X-

direction. 

When the collecting fiber moves away from the ARC in the X-direction 

from 1 mm to 20 mm, the intensity of whole mode structure starts to decrease 

as shown in figure 5.7(a). Unlike the case of SRC, the emission from the ARC 

was highly directional and hence the laser emission can detected even after a 

propagation distance of 20 mm. Also in our study, beyond a propagation 

distance of 16 mm from the ARC, some modes are vanished from the 

spectrum and only three dominant laser modes were sustained with 

wavelengths 589.2 nm, 591 nm and 592.2 nm having equal intensities as 

shown in figure 5.7(b). The reduction in the number of lasing modes and the 

stabilization of such modes are keys to many organic opto-electronic device 

applications.  
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5.6 Section III: 

In this section, we report controlling the emission directionality of an annular 

structured cylindrical microcavity by suitably positioned the air hole. 

5.6.1 Asymmetric hollow microcavity 

An annular structured asymmetric resonant (ARC) microcavity can support 

WGM like high-Q modes (HQMs) and leaky directional low-Q modes 

(LQMs) as shown in the figure 5.8. From this ray optics picture, a ray 

emanating at an angle much greater than critical angle (χ>χc) may travel along 

the circumference of the cavity with minimum loss. A ray with such a large 

angle of incidence never encounters the hollow region of the cavity. Hence it 

circulates as whispering gallery trajectory with high Q, also referred as HQM 

and is expected to emit without any preferred direction [37].  

 

Figure 5.8 Schematic of an asymmetric annular microcavity with radius R1. The 

radius of hole is R2, the distance to cavity surface is t. 

Consider a ray striking the outer boundary interface at an angle closer to the 

critical angle (χ≈χc) that reaches the inner boundary. In the case of minimal 

distance of the hole, ‘t’ to the outer boundary, the ray will hit the hole several 

times and form a chaotic trajectory. This region is considered as a leaky region 
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(see figure 5.8), where the light rays will refract out quickly after few 

reflections. Due to high loss (escape rate) such modes have a low Q, hence 

referred as LQM. 

5.6.2 Emission directionality 

To investigate individual mode distribution in ARC, near-field images and far- 

field emission patterns are simulated using COMSOL Multiphysics. 

 

 

Figure 5.9 (a) Electric field distribution of HQM (b) far-field emission pattern 

on-resonance condition (c) Electric field distribution of LQM and (d) 

corresponding far-field emission pattern 
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The intensity distribution of the lower order radial modes in an annular 

structured ARC is localized just beneath the outer boundary of the cavity and 

is not affected by the existence of inner boundary. The radiation Q of such 

modes is high (HQM) due to minimum loss, in which surface scattering is the 

dominant mechanism for total loss. Figure 5.9 (a) shows the electric field 

distribution (near-field image) and (b) its corresponding far-field emission 

pattern of HQM from an ARC. When the wavelength is tuned on-resonance 

with HQM, the light is scattered from the entire boundary and hence, the 

HQM shows an isotropic far-field emission pattern with a divergence angle 

about 105˚. Figure 5.9 (c) and (d) shows the near-field images and its 

corresponding far-field emission pattern of LQM, when tuned on resonance. 

From the near-field images, the bright scattering is mainly observed in the 

leaky region. Far-field emission pattern shows that the emission could have a 

good directionality with a narrow divergence angle about 15˚.  

5.6.3 Controlling directional emission 

The radiation Q of LQM is mainly attributed to radiation loss due to refractive 

escape by suitably positioned air-hole within the ARC. Leaky region can be 

tuned by controlling the deformation (t/R1) of ARC. The effect of the hole 

position can be measured by varying the t/R1 value of ARC. Figure 5.10 shows 

the far-field divergence angle of LQM with varying t/R1 on resonance 

condition. 
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Figure 5.10 Effect of hole position (t/R1) on the far-field profile of an ARC 

Figure 5.10 shows that the far-field emission pattern of LQM is strongly 

modified by the position of hole. From the figure, one could observe that the 

emission directionality increase with decreasing the value of t/R1. At a 

particular value of t/R1 ≈0.34 (see the arrow mark in figure 5.10), the far-field 

emission pattern shows a directional emission. This is due to the fact that the 

LQM may interact with the hollow region of the ARC and radiate out through 

the leaky region. The best emission directionality we found for LQM with 

t/R1≈0.26. At this value, the emission is highly directional with a far-field 

divergence of 15˚. From the simulation study, we observed that the emission 

directionality is mainly determined by the nature of chaotic trajectories in the 

leaky region due to the asymmetric shape of the cavity. 

Figure 5.11 shows the typical lasing spectrum from asymmetric annular 

structured cylindrical microcavity with t/R1 ≈0.27. The emission spectrum 

shows a number of sharp peaks centered around 592 nm. This emission 

spectrum can be separated into two groups. The sharp single peaks with no 
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fixed spacing are due to LQM, whereas the low intensity peaks in clustered 

form arise from LQM. The free spectral range (FSR) of HQM is found to be 

0.085 nm, which corresponds to the fundamental WGMs of the 870 µm 

cylindrical microcavity. This value is in good agreement with the theoretically 

estimated value by equation 4.5 of 0.086 nm, where n is the refractive index of 

the PMMA and λ is the lasing wavelength. The Q value of HQMs and LQMs 

is found to be 1.2 ×10
4
 and 5×10

3
 respectively. The lower Q of LQM is mainly 

attributed to the radiation loss due to refractive escape by intentionally 

constructed asymmetric shape of the cavity. 

 

Figure 5.11 Typical laser emission spectrum of deformed RhB-doped hollow 

polymer optical fiber. The left inset shows the cross-sectional view of the 

deformed hollow polymer fiber. The right inset shows the far-field emission 

pattern. 

Emission directionality is one of the salient characteristics of ARC cavities. A 

1 mm pin hole was positioned in front of a collecting fiber kept in a rotational 
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stage and attached to a high speed photo-detector. The distance between the 

collecting fiber and the microcavity was 1 mm. The intensity distribution of 

the highest intensity mode was measured by varying the angle with reference 

to the transverse direction of the ARC. Initially collecting fiber was aligned 

transverse to the microcavity axis (x-axis) (see figure 5.8) and which was 

referred as angle θ=0º, where angle 0° refers to the highest curvature area. 

Then the output intensity of emission spectra was measured by gradually 

varying the angle θ (±θ) between -60º to 60º as shown in inset of figure 5.11. It 

can be seen that the lasing intensity from 0 degree was much stronger than 

those measured from other angles, showing that the intensity distribution 

pattern of the microcavity possesses a good unidirectional laser emission with 

a far-field divergence of about 20°. 

5.7 Conclusion 

We have developed a symmetric (SRC) and asymmetric (ARC) cylindrical 

photo-pumped microcavity laser based on a free standing PMMA hollow fiber 

doped with rhodamine B laser dye. An SRC cavity provides laser emission 

with a quality factor, Q of ~1.2 × 10
4
. Owing to the deformation of an ARC, 

the value of Q could be spoiled during the lifetime of a given resonance. Such 

anisotropy of the photon escape rate then leads to the highly directional 

emission to a preferred direction. This feature can be effectively utilized in 

designing efficient microlasers and light emitting diodes. Benefiting from the 

low cost and good chemical compatibility of polymer materials, the fabrication 

of such annular structured cylindrical shaped polymer microcavity lasers with 

unidirectional emission holds great potentials for use of elements of integrated 

organic opto-electronic devices. We demonstrated an efficient way to control 

the emission directionality by a suitably positioned the air hole within the 

microcavity. It is found that the far-field emission pattern of LQM shows a 

good directionality with a narrow divergence angle when compared with 
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HQM. It is also found that the emission directionality can be tuned by 

adjusting the value t/R1. Further studies being carried out with different degree 

of deformations in annular structured cylindrical microcavities to achieve high 

Q-unidirectional laser emission.  
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Chapter 6  

Dye doped polymer coated microcavities 
 

“If we know what we were doing it wouldn’t be research.” 

Albert Einstein 

 

 

Abstract 

A detailed study of amplified spontaneous emission from a polymer thin film 

doped with rhodamine 6G is presented. The emission spectrum of the dye-

doped polymer thin film on a glass substrate exhibits high directionality, 

narrow linewidth and presence of soft threshold behavior. Performance of a 

compact solid-state laser based on leaky mode propagation from dye-doped 

polymer free-standing film waveguide is also discussed.  

The second part of this chapter demonstrates pulsed, photo-pumped multimode 

laser emission in the visible spectral range from cylindrical microcavities of 

dye doped thin polymer film deposited on silica core optical fiber. The laser 

emission is characterised by two different sets of resonant modes viz; 

waveguided modes (WMs) and whispering gallery modes (WGMs). 

Simultaneous occurrence of the WGM and WMs will lead to a resonant 

modulation in the laser emission spectrum. 

 

The major content of this chapter has been published in the journal “Laser Physics, 23(11), 

115104(2013) and Journal of Applied Physics. 117,  015301 (2015). 
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6.1 Introduction 

The design of a microcavity provides one possibility for a compact light-

emitting device structure. The microcavity devices consist of the luminescent 

material placed within a Fabry–Perot resonator with a length of the order of 

the wavelength of emitted light. In this way the light emission is coupled to the 

cavity mode(s) and characteristically the light output is spectrally narrowed 

and directed. Microcavities provide excellent coupling of spontaneous 

emission into lasing modes, as well as high Q-value which consequently leads 

to low lasing thresholds [1]. Lasing, in addition requires an optical cavity to 

produce optical feedback, which subsequently forms resonant laser modes [2]. 

These necessary feedback features can be achieved by patterning the material 

in disc or ring form. We are interested to achieve microlasers on solid supports 

(either cylindrical or planar) that are easy to handle and might be integrated, 

for example in sensing devices [3]. A microring laser cavity offers a low loss 

resonance structure that has been utilized to demonstrate lasing with organic 

gain media [4]. Planar microcavities [5], however, are prone to losses due to 

imperfect reflection and emission leakages to the sides of the microcavity 

plane. Cylindrical microcavities may support waveguide and whispering 

gallery modes [1], both of which are due to total internal reflections inside the 

active volume and this can be practically lossless.  

Organic luminescent materials have been widely studied in light emitting 

devices and solid-state lasers because of their light weight, ease of processing, 

low cost, flexibility, and spectral range coverage from the blue to far IR [15]. 

Laser devices of various structures have been achieved by a variety of 

resonator designs, including microcavities [16], micro-disks [17], micro-rings 

[18] and hollow fibers [19-20]. Polymer materials have been found to be very 

attractive both from the technical and economical point of view with its high 

optical quality, better chemical compatibility with organic dyes and 
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inexpensive processing techniques [21]. The combination of the tunability and 

high efficiency of laser dyes with the high power density that can be easily 

achieved in waveguide structures makes devices based on dye-doped polymer 

waveguides and fibers very promising [22-24]. 

Light amplification and spectral narrowing have been studied earlier in 

various systems both in the liquid and solid forms, where the spectral 

linewidth is reduced to a value less than 10 nm [25-27]. Spectral narrowing in 

most such systems is explained in terms of amplified spontaneous emission 

(ASE), where the spontaneously emitted luminescence is amplified by the gain 

medium as it propagates along the path of the maximum optical gain [20]. 

Reflections from the internal surfaces can increase the path length or allow 

multiple passes inside the gain medium which in turn build up the ASE at a 

faster rate [28]. Recently, laser emission from conjugated polymers and 

dendrimer doped polymers have also been reported [26,29]. There have been 

numerous investigations on laser emission from polymer planar microcavities 

[24,30] and polymer microring lasers [19,31]. 

6.2 Section I:  

6.2.1 Fabrication of microring resonator 

Dip-coating technique works very well for producing thin films on 

supporting structures such as silica core fiber [6]. In the present study, the 

polymer gain layer is formed on the surface of an unclad silica optical fiber 

[7]. Cylindrical shaped thin polymer films were prepared by dipping 

commercially available multimode silica optical fiber (from which the 

cladding was removed) into precursor solution [3]. The precursor solution had 

a molar composition of poly methyl methacrylate (PMMA)/Ethanol/Rh B = 

5gms/15ml/1×10
-4

 mol/litre. Thin polymer rings were consequently formed 

around the glass cylindrical core following fast drying in the air [8]. The self-

assembled polymer microstructure in the form of cylindrical microrings are 
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similar to those previously reported in ref [9], with deposited films of laser 

dyes blended in transparent polymers. 

6.2.2 Laser emission from microring resonator 

Since the refractive index of the silica fiber is lower than that of the 

polymer gain layer, there could exist laser resonances, which are confined to 

the polymer layer, and provide the optical feedback required for lasing. To 

support the polymer gain layer a silica optical fiber was used, and its refractive 

index has a bulk value of ns = 1.46, which is less than that of PMMA (np = 

1.49). The coated polymer gain layer is sufficiently thin, so that the whispering 

gallery modes (WGMs) of high Q factors exist in the core support facilitating 

the low threshold laser oscillations [10]. The polymer layer thickness is 

important, as it determines the fraction of the light in the core that gets 

extracted evanescently from the gain medium. Cylindrical microcavities may 

support waveguided modes (WMs) and WGMs [1], both of which arise due to 

total internal reflections inside the composite structure of the active volume 

and thus can be practically lossless [11].  

6.2.3 Experimental setup 

The laser emission was characterized with the optical setup presented in 

chapter 3 (see figure 3.10). The spectral peak intensity of the polymer ring 

laser is positioned at the maximum of optical gain which in turn corresponds 

to the photo-luminescent spectrum peak [12] around 590 nm. A large number 

of sharp lines can see within the fluorescent emission profile. The lasing 

modes are spectrally narrow with an FWHM of 0.05 nm with a pump power of 

Pth×8, where Pth is the lasing threshold pump power. Due to the fairly large 

thickness of the optical fiber (420 μm), there are large number of longitudinal 

modes that can be supported by the microcavity[13]. 
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Figure 6.1 Emission spectrum of dye coated on glass fiber with diameter D = 420 

μm and pump power of 24 mW (Pth×8). The inset depicts the measurement 

geometry 

 

Figure 6.2. Typical emission spectra recorded. From the bottom to top, P = 

Pth×1.33, P = Pth×2.67, P= Pth×5.67 and P = Pth×9.33 respectively. Inset shows the 

output laser power (numerically integrated output intensity) versus the pump 

power. 

When the pump power is higher than the lasing threshold (Pth×1.33) 

microring lasing modes appear in the longer wavelength range (595-600 nm) 

of the photoluminescence spectra of the gain medium. When the pump power 
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was further increased, the lasing modes with high intensities start to develop 

on the shorter wavelength region of the spectra. The number of lasing modes 

and the resonant mode intensities increase with pump power as can be clearly 

seen in the figure 6.2. Inset shows the output laser power (numerically 

integrated output intensity) versus the pump power. 

At a pump power of Pth×9, the lasing modes are found to cover the entire 

photo-luminescence emission band of the gain medium .i.e 580-600 nm. When 

the polymer layer thickness, ‘d’ is very small, the film acts as a curved two-

dimensional waveguide [11] and the resonant wavelengths for the waveguided 

lasing modes are given by the following equation [9] 

𝒎𝝀𝒎 =  𝝅𝑫𝒏𝒆𝒇𝒇      6.1 

where m is an integer, λm is the resonant wavelength, D is the silica fiber 

diameter and neff is the effective index of refraction in the cylindrical polymer 

waveguide.  

The wavelength of each WGM mode is determined by, 

𝜟𝝀 =  𝝀𝒎 − 𝝀𝒎−𝟏 = 
𝝀𝟐

𝝅𝑫𝒏𝒆𝒇𝒇
= 0.177 nm   6.2 

which is in good agreement with experimentally observed Δλ (figure 6.1) of 

0.175 nm. 

6.2.4 Modulation of laser modes 

The observed variations in the mode intensities as shown in the figure 6.3 

can be explained on the basis of the simultaneous occurrence of WGM and 

WG modes. This leads to lasing output with the modulated Qcav with 

wavelength separation 

𝜹𝝀 =  𝜟𝝀
𝒏𝒆𝒇𝒇

𝜟𝒏𝒆𝒇𝒇
       6.3 

where 𝛥neff is the difference between neff of the WG and WGM [8] with 

the parameters of the waveguide structure explained in our present study. We 
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have calculated the wavelength separation δλ=1.965 nm, which agrees well 

with the observed value (1.95 nm) as shown in figure 6.1. 

The thin ring resonator which is formed around the silica fiber can support 

whispering gallery modes propagating along their cylindrical edges. Whispers 

are able to produce a low Q feedback mechanism to modify Qcav of the 

waveguided modes in the polymer ring [12]. The laser emission spectra are 

modulated by the superposition of the WGMs on the WMs as shown in figure 

6.3. Qcav is increased if waveguided and whispering modes are in resonance, 

and Qcav decreases if the corresponding resonant wavelengths are detuned 

from each other [8]. We therefore attribute the appearance of the emission 

spectra to a resonant modulation of the waveguided modes by whispering 

gallery modes [3]. 

 

Figure 6.3. Resonant modulation of the waveguided modes and whispering 

gallery modes 

In the present study, we estimate the microlasers Q value to be about 1.2×10
4
, 

which in addition to the low laser threshold, results in narrow laser emission 

lines with width of about 0.05 nm. 
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6.3 Section II:  

6.3.1 Fabrication of Asymmetric planar waveguides 

To fabricate the rectangular waveguide, rhodamine 6G doped poly methyl 

methacrylate (PMMA) thin films with an average thickness of ~ 3 μm were 

deposited by spin coating technique onto a glass substrate. The precursor 

solution had a molar composition of PMMA/Anisole/Rh6G = 

2gms/15ml/1×10
-4 

mol/l. Thin polymer films were formed on the glass 

substrate following fast drying in air. The refractive index of the doped 

polymer film (np = 1.49) is higher than the refractive index of the glass 

substrate (ns = 1.46). A semi-leaky waveguide or a quasi-waveguide is 

obtained, where the light is confined by the film/air interface while at the 

film/substrate interface, a portion of light will reflect back into the film 

(guided mode) and the remaining refracted to the substrate, which is shown in 

the inset of fig. 6.4. This light will propagate through the substrate is termed as 

cutoff mode [32-34]. Hence some of the light will be leaked into the glass 

substrate and propagate through the glass substrate, which is referred as the 

leaky region of the waveguide and on the top side light will more tightly 

confined in the polymer film. So we can consider that this type of waveguide 

has a semi-leaky structure. The different guided modes propagating within the 

gain layer have different reflectivity losses due to Fresnel law. Thus the glass-

doped polymer-air structures formed an asymmetric slab optical waveguide, 

which supports only the transverse mode as the guided mode within the 

emission band of the doped polymer [15]. Because of the extremely small 

thickness of the polymer film (3 µm), we assume that the mode propagated 

through the film is fundamental transverse mode. As a result, a quasi-

waveguide provides a much stronger mode restriction capability than 

conventional total internal reflection waveguides. However, if the incident 

angle is slightly smaller than the critical angle, some of the light will refract 
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(leak) into the substrate and propagate in a direction nearly parallel to the 

interface between the film and substrate as shown in figure 6.4 inset. 

6.3.2 Experimental setup 

Investigations on the ASE properties of these films were carried out by 

optical pumping of the films by the second harmonic output of a Q-switched 

Nd:YAG laser with 8 ns pulses at 10 Hz repetition rate. The experimental 

setup is shown in figure 6.4. The pump power was adjusted with neutral 

density filters, and focused into the polymer-coated film by a cylindrical lens 

into a 1 mm × 0.4 mm stripe. A slit was incorporated in the path of the beam 

between cylindrical lens and the sample so as to vary the stripe length onto the 

sample surface. The emission from the sample was collected by a multimode 

fiber and guided to a 0.5 m spectrograph coupled with a cooled CCD array. 

The distance between the collecting fiber and the waveguide edge was 1 cm. 

 

Figure 6.4. Schematic representation of the experimental setup. Inset shows the 

Ray-tracing description of light propagating in a planar waveguide. 



 
Dye doped polymer coated microcavities 

160 
 

6.3.3 Amplified spontaneous emission (ASE) 

Figure 6.5 shows the absorption and photoluminescence spectra of the Rh6G 

doped PMMA film. The doped polymer film exhibits a featureless absorption 

band that peaks at 530 nm and emission with a peak of 570 nm, which is the 

characteristic emission of the Rh6G dye molecule. When the optically dense 

dye doped thin film is excited such that it forms a cylindrically shaped active 

gain medium, the fluorescence emitted by the molecules at one end is strongly 

amplified by the active medium and it preferentially emits the optical power 

along the direction of excitation, giving a highly directional output beam [35]. 

As a result, a large portion of the dye-doped polymer emission was optically 

confined within the film by internal reflections. Using the refractive index of 

the substrate, ns = 1.46, and that of the PMMA film, np = 1.49, we estimate 

the fraction of emission which is waveguided or “trapped” inside the film as 

𝒇 =  √𝟏 − (
𝒏𝒔

𝒏𝒑
)
𝟐

 = 0.2      6.4 

 

Figure 6.5. The absorption and photoluminescence spectra of Rh6G doped in a 

PMMA film. Inset, chemical structure of Rh6G 
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If the incident angle of the propagating light is larger than the critical 

angle of the interface between the film and glass substrate, the light can 

propagate inside the film without leakage. The spectrally narrow emission (~5 

nm) from such films is observed only along the plane of the film (A in figure 

6.6), whereas the emission perpendicular to the film surface remained 

spectrally broad (~40 nm) (B). This is due to the fact that at low grazing 

angles, it has low loss normal to the plane of the film and thus the polymer-air 

interface has almost zero transmission due to total internal reflection. This 

indicates that ASE is due to waveguided polymer emission which propagates 

alongside the film and thus experiences the largest gain. For our measurements 

of ASE we used an excitation region in the shape of a narrow stripe. As a 

result, ASE was predominantly emitted along the axis of stripe.  

 

Figure 6.6. The emission spectra from the dye-doped polymer film measured in 

the direction parallel (A) and perpendicular (B) to the film surface at the same 

excitation intensity (20 mW); emission intensity B is magnified by 50. The inset 

illustrate the experimental setup 
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6.3.4 Line narrowing and blue-shift 

Due to stripe illumination a large number of Rh6G dye molecules undergo 

population inversion when it is optically pumped by the second-harmonic 

output of an Nd:YAG laser. At low pump powers the emission spectrum from 

the film exhibit broad fluorescence. To understand the nature of ASE in detail, 

the dependence of emission intensity on incident pump power is studied. As 

pump power is increased, the emission spectra shows a line narrowing effect 

coupled with blue-shift as shown in figures 6.7 and 6.8. With an increase in 

pump power, the radiative transition probability gets enhanced at shorter 

wavelength side of the spectrum creating a shift in the spectrum towards the 

blue side [19]. Figure 6.8 inset shows the blue-shift of the emission spectrum 

as a function of pump power. As the pump power increases from 8 to 20 mW, 

it can be seen that the emission spectrum gets shifted from 584 to 576 nm. 

Spectral line narrowing as a function of pump power is the signature of light 

amplification [36-37]. The collapses of the FWHM in the emission spectrum 

and the change in the slope in the output emission intensity are the indication 

of the onset of ASE above a certain threshold (Pth = 12 mW). Also, spectral 

narrowing from 52 to 5 nm is observed, when the pump power is increased to 

15 mW above which no further line narrowing is observed due to gain 

saturation effect. On a detailed study of the emission spectrum of the dye-

doped polymer thin film, it is found that the emission spectrum exhibits all the 

features of ASE, namely the property of directionality, narrow linewidth and 

presence of soft threshold behavior [38]. Directionality of the output beam is 

so obvious that no focusing is required to collect the beam. 
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Figure 6.7. Output emission intensity integrated over all wavelengths as a 

function of pump power (filled square) and dependence of the FWHM on the 

pump power (open squares). 

 

 

Figure 6.8. The emission spectra from planar waveguide at various pump power. 

Inset : Blue-shift in peak wavelength as a function of pump power. 
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6.3.5 Characteristics of Cut-off and Waveguide mode  

To study the directionality of the ASE from the asymmetric planar 

waveguide, we measured the output intensity and Full-Width-Half-Maximum 

(FWHM) of emission spectra as a function of viewing angle from the plane 

parallel to film axis. To measure the FWHM and output intensity as a function 

of viewing angle θ, the collecting fiber is kept in a rotational stage. The output 

intensity and FWHM of emission spectra as a function of viewing angle are 

measured as shown in figure 6.9. Initially, collecting fiber is aligned parallel to 

the waveguide axis and which is referred as angle θ = 0º. Then the FWHM and 

output intensity of emission spectra is measured by gradually 

increasing/decreasing angle θ (±θ) between -40 to 40°. The detailed 

examination of the output emission spectra is measured at different angles. 

The FWHM of emission is almost constant with an angle θ between -7˚ to 10˚ 

and gradually increase the FWHM at larger θ. This indicates that the guided 

mode is only observed in small ranges of angle due to confinement of light in 

the film. The increase in emission intensity at angle higher than 10˚ (exactly 

10˚ to 16˚) is due to cutoff mode. This additional peak in output intensity is a 

clear indication of coexistence of the cutoff mode in our asymmetric planar 

waveguide structure.  
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Figure 6.9. The output intensity (a) and FWHM (b) of the emission spectra from 

the planar waveguide as a function of viewing angle by keeping a constant pump 

power of 25 mW 

6.4 Section III:  

6.4.1 Fabrication of free-standing planar waveguides 
In this section we describe the observation of multimode laser emission 

from a transversely pumped free-standing polymer film. Solid-state free-

standing thin films were prepared by incorporating Rh6G dye with PMMA. 

Commercially available PMMA of 5 gms was dissolved in 15 ml of anisole. 

The weight percentage was chosen to get optimum viscosity for the formation 

of good quality films. The dye was dissolved in this solution at a concentration 

of 1×10
-4 

mol/l. Films of 50 μm thickness were tape cast on glass sheets from 

this solution. When solvent was fully evaporated, high-quality free-standing 

films could be peeled off from the glass sheet. The lateral faces of the films 

obtained were of good optical finish and as such no further polishing was 

required. 
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6.4.2 Multimode laser emission 

The same experimental setup (explained in section 6.3.2) was employed 

to study the emission characteristics from the dye-doped free-standing 

polymer film as well. Laser emission requires an external feedback. In the 

present case no feedback is provided with external mirrors. Since the pumped 

polymer film was a free-standing one, the lateral faces of the film acted as 

mirrors, thus giving rise to a Fabry-Perot-type optical cavity for which length 

corresponds to the film thickness [38]. The excited active medium can be 

considered as a number of serially connected Fabry-Perot optical cavities. In 

the case of a thin stripe excitation, the stimulated emission occurs in a 

direction along the stripe [39]. The multiple passes between the film surfaces 

directly increase the gain. When the gain of the active medium compensates 

the losses in the medium, laser emission occurs. According to laser theory the 

gain in the active medium is exp σ (N2 - (g2/g1)N1)l, where σ is the stimulated 

emission cross section and l is the length of active medium [38]. Owing to the 

sample geometry and pumping scheme, the longitudinal modes of the cavity 

are analogous to the transverse modes of the waveguides [10]. When the pump 

power is increased beyond the lasing threshold (in our sample 15 mW), the 

emission spectrum collapsed into multiple narrow lines as shown in figure 

6.10. This evenly spaced peaks clearly indicates the existence of resonant 

modes. Above the threshold, the total emission intensity increased much more 

rapidly with the pump power.  

The existence of a Fabry-Perot optical cavity between the lateral faces of 

the free-standing film is thus confirmed by the occurrence of well-resolved 

discrete peaks in the emission spectrum. The mode spacing at λ can be 

calculated using the equation which describes Fabry-Perot cavities, namely, 

∆𝝀 =  
𝝀𝟐

𝟐𝒏𝑳
                                                                    6. 5 
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where λ is the wavelength of the strongest emission line, n is the refractive 

index and L is the length of the resonator cavity. In the present case, the length 

of the Fabry-Perot cavity corresponds to the thickness of the polymer films. 

The observed mode spacing (0.9 nm) (as shown in figure 6.10) agrees well 

with the calculated value (0.86 nm). These values confirm that the observed 

equally spaced fine structures in the emission spectra are Fabry-Perot-type 

modes of the optical cavity formed by the lateral faces of the waveguide [10]. 

 

Figure 6.10 Multimode laser emission from 50 μm thick rhodamine 6G doped 

PMMA films at a pump power of 22 mW. Left inset, schematic diagram of the 

setup for intensity distribution measurement. Right inset, intensity distribution 

of the output of a planar microcavity (data points were well-fitted with a 

Gaussian curve (before and after laser threshold)) 

6.4.3 Directionality of laser emission 

Another salient characteristic of laser emission is its increased 

directionality. The measurement geometry of the intensity distribution of the 

output from a planar microcavity has been shown in the figure 6.10 left inset. 
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A 1 mm pinhole was positioned in front a collecting fiber, which was kept in a 

translational stage and attached to a high-speed photo-detector. The distance 

between collecting fiber and free-standing film was 50 mm. By varying the 

height of the pinhole and collecting fiber simultaneously parallel to the fiber 

axis, we monitored the emission intensity at a given angle θ. Below lasing 

threshold, the intensity distribution of emission is broad. As the pump power is 

increased above the lasing threshold, the lasing action occurred in the direction 

of the highest gain parallel to the excitation stripe (θ = 0º). To confirm the 

spatial light confinement during the gain guiding, we measured the beam 

profile of the emission near the film as shown in figure 6.10 right inset. The 

intensity distribution is measured and the Gaussian curve is fitted on the data 

points from the output emission intensity above and below lasing threshold. 

Below lasing threshold, the regular photoluminescence emission from the 

planar microcavity is not highly directional, concentrated in the plane of the 

illuminated area of the microcavity within an angle ∆θ of a few hundredths of 

a radian. Also, the emission anisotropic pattern abruptly changes above the 

laser threshold to ∆θ = 0.1 radian, showing increased directionality of the laser 

modes. 

The ability of an optical resonator or cavity to confine light of a given 

wavelength range around λ0 is usually measured in terms of quality factor or Q 

factor.  In the present study, we estimate the Q value of the microlasers to 

be  > 3 × 10
3
,which results in narrow laser emission lines with a width < 0.2 

nm. Further improvements in the film quality may lead to enhanced 

directionality and high Q value of the planar microcavity laser emission. 

6.5 Conclusions 

In summary, we have achieved an efficient photopumped multimode 

lasing in cylindrical microcavity formed by dye doped thin polymer film 

deposited on silica core optical fiber. The laser emission is characterised by 
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narrow emission lines (~ 0.05 nm), a well-defined excitation threshold and 

high Q (1.2×10
4
), which can be very useful in sensor application. The thin ring 

resonator which is formed around the silica fiber can support whispering 

gallery modes as well as waveguided modes. By adjusting the waveguide 

parameters like polymer film thickness and neff , the number of modes within 

the gain profile can be controlled. 

We also presented a detailed study of the amplified spontaneous emission 

and laser emission from an asymmetric and free-standing planar waveguide 

based on a rhodamine 6G doped PMMA film. The spectrally narrow emission 

(~5 nm) from an asymmetric planar waveguide was observed only in the plane 

of the film, whereas the emission perpendicular to the film surface remained 

spectrally broad (~40 nm). ASE spectrum from the film exhibits high 

directionality, narrow linewidth and presence of soft threshold behavior. A 

blue-shift in ASE has been also observed when the pump power was increased 

from 8 to 20 mW allowing a limited range of tuning of emission wavelength. 

From the study of directionality of ASE, the light amplification in an 

asymmetric planar waveguide is found to be due to two different propagation 

modes; namely, waveguide mode and cutoff mode. Well-resolved laser modes 

with equal spacing were observed from a free-standing planar waveguide, 

which confirm the optical feedback from the Fabry-Perot-like optical cavity 

formed between the lateral surfaces of the thin film. The multimode laser 

emission from free-standing planar microcavity was characterized by narrow 

emission lines (<0.2 nm) with high Q (>3× 10
3
) and increased directionality 

(0.1 radian). 
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Chapter 7  

Microring embedded cylindrical 

microcavities 

“Dreams is not what you sleep in sleep, is the thing which doesn’t let you sleep” 

A P J Abdul Kalam 

 

Abstract 

Optical microcavity resonators are the potential candidates for microlasers as 

well as fundamental studies in cavity quantum electrodynamics. Strongly 

modulated multimode laser emission has been observed from rhodamine B 

(Rh B) doped microring resonator embedded in the inner walls of the silica 

capillary by transverse pumping. We have studied the lasing behavior of 

different thickness microring cavities with enhanced mode selection. 

Particularly almost single mode lasing with a side mode suppression ratio of 

up to 10.2 dB is obtained from a very small microring cavity. The lasing 

modes inside such cavities can be easily collected from one end due to its very 

good propagation characteristics. 

 

 

The major content of this chapter has been communicated in journal “Laser Physics 

Letter”. 
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7.1 Introduction 

In the last few decades, optical microcavity resonators are of an extensive 

research interest [1], not only due to their small mode volumes, ease of 

fabrication and high quality (Q) factor, but also for the potential applications 

such as low cost laser sources, active add-drop filters and photonic sensing 

devices [2]. High Q optical microresonators with strong optical confinement to 

the gain region can be obtained using the whispering gallery modes (WGMs) 

propagating around the edges of a sphere, disk, cylinder or ring [3]. Once the 

confinement of light on the scale of photon wavelength is achieved, the 

coupling strength is greatly enhanced due to cavity quantum electrodynamics 

effect. Cylindrical microcavity lasing have been investigated from different 

types of polymer and polymer coated optical fibers such as step index [4], 

graded index [5], hollow [6] and coated fiber [7]. The main disadvantage of 

WGM microcavity is that its surface emission and the absence of proper 

directional output coupling method. This is due to the fact that the WGMs 

come from the total internal reflections at the circular boundary and a small 

portion extends to the outside in the form of evanescent filed. 

A layered circular microcavity will provide additional boundaries that 

introduce interference or guiding effects so as to modify the cavity modes 

significantly. Such evanescent wave coupled microcavity laser can not only 

provide an axial (end) laser emission but also convey its output power to long 

distance with minimum loss. Various studies on the layered microcavity have 

been conducted with spherical shells, ring microdisks and capillary tubes. The 

layered cavity itself has attracted much interest due to its complex mode 

structure and interferential modulation effect [8]. The first observation of 

interference modulation of lasing modes due to the coupling of 

electromagnetic fields between the layers was reported by Knight et al. [9]. 

These types of interference modulation effect on the lasing spectrum are of 
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practical importance because it can provide a scheme for mode selection in a 

broad–gain microcavity laser. Later a modified version of an efficient mode 

selection scheme was reported by Moon et al. [10]. This type of microcavity 

can generate nearly single mode lasing within the emission spectral width due 

to the strong coupling between the optical field and the gain medium.  

7.2 Resonance modes in a microring embedded cavities 

The usual method of fabrication of a microring cylindrical polymer 

microcavity is by making a coating of few microns thick conducting polymers 

[11] or a dye doped transparent polymer of high refractive index over a glass 

or quartz unclad fiber. In our study, the microring is formed by a thin coating 

of a polymer gain layer inside a silica capillary. Figure 7.1 shows the 

schematic of a thin ring-type microcavity with inner radius ‘a’, ring radius ‘b’ 

and outer radius ‘c’. The refractive index of the outer silica region, ring-

polymer layer and inner region are m1, m2, and m3 respectively (m1 < m2, 

m3=1). The microring cavity can be defined as the outer boundary B0 (air-

silica interface), ring-boundary B1 (silica-polymer interface) and inner 

boundary B2 (polymer-air interface). The ray optics picture in figure 7.1 shows 

all the possible categories of resonance modes in the proposed microring 

cavity. The notable resonance modes in a thin ring-type cavity are the 

waveguide modes (WMs), which are originated by total internal reflections of 

light between the boundaries B1 and B2. Circulating light trapped in the 

polymer ring region at resonant frequency will slowly refract (leak) 

tangentially from the region at a rate determined by the value m (relative 

refractive index, m = m1 / m2). If the silica capillary radius (outer), c < m1b, 

the angle of incidence upon the boundary B0 is greater than the critical angle, 

the two cavities formed by the internal (B1) and external (B0) refractive index 

discontinuities will be strongly coupled. This will lead to generate another 

mode in the microcavity, which is termed as modified WGMs.  
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Figure 7.1 Schematic of a thin ring-type microcavity with its refractive index 

profile 

The half-angle of the refracted ray is denoted as ψ and the half-angle of 

the reflected ray (waveguided ray) is denoted as Φ and are determined by m1, 

m2, a, b, c and the incident angle. From the ray optics model the value of the ψ 

and Φ can be derived as, 

 

 

If Φ and ψ are not equal, as illustrated in the upper part of figure 7.1, the 

refracted ray experiences reflection loss upon each reflection at the boundary 

B1, resulting in an accumulated loss sufficient to suppress laser oscillation 

[10]. Under the condition Φ=ψ, the total internally reflected waves will 

interfere constructively or destructively depending on the path-length 

difference ΔL = 2(m1pq-m2pr). 
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7.3 Preparation of microring embedded cavities 

To demonstrate the proposed microring laser, we conducted a lasing 

experiment for which setup is similar to that of section 6.2.3. In the present 

study, the polymer gain layer is coated on the inner wall of a fused silica 

hollow capillary tube with an outer diameter of 320 µm, inner diameter of 

250µm and a refractive index (m1) of 1.458. To fabricate a thin ring resonator, 

we filled a precursor solution into the silica capillary. The precursor solution 

had a molar composition of polymethyl methacrylate (PMMA)/ Anisole / 

Rh6G = 2 gms / 15 ml/ 1×10
-4 

mol l
-1

. By evaporating the polymer solution 

with forced air flow, we could obtain a thin polymer gain layer coating whose 

refractive index, m2 (1.49) was larger than that of silica. This coating process 

was repeated to achieve the desired coating thickness. The flow rate of air and 

viscosity of the solution, which in turn depends on the concentration of 

PMMA was very important to form a thin uniform coating on the inner wall. 

Thickness of the coating was measured with a high resolution microscope 

image of the cross section of the capillary. Since the multiple layer coatings 

were manually conducted the thickness of the polymer layer fluctuated 

slightly. 

 

Figure 7.2 Cross-sectional view of different size micro-ring cavity using 

microscopic camera. 
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7.4 Experimental setup 

To observe lasing from the proposed microring cavity, the polymer-film 

coated capillary was optically pumped by the second harmonics output of a Q-

switched Nd:YAG laser (Spectra Physics) with 8 ns pulses at 10 Hz repetition 

rate. The pump power was adjusted with neutral density filters, and focused by 

a cylindrical lens into a 1 mm × 4 mm stripe transverse to the polymer coated 

capillary, as shown in figure 7.2. The emission from the microcavity was 

collected using an optical fiber and the spectrum was analyzed with a 

spectrograph (SpectraPro-0.5m) attached to a charge coupled device camera. 

In general, microcavity resonances can drastically change the spontaneous 

emission spectrum of the active gain medium via the quantum electrodynamics 

effects [12].  

7.5 Laser emission characteristics 

Under low Pump pulse energy (PPE) < 50 µJ, the sample 1 displays a 

weak and broad emission spectrum. Dramatic changes occur in the 

microcavity emission spectrum when the PPE exceeds the laser threshold PPE 

(Pth). As PPE increases above Pth, multiple sharp peaks with a linewidth as 

narrow as 0.06 nm emerge from the broad spectrum, the intensity of whole 

emission increase rapidly with the further increase of PPE. A plot of integrated 

intensity of emission peaks with respect to the PPE is shown in the bottom 

inset of figure 7.3. The observed non-linear increase of emission intensity is an 

indication of lasing phenomena from the microcavity and the lasing threshold 

is determined to be ~ 100 µJ. The cavity Q factor can be calculated from the 

emission linewidth, and it is found to be ~1.2×10
4
. The Q factor of the 

microcavity tends to remain constant over a wide range of pump intensities. 

This result justified that the Q factor of a WGM laser emission from an 

organic microring laser tends to remain constant and independent of the PPE.  
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Figure 7.3 WGM lasing spectrum from a thick micro-ring cavity. Top inset 

shows the schematic of experimental setup and bottom inset shows the integrated 

emission intensity of the peaks as a function of pump pulse energy.  

7.6 Modulation of resonance modes 

In sample1, the width of gain layer is fairly large (~ 35 µm), the structure 

of resonance modes is same as the single boundary cavity: that is WGM is the 

only possible resonance mode in this condition. Since the outer size (~ 320 

µm) of the silica capillary was very large compared to the inner size (~ 250 

µm), the outer boundary B0 can be neglected, even though slight feedback 

from the capillary outer boundary might induce some modulation effect in the 

inner layer mode structure. The resonant wavelength λm, separated by Δλ = λm 

- λm+1, is given by [7] 𝛥𝜆 =  𝜆2 𝜋𝑛𝐷 = 0.31 𝑛𝑚,⁄  which is in good agreement 

with the experimentally observed Δλ (figure 7.3) of 0.3 nm. Resonant modes 

are no longer waveguided in thicker polymer ring microcavities [13]. In such 

cavities, optical modes never reach inner boundary B2 and the mode intensity 
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distribution is concentrated on the ring-boundary B1, and they do not realize 

the existence of B2 [14]. 

On the other hand, the resonance mode structure becomes more complex 

as the width of the gain layer (ring) is small. When the width of the ring is of 

the order of wavelength of light, there might exist another type of resonance 

mode, so called waveguide modes (WMs). In sample 2, the ring-thickness is 

moderate (~15 µm). In these types of layered microcavity, the pumping 

efficiency of laser can be substantially enhanced due to the high overlapping 

ratio between the waveguide modes and gain region. Hence the ring type 

microcavity can provide additional functionalities such as coupling of different 

sets of modes by controlling the thickness of the ring. We also observe that the 

lasing peaks are considerably modulated as a clustered pattern. Strong peaks 

appeared nearly periodically and the interference period can be defined by the 

equation δλ ≈ λ
2
/ΔL. The wavelength seperation between two locally strong 

peaks was measured to be ~1.5 nm as shown in figure 7.4.  
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Figure 7.4 Modulated WGM lasing spectrum from sample 2 with increasing 

PPEs. 

Strongly modulated spectra have been observed from a moderately thin-

ring microcavity (sample 2) with ring-thickness of ~15 µm. Because the RI 

difference (Δn) between m1 and m2 layer is small, a fraction of light rays at B1 

interface will reflected back into polymer region.  The interference effect is 

originated by the recombination of refracted (leaked) lasing light from 

boundary B1 and reflects back into B1 from B0. Hence the two subcavities 

formed by the internal and external RI discontinuity will be strongly coupled. 

The profile of lasing spectrum also changes as the PPE increases. The 

observed lasing peaks showed a periodic spectral profile with improved 

characteristics of mode selection and interference period well matched with 
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the prediction by a ray-optics model. Consider the two half-angles (Φ and Ψ) 

are equal, then the path-length difference (ΔL) of the two rays is about 230 µm 

at θ=59.2˚. The calculated interference period (≈ λ
2
/ΔL) of 1.5 nm is consistent 

with the measured value of ~1.56 nm within the experimental error. We 

strongly believe that this effect is due to the interaction of more than one set of 

modes. Such efficient mode selection results from the strong constructive or 

destructive interference caused by the relevant coupling between the 

waveguided rays, refracted and reflected rays. The refracted ray is enhanced 

with increasing PPE and the width of the mode clusters decrease due to 

different non-linear interaction with microcavity [15]. Due to this effect, the 

side modes due to WGM lasings are found to be suppressed from spectra. At 

higher PPE, enhanced laser peaks are observed at periodic interval with a good 

side mode suppression ratio (SMSR). In sample 2 we could obtain a SMSR 

value of 6.2 dB from the strongly modulated spectrum at 1.1 mJ PPE. In our 

case the periodicity of the modulations are not perfectly matched due to small 

surface irregularities of the coated layer.  

7.7 Single mode laser emission 

In the sample 3, the thickness of micro-ring is very small (~8 µm). In such 

cavities the intensities of WGM lasing is very small as compared to the lasing 

peaks due to the constructive interference effect, which is originated by the 

recombination of three resonant modes viz WGM, WM and modified WGM as 

shown in figure 7.1. 
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Figure 7.5 (a) Strongly modulated lasing mode spectra from a sample 3 at 

different PPE. Almost single mode emission is observed at a PPE of 1000 µJ. (b) 

shows the magnified version of the highest intensity lasing line at 585.4 nm with 

Gaussian fit and (c) shows emission intensity of 585.4 nm mode and integrated 

emission intensity versus pump power. 

Figure 7.5 (a) shows the laser emission spectra from sample 3. From the 

emission spectra one could observe that the emission intensity at 585.4 nm 

mode has a very sharp line-width of 0.04 nm and its power increase 

nonlinearly with PPE as compared to other lasing modes. At high PPE > 800 

µJ, some of the modes do not appear and those that appear have a much lower 

level. This type of quenching might be due to the non-linear interactions 

between the different modes that are supported within the cavity. Nearly single 

mode lasing with SMSR of 10.2 dB is obtained from the modulated spectrum. 

In this sample, over 70% of the observed emissions are from the single mode 

at a PPE of 1000 µJ. Figure 7.5 (b) shows the magnified version of the highest 

intensity lasing line at 585.4 nm with Gaussian fit. Figure 7.5 (c) plots the 

emission intensity of 585.4 nm lasing mode and spectrally integrated intensity 
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of other lasing modes as a function of PPE. Table 7.1 details of the sample, 

lasing threshold and modulation parameters of the different ring-thickness 

microcavities. 

Table 7.1 Details of the sample, lasing threshold and modulation parameters of 

the different ring-thickness microcavities. 

Sample Micro-ring 

thickness 

Lasing 

threshold 

(PPE) 

FWHM (λFWHM) and 

Q-Factor 

Modulation 

period (δλ), 

SMSR (dB) 

Sample 1 35 µm 100 µJ λFWHM = 0.06 nm 

Q = 9.8 × 10
3
 

NA 

Sample 2 15 µm 150 µJ λFWHM = 0.05 nm 

Q = 1.2 × 10
4
 

1.2 nm 

6.2 dB 

Sample 3 8 µm 200 µJ λFWHM = 0.04 nm 

Q = 1.4 × 10
4
 

2.5nm 

10.2 dB 

The details of all the parameters of the different ring-thickness 

microcavity are listed in table 7.1. It can be seen that the laser threshold 

increases with decreasing ring thickness of the microring resonators. Since the 

dye molecules are restricted to the inner wall of the capillary, lasing threshold 

increase with decrease in thickness of the gain layer. The larger thickness 

results in longer gain path length and hence show lower threshold values [16]. 

7.8 Conclusions 

Rh B dye doped polymer microring cavities have been fabricated on the 

inner wall of the hollow silica capillary. The laser emission characteristics of 

different ring-thickness cavities have been studied. Thin layered cavity can 

have a strong mode selection through an enhanced interferential coupling 
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effect. Almost single mode lasing with a SMSR of 10.2 dB is obtained from 

the thin-layered microcavity. We also observe that the lasing threshold is 

inversely proportional to the microring thickness. Such microring cavities can 

have potential applications in sensors, tunable laser source, low-threshold laser 

device to generate single mode emission in simple and cost-effective manner.  
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Chapter 8  

Conclusion and future research prospects 

“Impossible is not a scientific term” 

Vanna Bonta 

 

 

Abstract 

This chapter deals with the main conclusions of the work presented in this 

thesis. A brief sketch of future research prospects is also mentioned in this 

chapter. 
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8.1 Major conclusions 

 Polymer optical waveguide systems are gaining much interest in the recent 

years due to their potential advantages such as low weight, low processing 

temperature, economic viability, geometrical versatility and so on. 

 Poly methyl-methacrylate (PMMA) is found to be an ideal polymer 

material for the fabrication of polymer waveguides due to their low loss in 

the visible region and their ability to incorporate very high concentration 

of optical gain media like organic dyes and rare-earth components. 

 Organic dyes of Xanthene (Rhodamine) family have been extensively used 

as gain medium for dye doped polymer waveguides because of its large 

absorption and emission cross-sections, high internal quantum efficiency 

and wide spectral range of their emission. 

 Photophysical and lasing characterization of Rhodamine laser dyes are 

carried out in different solvents, mainly focusing on Rh B, a highly 

fluorescent dye in the orange-red region. The emission characteristics were 

successfully compared with computational data. 

 Different types of dye doped PMMA based optical fibers were fabricated 

successfully by the preform method using the fiber drawing workstation. 

Detailed measurements were made to understand the amplified 

spontaneous emission (ASE) and photo-degradation phenomena in those 

POF systems. 

 Multimode laser emission corresponding to whispering gallery mode 

(WGM) from dye (Rh 6G) doped hollow polymer (PMMA) fiber 

(DDHPOF) is observed when excited with second harmonics of Nd:YAG 

laser.  

 Numerical analysis of the WGM microresonator using COMSOL 

Multiphysics was performed.  
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 Tunability of WGM laser emission and variation in free spectral range 

(FSR) is obtained by varying the diameter of DDHPOFs. 

 Two different pumping scheme viz. spot and stripe illumination is 

employed to study slope efficiency, laser threshold and tuning of laser 

emission from DDHPOFs. 

 In order to get a stable and directional emission an asymmetric resonant 

cavity (ARC) is realized by the controlled deformation of DDHPOFs. 

Comparison of emission characteristics of an SRC and ARC is performed 

by simulation and experiment. 

 Fabrication and emission characteristics of asymmetric and free-standing 

planar waveguide are discussed. The light amplification in an asymmetric 

planar waveguide is due to two different modes; namely, waveguide mode 

and cutoff mode.  

 Interferential modulation of laser emission due to simultaneous occurrence 

of two different sets of resonant modes viz waveguide mode (WG) and 

WGM was observed from Rh 6G dye doped PMMA coated unclad silica 

fiber. 

 Rh 6G dye doped microring embedded silica tube exhibit sharp lasing lines 

with strong mode selection. Nearly single mode laser emission with a high 

SMSR value is observed from these microcavities. 

8.2 Future research prospects 

 Photostability, is one of the major problem associated with the dye doped 

polymer waveguide systems. Instead of dye, rare-earth and nanoparticle 

doped polymer waveguides may provide an enhanced photostability and 

nonlinear optical properties.  
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 Studies using femtosecond pump source will be useful to understand fast 

optical nonlinear processes taking place in the different dye doped 

waveguides. 

 Nanoparticles doped POFs has lots of potential applications in developing 

random lasing and sensing devices, especially surface plasmon response 

(SPR) based sensors. 

 Further improvements in the polymer waveguide quality will reduce the 

laser threshold and increase the Q factor of device. 

 Realization of different degree of deformations in annular structured 

cylindrical microcavities to achieve high Q-unidirectional laser emission. 

 Microring resonators have several attractive features for sensing 

applications. One of the most important applications for hollow WGRs is 

in the area of Biosensing. It's high quality factor and multiple pass 

interaction nature allows resolving small shifts in resonance wavelength 

induced by any sensing object near the resonator.  

 Development of novel polymer waveguide structures such as 

microstructured polymer optical fibers (m-POFs) opens up new 

possibilities for technologies and applications. Work in this direction has 

already started in our lab. 
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