
AN ABSTRACT OF THE THESIS OF 
 
 
 
Doug Ericksen for the degree of Master of Science in Electrical and Computer 
Engineering presented on 10 November 2005.   
Title: Fiber Bragg Grating-Tunable Diode Laser. 
 
 
 
Abstract approved:  _______________________________________ 
    Thomas K. Plant 
 
 
 

Continuously tunable diode laser sources coupled to single-mode fiber are 

useful sources for fiber Bragg grating (FBG) strain sensors.  This paper describes the 

development and fabrication of such a device.  An introduction is given describing 

applications of tunable lasers and some of the different methods of creating a tunable 

diode laser.  The design process and construction of the fiber Bragg grating-tunable 

diode laser is described.  A low-cost 1300 nm laser diode is anti-reflection coated with 

a single layer SiO coating making it nearly a super-luminescent light emitting diode.  

By coupling this coated laser to a short length of single-mode fiber containing a low-

reflection FBG, which serves as the new tunable laser output coupler, a tunable, fiber-

coupled laser source is possible.  The laser diode package is mounted in a temperature-

controlled mount, and the FBG is mounted so it can be strained.  Due to the imperfect 

antireflection coating continuous tuning is not possible.  By controlling both 

temperature and FBG strain, the laser can be continuously tuned across a 10 nm 

spectral range giving a narrow line laser source for use in strain sensors. 
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Chapter 1 

Tunable Diode Lasers 

 

ntil the late 1970's the workhorse of the tunable laser world was the organic 

liquid-dye laser.  This type of laser system was typically confined to the 

laboratory due to its bulky and expensive pump laser and gallons of toxic 

and awkward-to-handle liquid dyes.  It also required frequent adjustment due to the 

rapid degradation of dyes during operation.  With the development of the Ti:Sapphire 

laser in the 1980's came a solid-state solution.  Spectroscopists and other researchers 

were able to scrap their dyes and achieve a wide wavelength tuning range of 600-1000 

nm compared to the limited tuning range of individual dyes [1].  This new solution 

had some other drawbacks as well.  It wasn't any smaller than the dye laser and 

required water cooling.  The tunable laser would have to wait for the development of 

the diode laser to come out of the lab.   

In the 1980's much work was done on developing the external cavity feedback 

diode laser.  In this time tunable lasers went from being primarily a research tool to a 

critical device in a variety of applications.  This new technology would allow for more 

widespread use outside the lab and pave the way for future devices and applications.   

 

1.1.  Tunable Laser Applications 

 

The external-cavity diode laser (ECDL) became commercially available in the 

early 1990's.  Originally developed for spectroscopy, ECDLs soon found new 

applications in the burgeoning telecommunications (telecom) market.  Development 

throughout the 1990's progressed within the areas of tuning speed, tuning range, 

stability, durability, and beam quality [2].  Due to these new advances and quality 

improvements, applications began to pop up in new fields, from remote combustion 

U 
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control to fiber sensors to wavelength division multiplexing.  Everybody wanted in on 

the new technology.   

1.1.1.  Spectroscopy 

In laser spectroscopy a narrow linewidth source, often in the low kHz range, is 

needed to excite particular energy transitions within atoms.  With a widely tunable 

source a sample can be probed over a range of energies to locate levels of absorption.  

This induced absorption can be detected and interpreted to give the researcher vital 

clues to the composition of the probed sample [3].  Some applications of laser 

spectroscopy include: gas sensing of combustion emission, process control of 

semiconductor manufacturing, LIDAR, and atom trapping.  Tunable diode lasers 

(TDL) are capable of delivering a wide range of wavelengths for the spectroscopist, 

with recent developments delving deeper into the ultraviolet and further into the 

longer infrared wavelengths.   

 

1.1.2.  Telecommunications 

The telecom industry also benefits from new developments in TDLs.  In 

telecommunication networks, wavelength-division multiplexing (WDM) is 

implemented to combine multiple data streams into a single, multiplexed stream.  

Each of the individual data streams is transmitted at a different wavelength into a 

single fiber optic cable.  A WDM device uses a separate laser for each of these 

wavelengths and must have a backup for each in the case of a failure in order to 

provide for continuous operation.  For a 176-transponder device this means there must 

be an additional 176 diode lasers packaged into the WDM transponder unit [4].  With 

the development of tunable diode sources, it becomes possible to replace many, if not 

all, of these backup devices with just a few tunable sources or possibly even a single 

device.  When a diode fails, its tunable counterpart can switch on and tune in to the 

wavelength of the damaged component.  Possibilities arise to even replace the fixed 

wavelength network with a dynamic one where channels can be selected in real time.  
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This would allow network administrators the ability to remotely configure and manage 

wavelength selection across the network [5].  These tunable sources must be compact, 

robust, and able to last tens of thousands of hours.   

 

1.1.3.  Fiber Sensors 

Fiber Bragg gratings have been used in sensing applications since the early 

1990's.  These sensors work by reflecting a narrow band of light that is dependent on 

the spacing of the in fiber grating.  As the fiber is stretched and compressed the 

spectrum of reflected and transmitted light changes.  Fiber Bragg grating-based 

sensing systems can utilize tunable lasers in several ways.  A tunable source can be 

used to query several different gratings individually along the same fiber with higher 

output power and greater sensitivity than that of a broadband light source.  It also 

allows for a greater number of grating sensors with larger dynamic range [2].  This 

application was the main inspiration for this work. 

 

1.2.  Tuning a Diode Laser 

 

The wavelength of a diode laser is determined by a number of parameters.  The 

most important of these is the band gap of the semiconductor material.  The band gap 

sets the fundamental range of the wavelength for the laser and is a fixed range for each 

device.  Within this range the actual wavelength output of the laser is a function of 

junction temperature, current density, gain curve, and effective index of refraction.   

 

A diode laser will tend to operate on the mode or modes with the highest gain.  

Injection current and temperature impact the gain curve and thereby influence the 

wavelength of the laser.  The injection current will also affect the carrier density by 

modifying both the index of refraction and the band gap of the device.  Temperature 

also affects the optical path length (OPL) and the wavelength dependence of the gain 
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curve.†  Current density will also affect temperature, and therefore all the parameters 

that are functions of temperature.   

 

1.2.1.  Temperature 

The temperature of a diode laser affects the cavity length and the gain curve.  

The typical aluminum gallium arsenide (AlGaAs) device will undergo an OPL shift of 

~ 0.06 nm/K and a gain shift of ~ 0.25 nm/K resulting in a total wavelength shift of ~ 

0.3 nm/K [6].  Temperature tuning does, however, introduce several potential 

problems.  Thermal cooling requires extra power.  Also it is rather slow, generally 

speaking, with rates in the nanometers per minute [7].  The temperature of the device 

can be modified either directly or indirectly.  A thermo-electric device will cause a 

direct change in device temperature, while changes in the injection current will also 

result in a shift in temperature.  Both of these methods are rather slow; however, a 

group from Stanford has demonstrated a novel method to temperature tuning.  They 

have demonstrated temperature shift between -10 and +50ºC at a tuning rate in the 

kHz range through heating with a 5.4 W 532 nm Nd:YVO CW laser chopped at a 50% 

duty cycle [8].  While this approach may be useful in some labs, it is too bulky and 

expensive for any field application. 

 

1.2.2.  Current 

By rapidly altering the current that is powering the gain medium, one can 

induce an index change in the laser crystal that is caused by the change in carrier 

density.  Current tuning of the laser wavelength is generally on the order of 10-2 

nm/mA [9].  This is a simple method of tuning but introduces some problems.  The 

first of which is that the laser can only be operated in pulsed mode, in order to avoid 

                                                 
† The optical path length is defined by the product of the physical length of the lasing cavity, L (usually 
the gain region between reflecting surfaces) and the effective index of refraction, neff, of this region: 
OPL=neffL. 
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temperature changes and thusly becoming effectively a temperature tuned device.  

Secondly, the output power is also dependent on the current, so small changes in 

current directly translate to changes in output power.  Current tuning also degrades the 

lasing performance and thereby introduces a wavelength change over time [6].  One 

solution to some of these issues is to design a laser that uses current tuning in multiple 

sections of the laser package.  Agility Communications manufactures a diode laser 

where the current to the gain section is separated from the control current of a phase 

control region [10].  By adding current controlled phase correction and coarse tuning 

sections, a tuning range of greater than 40 nm can be achieved while maintaining 

"uniform transmission performance" [11].  

 

1.2.3.  Pressure 

The application of pressure to the laser has multiple effects.  With increasing 

pressure, the direct bandgap of most semiconductor lasers is increased.  This increases 

the energy of the photons emitted and therefore the emission wavelength.  This added 

pressure also modifies the electron and hole effective masses [12].  [12] and [13] both 

report on pressure tuning of a diode laser that is accomplished by placing the diode in 

a hydrostatic chamber with a highly compressible and non-conducting fluid.  Using 

this method, a third effect of increasing pressure on a diode is noted, and that is that 

the index of refraction of the surrounding fluid is increased.  This has the effect of 

reducing the reflectivity of the facet and thereby inducing an upward shift in the 

threshold current [13].  Pressures as high as 2.5 GPa have been applied to 1300 nm 

indium gallium arsenide phosphide (InGaAsP) injection lasers in order to provide a 

tuning range of over 200 nm (1300-1100 nm) [12, 13].  This tuning method provides 

the greatest range of tunability of any discussed here; however it is neither practical 

nor portable for most tunable diode laser systems.   
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1.2.4.  External Feedback 

Optical feedback is also used to influence the output wavelength of a laser.  A 

diode laser cavity has very low finesse and the gain curve is relatively flat as a 

function of wavelength [6].  As a result, the gain of the system only weakly depends 

upon wavelength, and the lasing wavelength is easily perturbed.  By using a 

wavelength-selective cavity to externally impose the desired wavelength, wavelength 

selection can be achieved.  Tunability of such systems is achieved by appropriate 

modulation of the external reflecting element. 

 

Littrow Configuration 

In the case of a Littrow configured ECDL, the output of the laser is incident 

upon a diffraction grating positioned at such an angle that the first order diffraction is 

coupled directly back into the lasing cavity (see Figure 1.1).  The reflected zero order 

beam is used as the stabilized, tunable output.  By altering the angle, and therefore the 

efficiency, of the grating with respect to the input beam, the cavity feedback can be 

optimized for maximum power output [14].  The potential drawback of this simple 

design is that the direction of the output beam is dependent on the wavelength and 

grating position.  As the grating angle is altered the center wavelength of the output 

beam is tuned, but the direction of the beam is also affected.  A few methods to solve 

this issue have been published.  A group from the University of Melbourne has 

devised a straightforward solution to this problem.  In their setup, the output from a 

Littrow configured ECDL is reflected from a plane mirror that is fixed parallel to the 

diffraction grating used for tuning.  The grating and mirror are rigidly attached to form 

a single output section.  The grating/mirror assembly is then rotated to tune the output 

wavelength without the previously associated shift in angle of the output beam.  Only 

a small (80 nm) translation of the beam occurs.  This offset can be corrected for 

through the use of a piezoelectric transducer attached to the grating [15].  One of the 

authors from this group also reports on a similar method using an intra-cavity beam 
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splitter as the output coupler.  In this device the grating is designed to diffract most of 

the laser power into the first order and back into the diode laser.  A beam splitter 

reflects multiple output beams in directions defined only by the alignment of the 

etalon.  This method does, however, introduce etalon mode hops, precluding smooth 

tuning [16].  Another variation on the Littrow design is the use of a transmission 

diffraction grating as the tuning device.  The grating is fabricated by electron-beam 

lithography and produces back reflections of 15-20% and output efficiencies of 75% 

[17].  It is positioned to allow the first order to be reflected back into the cavity while 

the zero order is transmitted as the tuned output.   

 

  
 

Figure 1.1:  Multiple Littrow configurations for an ECDL: a) Reflection, b) 

Transmission, and c) Modified cavity design. 

 

Littman-Metcalf 

The Littman-Metcalf cavity design uses a grating at near grazing incidence as 

the tuning mechanism in conjunction with a plane mirror as is shown in Figure 1.2.  

The first order diffraction from the grating is reflected back into the lasing cavity by 

the mirror.  The angle of the mirror with respect to the grating-diode assembly selects 

the output wavelength.  This design typically has lower output efficiency than a 

Littrow design, but suffers no change in output beam direction or offset in beam 
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position [18].  New Focus Inc. in Santa Clara, CA, is producing tunable lasers with 

this design.  They claim a tuning range of 70 nm for 1550 nm sources [1].  A novel 

modification of this design was developed by a group of German researchers.  By 

placing a lens between the grating and the mirror the entire spectrum can be reflected 

back into the laser cavity.  A spatial filter, in this case a liquid crystal array, is then 

located just in front of the mirror.  This allows selection of a single frequency or 

multiple frequencies simultaneously.  This approach creates a non-mechanical means 

of tuning the laser and makes it possible to have a multiple frequency output [19]. 

 

 
Figure 1.2:  Littman-Metcalf configured tunable diode laser. 

Fiber Bragg Grating 

Fiber Bragg gratings have been used previously in ECDLs to narrow linewidth 

and force single longitudinal mode operation for multimode diode lasers.  A fiber 

Bragg grating is coupled to a diode laser and the external cavity is formed by the FBG.  

Tuning is achieved through introducing strain into the grating and thereby adjusting 

the wavelength that is reflected back into the diode cavity.  Lasers made in this fashion 

are very stable and in tuning applications are primarily used for coarse tuning as this is 

a simpler design than that required for continuous tuning [20].  However, to have the 

broadest possible usefulness, this external cavity feedback laser must be constructed in 

such a way as to allow for a smooth tuning range as well as a very narrow linewidth.  

It has been previously reported by Guo et al. that a linewidth of 0.2 nm and continuous 

tuning range is achievable with this type of ECDL [21, 22].  It is the goal of this work 

to develop, construct, and test this type of tunable laser.   
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Chapter 2 

Background of the Primary Components 

 

he components used in the construction of the fiber Bragg grating tunable 

diode laser described in this work can be broken down into three primary 

elements.  They are: the diode laser, the antireflection (AR) coating, and the 

fiber Bragg grating.  This chapter will provide a background for each of these 

components and discuss why certain decisions were made concerning the selection 

and design of these components.   

 

2.1.  Diode Laser 

 

2.1.1.  History 

In the early sixties the first diode lasers were being developed simultaneously 

by four different research labs: IBM, MIT, and two separate labs at General Electric 

located in Schenectady and Syracuse, NY [23].  These early devices were fragile and 

required cryogenic temperatures to operate.  The limited availability of gain material 

restricted emission wavelengths to the far IR, λ>3 µm.  With the development of room 

temperature devices in the late 1970's, semiconductor lasers experienced increasing 

interest in their use in a number of applications.  However, it was not until the mass 

markets of telecommunication, data storage, and laser printing that the diode laser was 

developed into a mass-marketable device.  The communications industry employs 

lasers with wavelengths of 1300 and 1550 nm for their systems due to minimal loss 

and dispersion in glass fiber.  Information mass storage uses 650 and 780 nm devices 

for DVD and CD data storage with shorter wavelengths on the way for increased 

density [24].  Although these mass markets provide an abundance of cheap lasers, they 

T 
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don't provide all the wavelengths.  For many smaller markets it can be cost effective to 

modify these diodes to provide the needed wavelength.   

2.1.2.  Semiconductor Laser Operation 

Semiconductor devices are doped with impurities to control the type and 

density of current carriers.  Materials doped with elements that are deficient in 

electrons are denoted p-type and conduct current by hole transport.  The n-type of 

dopant is composed of elements that provide free electrons to conduct current.  When 

these two types of semiconductors are mated, a p-n junction is formed, as depicted in 

Figure 2.1.  Forward biasing this junction with a positive voltage applied to the p side, 

and/or negative to the n side, injects holes (p-side) and electrons (n-side) into the same 

junction region.  The injected electrons recombine with the injected holes in the active 

area between these two materials to produce photons with energy roughly equal to the 

energy difference between the conduction and valence bands, i.e. the bandgap energy.  

The composition of the semiconductor material determines the bandgap energy and 

therefore the lasing wavelength.  AlGaAs based lasers, for example, have a possible 

range of wavelengths from 620 to 895 nm and InGaAsP will emit between 1100 and 

1650 nm depending on doping profiles [25]. 

 

 
 

Figure 2.1:  Structure of a generic edge emitting Fabry-Perot diode laser. 
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Additionally, changes in junction temperature and injection current density will affect 

the lasing wavelength.  It is this unstable property of diode lasers that makes them 

such good candidates for tunable sources.  An understanding of these stability issues 

enables the control of output to tune the laser to a desired wavelength.   

 

Spontaneous emission and a pumping mechanism are two crucial elements that 

are needed to produce sustained stimulated emission from a laser.  Spontaneous 

emission starts the emission process and a population inversion, provided by the 

pumping mechanism, feeds the energy-releasing frenzy.  A population inversion is 

produced in the active region of a diode laser by the free electrons and free holes 

injected by the forward diode current.  By passing a drive current greater than the 

threshold current through the diode laser, a large number of electron-hole pairs are 

produced at the p-n junction and a population inversion occurs.  This can only happen 

if the forward bias voltage satisfies the relation 

ν=ω> heV h . (2.1) 

This means that the electron energy, eV, must be greater than the frequency, ω or ν, of 

the photon produced multiplied by Plank's constant, h=ħ/π, in order to lase.  

Recombination of the electron-hole pair emits a photon creating spontaneous 

emission.  This photon stimulates other e-h pairs to recombine emitting more photons 

of the same direction, frequency, and phase.  Optical feedback is provided by 

reflective surfaces at the ends of the lasing cavity.  In the simple case of the Fabry-

Perot diode laser the cleaved, bare faces of the crystal form a reflecting surface 

reflecting ~30% of the incident optical power.  This feedback causes more stimulated 

emission down the injection channel which builds to lasing. 

 

The length of a lasing cavity is an important factor.  It determines spacing 

between permissible lasing wavelengths know as longitudinal modes.  During 

operation standing waves are established in the gain region within the resonator cavity 

with a wavelength, λ, that satisfies the equation 
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m
Ln2 e=λ . 

(2.2) 

Here L is the physical length of the cavity, ne is the effective index of refraction 

determined by the active layer and the adjacent layers, and m is an integer value.  

From this relation it can be seen that an infinite number of longitudinal modes, each an 

integral multiple of a half wavelength, can be supported in the cavity.  These modes 

are depicted in Figure 2.2 as a comb of frequencies.  Adjacent mode spacing in terms 

of frequency, ∆νfsr, is given by the equation from [26] 

Ln2
c

e
fsr =ν∆ . (2.3) 

 

 
 

Figure 2.2:  Longitudinal modes of a Fabry-Perot diode laser and associated active 

medium gain curve. 

 

Lasing within the active layer can only occur on those longitudinal modes 

whose frequencies overlap the gain curve of the amplifying medium.  The wavelength 

(or wavelengths) with the maximum gain (lowest loss) are the dominant modes.  The 

typical gain curve is usually broad enough to span several longitudinal modes.   
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As a beam propagates from the output facet of the diode laser it spreads due to 

diffraction.  Figure 2.3 illustrates the far-field angular distribution of the optical 

intensity of a single transverse mode laser beam.  At the cleaved end facet the beam 

shape is an ellipse with major and minor axes having approximately the same 

dimensions as the exit slit of the diode.  The smaller this dimension is, the larger the 

angular divergence will be for the expanding beam.  So, as the beam propagates, 

diffraction causes spreading of the beam such that in the far field, i.e. far from the 

facet, the axis perpendicular to the active layer becomes the major axis and the axis in 

the plane of the active layer becomes the minor axis. 

 

 
 

Figure 2.3:  Beam propagation from the output facet of a diode laser.  

 

Single longitudinal- as well as single transverse-mode structure is often the 

desired mode of laser operation.  The mechanisms for determining longitudinal and 

transverse mode operation are completely different.  The general approach to achieve 

a single transverse mode is to introduce some finite aperture or to limit the stripe size 

in the laser structure so that higher order modes compete less favorably than the 

fundamental mode and thus are not capable of reaching lasing threshold.  It is 

relatively straightforward to apply this approach to diode lasers for applications where 

large laser power is not required.  Longitudinal modes, on the other hand, are 

essentially functions of cavity length and feedback.  There are several approaches used 
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to achieve single longitudinal mode operation and they may be different for edge-

emitting or surface-emitting lasers. 

 

2.1.3.  Laser Types 

Diode laser structures can be generally categorized into two groups: edge-

emitting and surface-emitting.  Edge-emitting lasers are also called in-plane lasers, 

meaning the laser cavity and beam are in a plane parallel to the active layer.  A 

surface-emitting laser, however, emits its beam perpendicular to the substrate. 

 

A Fabry-Perot (FP) type laser uses interference to select the dominant mode.  

Multiple lasing modes are generally not acceptable and a simple FP laser is prone to 

mode hopping with slight changes in current or temperature.  To eliminate these 

multimode oscillations a number of methods can be employed.  The most common of 

these involve an effective means of narrow linewidth feedback.  A diffraction grating 

can be used in multiple configurations to provide the necessary feedback.  It can be 

distributed along the active layer, as in a distributed feedback (DFB) laser, or affixed 

on either side of the gain region on the semiconductor substrate, as in a distributed 

Bragg reflector (DBR) laser.  A third method is to place the grating external to the 

device.  The grating then selects the wavelength to be fed back into the diode's gain 

region. 

 

Fabry-Perot   

The simplest type of diode laser, both in terms of operating parameters and 

construction, uses a pair of cleaved facets to form the resonant cavity on the chip 

itself.  The large index of refraction difference at the semiconductor-air interface 

creates a mirror surface with a reflection coefficient of ~ 30%.  These end cleaves are 

perpendicular to the active stripe and reflect the beam multiple times through the gain 

area.  For some special applications or to protect the active materials, passivation (or 
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other) coatings may be applied to the cleaved facets.  These coating layers may change 

the reflection properties of the facet and, depending on laser design, can be used to 

increase output power or simply to protect the facets from oxidation and other external 

damage.  These plane-parallel facets form a Fabry-Perot cavity, and hence the name of 

the laser.  For typical FP diode lasers with a length of a few hundred micrometers, the 

mode spacing is less than a nanometer.  The gain bandwidth of a typical diode laser 

usually has a full-width-half-max of tens of nanometers, much larger than the mode 

spacing of standard FP cavities.  As a result, a Fabry-Perot diode laser does not 

generally run on a single longitudinal mode, and tends to hop between several modes.  

This is an undesirable operating mode for many applications.  Several laser structures 

can provide stable, single-mode operation.  The most popular devices are those based 

on the wavelength-selective reflection capability of grating structures. 

 

Distributed Bragg Reflector   

Both DBR and DFB laser structures rely on the reflection of a selected 

wavelength by periodic grating structures.  The grating structure of a DBR, shown in 

Figure 2.4, only reflects light with a wavelength that meets the Bragg condition, i.e. 

the period of the corrugation, Λ, is an integral number of half wavelengths in the 

material or 

en2
λ

=Λ . 
(2.4) 

This reflection results from the constructive interference of the reflected light from 

each of the periodic index changes forming the grating.  This type of laser gets its 

name from this distributed grating structure termed a "distributed Bragg reflector".  A 

DBR laser is formed by replacing one or both of the cleaved mirrors with a distributed 

Bragg reflector.  These reflectors are formed along passive waveguide sections on one 

or both sides of the gain section.  Linewidths as low as 3.2 MHz have been measured 

with devices of this type [27]. 
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Figure 2.4:  Structure of a DBR laser. 

 

Distributed Feedback   

DFB lasers are formed by placing the grating structure along the active region 

of the diode rather than in separate passive regions as in DBR lasers.  The periodic 

grating shown in Figure 2.5 produces feedback by scattering light in the active region.  

This wavelength-selective feedback provides a very stable single wavelength output.  

Spectral bandwidths in the 20 MHz range and linewidths as narrow as 170 kHz have 

been demonstrated [28].  Historically, DFB lasers preceded the DBR lasers, primarily 

because of their simplicity and relative ease of manufacturing.   

 

 
 

Figure 2.5:  A periodic grating structure along the entire active area of a DFB diode 

laser ensures single longitudinal operation. 
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Vertical Cavity Surface Emitting 

In a vertical cavity surface emitting laser (VCSEL) the beam exits the structure 

perpendicular to the active layer as is shown in Figure 2.6.  The reflector elements are 

located above and below the active region which forms a very short laser cavity.  The 

reflecting layers can be made from reflective metal or as a multilayer semiconductor 

or dielectric film.  Multilayered reflectors on these devices are usually grown or 

deposited with alternating layers of high and low index material up to 60 layers thick.  

This short, symmetric cavity is capable of producing a diffraction limited circular 

beam with very low threshold currents, below 1 mA [29].  The short cavity also leads 

to large spacing between longitudinal modes.  For a typical cavity length of 10 µm 

there is a corresponding ∆λ of 15 nm; therefore, an external grating is not necessary 

for single longitudinal mode operation.  Such a short gain region does, however, limit 

the acceptable losses in the waveguide and requires higher mirror reflectivity in order 

to sustain lasing.  The beam can be coupled out through the top layers or the substrate 

and is generally emitted through a hole etched in the metal contact layer. 

 

 
 

Figure 2.6:  In a VCSEL the beam is emitted perpendicular to the active area. 
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All of these devices mentioned rely on feedback that is generally provided by 

the cleaved facets or monolithic grating structures.  If external feedback is to be 

applied it becomes necessary to remove cavity competition and eliminate reflections 

from the active region index barrier.  One solution is to layer an antireflection coating 

on the facet of the diode laser. 

 

2.2.  Antireflection Coatings 

 

At any interface of two materials of differing indices of refraction some light is 

inevitably reflected.  In order to stop lasing and eliminate cavity modes from the diode 

laser it is necessary to minimize this reflection and the resulting feedback from the end 

facet.  The simplest way to achieve this is with a single layer antireflection coating.  

More complex and expensive multilayer coatings may be necessary depending on the 

application. 

 

2.2.1.  Single Layer AR Coating 

In order to eliminate the first order reflection from the diode facet, a single 

layer thin film can be deposited such that the reflection from the first surface and the 

first reflection from the second surface interfere destructively and cancel each other 

out.  Figure 2.7 shows a ray diagram depicting the path that a beam takes through a 

thin film layer of index nf and thickness d.  θi, θr, and θt are the incident angle, the 

reflected angle, and the transmitted angle and the indices of refraction ns, nf, and n0 are 

those for the substrate, film, and air respectively. 
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Figure 2.7:  Ray diagram of light propagation through a thin film of thickness d and 

refractive index of nf.   

 

A portion of the light is reflected from the first boundary while the rest is 

transmitted through the film to the second boundary.  Again, at the second boundary a 

portion of the light is reflected back through the film where upon exiting it interferes 

with the first reflection just outside the film at point B.  The line from A to B 

represents the reflected wavefront with phase δ.  The phase of the reflection from the 

first surface at point A is given by 

Lnk 001 =δ  (2.5) 

where k0 is the free space propagation number equal to 2π/λ0 and L is the distance of 

travel from the surface of the thin film to point A.  L can be defined with some 

geometry and trigonometry as 

)cos(n
)(sindn2L

t0

t
2

f

θ
θ

= . (2.6) 

 

The phase of the reflection from the second surface at the corresponding point 

B is 

)cos(
dnk2

t

f0
2 θ

=δ . (2.7) 

This interference of wave fronts corresponds to a difference in phase between the 

reflections from the first and second interfaces of 

)cos(dnk2 tf0 θ=δ . (2.8) 
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If the approximation is made that all light is incident normal to the surfaces, as was the 

case for this work, the angle of incidence and angle of transmission are both zero and 

δ becomes 

dnk2 f0=δ . (2.9) 

 

This approximation also makes it possible to equate perpendicular and parallel 

components of the polarization and thereby reduces the number of equations and 

complexity.  By using boundary conditions for the electric and magnetic fields and 

some trigonometry, an equation for the reflection coefficient for the two interfaces can 

be derived.  Using the normal incidence approximation the reflection coefficient, r, 

becomes 

)sin()nnn(i)cos()nn(n
)sin()nnn(i)cos()nn(nr

2
2
fs02s0f

2
2
fs02s0f

δδ

δδ

+++
−+−

=  (2.10) 

and the measurable quantity of reflectance, R, is just the reflection coefficient times its 

complex conjugate 

*rrR = . (2.11) 

 

It is apparent that the reflection from the front facet of the diode laser is 

dependent on the thickness (through δ) of the thin film, the wavelength of the laser, 

and the indices of refraction for all materials involved.  The most common 

antireflection coating is designed to prevent back reflections from a glass optic in air.  

In this type of case n0 < nf < ns, each interface produces a phase change of π for the 

reflected wave, and the minima in the reflectance occur at odd multiples of π/2.  In the 

case of this work, however, it is desirable to prevent back reflections inside a diode 

laser.  The pathway the light takes is essentially reversed from the first example, i.e. 

n0 > nf >ns.  This has the effect that there is no phase change at either of the two 

surfaces and is equivalent to the case of π phase change at each surface.  So, in the 

case where 



 21

π+=
λ
π

=δ )1m2(dn4
0

f  
(2.12) 

the first minimum of the reflectance curve occurs when m=1, which leads to a film 

thickness of 

f

0

n4
d λ

= . (2.13) 

Using equations (2.9), (2.10), and (2.13), equation (2.11) for R becomes 

22
fs0

22
fs0

)nnn(
)nnn(R

+
−

= . (2.14) 

From (2.14) R is zero when 

0sf nnn = . (2.15) 

 

So, ideally, the reflection can be completely eliminated when the thin film is a 

quarter wave thick and the index of refraction is equal to the square root of the product 

of the indices of the material on either side.  This vector treatment does ignore 

multiple reflections from within the thin film and the single layer method does have 

limited real world application for a completely anti-reflecting coating.  For instance, a 

film material is needed that has precisely the right index of refraction at the 

application wavelength to get exactly zero reflection.  This material must also be 

capable of adhering to the substrate and remain stable throughout its lifetime.  The 

range of applicable wavelengths is also quite narrow, with only the design wavelength 

having no reflection.  Also, the wave front is not completely planar which will 

introduce some reflection.  If this design does not provide the necessary reflectivity a 

more complex (and expensive) design may be necessary with multiple thin film layers. 

 

2.2.2 Multiple Layers 

Typically, commercial AR coatings might have anywhere from 1-30 layers of 

differing dielectric materials, depending on application.  Each layer serves to modify 
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the phase and amplitude of the reflected light wave.  When each layer's effect is 

summed with that of the other layers the resulting reflected wave amplitude is very 

close to zero, around 10-5 or lower for well designed coatings [30].  There are many 

ways to design a multilayer antireflection coating; the simplest is the quarter-wave 

stack, or the quarter wave optical thickness (QWOT) method.   

 

A quarter wave stack is a periodic structure composed of alternating high- and 

low-index materials.  It is so called as the thickness of each layer is designed to be a 

quarter of the thickness of one wavelength of the incident light.  Typically, a material 

of high index of refraction is deposited onto the substrate followed by the lower index 

material.  This process of alternating layers is repeated to achieve the desired effect.  

For AR coated diode lasers this process usually only needs to be two or three layers 

thick.   

 

Analysis of a double layer quarter wave design can be done following the 

method outlined in 2.2.1.  This shows that for a completely anti-reflecting thin film the 

ratio of the index of refraction for the two layers must be equal to the square root of 

the ratio of the two surrounding media, or [31] 

0

s

H

L

n
n

n
n

=  (2.16) 

 

Variations exist on the QWOT design.  By changing the thickness of some or 

all of the layers the designer is able to alter the characteristics of the thin film.  Also, 

using more materials introduces greater design variations.  For a more complete 

discussion, the interested reader is directed to [32] and [33]. 
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2.3.  Fiber Bragg Gratings 
 

Fiber Bragg gratings (FBG) are periodic changes in the index of refraction in 

the core of an optical fiber.  Kenneth Hill discovered in 1978 that an optical fiber 

would undergo a change in its index of refraction when exposed to intense coherent 

radiation [34].  This photosensitivity of fiber is what enables the photoimprinting of 

Bragg gratings.  When the core of the fiber is exposed to an intense periodic pattern, 

this pattern is written into the fiber to form a grating.  This periodic change serves as a 

wavelength selector within the fiber, reflecting a narrow wavelength range and 

transmitting the rest.  This process is illustrated in Figure 2.8.  Any change to the 

period of this grating will cause a shift in the reflected and transmitted wavelength 

spectra.  It is this property that makes FBGs useful as tuning mechanisms. 

 

 
 

Figure 2.8:  A fiber Bragg grating is a periodic structure that serves as a bandwidth 

selector. 

 

In the mid 1990's fiber Bragg gratings were introduced as commercial 

products.  The driving force behind their rapid development came mainly from sensor 

systems and the telecommunications industry.  Their acceptance into the realm of 

telecommunications during the digital boom of the latter part of the past century led to 

the exponential development rate of FBG based devices.  Sensor systems require 

stability and durability that push the envelope for temperature and chemical 

requirements.  Telecom networks require enormous amounts of bandwidth.  These 

applications drive the development of new types of fiber gratings and of new grating 

devices.  Fiber Bragg gratings enabled the advancement of these technologies and are 
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now an integral part of these systems.  Their ease of manufacture, low loss, and rigid 

durability has made them competitive as replacements for bulk optics such as mirrors 

and gratings. 

 

2.3.1.  FBG Basics 

Bragg gratings are named after the British Nobel Laureate Sir William 

Lawrence Bragg (1890-1971).  He was probably best known for his work with X-ray 

diffraction in crystals.  Bragg discovered that certain orientations of crystals reflect X-

rays in particular ways.  The distance between parallel planes in the crystalline 

structure determines the angle at which reflection can occur for a particular 

wavelength of X-ray.  This is known as Bragg's law, which is based on constructive 

interference between the differing path lengths the X-rays take as they reflect off 

individual crystal planes.  This is not only applicable to X-rays in crystals, but can also 

be applied to the optical region of the EM spectrum and most periodic structures.   

A fiber Bragg grating consists of a periodic modulation of the index of 

refraction within the core of the optical fiber that acts much like the crystal planes in 

Bragg's x-ray experiments.  This grating acts as a selective filter that reflects a narrow 

band of light and transmits wavelengths outside this band.  The periodicity of the FBG 

determines the center wavelength reflected, known as the Bragg wavelength, and is 

given by the Bragg equation 

eff

bragg

n2
λ

=Λ  
(2.17) 

where Λ is the Bragg grating period, λbragg is the center wavelength or Bragg 

wavelength, and neff is the effective index of refraction determined by the refractive 

indices of the fiber's core and cladding.  In most FBGs the overall length of this 

periodic index variation is between 3 mm and 3 cm.  When the fiber is subjected to an 

axial strain the grating is stretched or compressed altering the periodicity of the 

grating.  This change in Λ results in a shift of the Bragg wavelength. 
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2.3.2.  Manufacture 

The manufacture of in-fiber Bragg gratings was made possible by Hill's first 

observations of the photosensitive nature of germanosilicate fiber in 1978.  In his 

(unrelated) experiments a coherent 488 nm beam was launched into a fiber and 

reflected off the cleaved ends producing a standing wave within the core of the fiber 

[35].  This standing wave produced a periodic change in the index of refraction of the 

core, depicted in Figure 2.9, eventually causing total reflection of the input beam.  In 

this particular case, the photochemical change to the core of the fiber is thought to be 

caused by the destruction of the Ge-O-Si bonds in the germanium-doped core.  The 

oxygen defects created in this process are thought to cause a change in the electronic 

structure of the dielectric [36].  This process of writing a FBG is known as the internal 

writing technique.  The drawback of this technique is that the periodicity of the grating 

is limited to the wavelength of the source.  Because this technique is so limiting, 

external writing methods were developed to create gratings in fibers based on the 

interference between intersecting UV beams [37].   

 

 
 

Figure 2.9:  Hill's first grating was produced with a standing wave causing periodic 

changes to the index of refraction within the core of an optical fiber. 

 

If two coherent beams with matching phase of wavelength λlas are incident on 

the core of a fiber with an incident angle of θ with respect to the normal, as in Figure 

2.10, the periodicity of the interference in the fiber is given by 
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)sin(2
las

θ
λ

=Λ . (2.18) 

This makes the Bragg wavelength 

)sin(
nefflas

bragg θ
λ

=λ . (2.19) 

With this writing method it is possible to write gratings with the designed periodicity 

by adjusting the angle of the incident UV beams.  This external side writing technique 

is typically done after removing (or before adding) the acrylic or polyimide buffer 

layer that protects the glass fiber.  By using higher power lasers and variations on this 

technique, the UV exposure time can be as short as a few seconds [38].   

 

 
 

Figure 2.10:  Two interfering beams create an interference pattern that results in the 

creation of a periodic index change in the core of a fiber. 

 

Generally, the two UV beams are derived from a single beam, to ensure 

coherence, in one of two ways: either by simply passing the beam through a 50/50 

beam splitter or by use of a diffraction grating to create multiple orders.  These 

methods are called the transverse holographic and phase mask techniques respectively.  
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The phase mask technique is the most common method for manufacturing quantities 

of the same grating and is illustrated in Figure 2.11. 

 

 
 

Figure 2.11:  The phasemask technique for grating writing.  Interference of the two 

first orders creates intensity variations along the core of the fiber, resulting in grating 

formation. 

 

The method for writing the gratings used in this work is a modification of the 

phase mask technique, shown in Figure 2.12.  Developed at Oregon State University 

by Stump et. al., and based on work done in 1993 by J.R. Armitage, this technique for 

writing FBGs has distinct advantages over other methods [39, 40].  It allows the 

manufacture of a selected Bragg wavelength grating like the transverse holographic 

method, but is not as dependent on coherence length and stability of the apparatus.   
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Figure 2.12:  Modified phase mask diagram.  This was the setup used for the writing 

of the gratings used in this work.  

 

2.3.3  Photosensitivity of Optical Fiber 

Much research has gone into the study of the photosensitivity of optical fibers†.  

Several models have been proposed concerning the nature of this photosensitivity, the 

underlying mechanisms, and methods of photosensitivity enhancement.  The color 

center model is based on the fact that when the core of the fiber is doped defects occur 

creating germanium oxygen-deficient centers [41].  These defects appear to have 

absorption peaks around 242 nm.  When exposed to UV emissions, these oxygen 

deficient bonds interact with the Ge-Ge or Ge-Si bonds creating a GeE' center and a 

free electron [42].  The densification model is a completely different mechanism.  It 

suggests that the change in index of refraction that occurs during high intensity UV 

exposure results from a change in density caused by  a change in the polymerization in 

the glass, a change in coordination, or a phase transformation [43, 44].   

 

                                                 
† The theories put forth to date regarding these models, although many confirmed experimentally, are 
not complete and work continues to decisively answer the questions surrounding the photosensitivity of 
optical fiber.  As this is not a focus of this work the interested reader is directed to [35] for further 
discussion of this topic. 
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Just as there are several models describing the photosensitivity of optical 

fibers, so are there multiple methods for increasing this photosensitivity.  Some of 

these include: increased concentration of germanium doping, heat treating, boron co-

doping, and hydrogen loading.  The method used in this work is the hydrogen loading 

technique.  The hydrogen atom attaches to the germanium and increases UV 

absorption [45].  The theory of this enhancement is linked to the color center model.  

It is thought that the hydrogen excites the Ge-O bond and creates more defects in the 

crystalline structure.  Due to the low writing intensities used in this work, this 

technique is necessary to write a useable grating in a reasonable time frame. 

 

2.4 Summary 

 

This chapter has introduced the three elements of the fiber Bragg grating-

tunable diode laser: the diode laser, the antireflection coating, and the fiber Bragg 

grating.  The diode laser chosen is a Fabry-Perot type laser and is used as the gain 

medium for the external cavity tunable laser.  This diode laser needs to be treated with 

an antireflection dielectric layer to eliminate stimulated emission and reduce 

competing cavity modes.  The antireflection coating design and deposition could be a 

thesis topic in itself, so focus was placed on a single layer coating.  The reflectivity of 

this coating is a function of wavelength, index of refraction of the dielectric as well as 

bordering media, and layer thickness.  The feedback and tuning mechanism is a fiber 

Bragg grating that is also designed and manufactured on site.  This grating is 

fabricated using the modified phase mask technique developed by Stump et. al. [39].   
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Chapter 3 

Component Fabrication and Device Construction 

 

 fiber Bragg grating, external cavity, tunable diode laser relies on the 

adjustability of the feedback wavelength, by means of axial strain of the 

FBG, as the tuning mechanism.  By simply coupling a FBG to a FP diode 

laser it is possible to create stable, single longitudinal mode operation.  By adjusting 

the Bragg wavelength it is even possible to shift the lasing wavelength between 

modes.  To create smooth, mode-hop free tuning, the diode must be prepared with an 

antireflection coating.  This preparation effectively eliminates the diode cavity and 

creates a new cavity between the back facet and the FBG.  The FBG serves as both 

tuning mechanism and output coupler and needs to partially reflect a narrow linewidth 

within the bandwidth of the coated diode.  The mating of fiber to diode should be as 

low loss as possible so as not to lose efficiency.  This chapter will address these issues 

and describe the processes developed for the device construction.   

 

3.1.  Diode Preparation 

 

The lasers used in this work were Mitsubishi 1310 nm lasers (model 

ML701B1R-E21A) in 5.6 mm diameter packages.  This type of device is a standard 

Fabry-Perot InGaAsP diode laser.  In its standard form it is not a desirable source to 

use in a tunable laser system as the output is multi-mode and changes with 

temperature and current.  It must first be prepared to only act as a gain medium with a 

broad bandwidth and not as a narrow linewidth source.  To this end it is necessary to 

eliminate one of the diode’s reflectors by depositing an antireflection coating on an 

end facet of the diode.  As discussed in section 2.2, the thin film material chosen 

A 
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depends on the effective index of refraction of the diode laser.  After neff is 

determined, a coating material can be chosen and the thin film deposited. 

3.1.1.  Effective Index Determination 
In order to obtain a wide, continuous tuning range and a smooth, mode-hop-

free output, it is necessary to eliminate the diode laser's internal cavity modes caused 

by the ~30% reflection from the front and back cleaved facets on the laser die.  To 

accomplish this it was decided to apply an antireflection coating to the output facet of 

the diode laser cavity.†  The simplest way to do this is with a single-layer quarter-wave 

coating with an index of refraction equal to the square root of the effective index of 

the diode laser waveguide.   

The effective refractive index of the laser active region is found by 

determining the wavelength spacing between laser longitudinal modes, ∆λ, by 

carefully measuring the output spectrum of the laser near threshold.  The other 

important value is the physical length of the laser die, i.e. the cavity length.  This is 

determined by using a measuring microscope and measuring the laser die once the cap 

has been removed from the package.  Then ne can be calculated from  

Ln2
cc

e
2 =λ∆
λ

=ν∆ . 

Where ∆ν is the longitudinal mode spacing in frequency, L is the length of the laser 

cavity between front and back facets, ∆λ is the longitudinal mode spacing in 

wavelength, and c is the velocity of light.  Once the effective index of refraction is 

determined, the search for suitable materials can begin. 

 

                                                 
† Perhaps another method would be to polish the facet at an angle to eliminate any reflection back into 
the diode cavity.  This idea was not developed or pursued as it would be much more complicated to 
perform this step in the facilities available.  Another option might be to develop a graded index 
matching layer between diode and fiber. 
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3.1.2.  Thin Film Materials Selection 
The search for suitable deposition materials with all the desirable properties 

(low loss, correct index of refraction, ease of deposition, and unaffected by humidity) 

can prove a daunting task.  It is not easy to find or produce the perfect material that 

can suit all these requirements.  Design compromises must be made.  The most 

important factor to consider is index of refraction; although, if the material isn't 

transparent at the required wavelengths or can't be deposited on or adhere to the 

substrate then it is still useless.  Some common coating materials with most of the 

desired qualities used in the single layer AR coating of diode lasers are: Silicon 

Monoxide (SiO), Germanium Oxide (GeO), and Hafnium Oxide (HfO2).  These three 

materials were considered for deposition for this work. 

 

Silicon Monoxide   

SiO has been used successfully to create a single layer AR coating on a diode 

laser [16].  Thermal evaporation is usually performed with SiO.  This involves heating 

the SiO to its sublimation point and coating the output facet of the diode with the 

rising vapor.  Although one can achieve a reflectance below 10-3
 with this seemingly 

simple method, it has a challenging and intricate property.  Changing the partial 

pressure of oxygen in the vacuum system also results in a change of the oxygen 

composition in the SiOx film, and hence a change in the index of refraction, which 

could end up anywhere in the range from 1.4 (SiO2) to ~ 2.0 (SiO) [46].  Depositing 

the thin film with the correct stoichiometry is somewhat of a black art and a project in 

itself.  The final composition is also dependent on deposition rate, with faster rates 

resulting in low values of x, as well as better adhesion.  The apparent index of 

refraction of the final SiO (or, more precisely, SiOx) film can also change over time 

depending on how frequently and how much the laser is exposed to and operated in air 

[47].  Despite these difficulties, this is the material that eventually yielded the lowest 

reflectance.   
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Germanium Monoxide   

GeO2 deposition forms films in similar ways as Silicon Monoxide.  Oxygen 

content and deposition rate are major factors in the final optical characteristics of the 

thin film.  GeOx films could end up with an index of refraction between 1.6 - 2.3 [48].  

This proved to be a difficult material to work with and never gave consistent films. 

 

Hafnium Oxide   

HfO2 is a durable material with good adhesion properties.  It can be deposited 

with an index of refraction within the useable range for an AR layer for this diode, 

n=1.8-2 [49].  HfO2 has a vapor pressure around 2500ºC at 10-4 Torr.  For a resistive 

heating deposition system to reach this temperature requires quite a large current.  For 

this reason HfO2 is usually a material that is e-beam evaporated [50].  Unfortunately, 

there was never an opportunity to attempt e-beam deposition and with the equipment 

available for thermal evaporation it was not possible to reach a high enough electrical 

current.  Therefore this material was never tried as an AR film.   

 

3.1.3.  Antireflection Coating Deposition 

To begin the coating process, the uncapped diode laser package was placed in 

an aluminum heatsink.  It was then positioned with the front laser facet 25 cm above 

the SiO source in a thermal evaporation vacuum chamber and connected to monitoring 

equipment through an electrical feedthrough.  The pressure in the chamber was 

lowered to 2 µTorr and the laser turned on to a point above the lasing threshold.  A 

minimum in reflectivity corresponds to a minimum in output intensity, so the 

packaged detector was monitored during deposition and the process stopped as close 

as possible to the minimum intensity as indicated by the detector.  A deposition rate of 

approximately 1.5 nm/s was maintained throughout the coating process.  A high 

deposition rate has been shown to be necessary in order to yield true SiO films [51].  

A standard tungsten boat was used for the SiO source instead of the normally desirable 
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baffled box, as the current requirements for the box were too high for the vacuum 

system used.†  This arrangement provided smooth, uniform coatings, with low 

reflectivity and an increase of threshold current, but reflectivity remains too high for a 

smooth output curve as is discussed in the next chapter. 

 

3.2.  FBG Fabrication 

 

As was discussed in 2.3 the method of fabrication for the gratings used in this 

work is the Modified Phasemask Technique that was adapted by Stump et. al for use 

in the lab at Oregon State University [39].  Single mode fiber manufactured by 

Corning (SMF-28) is used for the grating medium.  A small, ~ 2 cm, section of the 

outer acrylic-coated buffer layer is stripped away to provide a direct exposure of the 

glass fiber to the UV beam.  The fiber is placed in the setup depicted in Figure 2.14 

and adjustments to the angle and focus of the two interfering UV beams are made at 

low power to optimize the interference pattern.  The laser used is a 1064 nm Nd:YAG 

internally doubled to 532 nm, then externally doubled again to 266 nm.  The average 

power at 266 nm is about 275 mW at 4 kHz rep rate and a pulse width of 24 ns.  When 

losses in the system are considered, this gives a fluence per pulse onto the fiber of 

approximately 4 mJ/cm2.   

Since the peak absorption for Ge doped silica is 248 nm and the laser used is of 

relatively low power, the writing process would ordinarily take several hours and still 

not yield a quality grating [39].  Some photosensitivity enhancement is required to 

alleviate this problem.  The fiber is hydrogen loaded to make it more sensitive to the 

longer wavelength UV radiation.  This is done by placing the fiber in a 100ºC tube 

pressurized with hydrogen at 13 atm for a few days.  When the fiber emerges, the 

buffer layer has a yellowish tint that suggests the coating is absorbing more of the 

shorter wavelengths (an obvious sign that it needs to be removed).  The writing 
                                                 
† A baffled box will prevent particle ejection onto the substrate, but it turns out that no splatter is 
apparent with the open boat method [52]. 
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process is monitored with a broadband light source and an optical spectrum analyzer.  

Adjustments are made to the angle of the interfering beams early in the process to 

fine-tune the center wavelength of reflection peak.  Once the grating is written, the 

fiber is recoated with a polyimide layer to protect it from the external elements.  It can 

then be coupled to the diode. 

 

 

3.3.  Laser–Fiber Coupling 

 

In Figure 3.1 is shown the mounting and packaging setup for the external 

cavity diode laser.  One end of the cavity is formed from the back facet of the diode 

laser which serves as a ~ 30% (uncoated) or higher reflector.†  The feedback is from 

the fiber Bragg grating, located about 25 cm from the laser package.  The laser is 

mounted in an aluminum heatsink attached to a thermoeletric (TE) module that is in 

turn thermally bonded to a large copper heatsink.  The TE device is necessary for 

stable operation of the laser and is later used for temperature tuning.  A lensed fiber 

with a fiber Bragg grating is then butt-coupled to the AR-coated end of the laser. The 

coupling efficiency of the system is increased dramatically by lensing the end of the 

fiber.  This is done by placing the cleaved end of the fiber in a fiber fusion splicer and 

exposing it to the fusion arc for a few seconds, thereby creating a short focal length 

lens (radius ~60 µm) on the end of the fiber.  This end of the fiber is attached to an 

xyz-translation stage for alignment with the diode.  Alignment is then performed with 

a piezoelectrically-controlled three-axis drive.  A small amount of buffer is 

mechanically stripped on either side of the grating, and the fiber is attached at these 

stripped points with UV curable epoxy to a micrometer driven one-dimensional 

                                                 
†  Some diode lasers have a high-reflection layer on the rear facet and a low-reflection layer on the front 
facet to give more lasing signal out the front of the package. 



 36

translation stage.†  One end of the grating is attached to the stationary part of the stage 

and the other end to the moveable section.  This allows the grating to be stretched and 

the ECLD tuned.   

 

 
 

Figure 3.1:  Mounting and package setup for the FBG tunable diode laser. 

 

In order to align the grating with the output from the gain cavity, the injection 

current is set to the specified operating current for the uncoated diode laser, about 25 

mA for this model diode.  The output through the grating is observed on an optical 

spectrum analyzer.  When the cavity is not perfectly aligned, the coated diode laser 

acts as a superluminescent diode and the transmission characteristic of the grating can 

be observed, as can be seen in Figure 3.2.  By carefully adjusting the voltage on the 

piezo xyz actuators, and therefore the position of the lensed fiber end, the cavity can 

be properly aligned into the lasing mode and the output maximized.  The optimized 

output is also shown in Figure 3.2 as the narrow lasing signal.  

 

                                                 
† In a final version this would probably be a piezoelectrically-controlled system instead of the 
micrometer device. 
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Figure 3.2:  Output spectrum from the AR-coated diode laser with feedback from the 

FBG. 

 

3.4  Summary 

 

This chapter has introduced the important components and steps to fabricate a 

fiber Bragg grating-tunable diode laser.  One of the diode laser's facets is treated with 

an antireflection coating to eliminate the cavity modes and create a smooth tuning 

range.  This coating is designed as a single layer of SiO that should provide low 

reflectivity.  The fiber Bragg grating is manufactured following the modified phase 

mask technique as described in [39].  It is then butt-coupled to the diode laser and the 

end of the fiber is lensed to improve coupling efficiency.  In this configuration, it is 

shown that lasing is reestablished with proper alignment of the fiber-diode laser 

package. 
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CH 4 

Evaluation and Results 

 

he ability for a source to tune continuously across a broad wavelength span 

is generally a very desirable quality for tunable lasers.  A FP diode laser with 

a good AR coating and a narrow linewidth FBG should provide mode-hop-

free tuning over a significant tuning range.  This chapter will discuss the evaluation 

processes of the antireflection coating, the fiber Bragg grating, and the completed 

external cavity laser.   

 

4.1.  Diode Laser Pre and Post AR Coating 

 

During the AR design process the length of the diode laser was measured in 

order to calculate an approximate value for the effective index of refraction for the 

diode cavity.  In this case, the laser die between lasing mirrors was found to be 300 

µm long.  From equation (3.1) the diode laser's ne is calculated to be 3.61.  Therefore, 

the index of refraction for the single layer thin film should be very close to the square 

root or 1.9.  Silicon monoxide (SiO), with an index of refraction of ~ 1.85 at 1300 nm, 

comes close and has been used before as an antireflection coating for diode lasers with 

good success [51, 16].  At the optimum thickness of 175.7 nm (from eq. 2.13), the 

reflectivity of the output facet can be theoretically calculated from equation 2.14 as 

0.07%, but the final reflectivity will eventually depend on the actual index of the 

deposited film and the properties of any facet treatment.† 

                                                 
† This analysis assumes a bare diode with no passivation, or other, coating. 

T 
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4.1.1.  Threshold Shift 

The ultimate test of the AR coating is if it can provide a smooth tuning curve 

in the final laser.  However some preliminary analyses are prudent and necessary in 

any development process.  It is important to consider what changes will occur when an 

antireflection coating is applied to the facet of a diode laser.  As the reflectivity of the 

facet decreases the feedback from the facet also decreases and therefore the number of 

photons in the cavity decreases.  This reduction in the number photons results in a 

reduced amount of stimulated emission.  The current necessary to sustain lasing will 

need to increase.  A good AR coating will greatly increase the lasing threshold, as 

there would be little feedback to sustain lasing.  This threshold increase is observed in 

the diodes coated with a single layer of SiO as shown in Figure 4.1.  This figure shows 

a dramatic increase of threshold current, however, it also displays signs of stimulated 

emission as there is an increase of the slope efficiency with increasing current.   
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Figure 4.1:  L-I curve of the Mitsubishi diode laser before and after AR coating. 
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4.1.2.  Spectrum 

The spectrum of the coated diode laser is shown in Figure 4.2.  The mode 

structure has not been completely eliminated, but the diode laser is now functioning 

more like a super luminescent diode with a broad gain medium instead of a single or 

few lasing modes.  For comparison, the pre-coating lasing spectrum is also shown in 

this figure.  Both spectra were done at the same bias current, 25 mA, well above the 

original laser threshold of 15 mA.  The shift of the AR coated spectrum to shorter 

wavelengths is due to a larger steady-state free carrier density caused by the drastic 

reduction in stimulated emission.  This reduced stimulated emission is in return caused 

by the nearly zero feedback from the coated facet. 
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Figure 4.2:  Mitsubishi 1300 nm diode laser spectrum before and after applying SiO 

AR coating.  Both curves are at the same bias current well above the original lasing 

threshold. 
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By performing an analysis of the modal spectra it is possible to determine the 

reflectivity of the coated facet [53] (it is assumed that the Fresnel reflectivity will 

provide a good enough approximation of the true reflectivity, see [54]).  A group from 

Bell Labs developed this method of determining the reflectivity of an AR-coated laser 

facet from the modal variations in the output spectrum.  According to their analysis the 

reflectivity of the coated facet, R1, is given by 

2

2
l

1 R
)R|(|R a

=  
(4.1) 

Where R2 is the reflectivity from the back facet, Rl is the reflectivity of an untreated 

facet, and a is the roundtrip amplification factor.  a is determined from the modulation 

index, m which is found by measuring the maxima and minima of the mode structure 

at the peak of the output spectrum while the diode is running at the previously 

untreated diode's threshold current, Ith.  This spectrum is shown in Figure 4.3.  The 

modulation index and amplification factor are determined by the following relations 

2
minmax

minmax

||1
||2

PP
PPm

a
a

+
=

+
−

=  
(4.2) 

 

From this analysis, a reflectivity for the front facet of the diode laser of Figure. 

4.2 is about 0.0052 or 0.52% which matches fairly well with calculated values from 

the method of chapter 2.  According to [53] a reflectivity product between the front 

and rear facets less than 10-2 is sufficient to suppress laser oscillation and provide 

superluminescent gain.  A barrier between air and a material with an index of 

refraction of 3.61 will provide a Fresnel reflectivity of R2 = 0.32 or 32% giving a 

reflectivity product R1R2 that is on the order of 10-3.  So according to this analysis the 

AR coated diode laser is now a superluminscent diode, however, with some apparent 

mode structure that may affect the tunability of the final laser.   
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Figure 4.3:  Mode structure from the SiO AR-coated diode laser at Ith=15 mA drive 

current. 

 

4.2.  FBG Evaluation 

 

The fiber Bragg grating serves both as output coupler and feedback mechanism 

for the extended cavity diode laser.  Therefore, its reflectivity and spectral properties 

should be designed to reflect a very narrow spectral range back into the gain cavity.  

The reflectivity of the grating, whose spectrum is shown in Figure 4.4, was intended to 

be near what the original diode was designed to reflect, ~ 30%, or near 40% to account 

for coupling losses.  The reflectivity of the grating primarily depends on writing time.  

Unfortunately, the linewidth of the grating formed depends on several factors that are 

very difficult to control with the current equipment.  As can be seen in equation 2.16, 

there is a strong dependence on the wavelength of the two interfering beams.  This 

places a high requirement on the longitudinal mode stability of the laser.  A ± 0.1 nm 
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shift in laser wavelength will result in a change in Bragg wavelength of 1 nm when 

writing a 1300 nm grating with a 266 nm laser.  Small instabilities in the laser result in 

significant broadening of the grating spectrum.  The mechanical stability of the 

apparatus is another important factor resulting from the angular dependence of 

equation 2.17.  When writing with a tightly focused, low power laser for long periods 

of time small vibrations of the mirrors will also result in broadening of the grating 

spectrum.  The use of a phase mask and a floating table greatly improves grating 

quality, but, as can be seen in Figure 4.4, the grating is still wider than the longitudinal 

mode spacing of the diode laser.  This could potentially cause operation at multiple 

longitudinal modes from the ECDL. 
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Figure 4.4:  Reflection and transmission spectrum of the 1292 nm grating.   
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4.3.  Tuning characteristics 

 

The output wavelength can be coarsely tuned by applying strain to the fiber 

grating.  With the imperfect antireflection coating on the diode laser there is still 

significant mode structure so smooth tuning with just the grating is not possible.  

Figure 4.5 shows the mode-hopping that occurs as the grating is stretched over 7 

modes, approximately 5.25 nm in wavelength.  This corresponds to a mechanical 

stretch of the 2 cm grating of about 235 µm.  It has been shown that through 

compression and tension a tuning range of over 90 nm can be achieved with silica-

based FBGs [55].  This method would allow tuning over the entire 3 dB bandwidth of 

the source, approximately 30 nm.  The gratings used here are a bit fragile and tend to 

snap before reaching a shift in reflected wavelength of 10 nm even when re-coated 

with polyimide.  This could be due to the mechanical stripping of the acrylic buffer 

from the fibers before writing the gratings.  It is also thought the heat treating and 

hydrogen loading might adversely affect the tensile strength of the fiber. 
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Figure 4.5:  Wavelength mode-hopping due to stretching of the FBG.  Mode 

separation is approximately 0.75 nm.  The peak at 1292 nm is unstrained, with 

increasing strain peak moves to longer wavelengths. 

 

The grating is used to hop modes and by making fine adjustments to the Peltier 

thermoelectric cooler current, the output wavelength can be continuously tuned over 

the entire linewidth of the diode cavity mode to fill in the gaps.  The fiber grating was 

stretched with a manually adjustable translation stage.   

Temperature tuning of the laser is demonstrated in Figure 4.6.  Changes in 

temperature of 0.2ºC at 20ºC result in wavelength shifts of approximately 14 pm.  This 

temperature shift corresponds to a change in Peltier current of about 5mA.  The 

smaller peaks at shorter wavelengths are due to the fact that this FBG also has multiple 

peaks in its reflection spectrum.  These should disappear with a single, narrow 

linewidth FBG. 
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Figure 4.6:  Cooling the diode laser by 0.2ºC decreases lasing wavelength by about 14 

pm.  Right most peak is at 21ºC with temperature decreases to 19ºC.  Decreasing 

temperature shifts peaks to the left and also causes transfer of energy from the large 

peak to the smaller due to the wide linewidth of the grating. 

 

By adjusting both temperature and grating strain, continuous tuning can be 

achieved.  Coarse tuning is accomplished by straining the FBG while the fine tuning is 

done by adjusting the current to the thermoelectric cooler.  By fine tuning both strain 

and temperature the feedback can be centered on a single mode of the cavity and the 

second smaller mode can be eliminated as shown in Figure 4.7. 
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Figure 4.7:  Continuous tuning can be achieved by adjusting both grating strain and 

temperature.  The peaks are separated by about 80 pm. 

 

4.4  Summary 

 

The coated diode laser exhibited a threshold shift of more than 10 mA caused 

by the application of an approximately 0.5% antireflection coating on one facet.  This 

single layer AR coating was not sufficient to completely eliminate the mode structure 

from the diode laser and this caused mode-hopping while tuning the laser.  The fiber 

Bragg grating provided rather broad feedback that was caused in the manufacturing 

process.  To alleviate these issues temperature tuning was implemented with the 

already built in thermoelectric device used for temperature stabilization.  This 

combination of tuning methods did result in a very smooth tuning range.  Figure 4.7 

demonstrates continuous tuning over a range of > 1 nm.  A total tuning range of 

approximately 10 nm was obtained, from 1292-1302 nm.   
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Chapter 5 

Conclusions and Future Work 

 

5.1  Conclusions 

 

It is the goal of this project to develop a diode laser with wavelength selectivity 

controlled through feedback from a fiber Bragg grating for use in fiber sensing 

systems.  Ideally the tuning range would have to be large and continuous, the 

construction simple and durable, and the cost cheap.  Some of these goals are achieved 

with the current device and others remain just out of reach.  But, it has been shown 

that even an imperfectly AR-coated diode laser coupled to a fiber Bragg grating output 

mirror can be continuously tuned across a wide spectral bandwidth by using a 

combination of FBG tuning and temperature tuning.  Such a laser source provides 

significant narrow-linewidth optical power which is useful for FBG strain sensor 

systems.  This power level is much higher than that from a broadband LED making 

detection much easier.  Having a narrow-band laser source also eliminates the need for 

a reference FBG in a strain sensor application.  While not tunable at a fast rate, the 

wavelength is quite stable.  It could be tuned for point-by-point readout of many FBG 

strain sensors of different wavelengths at different locations down the fiber. 

 

Any external cavity tunable diode laser requires a very good antireflection 

coating for continuous tuning.  The design and application of such coatings can be a 

task that a company would spend years and significant sums of money developing.  

Sacher-Laser in Germany and New Focus in California both have invested in AR-

coated laser diode technology and both are wary to share any information.  Diode 

manufacturers, too, are not usually willing to disclose what exactly their facet 

treatments are.  A perfect AR coating on a laser diode is not in the time frame or 
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budget of this particular type of academic work, but it is possible to come close as 

shown here. 

Fiber Bragg grating manufacturing can also be a touchy art at the best of times.  

In this work the modified phase mask technique is used as it allows for the writing of a 

specific wavelength within a large range of wavelengths.  Unfortunately, the 

equipment is not optimal and the technique not quite refined enough for narrow 

linewidth gratings at precisely the right wavelength.  But here again, with limited time 

and money, it is shown that it is possible to create proof of concept devices that can be 

adequate for many applications. 

 

5.2  Future Work 

 

This project has shown potential.  With refinement of the AR coating process, 

along with pursued communication and collaboration with diode manufacturers, and 

development of an effective AR coating design, an acceptable coating could be 

produced with the facilities at OSU.  It should be possible to achieve this with a 

single-layer AR coating, but it may turn out to be necessary to go to a multi-layer 

coating design.  It probably would not have to be 10-20 layers like a commercial wide-

band filter or coating, but perhaps only a few layers.  Further process development 

with the FBG writing would certainly be able to provide the narrow gratings 

necessary.  Even the coupling of the fiber to the diode could benefit from some bulk 

optics to improve efficiency, and a monolithic design would improve stability.  With 

simple improvements to the design and construction of the device in this work, a high 

quality instrument can be made cheaply and without the need for temperature 

adjustment. 
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