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Abstract

The progress in design and fabrication of nitride LDs allowed them to reach

certain maturity. Based on the experience gained on laser diodes, constructions

of more complex systems became possible. The newly designed optical devices

are of great interest due to many existing and potential applications.

The following dissertation addresses issues related to integrated optical devices

based on the construction of a conventional nitride laser diode of ridge-type

waveguide. In the introductory part, early stages of nitride research (Chap-

ter 1) and the principles of laser diode operation (Chapter 2) are presented. In

Chapter 3 the design of a nitride laser diode structure is discussed in more detail.

The second part of the dissertation presents results of my research carried out

at the Institute of High Pressure Physics, Polish Academy of Sciences. Chap-

ter 4 is devoted to the study (both experimental and theoretical) on the internal

structure of an InGaN laser diode, in particular to the problem of the transversal

confinement of the optical mode. Drawing on the experience which I gained dur-

ing my visit to Regensburg University, I developed a measurement setup, which

allows to measure the near-field of LDs and laser-based integrated structures and

now serves as a part of a standard characterization of devices fabricated at the

Institute of Physics, Polish Academy of Sciences and its spin-off TopGaN Ltd.

In Chapter 5 the issues of adapting InGaN LDs to molecular and atom spec-

troscopy are addressed. In particular, tuning of a laser diode by means of ex-

ternal cavity (formed by a diffraction grating) and by means of temperature are

discussed. Next, an example of NO2 detection on a single ppb level using Cav-

ity Ring Down Spectroscopy is reported. A construction of an external cavity

frequency stabilized laser diode using Littrow configuration is described.

Chapter 6 introduces second in the world demonstration of Superluminescent

Light Emitting Diodes, and describes in detail the study on temperature charac-

teristics of these devices.
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Finally, Chapter 7 deals with the integrated systems of mini laser arrays, where

a systematic characterization of these systems is presented. The research showed

that for old epitaxial design the mini-arrays were optically coupled through the

leaking mode due to insufficient transversal optical confinement. The new gener-

ation of arrays did not show any coupling.
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Chapter 1

Introduction

1.1 Optical semiconductor devices and their op-

toelectronic applications

Looking back on its history, semiconductor technology and the development of

semiconductor based optoelectronics achieved tremendous success providing a va-

riety of devices that served as light sources in many different applications. The

highlights are light emitting diodes (LEDs), considered as perfect replacement

for incandescent lamps due to their reliability, high brightness and low power

consumption. Nowadays they are commonly used e.g. in traffic lights, screen

displays or as interior lightning in cars, buses and trains.

One of the most powerful and bright example are semiconductor laser diodes

(LDs), which became more and more frequently utilized type of laser device. The

wavelength range covered with semiconductor LDs extends from approximately

0.3µm to around 11µm, if we consider only the conventional semiconductor

lasers, where the emission wavelength depends on the semiconductor bandgap.1

Numerous applications and commercial perspectives have drown considerable at-

tention of many research groups and companies, starting in the early 1960ties.

In the beginning, the main interest was concentrated on optical information stor-

age – introducing compact discs (CDs) had revolutionized data storage systems

throughout the world. A very important application was in communication solu-

tions, in which LDs served as carrier and pumping sources. Finally, high power

LDs were widely employed in optical pumping of YAG lasers.

1With quantum cascade lasers (QCLs), relaying on intraband transitions, the range spreads
to the mid-infrared (3 - 25µm) and to a large part of the far-infrared region (50-300µm).
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In view of promising progress in the long wavelengths region a lot of effort was put

into shifting the emission towards green and blue. II-VI group of semiconductors

was explored to go from green (CdZnSe) to blue (ZnSe) emitters. Unfortunately,

despite major research worldwide, ZnSe blue light-emitting devices suffered from

very short lifetimes due to defects in the material that quenched the light emis-

sion. Availability of efficient and reliable short-wavelength emitters was finally set

up with the choice of nitride materials – GaN, AlN and InN and their ternary and

quaternary compounds. However, before reaching maturity in their fabrication,

many technological obstacles had to be overcome. The room-temperature band

gap energy of AlGaInN compounds extends from 0.7 eV for pure InN through

3.4 eV for GaN to 6.2 eV for AlN and can be controlled by alloy composition.

This direct bandgap material system features not only the capability of band

engineering from infrared to ultraviolet emission wavelengths, but also excellent

physical and chemical stability as well as exceptional thermal conductivity, all

equally important from the point of view of practical applications. With the ad-

vent of nitrides, emitters of the three primary colors (red, green and blue) became

available, which made it finally possible to obtain efficient white-light emitters

as well as full-color and large-screen displays. Recent display applications like

pocket projectors or laser TV are already in advanced stage of development.

Shorter wavelengths also mean smaller size of focusing spot, determined by the

diffraction limit, which is inversely proportional to the square of the wavelength.

Thus new optoelectronic applications like Blu-ray disks with increased storage

capacity or improved resolution of printing devices, employing laser diodes and

laser diode arrays, are only first advantages to be disclosed.

At this point one should also mention spectroscopic applications of optoelectron-

ics of which major part is based on laser spectroscopy. Semiconductor LDs are

frequently employed not only due to their reliability and compact size, but mostly

because they can be designed for a specific wavelength owing to band engineering.

Additional advantage comes from the unique possibility of further adjustment of

the emitted radiation through wavelength tuning, by means, e.g. of temperature

or in external cavity set-ups, which facilitates tuning into the resonant transition

lines of the analyzed samples.

Benefits from the above mentioned aspects can be found not only in the field

of basic research but also in many practical applications – detectors and sensors

of chemical and biological species, environmental pollutants, drugs and cancer
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CHAPTER 1

recognition, or detection of certain explosive materials. One of particularly inter-

esting application, a novel type of device in the blue spectral range, is a Superlu-

minescent Light Emitting Diode (SLED) which has unique properties of spatial

coherence (similar to laser diodes) combined with broadband, continuous emis-

sion (similar to LEDs) and which is used in biomedical and industrial imaging

based on optical coherence tomography (OCT).

1.2 Milestones in the evolution of nitrides

Report on fabrication of the first gallium nitride based LED, by Pankove et al.

date to 1971 [1]. However, most of the early research programs in nitride technol-

ogy were unsuccessful, and eventually abandoned, due to fundamental material

problems. Thermodynamic properties of GaN, in particular extreme melting

point conditions with melting temperature of around 2220 ◦C obtained under

equilibrium nitrogen pressure of 6GPa [2] excluded standard techniques of grow-

ing high quality bulk crystals from a stoichiometric solution by the Czochralski

or Bridgman methods, commonly used in other material systems.

As no suitable bulk-crystal technology for producing gallium nitride substrates

was available, heteroepitaxy had to be applied. In consequence of high lattice

mismatch, thermal-expansion-coefficient differences and chemical incompatibility,

nitride epilayers exhibited high dislocation densities and poor surface morphology.

First GaN layers on sapphire were obtained from a vapor phase by Hydride Vapor

Phase Epitaxy (HVPE) [3], in which gallium was transported as a chloride after

a reaction with HCl gas. As for the source of nitrogen, NH3 was used, and the

applied growth temperature of GaN epilayers was around 900 ◦C. The high n-type

background doping was inherent with the growth method due to unintentional

contamination with oxygen, which eventually hampered successful fabrication of

p-type materials for almost two decades.

Development of the Metal Organic Chemical Vapor Deposition (MOCVD) [4]

brought in the mid 1980ties the idea to use low temperature nucleation layers of

AlN [5, 6] and GaN [7], which resulted in in a successful growth of high quality

GaN films with mirror-like flat surfaces, despite a 15% lattice mismatch between

a sapphire substrate and GaN.

The above mentioned problem of fabricating a p-type material was of major

concern for the early research in nitrides. Three factors delimited obtaining sig-
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nificant p-type conduction: hydrogen passivation of acceptors, low p-type carrier

mobility, and high background n-type carrier concentrations. In the beginning

all nitride material that was doped with acceptors had dopant levels that were

too deep, dopants that were passivated by hydrogen atoms, or too few dopants to

achieve net p-type conduction. Magnesium was the most promising candidate for

an effective acceptor impurity. However, large concentrations of Mg were required

due to the relatively high (between 150-250 meV in GaN) ionization energy limit-

ing the fraction of activated ions to 1% at room temperature. The most significant

problem was hydrogen passivation of acceptors. Molecular hydrogen served as the

carrier gas for ammonia during the MOCVD process. In addition to ammonia-

induced compensation, electrically inactive Mg-H complexes were formed and

thus magnesium no longer contributed p-type carriers. In 1989 Amano et al. ob-

tained p-type conductivity from initially highly resistive Mg-doped GaN applying

a post-growth irradiation by a low-energy electron beam (LEEBI). The research

was followed by a demonstration of the first III-nitride-system-based p-n junction

LED [8].

The origin of the acceptor compensation mechanism was not correctly recognized

until 1992, when Nakamura et al. demonstrated that Mg-doped GaN could also

be made conductive by thermal annealing (700 ◦C) in an N2 ambient [9]. The

process was observed to be reversible with the GaN reverting to insulating com-

pensated material when annealed under NH3. Hydrogen was thus identifed as the

critical compensating agent. The discovery was further confirmed by theoretical

calculations by Neugebauer et al. [10].

Another breakthrough was associated with further improvements of the MOCVD

technique, leading to a successful deposition of a high quality InGaN layers, de-

signed to form the active region of the blue light emitting devices. Using a

self-designed two-flow MOCVD reactor Nakamura et al. [11] succeeded in grow-

ing an InGaN/GaN multiple quantum well (MQW) structure with enhanced

photoluminescence intensity at room temperature [12]. This was the starting

point for the mass production of bright blue and green LEDs, deposited on sap-

phire substrates. Soon thereafter further optimization of the growth technology

and improvement in the structure design promoted a demonstration of the first

room temperature (RT) pulse-operated LD [13], followed by a fabrication of the

first room-temperature III-nitride-system-based LD working in continuous wave

(cw) regime [14]. Further improvements including a demonstration of strained
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AlGaN/GaN superlattices, which allowed to grow thicker cladding layers [15] and

finally obtaining low defect density GaN substrates by epitaxial lateral overgrowth

(ELO) [16] successfully prolonged the devices lifetimes and led to commercializa-

tion of the entire production technology [17].
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Chapter 2

Lasing action in semiconductor

media

To understand the concepts that make laser diodes work some basics to the

principles of their operation are needed. Semiconductors, in the very beginning,

were not even considered for lasers as they are absorptive and would attenuate the

band-edge light emission. Clearly, the view has changed after discovering that a

semiconductor can be made transparent by optically or electrically injecting large

concentrations of electrons and holes into the lasing medium via a p-n junction.

Lasing action is a consequence of several intricate processes, which take place

simultaneously in a semiconductor medium. There are three basic radiative tran-

sitions describing the interaction between light and matter. The situation, where

the injected electrons can recombine with holes to give off photons is termed

spontaneous emission, wherein spontaneous means that the probability of the

process does not depend on the presence of other photons. In a different process

termed absorption, a photon can be taken up by a valence electron exciting the

latter into the conduction band. Of particular interest is stimulated absorption in

which the probability depends on the presence of other photons of the same en-

ergy. Finally, when accompanied by another photon, a conduction band electron

recombines with a hole creating a new photon, stimulated emission occurs. The

newly generated photon shares the same phase, direction, energy, and polariza-

tion as the stimulating one, contributing to amplification of the electromagnetic

wave. A scheme of all three processes is shown in Fig. 2.1.

Conditions that lead to lasing in a semiconductor medium require considering

all three radiative processes, which occur simultaneously and which are strong
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Lasing action in semiconductor media

Figure 2.1: Schematic diagrams of three basic radiation processes: (stimulated) ab-
sorption, spontaneous emission and stimulated emission.

functions of the conduction and valence band structures. In the absence of the

stimulated emission, the light is attenuated and overall losses are experienced,

therefore no lasing can be obtained. The opposite situation, when stimulated

emission occurs (which is only possible beyond transparency), gain is achieved

sustaining the electromagnetic wave.

In order to reach lasing the stimulated emission must dominate over the absorp-

tion process. This means that non-equilibrium conditions need to be imposed

upon the carrier distributions, resulting in a higher population of free carriers in

the upper state (conduction band) than in the lower state (valence band), which

is described as a population inversion. The occupation probabilities for energy

levels E2 and E1 of the conduction and valence bands (f2 and f1, respectively)

can be described applying Fermi statistics even under non-equilibrium conditions.

Using a separate quasi-Fermi level the occupation probabilities are [18]:

valence band f1 =
1

e(E1−EFv)/kT + 1
(2.1a)

conduction band f2 =
1

e(E2−EFc)/kT + 1
(2.1b)

When the semiconductor is pumped beyond transparency, in terms of population

it means that the separation between the quasi-Fermi levels of the conduction EFc

14
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and the valence EFv bands is greater than the semiconductor bandgap Eg [18]:

EFc − EFv > Eg (2.2)

This condition demands that the voltage across a p-n junction must be greater

than the bandgap to achieve gain in the active region.

Fig. 2.2 schematically shows the upward and downward transitions across the

bandgap, illustrating the previously mentioned processes. Initially the top of the

valence band is filled with electrons. With photon absorption (step 1 in Fig. 2.2a)

optical exctitation occurs, transferring the electron vertically from a deeper state

within a valence band into the conduction band. The vertical transition denote

the momentum conservation (the photon momentum is negligible). Almost in-

stantly the excited electron thermalizes down to the bottom of the conduction

band, depicted as step 2 in Fig. 2.2a. The process of thermalization is determined

by the rate of dominant scattering mechanism, which is polar optic phonon scat-

tering in compound semiconductors taking place at picosecond scale [19]. Having

an electron at the bottom of the conduction band and a hole at the top of a va-

lence band means that population inversion is created. The condition is retained

for a time period of the order of 1ns, which corresponds to recombination time

of an electron with a hole at the top of the valence band (step 3 ). Again, a ther-

malization process occurs and the electron nearly instantly leaves the top of the

valence band, which is illustrated by step 4. The idea of transparency illustrates

the diagram shown in Fig.2.2b, where the separation between energy levels E2

and E1 (defining absorption) is larger than the photon energy created through

recombination from the bottom of the conduction band to the top of the valence

band.

Finally, when the semiconductor is pumped and transparent, the optical elec-

tromagnetic wave can be amplified owing to the conversion of the medium from

an absorptive to an amplifying one. Illustrated in Fig. 2.2c, the loss in a semi-

conductor is a function of energy. When approaching transparency by optical

or electrical pumping, the loss is reduced towards zero at the onset of trans-

parency and transformed into gain. For photon energies exceeding the separation

of quasi-Fermi levels, the gain changes to loss. If the pumping level is increased,

the separation between the quasi-Fermi levels is greater and the gain extends to

higher energies [19].

Obtaining photon densities high enough to reach lasing was a non-trivial problem.
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Lasing action in semiconductor media

Figure 2.2: Optical transitions in semiconductors: (a) excitation (process 1), followed
by relaxation to the bottom of the conduction band (process 2, τ ∼ 10−12 s), radiative
recombination with photon emission (process 3, carrier lifetime - time interval before
recombination - ∼ 10−9 s) and electron relaxing to a hole state created by process 1
(process 4); (b) schematic representation of absorption and emission processes in a semi-
conductor beyond transparency; (c) gain/loss diagram for a semiconductor at T > 0K
for a pumping level beyond transparency. Profile of the gain curve is determined by
the product of the joint density of states and the Fermi factor.
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In the early stages of GaAs lasers bulk p-n junctions were used and only gain

guiding induced by injection of electrons existed. Because of the large volumes

that had to be pumped, operation was limited to only cryogenic temperatures.

With the introduction of double heterostructures it became possible to confine

both the carriers and the optical field to a very small volume maximizing the

stimulated emission, which allowed for both room temperature and continuous

(cw) operation. Details of the waveguide design will be the subject of a closer

analysis presented in chapters 3 and 4.
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Chapter 3

Laser diode: significance and

influence of structure design on

laser’s performance

A semiconductor laser diode is a highly directional and nearly a monochromatic

light source that emanates from a leaky optical cavity [19]. When electrically

driven, the carriers (electrons and holes) are injected into the active region, where

they can recombine radiatively and the process of light amplification occurs, pro-

vided the gain is adequate to stimulated operation. One of the unique attributes

of those lasers is the built-in optical waveguide, which is realized by manipulat-

ing the composition of alloys that contrast in the refractive index and energy

bandgap, and which is termed heterostructure design. Waves encountering the

total internal reflections are supported by the waveguide and are called the waveg-

uide modes. In case of in-plane LDs, the structure comprises a three dimensional

optical cavity with three distinct waveguide modes, namely: lateral – which is

in plane of the epitaxially grown layers, transversal – perpendicular to the epi-

layers and longitudinal which is the direction of the light propagation along the

laser’s waveguide. The latter is the direction in which an optical feedback is pro-

vided through cavity mirrors, which completes the condition for lasing action. In

this chapter an overview on the construction of a laser diode will be presented,

briefly discussing the design and its influence on the overall performance of a

laser. Fig.3.1 shows a scheme of a LD structure, the next sections analyze key

aspects of the construction of nitride lasers.
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Laser diode structure

Figure 3.1: A scheme of an in-plane ridge-waveguide laser diode.

3.1 Substrate

The choice of a proper substrate material for the growth of GaN and nitride-based

structures for many years was burdened with plenty of nontrivial difficulties due to

the lack of the native GaN bulk crystals. Majority of the problems that hindered

the progress in nitrides had two main origins of which the lattice mismatch was

responsible for stacking faults and dislocations, whereas the thermal mismatch

caused epilayers to crack on cooling during the growth and post-growth processes.

GaN, AlGaN and InGaN were grown primarily on (0 0 0 1) - sapphire, but also on

other surfaces, namely (2 1 3̄ 1), (1 1 0 1̄), (1 1̄ 0 2) and (1 1 2̄ 0). Besides, the III–V

nitrides were tried on a plethora of substrates: SiC, Si, NaCl, GaP, InP, ZnO,

MgAl2O4,TiO2, and MgO [20]. The lattice-mismatch lead to a substantial density

of misfit and threading dislocations, which was in the range of 108 − 1010 cm−2.

A partial solution to this problems came with the selective epitaxy followed by

coalescence, which went by many names in literature, such as epitaxial lateral

overgrowth (ELO), lateral epitaxial overgrowth (LEO), and epitaxial lateral over-

grown GaN (ELOG). The approach allowed for reduction of dislocation densities

down to 106 cm−2.

The basic concept of the method was to reduce defect propagation in masked

regions of the substrate where the laterally overgrown GaN was defect free (see

Fig. 3.2). For example, Nakamura developed the ELOG technique, in which a

silicon dioxide mask was used to block dislocation propagation, and a “defect-

free”film was achieved in the laterally overgrown region. After 100 microns of

growth, a fully coalesced GaN thin film was obtained, and a proprietary (Nichia)
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process removed the sapphire substrate. Laser diodes with InGaN/GaN multiple

quantum well (MQW) active regions were then grown on top of such virtual bulk

GaN substrate. The active regions were thus defect free and could operate under

high current densities (3 kA/cm2) [21].

Studies of the optical properties of LEO GaN [22, 23] and InGaN quantum wells [24]

have revealed that threading dislocations act as non-radiative recombination cen-

ters, which manifest themselves as energy states in the forbidden energy bandgap

reducing the quantum efficiency as well as producing scattering centers. Other

adverse effects of structural and point defects are that impurities diffuse more

readily along threading dislocations, and carrier transport is either impeded, as

in lateral transport, or aided, as in vertical transport [20].

The minority carrier diffusion length (∼ 200nm) is smaller than the average dis-

tance between threading dislocations, so the emission mechanisms of the carriers

that do recombine radiatively appear to be unaffected by moderate threading

dislocation densities (∼ 106 − 109 cm−2). However, reduction of those defects

results in suppression of the reverse leakage current by approximately 3 orders of

magnitude in GaN p-n junctions [25], and in InGaN single [26] and multiple [27]

quantum well LEDs. The use of epitaxial lateral overgrown GaN has also resulted

in marked improvements of InGaN/GaN laser diodes lifetimes [28].

Figure 3.2: The idea of an ELOG: Epitaxial Lateral Overgrown GaN. Mask regions
are fabricated with SiO2 layers. During re-growth process dislocations propagate in the
opened regions, leaving the masked areas defect-free.

State-of-the-art in the GaN substrate technology is based mainly on hydride vapor

phase epitaxy (HVPE) [29, 30]. The strong point of this technology is its ability to
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produce at high growth rates relatively thick films of high quality, which after de-

lamination from a sapphire or other material substrate could be further used as a

quasi-substrate, being frequently termed as freestanding GaN. Unfortunately, due

to the lack of native seeds, the freestanding GaN is bowed and not stress-free. In

addition to HVPE, which can produce substrates with dislocation densities close

to 104 − 105 cm−2 there is the high-pressure high-temperature (HPHT) growth

method, combining high temperatures (of about 1500 ◦C) with extremely high

nitrogen pressure (∼ 15 kbar),which can give the ultimate in terms of low defect

density [31]. Such high pressures, however, prevent the use of large growth cham-

bers. This imposes limitations on crystals size, which are typically not larger

than an inch in diameter.

Table 3.1: State of the art in GaN substrate technology.

Technology Supplier Typical dislocation

density

Target

applications

HVPE Sumitomo Electric

(Japan)

∼ 104 cm−2 405nm LDs for

Blu-ray discs and

Sony PS3

KymaTechnologies

(USA)

5 · 106 cm−2 LEDs

TDI Oxford

Instruments (UK)

104 − 105 cm−2 high brightness LEDs,

LDs, HEMTs

Lumilog (France) ∼ 106 cm−2 LEDs

Hitachi Cable (Japan) 105 − 106 cm−2 LEDs, LDs

Mitsubishi Chemical

(Japan)

∼ 2 · 105 cm−2 LEDs

TopGaN (Poland) 105 − 106 cm−2 LDs

HPHT TopGaN (Poland) 102 cm−2 LDs

Ammonothermal

growth

Ammono (Poland) 5 · 103 cm−2 bulk substrates for

LDs, LEDs,HEMTs
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Progress in GaN substrate fabrication is very much anticipated with the recently

developed technique of ammonothermal growth [32, 33] of truly bulk gallium ni-

tride crystals of excellent quality with the lowest defect densities uniformly dis-

tributed over the large 2-inch, strain-free, mirror-like flat wafers. From the point

of view of their fabrication, the growth processes are highly controllable and re-

producible at relatively low process temperatures (500 − 600 ◦C) and pressures

(0.2− 0.5GPa) and are relatively easy scalable. An overview of presently avail-

able substrates is given in Table 3.1, where methods of fabrication, crystal quality

and leading suppliers are compared.

3.2 Carriers and photon confinement

The importance of incorporating proper confinement into a LD structure was

already announced in the previous sections. Confinement of carriers in transversal

direction is realized by a thin slab of undoped active material sandwiched between

p- and n-type cladding layers which have a higher conduction–valence band energy

gap. Because the bandgap of the cladding layers is larger, light generated in the

active region will not have sufficient photon energy to be absorbed in them, i.e.

E21 = hν < Egcladding
. Under forward bias, electrons and holes are injected from

the n-type and p-type regions into the active region, where they are confined

through the potential barrier. Due to the fact that gain is a function of carrier

density and of the Fermi factor (f2 − f1), quantum wells are used for efficient

carrier confinement. In consequence, an increase of the radiative recombination

rate and simultaneously a decrease in the recombination lifetime are observed.

However, a slight modification to the design is needed, which is termed separate

confinement heterostructure (SCH).

3.2.1 Separate confinement heterostructure

To minimize the material volume to be pumped for obtaining population inversion

and thus to make the injection current that is required to reach the transparency

condition as small as possible, a very thin active regions, quantum wells, are

used. Such a construction provides much better confinement of carriers but also

leads to a substantial reduction of losses, minimizing the number of undesired

recombination centers (such as dislocations) introduced into the active region.

However, as a quantum well thickness is only of a few nanometers, proper waveg-
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uiding of the optical mode is needed. Figure 3.3 (after Ref.[19]) illustrates the

idea of a construction, in which InGaN quantum well region is surrounded by an

intermediate bandgap GaN separate photon confinement region and sandwiched

between the large bandgap p- and n- type AlGaN cladding layers. The thick-

ness and composition of the cladding layers have a profound influence on the

laser’s performance since insufficient confinement of the optical mode results in

the leakage of the radiation. In consequence of the optical field escaping from

an unoptimized waveguide to a transparent substrate, pumping of the structure

to reach lasing is very difficult, if not impossible, and requires very high driving

currents. The problem of the mode leakage from the n- type cladding, giving rise

to substrate modes will be the subject of a detailed study reported in Chapter 4.

Figure 3.3: From the top: transverse profiles of the bandgap, refractive index and the
optical field intensity in a separate confinement heterostructure.
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Because the cavity volume occupied by the photons Vp is larger than the active

region volume occupied by electrons V , we need to account for this electron-

photon overlap factor, V/Vp, which is generally referred to as the confinement

factor Γ [18] and is a basic parameter in SCH structure description.

Finally, beyond the unqestionable advantages of the design, there are also prob-

lems associated with heterojunctions. One of the critical difficulty manifests in

the resistance introduced by the heterointerfaces. As schematically shown in

Fig. 3.3a, the abrupt interfaces between materials of different composition induce

transfer of carriers from the larger-bandgap alloy to the smaller-bandgap material

resulting in bending of the bands and formation of a small potential barrier. Un-

der forward bias, carriers transferring from one semiconductor to the other must

overcome this barrier by either tunneling or by thermal emission over the bar-

rier. The resistance caused by heterojunctions can have a strong deleterious effect

on device performance, especially in high power devices since thermal power pro-

duced by heterostructure resistances leads to heating of the active region, thereby

decreasing the radiative efficiency [34].

3.2.2 Active region – quantum wells

A blueprint for the emission wavelength of a semiconductor laser requires choosing

the appropriate composition of the active region alloy that forms quantum wells.

Ternary and quaternary compounds of the AlInGaN material system allow for

continuous bandgap tuning, from the deep ultraviolet to the far infrared [19].

The choice of the barriers’ height, the width of the quantum wells as well as their

composition are limited by several important physical and technological effects

that need to be taken into account. Of particular importance is the problem of

indium segregation and indium phase separation. On the other hand the effects

connected with spontaneous and piezoelectric polarization also have a profound

influence on laser parameters.

Indium segregation and indium phase separation

Fabrication of semiconducting alloys with a possibility of independent tuning

of the bandgap and the lattice parameter is of great importance. An accurate

matching of the alloy lattice constant to that of the neighboring material results

in less defective structure, and thus better operation quality of the laser. Very

often the range of tuning is given by assuming a linear variation in energy gaps
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Figure 3.4: Energy gaps of GaxAl1−xN, InxGa1−xN, and InxAl1−xN as functions of
lattice parameter, (a) for a uniform and (b) clustered distribution of cations. The
triangle formed by dashed lines corresponds to a linear approximation of the relation
between band gaps and lattice parameters. The shaded area covers the region where
the experimental points are lying. Courtesy of Iza Gorczyca.

with lattice parameters (e.g. [35]). However, recent theoretical calculations by

Gorczyca et al. [36] revealed that the assumption, in case of nitride alloys, could

be particularly misleading. Fig.3.4 shows results of ab initio calculations as well

as experimental data displaying large deviations from linearity in case of both

uniform and clustered distributions of the admixed cations. The growth of In-

GaN alloys has proven to be exceedingly challenging, mostly due to the trade-off

between the quality of the epilayers and the amount of InN admixture into the

alloy as the growth temperature is changed. At the maximum temperature typi-

cally used for the epitaxial growth of InxGa1−xN (800 ◦C), which usually results
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in high crystalline quality, the amount of InN in the solid is limited to low values

because of the high volatility of nitrogen over InN [37].

Theoretical calculations revealed that at this temperature the solubility of indium

in GaN is less than 6% and that the critical temperature for phase separation

is 1250 ◦C [38], indicating that InxGa1−xN alloys are unstable over most of the

composition range at normal growth temperatures. Attempts to obtain higher

indium concentrations showed that by using MOVPE and lowering the growth

temperature from 800 to 500 ◦C an increase of indium concentrations was ob-

served, but at the expense of reduced crystalline quality [37]. Efforts to increase

the InN concentration in the solid by raising indium vapor pressure resulted in

In droplets on the surface [39]. Phase separation was reported still in the early

(1975) experiments, after InxGa1−xN samples with x ≥ 0.1 were annealed in ar-

gon ambience at various temperatures below 700 ◦C [40]. Calculations reported

by Teles et al. [41] confirmed the existence of a broad miscibility gap for growth

temperatures around 1000K for unstrained InxGa1−xN alloys and that the region

of spontaneous decomposition is reduced by strain. In particular, high indium

content regions have been observed around screw dislocations [42, 43], which are

believed to act as seeds for spiral growth of hillocks, creating favorable conditions

for In segregation. Measurements of wavelength-dependent cathodoluminescence

(CL) in InGaN quantum wells allowed to correlate those defects with the indium

rich regions, where the observed CL intensity was much brighter due to the migra-

tion of carries into high indium concentration areas [43], in which the bandgaps

are relatively smaller.

This spatial variation in composition inevitably affects optical properties of fab-

ricated samples leading to inhomogeneous broadening of the gain spectra as well

as of the electroluminescence spectra, due to potential fluctuations [44, 45]. As

a consequence of this inhomogeneous broadening and other adverse effects like

defects-associated high indium concentration regions acting as non-radiative re-

combination sites for carriers, the laser threshold currents were substantially in-

creased, resulting in degradation of laser’s performance. Lastly, the material

barrier (associated with indium clustering) to provide good quality layers and

push the emission toward longer wavelengths had only been solved recently.

For example, studies by Krysko et al. [46] revealed that adequate preparation of

a substrate can influence the way in which indium incorporates during InGaN

growth. By using slightly misoriented substrates, of around 0.2 ◦ to 2 ◦ miscut
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angle in the direction [112̄0] with respect to the wurzite crystallographic c-plane,

it is possible to obtain growth conditions in which a flow of the atomic steps takes

place during the epitaxial structure build-up. Such misorientation of the substrate

is presumed to control the spacing of growth steps at the growth surface and, in

consequence, to influence the diffusion of ad-atoms to these steps, independent of

temperature and III/V ratio [46]. In principle, a larger miscut angle should give

rise to a reduced spacing of surface steps and thus promote In clustering at step

edges, while a smaller miscut should lead to wider spacings and, in turn, possibly

to homogeneous formation of two-dimensional nuclei on the terraces between the

steps. The possible origin of the differences in In content of terraces’ treads and

rises can be explained by surface thermodynamics [47].

Finally, a very interesting effect attributed to miscut-induced growth mechanisms

on the small steps of terraces has been reported by Suski et al. [48]. Experimental

studies showed that a relatively small (up to 2 ◦) GaN substrate misorientation

can also strongly change the hole concentration in Mg-doped GaN layers grown

by MOVPE. Typically, due to relatively large activation energy of Mg acceptors

(150−200meV ) as well as high unintentional donor concentration (inherent with

the growth process), hole carrier concentrations are limited to the magnitude not

exceeding 5 · 1017 cm−3 at 300K. The use of a misoriented substrate lead to

an increase in the hole carrier concentration to the level above 1018 cm−3 and a

decrease in GaN:Mg resistivity below 1Ωcm. This effect does not originate from

higher Mg incorporation, as it was verified by secondary ion mass spectroscopy

(SIMS) measurements and also confirmed by a closer analysis of the tempera-

ture dependence of electrical transport. Introducing relatively low density of Mg

acceptors enables to avoid formation of defects consisting of Mg in non-acceptor

states, wheras a decrease in unintentional donor density is responsible for the

observed increase in the hole concentration.

Polarization effects

Dissimilar to most of the III-V semiconductor compounds, like GaAs or InP which

crystallize in the zinc blende structure, GaN and related alloys are grown usually

in the hexagonal wurzite symmetry. Although a zinc blende symmetry GaN can

be grown using cubic substrates like Si [49], 3C-SiC [50] or GaAs [51], its character

is metastable and leads a significantly lower crystal quality. Unfortunately, there

is a disadvantage of the wurzite configuration that originates from the lowered
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symmetry in those crystals due to lack of the centre of inversion symmetry of the

crystallographic structure along the c-axis. In consequence, crystals grown along

[0001] direction in hexagonal symmetry are subject to strong built-in electric

fields, which in case of nitrides are highly pronounced.

There are two components inducing material polarization in the wurzite symme-

try of nitrides. The first originates from the intrinsic asymmetry of the partly

ionic bond in the equilibrium crystal structure of lowered symmetry. As a result

a bulk net displacement of the negative charge towards nitrogen along [0001] di-

rection occurs, leading to formation of spontaneous polarization [52]. This effect

is particularly important, when heterointerfaces between two nitride semiconduc-

tors with varying electronegativity are involved, which manifests as a polarization

charge at the heterointerfaces.

The other component of the internal electric field is a strain-induced piezoelec-

tric polarization, which originates partially from the lattice mismatch between the

GaN substrate and InGaN-based quantum wells and partially from thermal strain

caused by the thermal expansion coefficeint difference between the substrate and

the epitaxial layers [53]. As a result of this mismatch, QWs in the active region are

subject to compressive biaxial strain induced in a junction plane. In order to pre-

serve the volume of a unit cell, additional distortion along c-axis appears leading

to piezoelectric polarization. In case of gallium nitride, piezoelectric coefficients

are an order of magnitude higher than in many of the traditional group III-V

semiconductors [54, 53, 55, 56, 57]. The total amount of internal electric fields

can reach up to 1MV/cm for a typical In content in a quantum well of less than

10%. The effect was originally predicted by means of ab initio calculations [54]

and confirmed by experimental measurements [58, 59].

Spontaneous and strain-induced piezoelectric polarization can influence the final

status of the interfacial free-charge density (sheet carrier density) in heterostruc-

tures. For multiple interface heterostructures, the sheet carrier density and barrier

thickness, but also the width of quantum wells are all to be taken into account,

because the potential drop across the structure is directly proportional to the

product of polarization field and the well width.1 Polarization discontinuity at

the interfaces implies a net spatial separation of carriers, resulting in a bound

charge appearing on each interface and being a source of a step-like change in the

electric field. This electric field causes band bending to the extent of transforming

1using a constant field approximation, when free-carrier screening is neglected [20]
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otherwise square quantum well potential distribution to a triangular distribution

in the constant field approximation [20], which in turn is responsible for a red

shift in radiative recombination transition energy. The problem is referred to

as a quantum confined Stark effect and is additionally a current-dependent phe-

nomenon [60]. Presence of the electric field induces a spatial separation of electron

and hole envelope wavefunctions towards triangular potential minima at oppo-

site interfaces of a QW (see Figure 3.5), resulting in a reduction of the oscillator

strength and thus the radiative recombination rate along with the optical gain.

Figure 3.5: Crystal planes exposed to the epitaxial growth oriented in polar (c-plane)
and nonpolar (m-plane) directions. Below, corresponding energy band diagrams and
the position of electron and hole wavefunctions.

Fortunately, the internal fields in quantum wells can be efficiently screened by

high injection levels of carriers [61, 62] and also through heavy barrier doping

with Si donors (of densities reaching 1019 cm−3) [62], reestablishing efficient elec-

tron - hole recombination. The effect of polarization can be straightforwardly

observed by means of time-resolved photoluminescence measurements [63].

The problem of internal electric field takes stronger effect in case of laser struc-
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tures with thick InGaN quantum wells as well as for QWs with higher indium

contents, usually designed for operation in a blue-green spectral range [64]. The

thickness, however is usually kept within an effective Bohr radius a∗Bohr, which re-

mains in the range of a few nanometers, opposing a decrease in spatial overlapping

of the wavefunctions.

Number of quantum wells

The number of quantum wells used in a laser design is correlated with the total

of optical losses within the resonator. Transparency condition needed to reach

lasing requires gain high enough to overcome losses, which can be expressed by

the following formula:

Γgth = αi + αm (3.1)

where Γgth is the modal gain at threshold, Γ is the confinement factor and αi and

αm are the internal and mirror losses, respectively. From this condition, when

the number of quantum wells (and thus Γ) is increased, compensation of losses

becomes possible at lower pumping levels in the wells. This happens, however,

at the expense of higher currents flowing through the structure and in conse-

quence to generation of heat. An increase in technological maturity, resulting

in the improvement of laser homogeneity (reduction of absorption) and inter-

face smoothness (reduction of scattering) would, for a given mirror design (fixed

αm), lead to a small optimum number of quantum wells, for which a minimal

threshold is obtained. The first InGaN quantum laser construction reported by

Nakamura et al. [13] utilized 26 periods of 25 Å-thick In0.2Ga0.8N quantum well

layers separated by 50 Åthick In0.05Ga0.95N barrier layers. The structures that

followed incorporated MQWs with as little as 7 periods [14], and eventually got

reduced to 3 periods being, parallel to a single quantum well, the most frequently

employed laser design.

Finally, the last issue to be pointed out concerns historically a technological

problem of closing the active region with a thin buffer layer on top of the InGaN

layers that would prevent their dissociation during the growth of the subsequent

wider bandgap layers, which required much higher substrate temperatures. Later

it turned out that the presence of such buffer layer can greatly improve the overall

performance of devices, acting as a blocking layer for electrons to prevent their

escape from the active region. More detailed description of the electron blocking

layer (EBL) will be given in the following section.
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3.2.3 Electron Blocking Layer

As it was already stated, the presence of EBL has a profound influence on laser

parameters, of which internal quantum efficiency is the most apparent. There

are several key issues to be resolved in order to achieve high efficiency devices

and these include carrier leakage from the active region. Due to the difference in

electron and hole masses in nitride semiconductors, electrons tend to escape from

the active region and holes are injected to the active region rather poorly. For

comparison, the effective mass of a conduction band electron is estimated to be

0.2m0, while the effective mass of a heavy hole valence subband carrier to 1.5m0

[65]. In contrast to high electron mobility that can reach at room temperature

2 · 103 cm2 V −1s−1 and that induces a strong tendency for the electron overflow

into the p-type layers, hole mobility in III-nitride based epitaxial layers is strongly

impeded by heavy doping with Mg acceptors (∼ 1020 cm−3). Such heavy doping

is necessary to obtain free hole concentrations leveled with the electronic ones,

which are on the order of 1018 cm−3. The problem originates from the deep nature

of Mg acceptor and its large activation energy in GaN ranging between 150meV

and 250meV [66], in contrast to Si donor activation energy, which is only around

20meV [67]. In consequence, excess scattering mechanisms reduce the room tem-

perature hole mobility to the value of 2 cm2 V −1s−1 [65]. Such a discrepancy leads

to a drift of electron-hole recombination from the active region into the p-type

layer, reducing the QW emission, which significantly affects the optical efficiency

of a LD and its temperature stability. Therefore, inclusion of a thin (typically

of around 20nm) but of rather high composition AlGaN electron blocking layer

(usually of ∼ 20% Al) is essential to overcome this problem. Unfortunately EBL

acts as a potential barrier not only for electrons to stop their leakage, but also for

holes, diminishing their injection from the p-side into the active region. A thicker

EBL may prevent electrons from tunneling through the barrier to the p-side, but

at the expense of hindered hole injection, thus a careful balance of EBL thickness

and its composition is required.

3.2.4 Ridge geometry

Stable fundamental mode operation, preferably up to high optical output powers

is of chief importance in case of blue laser diodes. Particularly if we have in mind

applications like data storage or printing, where a tight and reproducible focus
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is essential. To facilitate focusing, the beam divergence in both perpendicular

directions (Θ⊥ and Θ‖) should be similar, which means that a low aspect ratio

is required. One way of engineering this is to decrease the lateral (i.e. in plane

of epitaxial layers) dimension of the waveguide. In consequence, an increased

lateral divergence is obtained. At the same time the optical confinement factor Γ

is increased, which effects the threshold current to drop. First reports in nitrides

from Nakamura et al. [68] on implementing the ridge geometry (also known as

mesa structure) compared the stripe- and ridge- LDs that were fabricated with

the only difference of the mesa etched down the p-type cladding in case of the lat-

ter laser. The measured characteristics demonstrated an improved performance

of the ridge LD, namely twice smaller threshold current density and much higher

differential quantum efficiency. The result is due to the limited lateral current

spreading and much better lateral confinement of the optical field. Further re-

search showed that both the height and the width of the ridge forming the laser

diode waveguide determine threshold current density and have a profound influ-

ence on lateral stability of the mode and the far-field distribution [69, 70].

Several studies of transverse far-field distributions discuss the optimization of the

vertical layer structure to maximize the confinement factor Γ at the lowest possi-

ble far-field angle [71, 72, 73, 74, 75]. One delimiting aspect is the problem of the

mode leakage into parasitic modes of the contact or buffer layers, or even of the

substrate if the vertical waveguide layer is not thick enough and the binding of

the mode becomes too weak. The issue of the substrate modes and the problem

of their suppression will be further discussed in Chapter 4, where details of the

new idea of plasmonic cladding will be presented.

3.3 Mirrors

The optical cavity mirrors can be formed by cleaving or by etching facets. In

either case dielectric coatings are deposited on the surfaces to obtain desired

reflectivities. Owing to their large bandgaps, GaN-based structures are charac-

terized by relatively low refractive indices of typical value of 2.5, which implies

that the uncoated semiconductor – air interface has a theoretical reflectivity of

around 18% for an ideally smooth facet. In most semiconductor systems the pre-

ferred method for facet formation is cleaving2, because it allows to obtain smooth,

2Cleavage, by definition, is the ability of a crystal to break along definite crystallographic
directions, while parting is the splitting of a crystal along a plane that does not normally cleave,
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vertical planes. This method, however, can be relatively easy applied to struc-

tures grown practically only on bulk gallium nitride in c-direction, because for

non-polar directions there are no easy cleavage planes. For other substrates like

sapphire, which does not cleave readily due to many cleavage planes that have

approximately equal cleave strength and are within a small angular distance,

parting in many directions is observed instead of smooth vertically cleaved faces.

Despite these obstacles there were attempts of such fabrication of devices, for

example Stocker et al. [76] reported on fabrication of InGaN/GaN lasers grown

on c-plane sapphire with cleaved facets of roughness of 16 nm, which corresponds

to a reflectivity of only 4%.

On the other hand, etching methods of facet fabrication usually require special ef-

forts to develop recipes for producing high quality surfaces. Among typically used

techniques are methods of dry etching like Reactive Ion Etching (RIE) or Chemi-

cally Assisted Ion Beam Etching (CAIBE) [77, 78], which allow to obtain vertical

planes within 1◦ - 2◦, but the process requires precise masking of each facet. Using

the latter technique, Kneissl et al. [78] fabricated facets with roughness of around

5 nm, which is comparable to results of cleaved facets on free-standing GaN ob-

tained by Nakamura et al. [79]. Also the use of mechanical polishing and Focused

Ion Beam (FIB) polishing were reported [80]. Although it is possible to attain

smooth and close to vertical facets, these methods are labor intensive and cannot

be easily scaled to mass production. A comparison of obtained facet roughness

using different methods of fabrication and corresponding reflectivities determined

using model proposed by Stocker et al. [76] are summerized in Table 3.2.

Fabrication of facet coatings to reach desired mirror reflectivity is usually per-

formed using e-beam evaporation technique to deposit a stack of alternating quar-

terwavelength layers with high and low values of refractive indices. The appropri-

ate design of facet coatings allows to reduce threshold currents in laser structures

and also prevents from oxidation of the surface. The impact on threshold current

can be seen from Eq. 3.1 describing lasing threshold condition, where αm can be

expressed as:

αm =
1

L
lnR1 R2, (3.2)

L is the Fabry-Perot cavity length and R1 and R2 are mirror reflectivities.

and can be caused by stress, defects, or other perturbations of the crystal structure.
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Table 3.2: Comparison of facet fabrication methods for structures grown on different
substrates.

Group Fabrication method
Roughness Maximum Reflectivity

Ref.
∆d [nm] R/R0

∗

Unipress/TopGaN cleavage: bulk GaN < 1 1 [81]

APA Optics cleavage: spinel substrate < 1 1 [82]

UCSB
etching: RIE, Cl2 − based

< 1 1 [80]
then FIB polished

Xerox etching: CAIBE 5 0.8 [78]

Nichia cleavage: free-standing GaN 5 0.8 [79]

UCSB cleavage: c-sapphire 16 0.22 [76]

∗ R0 is the theoretical reflectivity from a perfectly smooth facet, as given by the Fresnel equations.
For group-III nitride laser facets R0 ≈ 18%.
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Laser devices

In this chapter I describe the structure and general properties of laser diodes

under investigation (sections 4.1 and 4.2). In section 4.3 results of basic char-

acteristics of LDs, which I measured during my research, are presented. Next,

I describe more advanced characterization of the studied LDs addressing is-

sues like optical gain spectra obtained by means of Hakki-Paoli measurements

and optical properties of the laser waveguide. The latter I examined by mea-

suring the near-field patterns of our samples. The obtained results allowed to

identify the problem of transversal mode leakage for these structures. Section

4.4. discusses the design of conventional approach of transversal mode confine-

ment. Next I introduce the new method proposed to provide sufficient mode

confinement in nitride laser diodes – plasmonic cladding. Its application in the

waveguide structure resulted in improved electrical and optical characteristics

of the new generation of LDs. Finally, I describe a simple model that was em-

ployed to simulate the optical mode distribution in the laser structure under

study. The simulations confirmed the experimental results obtained for old and

new structure designs.

Laser structures, which are the subject of the study presented in this dissertation,

were entirely fabricated at the Institute of High Pressure Physics Polish Academy

of Sciences and its spin-off company TopGaN, which hold the requisite facility

and know-how of manufacturing high-tech devices.

A large part of optical characterization was performed during my two visits to

Regensburg University (Germany) at the laboratory of prof. Ulrich Schwarz,

where I could use the existing setups for optical gain, near-field and far-field

measurements.
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4.1 LD structures under investigation

LD structures were deposited epitaxially on bulk gallium nitride crystals supplied

by the Crystallization Laboratory of the Institute of High Pressure Physics. These

substrates were grown either by HPHT (high-pressure high-temperature) method

or by HVPE (hydride vapor phase epitaxy), both growth techniques provide good

quality substrates with low threading dislocation densities. Also substrates grown

by ammonothermal method and provided by Ammono Ltd. were used. Prior to

epitaxial deposition, surface preparation of the substrate crystal is required. This

preparation includes primarily mechanical polishing, which results in uniform

thickness of the substrate and allows to introduce the desired misorientation for

optimum growth conditions. Because Ga- and N- terminated sides of a bulk GaN

crystal show different chemical properties, apposite surface treatment need to be

developed separately. While N-terminated side of a GaN crystal is chemically

active, chemical etching in 1:5 water solution of KOH allows to obtain a perfectly

flat surface without defects introduced by mechanical polishing. Ga-terminated

facet, on the other hand, remains chemically inert and demands procedures of

mechanochemical polishing.

Metal-organic chemical vapor deposition (MOCVD) of epitaxial layers consti-

tuting laser structure employed a vertical-flow reactor with SiC-coated graphite

susceptor heated by an inductive coil, which defined the growth temperature

through the current flow. Purified to ppb level molecular nitrogen (N2), hydro-

gen (H2) and ammonia (NH3) are used for chemical reaction with metalorganic

compounds: trimethyl gallium (TMG), trimethyl aluminum (TMA) and trimetyl

indium (TMI), being the sources of group-III metals. The source of Mg for p-type

doping is Cp2Mg, for n-type doping SiH4 as a source of Si. Typically, the growth

temperature of GaN layers is 1050 ◦C, 800 ◦C in case of InGaN and 1090 ◦C in

case of AlGaN. Deposition rates are monitired by a laser reflectometry with a

resolution of a few angstroms, which is essential for precise control of the width

of grown quantum wells.

4.2 Typical laser structure

Typically, laser structure is grown on top of the gallium side of the GaN crystal

and begins with 600nm silicon doped Al0.08Ga0.92N bottom cladding followed by

a 50nm silicon doped lower GaN waveguide and 50nm In0.02Ga0.98N injection
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layer. The active region consists of three InxGa1−xN quantum wells with indium

content varying from 0.02 to 0.15 to choose the desired emission wavelength within

the range of 380 to 430nm. The thickness of QW is usually 3.5nm, which ensures

effective carrier capture and confinement. Quantum barriers of typical thickness

of 8nm are formed by Si-doped In0.02Ga0.98N layers. The multi-quantum well

(MQW) active region is followed by a 20nm Al0.2Ga0.8N:Mg electron blocking

layer (EBL). The upper waveguide and upper cladding layers are formed by 80nm

GaN and 330nm Al0.08Ga0.92N:Mg, respectively. Epitaxial structure ends with

a 30nm-thick GaN layer, heavily doped with Mg, which serves as a subcontact

layer. Fig.4.1 shows a schematic layer design of the epitaxial structure and a

TEM image of a grown sample.

(a) schematic layer design (b) TEM image of layers

Figure 4.1: LD structure: (a) schematic epitaxial design, (b) TEM image of MOCVD
grown layers.

A typical LD is processed as a ridge-waveguide, oxide isolated device with mesa

structure formed by Inductively Coupled Plasma Reactive Ion Etching (ICP RIE)

of a standard height of 300nm (i.e. etched down to the upper cladding layer).

The stripe width for various devices varies from 3 up to 20µm. Subsequently, the

current flow region is defined by surface isolation with 200nm of Si3N4, which is

deposited using Plasma-Enhanced Chemical Vapor Deposition (PECVD). Then,

by means of a lift-off procedure an opening through the isolating layer is formed

to deposit p-side metallic contacts of 25/75nm Ni/Au layers using e-beam evapo-

ration. Typical low-current resistance of the contact is on the order of 10−4 Ω cm2.

Contacts to the highly-conductive n-type GaN substrate consist of Ti/Au/Ni/Au
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Figure 4.2: A photo of a 1 cm2 wafer with processed devices

stack (30/70/10/50nm thick, respectively). The stripe length can be set be-

tween 500 to 1000µm with most typical value of 700µm. To balance mirror

losses and light extraction from the device, dielectric coatings are applied on

laser facets. The coatings are deposited by e-beam evaporation and consist of

quarter-wavelength stacks of ZrO2/SiO2 layers providing 95% and 20% reflectiv-

ity for the back and front mirrors, respectively. In Fig 4.2 is a photo of a wafer

with processed devices.

4.3 Characterization of LDs

Selective etching studies on fabricated devices reveal that the initial value of

threading dislocation densities imposed by the substrate quality increases from

the initial number of 102 cm−2 (in case of the best substrates) to the level of

5 · 104 − 1 · 105 cm−2 [83]. Formation of dislocations is a result of the lattice mis-

match and a subsequent strain release between GaN and its ternary compounds

(In,Al)GaN [84]. Although the thickness of the epitaxial layers and the lattice

mismatch are preserved within the amount of strain away from its critical value

at which the cracking of layers occurs, the strain is still large enough to increase

the density of dislocations [84]. The majority of threading dislocations originates

from the highly lattice mismatched Al0.2Ga0.8N EBL and propagate through the

p-type layers towards the surface. However, very small dimensions of the ridge

secure relatively low number of dislocations throughout the active region, leaving

QWs almost unaffected.
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4.3.1 Basic operation parameters

The relation between output power Pout versus driving current I, which is referred

to as L−I characteristics, above threshold Ith is described by an expression taking

into account carrier injection and radiative efficiencies (through internal quantum

efficiency ηi), internal and mirror losses (αi and αm, respectively) and emission

energy (hν) and can be derived from the carrier- and photon-rate equations in a

laser medium [18]:

Pout = ηi(
αm

< αi > +αm

)
hν

q
(I − Ith) (4.1)

A typical light-current (L− I) and voltage-current (I − V ) characteristics along

with the emission spectrum of a cw operated laser diode are shown in Fig. 4.3.

Above lasing threshold, Pout is a linear function of current – in an ideal situation,

when all carriers recombine in quantum wells and there are no internal losses,

L−I slope would reach around 3W/A for an energy corresponding to the emission

wavelength of a GaN-based LD of around 400nm. In real devices, this linearity

is usually disturbed when spatial inhomogeneities in carrier and temperature

distribution induce changes if the effective index of refraction in the active region.

This triggers off switching between the laser cavity modes and is observed as kinks

appearing in the L− I curve. With much further increase of the driving current

the excess heat generated by its flow usually cannot be efficiently dissipated by

the mounting and cooling system. This leads to thermal roll-over, which can be

identified in the characteristics as a large bending of the curve, making L−I signal

almost flat and means that at such operation conditions the potential barriers in

the active region do not efficiently confine carriers. High thermal energy allows

them to escape from quantum wells and further contribute to the increased non-

radiative recombination.

An ideal voltage-current characteristic for a GaN-based laser would show the

threshold value Vth slightly above 3.5V . However, in a real device the major

overall voltage drop is higher and originates from a high resistance of a p-type

contact electrode, which needs further optimizing. The best reported values of

threshold voltages remain close to 3.8V (Samsung).

The emission spectra shows multimode character, typically the full width at half

maximum (FWHM) is between 0.5 to 1.5nm and depends on the stripe size.

The input electrical power at threshold is typically about 15 - 35 kW/cm2. Taking

into account that only a small fraction of applied energy is converted into light
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Figure 4.3: (a) Light-current and voltage-current characteristics of a typical LD with
ridge dimensions of 700µm x 10µm, (b) emission spectra showing multi-mode opera-
tion, specific for broad-ridge devices.

emanating from the laser, the amount of heat to be dissipated by the device’s

mounting system is of considerable volume. For better thermal management chips

are mounted on a diamond heat spreaders and a standard laser housing, which

uses a φ 5.6mm TO can with proper air-tight sealing. Fig. 4.4 shows a standard

5.6mm TO can housing and a SEM image of a mounted laser chip.

(a) standard TO-can housing (b) LD chip mounting

Figure 4.4: Packaging and mounting of a laser diode: (a) standard TO-can, (b) SEM
image of a chip with bonds providing electrical connection, mounted on a diamond heat
spreader.
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4.3.2 Optical gain

The performance of a laser depends on the optical losses in the structure, but

equally important is the ability of the system to amplify light in the active region,

which is determined by the gain as the lasing condition requires the mode gain to

reach the total optical loss at the threshold. The gain is supplied by the material

gain of the InGaN quantum wells.

Using Fermi’s Golden Rule, the material gain G12 at given transition energy E21

is composed of two factors, one of them is material-related, the other depends on

carrier population [18]:

G21 = gm(E21) (f2 − f1)

=
2π

~

|H ′
21 |

2

vgNp

ρr(E21) (f2 − f1)
(4.2)

The material property gm(E21) is given by:

• the matrix element: |H ′
21 |

2,

• the density of available state pairs corresponding to the transition energy

E21: ρr(E21),

• the photon population in a considered optical mode: Np,

• and the group velocity of the electromagnetic wave: vg.

The difference (f2−f1) is the Fermi factor dependent on the injection level, f2 and

f1 are the quasi-Fermi levels in the conduction and valence bands, respectively.

The material-dependent component defines the maximum material gain possible

under entire population inversion (f2 = 1, f1 = 0). For nitride materials, the

maximum material gain value is about 104 cm−1 and usually only about 30%

of the maximum material gain is suffucient to obtain lasing. Selection rules

determined by the symmetry and the overlap between wavefunction envelopes

allow only for transitions between state pairs of the same subband number (level)

in quantum wells. Only those pairs yield a dominant contribution to the total

gain spectrum, of highest importance are states occupying the first level.

A common approach to gain measurements is the Hakki-Paoli method based

on the analysis of a longitudinal mode modulation depth [85, 86] and therefore

requires a high resolution spectrometer. In this approach modal gain can be
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retrieved from electroluminescence spectra provided that a single longitudinal

mode of the laser cavity is excited, thus spectra are registered below threshold.

The spacing ∆λ of the longitudinal modes is given by:

∆λ = −
λ2

2Ln

(

1−
λ

n

dn

dλ

)−1

, (4.3)

where n is the effective refractive index of the waveguide and L is the cavity

length. The term in brackets is a dispersion related correction. For resonator

length L = 700µm and wavelength of maximum gain λmax = 410nm the longi-

tudinal mode spacing ∆λ is around 0.043nm at λmax.

(a) electroluminescence spectra (b) gain spectra

Figure 4.5: Hakki-Paoli gain measurements: (a) high resolution electrolumines-
cence spectra at I = 0.8Ith, (b) Gain spectra at different currents for sample
LD4760d65 with 3µm ridge. Relatively large optical losses indicate that further
optimization of the structure is needed.

Modal gain g is given by modulation depth of the Fabry-Perot modes of the laser

resonant cavity [87] (see Fig. 4.5a):

g = ΓG− αi

=
1

L
ln

(√

pmax/pmin + 1
√

pmax/pmin − 1

)

+
1

2L
ln(R1R2),

(4.4)

where G is the material gain, αi stands for internal losses, Γ is the confine-

ment factor, L - the cavity length and R1,2 are the mirror reflectivities. The

measurement setup utilized a double monochromator of 85 cm focal length with
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1800 lines/mm in second scattering order, which allowed to obtain dispersion

of 0.1nm/mm in the exit plane of the monochromator. Light was detected by

an optical multichannel detector. The setup’s spectral resolution was limited by

optical aberration of the monochromator to 5 · 10−3 nm.

An example of highly-resolved electroluminescence spectra and gathered opti-

cal gain spectra retrieved for different currents are presented in Fig. 4.5. The

measurements were performed for sample LD4760d65 with a cavity length of

L = 700µm, and 3µm wide ridge. Mirror reflectivities were 95% and 20% for the

back and the front facet, respectively thus yielding theoretical mirror losses of

about 12 cm−1. Total losses obtained from the gain spectra are around 40 cm−1,

which is a rather high value and implies that further structure optimization is

necessary.

4.3.3 Optical properties

As briefly mentioned in chapter 3, an in-plane laser diode is a three dimensional

optical resonator. The resonant mode, originating from radiative recombina-

tion within InGaN quantum wells, is guided by a GaN-based waveguide and an

Al0.08Ga0.92N claddings, which account for transversal (across the epitaxial struc-

ture) optical mode confinement. Lateral confinement (in plane of epitaxial layers)

is realized by a mesa structure with walls covered with an insulating layer of Si3N4

limiting injection of carriers only to a thin stripe region, thereby reducing current

spreading. This stripe defines the axis and the width of a laser cavity, its length

is determined by dimensions of the chip. Due to the limited charge flow, so called

gain guiding takes place and despite its diverging wavefront properties [88], a spa-

tial variation in a distribution of injected carriers induces a constant mode profile

in the lateral direction. The lateral mode guiding effect is additionally supported

by a weak index guiding originating from the difference in refractive indices be-

tween GaN waveguide, an insulating Si3N4 layer and the air or metal interface.

Beyond the borders between electrically excited and unexcited regions, increased

losses keep a semiconductor material below the optical transparency level. Spa-

tially varying distribution of injected carriers determines a gain stripe beneath

the p-type contact electrode, along which a guided mode can be sustained.
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The optical mode distribution in a waveguide is described analyzing time- and

space-dependent wave equations according to Maxwell’s theory:

∇2E = µǫ
∂2E

∂2t
(4.5)

For a semiconductor laser, this relation can be satisfied by time-harmonic field

propagating in a dielectric waveguide oriented along the z -axis:

E(x, y, z, t, ) = êiE0U(x, y)ei(ωt−β̃z) (4.6)

The unit vector êi defines either TE or TM polarization, E0 is the wave ampli-

tude (in volts) and U(x,y) stands for the scalar normalized electric field profile

in the plane perpendicular to the propagation axis. Optical gain and internal

propagation losses are described by the complex propagation constant β̃.

Putting expression (4.6) into (4.5) yields to a time-independent relation, which

must be satisfied by the dielectric field distribution U(x, y) :

∇2U(x, y) + [n2k0
2 − β̃2 ]U(x, y) = 0, (4.7)

where k0 and n stand for the free-space wave vector and the effective refractive

index of a given mode, respectively. All laser cavity modes are unique solutions

to Maxwell’s equations, which fulfill the continuity conditions of tangential field

components at the boundaries. U(x, y) corresponds to the distribution of intensity

profile of a standing electromagnetic wave in a laser cavity. In practice, the

transversal field profile of a guided mode has a maximum at the active region

and takes the form of evanescent waves.

At the output facet the optical wave emerges from the laser resonator and diffracts

freely into surrounding air. Diffraction theory refers to the field emitted from the

laser waveguide as the near-field. Near field waves are approximately planar, but

upon diffraction gradually evolve into spherical waves. After traveling a distance

larger than w2

λ
, where w is the spatial dimension of a source emitting radiation

at a given wavelength λ, the diffracted field of spherical shape with a radius of

curvature measured from the center of the emitted mode is referred to as far

field [18]. A complimentary definition is based on the criterion of Rayghleigh
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range, zR, derived from the theory of Gaussian beams propagation:

zR =
πw2

0

λ
, (4.8)

where w0 is the beam waist and λ is the emission wavelength. The far-fied is

observed for distances larger than zR from the source.

According to an approach introduced by Huygen, each area element at the emit-

ting facet is a source of a spherical wavelet, which propagates into the air and

contributes to the overall diffraction pattern. The field is a superposition of cyclic

functions of different periods and orientations and can be expanded into propa-

gating and evanescent waves [89]. The number of evanescent waves depends on

the amount of details in the field distribution U(x, y), which are smaller than the

wavelength of emitted radiation. For any evanescent wave, the on-axis compo-

nent is imaginary, which means it propagates mostly in the x-y plane and is not

observed in the far-field pattern. The smaller the detail, the greater weight of the

evanescent distribution in the on-axis direction. In consequence, the very fine

features of the field distributions on the laser facet are undistinguished from the

distance greater than a few nanometers. They provide, however, a critically im-

portant information on waveguiding properties by showing the shape of a guided

mode and its evolution in time. Fig.4.6 depicts an image of a laser near field,

overlayed on a schematic LD structure and an illustration of the far field pattern

origin. Details of the experimental setup for near field and far field measurements

will be given in the following section.

Knowing the spatial field distribution U(x, y), the angular far field intensity pro-

file can be deduced using the following expression [18] (see Fig.4.6 for reference):

UF (θr) =

∫ ∫

U(x, y)
e−ikr

r
[
i

λ
cosθr ] dxdy (4.9)

Because waveguide dimensions for in-plane edge-emitting lasers differ significantly

- transversal size is much smaller than lateral, defined by the mesa stripe - the

angular spread of the far field is considerably asymmetric, reaching 9◦ in lateral

and 25◦ in transversal direction off the resonator axis. Despite elliptical intensity

distribution, as indicated by Eq. 4.9, the emitted laser beam preserves the spher-

ical symmetry, while it propagates in space. A detailed analysis of waveguiding

properties of the laser structure supported by the near field measurements and
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(a) Near field pattern

(b) Illustration of a near-field pattern U(x, y), and far-field element,
dUF , a distance R from the facet at the waveguide axis in the x− z
plane.

Figure 4.6: (a) Near field image overlayed on a scheme of a laser structure and (b) an
illustration of formation of the far-field.

near- to far-field evolution constitute a powerful tool capable of examining the

efficiency of a given laser design, as will be shown in the next sections.

4.3.4 Gaussian telescope for near-field to far-field mea-

surements

To measure the near-field of our LDlaser diode samples an imaging setup in a

configuration known as Gaussian telescope was utilized [90]. The measurements

were performed in the laboratory of prof. Ulrich Schwarz, at the University of

Regensburg, Germany.

48



CHAPTER 4

Figure 4.7: A scheme of a measurement setup utilizing a Gaussian telescope. The reg-
istered images show field distributions for samples LD4551, revealing weak transversal
confinement of the optical mode. The near-field image was measured with magnifica-
tion of 35, for far-field magnification 18 was used. The ridge width of LD4551 samples
was 7µm. The device was pulsed operated with pulse duration of 50ns and 10 kHz,
at driving current of 1.5 Ith.

In general, a Gaussian telescope1 consists of two lenses L1 and L2 with focal

lengths f1 and f2, respectively. L1 and L2 are aligned in such a way that the

distance between them equals the sum of their focal lengths. Such alignment en-

sures that the transformed beam contains the correct phase distribution, which is

important if we want to analyze the evolution of the mode profile from the laser

facet (near-field) into the far-field. The magnification of the telescope is given by

the ratio of f1/f2, for near-field measurements we used magnification of 35. An

image of the front facet was projected onto a CCD camera array chip, situated in

the focal plane of the imaging setup. The obtained near-field intensity distribu-

1also referred to as the beam expander
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tion was consistent with other methods of its measurement [90]. A scheme of the

system set-up is presented in Fig. 4.7, placed images of the near-field and far-field

were taken for an old generation of laser diodes, series LD4551. The ridge with

for these samples was 7µm, the devices were operated in pulsed regime with pulse

duration of 50ns and with the repetition rate of about 10 kHz.

The measurements allowed to identify the problem of weak transversal confine-

ment in the old generation of our laser structures, which suffered from a leakage

of the optical mode down into the gallium nitride substrate. Strongly modulated

near-field pattern and a number of side lobes observed in the far-field, which in

case of (Al,In)GaN LDs are assigned to substrate modes [91, 92, 93], clearly indi-

cated the necessity to optimize the waveguide design. A detailed description of

the newly proposed approach to improve the transversal optical confinement will

be presented in section 4.4 of this chapter.

For spectral measurements we could alternatively place a single mode fiber, also

positioned in the focal plane of the imaging system. The single mode fiber was

used in combination with a high resolution spectrometer (of about 0.005nm),

capable to reveal longitudinal mode structure.

The combined measurement of near-field and far-field allows to retrieve the phase

of the laser mode and therefore address issues like beam steering, carrier induced

or thermal lensing, and also formation of filaments. Investigations of the near-

field pattern performed at different driving currents below and above the lasing

threshold permits for direct observation of the dynamics of the optical mode

distribution with changing operating conditions. An example of such study is

demonstrated in Fig. 4.8, performed for samples LD4551, for which the weak

transversal waveguidnig resulting in a leakage of optical modes was identified.

There are several mechanisms responsible for changes induced in the optical field

pattern in a chaotic system of a laser diode. Under carrier injection close to the

lasing threshold, the spatial distribution of the electromagnetic field is approxi-

mately uniformly spread on a LD facet, which is associated with diffraction effects

and the wavefront divergence due to non-uniform distribution of injected carriers

across the laser ridge. Such behavior is consistent with theoretical predictions

studying the formation of an optical wavefront under conditions close to lasing

threshold [94]. The low laser beam intensity and no gain saturation ensure that

the current flow path induces excited carrier distribution, which in turn modifies

the refractive index, decreasing its value as the carrier concentration increases.
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Figure 4.8: LD4551: near-field image taken at different currents: (a) 0.85 Ith, (b)
0.9 Ith, (c)Ith and (d) 1.3Ith.

On the other hand are temperature induced effects, which act in opposite direc-

tion. Defocussing of the laser beam, on account of increased carrier concentra-

tions, which takes place beneath the upper p-type electrode is counterbalanced

by a stronger, temperature-induced waveguiding in both lateral and transversal

directions. Finally, the impact caused by the antiguiding of the gain medium and

diffraction effects make the beam wavefront divergent.

Antiguiding of a gain medium is responsible for the effect of detuning lasing

frequency from the value corresponding to the maximum of the gain curve and

originates from the carrier concentration noise in a laser’s active region [87]. This

effect can be estimated by the antiguiding factor Rant, which is a measure of the

magnitude of the amplitude-phase coupling, arising from the strong refractive in-

dex dependence on the carrier density. Rant, also known as linewidth enhancement

factor, is given by a relation between the medium refractive index n, its change

δn induced by carrier density and the differential gain ∂g/∂N experienced by
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photons of a given wave vector ~k [87]:

Rant = −
k

n

∂(δn)
∂N
∂g
∂N

(4.10)

For nitride materials the values of the antiguiding factor are rather large and ex-

tend from 4 to 15, depending on a carrier injection level and thickness of quantum

wells, as reported in theoretical [95] as well as experimental [87] investigations.

These relatively large values originate from nitride’s high joint densities of states,

which is a consequence of a wider bandgap and larger electron and hole effective

masses, as compared with conventional III-V compounds.

One of the adverse effects of large antiguiding factor’s value results in greater

tendency to formation of filaments. At sufficiently high excitation levels above

threshold, the intensity distribution of a laser cavity mode causes spatial hole

burning along the resonator, reducing the carrier density in those regions and

leading to saturation of gain. In consequence, a local increase of the refractive

index along the resonator results in enhanced focusing of the lasing mode, which

burns a deeper hole in spatial carrirer distribution and even stronger focusing

(see Fig. 4.9). The phenomenon is frequently reffered to as filamentation [88].

Filamentation results in a shift of emission wavelength and significant spectral

broadening, in response to changes in the excited carriers density [18]. In ad-

dition, the localization of filaments is enhanced by inhomogeneities of the crys-

talline structure associated with dislocations. Excited carriers, which are left

undepleted by the fundamental mode, contribute to a multi-mode operation and

weaken spatial coherence of the laser beam. This results in a multi-lobe far-field

pattern, which denies the device suitability for applications where sharp beam

focusing is essential (e.g. high-density optical data storage). In case of broad

area lasers working in high-power regime, formation of filaments is unavoidable

as evidenced in a number of experimental reports [94, 96, 97]. As predicted by

theoretical analysis [95], the diffraction limit of a single filament is around 3µm.

Therefore, the lateral single mode operation of a LD is limited to ridge widths

close to 2µm [92, 98].

In addition, in structures with wider ridge higher order lateral modes are subject

to higher gain, as observed experimentally [69] and confirmed theoretically [70],

which stems from a different overlap of the lossy p-type layers. The higher order

modes have more degrees of freedom to optimize overlap with the active region
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and at the same time minimize overlap with the p-layers. For example, for struc-

tures with etch depths close to the p-cladding / p-waveguide interface, the ridge

edge pushes the outer lobes of higher order lateral modes into the n-waveguide

region.

In Fig. 4.9 is a comparison of near-field images and high resolution spectra with

distinguishable longitudinal Fabry-Perot modes of laser’s resonant cavity. Mea-

surements were taken around lasing threshold for sample LD4760 d48 with im-

proved transversal optical mode confinement. The ridge width was 6µm, the

cavity length was 700µm and the device was pulsed operated with pulse dura-

tion of 50ns at repetition rate of 10 kHz. In near-field images the presence and

formation of filaments can be identified.

(a) Near-field just below threshold (b) High resolution spectra, just below threshold

(c) Near-field just above threshold (d) High resolution spectra, just above threshold

Figure 4.9: A comparison of near-field images and high resolution spectra taken around
lasing threshold for sample LD4760 d48 with improved transversal confinement. The
ridge width was 6µm. In the near-field the presence and formation of filaments can be
identified. Spectral resolution allows to see the longitudinal modes structure of laser’s
cavity.
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4.4 Optimizing transversal confinement

The transversal confinement of an optical mode is always realized through the

refractive index engineering [18]. In conventional GaAs/AlAs systems one has

almost full freedom of choice of layers content and thickness, owing to the good

lattice match existing between GaAs and AlAs. In case of InGaN-GaN-AlGaN

system, wider bandgap AlGaN alloy forms cladding layers providing optical con-

finement. However, as a result of significantly smaller lattice constants of this

compound, flexibility in design of LDs cladding is severely limited due to the

presence of tensile strain in AlGaN layers deposited on gallium nitride substrate.

Excessive build-up of this strain leads to numerous problems, such as macro-

scopic epistructure bowing, cracking or creation of misfit dislocations [99]. On

the other hand, the lack of the proper transversal mode confinement transforms

the transparent gallium nitride substrate into a parasitic waveguide for the LD

emission, taking away significant fraction of the radiation traveling through the

laser cavity. The importance of this effect was pointed out by Smolyakov et

al. [100, 74] who gave the nickname ghost modes to these modes propagating

in the substrate, which may couple to the waveguide mode through evanescent

waves in the cladding layer. The lasing mode in waveguide layers exists as an

evanescent wave, whose intensity exponentially decays into the cladding layers.

If the thickness of the cladding layer is much larger than the penetration depth of

the decaying mode, optical losses associated with the penetration of laser emis-

sion into the passive waveguides are negligible. This penetration depth depends

on the refractive index step at the GaN waveguide /AlGaN cladding layer in-

terfaces. In case of nitride-based laser diodes the reasons to use relatively thin

claddings are justified by allowing to avoid an increase in the series resistance

of the diode, to avoid generation of cracks and other defects and to reduce the

growth time. The light partially propagating in the substrate increases inter-

nal losses and decreases the confinement factor for the waveguide mode. Lasing

occurs in a higher-order mode with modifications in the modal spatial profile,

observed both in the near-field and the far-field. Because the parasitic modes are

typically sustained by the GaN substrate or buffer layers, the effect is also referred

to as substrate modes [101]. In order to suppress the mode leakage, leading tech-

nological groups use a thick AlGaN cladding as it is feasible to take into account

the strain accumulation. For instance, the group of Nichia Chemical reported on

using a very thick, 5µm Al0.05Ga0.95N : Si lower cladding layer [102]. OSRAM
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Opto Semiconductors achieved a suppression of substrate modes by increasing

the thickness of the lower cladding layer to 2µm [101].

A kind of a fingerprint of the existence of substrate modes was found during

degradation studies performed on our LD structures. From a SEM image of an

aged LD sample a package-induced failure was identified with carbon deposits

on the facet. The pattern of the deposits corresponds well with the electric field

oscillating modes, clearly propagating outside the active region as can be seen in

Fig. 4.10. This was in agreement with our near-field measurements performed on

operating devices. The package-induced failure was then eliminated by sealing in

a proper mixture of nitrogen and oxygen. The problem of the weak transversal

confinement of the mode for the old generation of our laser structures could be

solved using an alternative approach of the mode leakage suppression by using

cladding layer with reduced refractive index.

Figure 4.10: SEM image of an aged LD sample. On the facet we can see some deposits
which correspond to the pattern of an oscillating electromagnetic field, penetrating the
substrate.
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4.4.1 Plasmonic cladding

Introducing an additional layer of highly oxygen-doped gallium nitride deposited

on the top of a bulk GaN substrate resulted in a complete suppression of the mode

leakage without increasing the thickness of the AlGaN cladding layer. This choice

was inspired by a well known fact in semiconductor physics – a strong dependence

of the dielectric function of semiconductors on free carrier concentration in the

vicinity of the plasma frequency. In this region the dielectric function ε(ω) can

be expressed as [103]:

ε(ω) = ε∞

[

1−
ωp

2

ω(ω + iγ)

]

, (4.11)

where ε∞ is the optical dielectric constant, γ is the electron damping term and

ωp is the plasma frequency given by the following relation:

ωp
2 =

Ne2

m∗ε∞ ε0
, (4.12)

with N - free electron concentration, e - the electronic charge, m∗ - the effective

mass of the electron and ε0 - the vacuum permittivity.

Experimental studies on the plasma frequency in gallium nitride plasmonic ma-

terial report that ωp is in the range of 2500 - 2800 cm−1 [104]. If we neglect the

electron damping term, the approximated dielectric function is expressed as:

ε(ω) = ε∞

(

1−
ωp

2

ω2

)

, (4.13)

From the last expression one can immediately see that for ω values reasonably

close to the plasma frequency, a substantial decrease of the dielectric constant

and therefore of the refractive index occurs. Materials with high enough elec-

tron concentration can thus serve as a cladding layer and will be referred to as

plasmonic cladding. The additional advantage of a plasmonic material is that the

lattice mismatch between low and high electron concentration layers is rather low

in contrast with high strain introduced by increasing Al composition in AlGaN

alloys, conventionally used for claddings [105]. For example, a 10% AlGaN layer

grown on GaN substrate is exposed to a tensile strain, which is 10 times stronger

as compared to the compressively strained plasmonic-GaN cladding grown on

bulk GaN. The refractive index of this high-electron concentration GaN plas-

monic layer was measured experimentally using spectrally resolved ellipsometry.
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Figure 4.11: The ratio between the low and high free electron concentration gallium
nitride. Measurements were performed using spectrally resolved ellipsometry.
In collaboration with Piotr Firek and Jan Szmidt, Institute of Microelectronics and
Optoelectronics Warsaw University of Technology.

As depicted in Fig. 4.11 showing the ratio between low and high free carrier den-

sity materials, at 400nm the refractive index of the high electron concentration

gallium nitride crystal is 2% lower than that of the low electron concentration

material.

To incorporate the new design with plasmonic bottom cladding the InGaN LDs

were fabricated on substrates prepared in the following way: first, the freestand-

ing bulk GaN crystal obtained via hydride vapor phase epitaxy (HVPE) [106]

with electron concentration of 1 · 1018 cm−3 was mechanically polished in such a

way that its surfaces (Ga-polar and N-polar) were misoriented by 0.5◦ with re-

spect to the crystallographic c-plane of the crystal [31]. Subsequently, such wafer

was mechanochemically polished both sides and placed into a high-pressure re-

actor, where it was overgrown with about 10µm of high electron density GaN

layers on both Ga- and N-polar faces. Free electron concentration in these layers

was not smaller than 5 · 1019 cm−1 and this high doping level is attributed to the

high content of oxygen donors. The merit of this composite configuration (used

as a substrate for subsequent growth of laser structures) was the possibility of

combining the advantage of large lateral sizes and low defect density of HVPE

crystals with ultra-high doping level available in the high pressure method. Laser

devices were then grown and fabricated in a standard way, as it was described in

the previous sections of this chapter. As a reference device, an identical epistruc-

ture was fabricated, but deposition was done on a standard HVPE gallium nitride
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substrate. A schematic representation of the two designs is compared in Fig. 4.12.

The comparison between the current - optical power (I − P ) characteristics of

these two laser structures is shown in Fig. 4.13.

Figure 4.12: Schematic representation of two structures: an old design and a new one
incorporating plasmonic cladding.
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Figure 4.13: Current - optical power characteristics measured for laser structures
grown on a standard HVPE substrate and on the plasmonic substrate. The stripe
dimensions were 20 x 700µm2. The devices were cw operated, at room temperature.
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A striking reduction in the threshold current density is clearly visible – it decreases

from 5.2 kA/cm2 for the reference structure to 2.3 kA/cm2 for the structure with

the plasmonic cladding. N.B., the slope efficiency for both structures remains

similar, close to 0.5W/A. This reduced value of the efficiency is caused by the

pronounced light absorption in the p-side layers of the structure. Such problem

can be solved by introducing asymmetric claddings [107] or better spatial Mg

profiles. An interesting and gratifying feature was that the device fabricated

with the new designed plasmonic waveguide did not show any kink in its I − P

curve, which can be attributed to the improvement in the vertical waveguiding

properties of the modified structure. Indeed, the decrease of the threshold current

density is accompanied by pronounced changes in the near field patterns observed

for these two generations of devices, as can be seen comparing Fig 4.8 and 4.9.

4.4.2 Waveguide mode simulations

In order to further elucidate this strong improvement calculations of the transver-

sal mode distribution were performed using a solver based on two-dimensional

plane-wave expansion method, which includes optical gain and losses in the struc-

ture. The code was originally developed and implemented in a script language

of Mathematica (Wolfram Research) within the group of prof. Ulrich Schwarz

(University of Regensburg).

The simplest approach for analyzing the waveguide properties of a laser diode is

to consider the analytic solutions of a symmetrical three-slab model with loss-

less cladding layers, which are infinite in extent. This approach, however, is not

suitable for the nitride-based LDs due to their complex structure design, which is

both asymmetric and lossy. To calculate the optical field profile in such structures

the approach of Bergmann and Casey [71] is applied and bases on an algorithm

using 2×2 complex transfer matrices formed by boundary conditions at the layer

interfaces. Considering a multilayer planar waveguide (see Fig. 4.14 for reference)

we search for solutions of electromagnetic fields, which fulfill Maxwell’s equations.

For sinusoidal time-varying fields with TE polarization – electric field oscillating

in the x̂ direction – traveling in the ẑ direction – solutions have the form

Ex(y, z, t) = Ex,j(y) e
i(ωt−βz) (4.14)
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Figure 4.14: Schematic illustration of laser waveguide geometry showing transverse
electric (TE) and transverse magnetic (TM) polarizations constituting two orthogonal
solutions of the waveguide problem. A scheme of the interfaces positions used to define
the laser structure for Transfer Matrix Method-based calculations is shown on the right.

in the j−th layer. The TE amplitude is denoted by Ex,j(y) and solves the fol-

lowing wave equation

∂2Ex,j

∂y2
−
(
β2 − k2

0ñj
2
)
Ex,j(y) = 0. (4.15)

Each layer has a complex refractive index, ñj = n+ iκ, where κ is the extinction

coefficient. Absorption occurs when κ < 0, gain occurs when κ > 0. The free-

space wave number k0 corresponds to the frequency ω or the vacuum wavelength

λ0 of the mode through k0 = ω/c = 2π/λ0 and β is the complex propagation

constant. The general solution to Eq. 4.15 is

Ex,j(y) = Aje
γj(y−tj) + Bje

−γj(y−tj), (4.16)

where Aj and Bj are complex coefficients to be determined by the boundary

conditions at the interfaces, γj =
√

β2 − k2
0ñ

2, and tj is the position of the

boundary between the j and j + 1 layers (see Fig. 4.14). The effective index of

refraction is given by neff = Re[β]/k0 and the absorption of the optical mode is

given by α = 2 Im[β].

The boundary conditions for TE modes are that the electric field and its derivative

normal to the interface must be continuous. These conditions, along with layer

thickness defined as dj ≡ (tj+1 − tj), yield to the following relations for the
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coefficients:

Aj exp (γj dj) + Bj exp (−γj dj) = Aj +Bj,

Aj
γj
γj+1

exp (−γj dj)− Bj
γj
γj+1

exp (γj dj) = Aj+1 −Bj+1.
(4.17)

The last two expressions can be solved, leading to a recursive relationship:

[

A

B

]

j+1

=





(

1 +
γj

γj+1

)
exp (γj dj)

2

(

1−
γj

γj+1

)
exp (−γj dj)

2
(

1−
γj

γj+1

)
exp (γj dj)

2

(

1 +
γj

γj+1

)
exp (−γj dj)

2





︸ ︷︷ ︸

Tj

×

[

A

B

]

j

, (4.18)

which connects the coefficients from the first to the last layer as follows:

[

A

B

]

z

= Tz−1 Tz−2 · · ·T3 T2 T1

[

A

B

]

1

= Ttotal

[

A

B

]

1

(4.19)

For guided modes, Ex(y → ±∞) −→ 0, and requires that B1 = 0 and Az = 0; the

decay can be due to dielectric or absorptive process. The latter leads to a known

form of a transfer matrix for electromagnetic field propagating in a multi-stack

system: [

0

B

]

z

= Ttotal

[

A1

0

]

=

[

t11 t12

t21 t22

][

A1

0

]

.

(4.20)

The only variable in Eq.(4.20) is β, all other quantities are design and mate-

rial parameters (defined by layer thicknesses and compositions). Fulfilling the

last equation requires that t11(β) = 0, which gives the condition the numerical

algorithm uses to find a solution.

To confirm the importance of refractive index matching between the substrate

and bottom cladding layers, calculations of the mode intensity distribution were

performed for two sorts of waveguide design (old and new generation), differing

only in the bottom part, which in case of the new one incorporated the plasmonic

part of the substrate. Details of the epitaxial structure are given in Table 4.1.

Fig. 4.15 illustrates the waveguide structure profile drawn due to the refractive

index of epi-layers. In the calculations we neglected the presence of the low

carrier density material existing below the plasmonic layer, but the thickness of
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the latter (> 10µm) prevents the mode from entering deeper into the HVPE GaN

substrate, as was verified by the simulations. The results are shown in Fig. 4.16.

(a) scheme of a waveguide structure (b) near-field

Figure 4.15: Schematic representation of the waveguide structure given by the refrac-
tive index profile of epi-layers (a), (b) shows registered near-field image with strong
substrate modes (sample LD4190d18).

Table 4.1: Waveguide - epitaxial design for old and new generation structures.

Layer Material Thickness [nm] Refractive index∗ at 405 nm

p-subcontact GaN:Mg+ 30 2.5038

p-cladding Al0.08Ga0.92N 330 2.4484

waveguide GaN 80 2.5038

EBL Al0.2Ga0.8N 20 2.3441

active In0.1Ga0.9N/In0.02Ga0.98N 3 x (3.5 / 8) 2.8/2.6

injection In0.02Ga0.98N 50 2.6

waveguide GaN:Si 50 2.5038

n-cladding Al0.08Ga0.92N:Si 600 2.4484

new: plasmonic GaN-n+ 10 000 2.4572

substrate GaN, HVPE 120 000 2.5038

∗ Refractive index values for AlGaN and InGaN were taken from Ref.[108]. In case of plasmonic
GaN the refractive index value was obtained from spectrally resolved ellipsometry.
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(a) standard HVPE-based structure (b) new design with plasmonic substrate

Figure 4.16: Simulations of a 1-dimensional optical mode distribution based on the
Transfer Matrix method applied to nitride-based laser waveguide structure: (a) old-
generation structures based on a HVPE substrate and (b) new-generation structures
with plasmonic layer. In the latter case we do not observe modes propagating within
the substrate.

Fig. 4.16a confirms the existence of the oscillating mode in the substrate, for

structure with Al0.08Ga0.92N layer serving as a lower cladding. Indeed, as was al-

ready mentioned earlier in this chapter, many groups developing LDs were forced

to apply much thicker cladding in order to stop the mode leakage [101, 102]. In

Fig. 4.16b are shown results of simulations performed for LDs with the plasmonic

structure. The refractive index of the plasmonic GaN is almost identical to that

of Al0.08Ga0.92N. This low refractive index value is sufficient to prevent the mode

from leaking into the substrate. An additional advantage of this approach is clear

from the measurement of the lattice parameter a for Al0.08Ga0.92N and plasmonic

GaN. The x-ray diffraction measurements yields the mismatch between the a-

lattice parameters in the GaN-GaNplasmonic system of roughly 0.02%. This is

one order of magnitude less than the lattice mismatch of 0.2% for Al0.08Ga0.92N-

GaN system, meaning that the plasmonic cladding does not contribute to the

increase of strain in the structure. Looking at the similarities of Al0.08Ga0.92N

and plasmonic-GaN refractive indicies, the question arises weather it is possible

to eliminate completely the lower AlGaN cladding layer. This step would be ben-

eficial in terms of structure simplicity and further reduction of strain. However

it could lead to increased free carrier losses in the waveguide due to the pres-

ence of electron plasma. The right compromise between strain reduction and low

waveguide losses has to be found in order to design a fully optimized device.
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Nitride LDs for spectroscopic

applications

In this chapter I briefly discuss the applicability of nitride LDs to molecular

and atomic spectroscopy. Then I present results of tuning of the laser diodes by

two different methods. The first (section 5.1) was based on external cavity tun-

ing with a diffraction grating in Littrow configuration, where I obtained 5.5 nm

tuning range. The second method was based on temperature tuning, where I

obtained a very broad range of 16 nm (section 5.2).

In section 6.3 I describe an example of adapting a pulsed-operated LD emit-

ting around 414 nm to NO2 concentration measurements by means of Cavity

Ring Down Spectroscopy. These measurements were performed in collabora-

tion with prof. Tadeusz Stacewicz from Warsaw University and Jacek Wojtas

and prof. Zbigniew Bielecki from Military University of Technology. We were

able to reach the detection level of single ppb. Finally, I present results of a

frequency-stabilized cw-operated LD by a diffraction grating in Littrow configu-

ration. The obtained spectral linewidth was close to 100MHz and the emission

stability was observed for periods of 30 minutes without using any feedback loop

laser frequency control.

Having reached certain maturity, violet-blue nitride-based LDs became commer-

cially available. With regard to their short wavelength, reliable lifetime, low

power consumption they became suitable for applications such as fast laser print-

ing, high density optical data storage and pico-size projectors. (Al,In)GaN-based

LDs also find many scientific applications, e.g. in spectroscopy, where they can

easily compete with expensive and large standard spectroscopic sources (gas and
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solid-state lasers). However, spectroscopic requirements expect not only relia-

bility of the laser device, stability of wavelength and power generation as well

as good beam quality. Equally important is the possibility to work with the

laser in a broad, adjustable spectral range. Although semiconductor LDs can be

especially designed to operate at a given wavelength (varying doping and com-

position), broad spectral tunability is still an important feature of the device.

Spectral tuning of a laser diode can be performed in different ways, large wave-

length shifts can be reached by means of pressure tuning (e.g. Ref. [109]). Smaller

shifts in the emission wavelength can be obtained varying the temperature at

which the laser is operating. Another possibility for fine tuning is to vary the

drive current of the LD. Finally the external cavity scheme can be employed

[110], where a dispersive element (e.g. a diffraction grating) is used to form an

external resonator. Part of the light (the amount and spectral selection depend

on the grating’s characteristics) is fed back into the laser, which plays a role in

the active section of the resonator, where the amplification process takes place.

Roughly, selection of the lasing frequency is obtained by spatially picking out the

coupled wavelength simply through changing the angle of the diffraction grating

with respect to the path of the incoming beam.

The UV and blue spectral region (approximately 395 - 440nm) – particularly

interesting due to electronic absorption frequencies own by many atoms and

molecules – became directly accessible with the development of nitride-LDs-based

spectroscopic setups. Zybin et al. [111] specified 34 chemical elements display-

ing strong absorption lines reachable with violet-blue lasers. Precise atomic

spectroscopy employing these light sources was already demonstrated for in-

dium [112, 113], rubidium [114], potassium [115] and calcium [116]. Among com-

pounds which are commonly present in the atmosphere, nitrogen dioxide has

maximum of violet-blue absorption bands in the 370-440 nm spectral range. In

this chapter results of research on tuning of laser diodes (fabricated at TopGaN

Ltd.) in an external cavity system and by means of temperature will be presented.

Examples of applications to detection of nitrogen dioxide in free atmosphere us-

ing Cavity Ring Down Spectroscopy (CRDS) sensor adapting (Al,IN)GaN LDs

will be described.
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5.1 External Cavity Tuning

For high precision atomic spectroscopy, where operation with precise wavelength

is required (gas analysis, absorption spectroscopy) tuning and spectral character-

istics of ridge-waveguide LDs are far from ideal. Coupling the laser to the external

resonator affects the emission spectrum of the diode in addition to modification of

the threshold current and total output power [110, 18]. In order to achieve single

mode operation and tunability of the laser line over the range of gain of the diode

medium, frequency selective feedback is applied – typically through diffraction

gratings in either Littrow or Littman – Metcalf configurations.

In the more often employed Littrow configuration, the first order of diffraction

is fed back directly into the laser diode waveguide while the specular reflection

from the grating (0th order) forms the output beam. Tuning of the wavelength

is obtained by rotation of the grating but introduces undesirable wavelength-

dependent direction of the output beam. In addition, a sort of a trade–off on

diffraction efficiency of the grating itself must be considered because a strong

coupling (high diffraction efficiency in the 1st order) results in low output power.

5.1.1 ECDL and tuning results

Following Ref. [117] the present Extended Cavity Diode Laser system (ECDL) is

based on an improved Littrow configuration with an additional mirror which pro-

vides fixed output direction without significant reduction of power in the 0th order

of diffraction (Fig. 5.1). The laser beam is collimated through an aspheric lens

(C330T form Thorlabs). A diffraction grating with groove density of 1800mm−1

(Edmund Optics) was used. The grating efficiency was 60% while the cavity

length L was about 10 cm. The spectra were registered using Spectra-Pro 500

spectrometer (Acton Research), equipped with a CCD detector. The spectral

resolution of the system was 0.5 Å. Antireflection coating of a single quarterwave

layer of SiO2 (with reflectivity below 1%) has been applied to broaden the tuning

range as well as to improve the ECDL stability.

When the external cavity is aligned properly (i.e. feedback from the diffrac-

tion grating is provided) the output spectra change – multimode laser operation

switches to the single mode regime, with much narrower spectrum line (Fig. 5.2).

Single mode operation was obtained over the tuning range of ∆λ = 5.5nm in the
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Figure 5.1: Extended Cavity Diode Laser system: LD – laser diode, G – diffraction
grating, M – mirror

violet spectral region. The threshold current of the diode laser without external

feedback was approximately 740mA. To receive the best coupling to the external

cavity the driving current was set just below the diode threshold (730mA) and

system alignment was performed until laser action occurred.

Two operation currents were chosen to compare the performances of the con-

structed ECDL system, one somewhat above threshold and the other high above

threshold – Fig. 5.3 demonstrates gathered spectra at different grating tilts with

the two currents of 790mA and 1200mA, respectively. In the first case the tun-

ing range was ∆λ = 5.18nm and the envelope of the lines intensity was narrower

comparing to the second case with the tuning range of ∆λ = 5.55nm. The in-

ternal mode of the diode was laying around 398nm, so the laser preferred tuning

into the longer wavelengths accordingly with the gain curve asymmetric charac-

ter. The remains of the internal mode, present in the middle of the tuning range

(Fig. 5.3b), originate from the two registered spectra at the boundaries of the

tuning range and can be explained that geometrically it is not possible to feed

the beam back into the laser’s waveguide, but also that the cavity mode no longer

coincides with the material gain. It is worth to mention that similar type of laser

was tuned within the range of 10nm by applying hydrostatic pressure [109].

The optical output power from such a system is usually diminished due to sub-

stantial losses originating from the characteristics of the applied diffraction grat-

ing, external mirror reflections and the geometrical factor (coupling efficiency) of

the provided feedback. The sample presented here was operated with pulsed cur-

rent (50ns pulses, 10 kHz repetition rate), the threshold current of the solitary
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Figure 5.2: Comparison of registered spectra without coupling (free running diode,
multi-line operation) and with applied feedback (single mode operation) for sample
LD2761 with 10µm ridge.

(a) ECDL tuning at 790mA (b) ECDL tuning at 1200mA

Figure 5.3: Registered ECDL lines at different tilts of the grating under (a) low,
790mA and (b) high, 1200mA operating current. Sample LD2681 D130 with 20µm
ridge.

diode was Ith = 740mA. The peak power at operation current I = 1250mA of

the laser diode without feedback is 170mW , at the same drive current the peak

power of the external cavity output beam is 39mW . A very rough estimation of

the coupling efficiency based on the ray – tracing in the cavity yields that only

around 2.5% of the light is fed back into the laser internal cavity. Comparing the

power of the output beam with and without coupling yields η ≃ 23%.
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5.2 Temperature tuning

Having in mind spectroscopic applications of nitride laser diodes, it was inter-

esting to examine the possible tuning range by means of temperature. Although

InGaN lasers have the wavelength–temperature coefficient slightly smaller than

conventional GaAs–based devices [118, 119], they may be designed to have very

large thermal stability of their threshold current. The characteristic temperature

T0 [18] — a phenomenological parameter describing lasers’ threshold current de-

pendency on temperature — may easily exceed 200K. Such thermal stability

makes these lasers perfect candidates for temperature–tunable devices. In this

section results of temperature tuning of a pulsed-operated MQW LD (sample

D1 series LD3411, 5 x 500µm stripe) characterized by very weak temperature

dependence of its threshold current will be presented.

5.2.1 Experimental setup and Measured Tuning Range

Temperature tuning was performed using a specially designed setup in order to

achieve good thermal stability during measurements. The laser chip was mounted

p–type down on a copper cube of the dimensions of 2.5 x 2.5 x 1.2mm3, which

mainly served as a heat spreader. This copper packaging was placed on a ceramic

heater, a high temperature sealant was used as an adhesive layer. To ensure

temperature measurements as close as possible to the laser diode chip, a blind

hole of the diameter of 0.9mm was drilled just beneath the chip to insert the

thermocouple. The heater with the laser diode was placed inside an appropri-

ate cover (made of Teflon) in order to minimize convection effects and improve

thermal stability of the laser. A very broad temperature tuning range of 16nm

was obtained by increasing the ambient temperature by almost 200K. The laser

diode was tuned from the initial wavelength of 415nm at room temperature up

to 431nm at 201 ◦C. The spectra were registered using HR4000 Spectrometer

(Ocean Optics with a spectral resolution of 0.02nm), selected examples of spectra

taken at different temperatures are presented in Fig. 5.4.

Multi-mode emission and strong mode hopping were observed while changing

the ambient temperature. The latter even appeared more explicitly when the

energy of emitted photon (taken from the spectra) vs. temperature was plotted

(Fig. 5.5). The figure presents results from 3 series of temperature sweep mea-

surements taken starting from room temperature to 200◦C and back. Each step
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Figure 5.4: Registered spectra evidencing lasing wavelength shift of InGaN LD due
to increase of ambient temperature by 200K. Relatively large bandwidth is related to
low resolution of the Ocean Optics spectrometer leading to the overlap of the lateral
modes of the laser.

of heating up (cooling down) was followed by laser temperature monitoring with

the thermocouple. After thermal stabilization, the LD was given a current pulse

of duration 30ns and maximum value not exceeding 1.4A. Emission spectra

widths are plotted as error bars, emphasizing a broad multi-line emission.

Almost a linear decrease in emitted photon energy in the temperature range

between 300 and 500K was observed. Roughly, the estimated slope was dEg

dT
∼

−0.5meV/K (in the literature reported values of dEg

dT
for GaN range from−0.45meV/K

to −5.57meV/K, see e.g. Ref. [120, 121, 122]). One of the empirical models to

describe the temperature redshift of the bandgap, based on the electron – phonon

interaction, can be expressed by the following formula:

Eg(T ) = Eg(0)−
2αB

exp(θB/T )− 1
(5.1)

where Eg(0) is the energy bandgap at T = 0, αB is the strength of the elec-

tron - average phonon interaction, [1/(exp(θB/T ) − 1)] is the Bose - Einstein

statistical factor for phonon emission and absorption, θB is a temperature corre-

sponding to an average phonon energy [122, 123, 124]. In order to compare the
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Figure 5.5: Lasing energy vs temperature. The widths of emission spectra, indicated
by the error bars, confirm multiline emission demonstrated in Fig. 5.4. The solid line
represents temperature induced energy bandgap shift for GaN. The best fitting param-
eters compare well with the literature. Eg(0) in agreement with the reported values for
InGaN with 8% indium content.

temperature induced shift of the emitted photon energy with the GaN bandgap

behavior, experimental data were fitted using Eq. 5.1. These fitting parame-

ters results are shown as the inset of Fig. 5.5, the best obtained values were

αB = 106.8 ± 2.7meV, θB = 340 ± 25K. They are in agreement with literature

data on GaN (e.g. Ref. [122]). The energy gap value Eg(0) = 3.090± 0.04 eV is

in agreement with data reported by Shan [125]) for InGaN alloy with 8% indium

content (Eg(0) = 3.085 eV ), which compares well with 10% indium composition

in the case of QW layers of the investigated sample.

At λ equal to 420nm the distance between two adjacent longitudinal modes of the

Fabry – Perot (F.P.) resonant cavity is around 0.7 Å. Experimental data (dots)

clearly demonstrate that mode hopping occurs. Induced by temperature change,

the laser’s mode shifts until the the condition of F.P. resonance is lost and then

another mode becomes the lasing one. In Fig. 5.6 the violet line shows tempera-

ture dependence of the wavelength shift of an arbitrary chosen longitudinal F.P.

mode, determined by its refractive index n(T), also temperature-dependent [122].

The temperature induced gallium nitride’s energy gap shift, Eg(T ), was plotted

as the pink line (after translating into wavelengths). The results illustrated in
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Figure 5.6: Emission wavelength vs temperature with comparison to the energy gap
shift (pink) and F.P. longitudinal mode tuning due to refractive index dependence on
T (violet line).

Fig. 5.6 show that laser’s tuning curve characteristics in the wide temperature

range follows the gallium nitride’s energy gap behavior. However, looking closer

at the tuning results in small temperature range, the observed mode-hop-tuning is

strongly connected with sustaining the longitudinal Fabry-Perot-mode resonance

condition. Usually, staying on the same mode is possible no more than within

20GHz, and then lasing switches to another cavity mode.

Thermal stability of the device was examined by looking at the temperature

induced threshold current shift, described by the phenomenological formula [18]:

Ith(T ) = Ith(0) · exp(T/T0), (5.2)

where T0 is the characteristic temperature, a parameter which collectively rep-

resents temperature dependence of various mechanisms influencing the value of

LD’s threshold current – radiative and nonradiative recombination, carrier leak-

age, optical gain, etc. Fig. 5.7 plots threshold current (determined from L-I i.e.

light-current characteristics of pulsed operated LD) as a function of temperature

within the range of tuning. From around 20◦C to around 50◦C a decrease of the

threshold current with an increase of temperature was observed, which is con-

sidered as an anomalous behavior. This anomaly has already been reported for

InGaN lasers [126, 127, 128], nonuniform carrier distribution in the quantum wells
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Figure 5.7: Threshold current as s function of increasing temperature. The fit was
obtained using formula 5.2. The characteristic temperature T0 determined at elevated
temperatures is relatively high.

of InGaN LDs has been used to account for the origin of the phenomenon. The

explanation given in Ref. [127] based on simulations of the below–threshold hole

distribution and gain for temperatures from 20◦C to 80◦C for a two-quantum-

well laser structure (using LASTIP software) is as follows: at 20◦C, hole density

in the QW near the p-side of the structure (p-side QW ) is significantly higher

than that QW on the n-side because of the poor hole mobility of InGaN. Thus

the gain at the p-side QW is large and positive while for the other, n-side QW,

the calculated gain is negative at this temperature (absorption). As temperature

increases, the hole density on the n-side QW increases due to thermally enhanced

hole transport from the p-side to the n-side QW, which then results in an increase

in the gain on the n-side QW with increasing temperature. The hole density on

the p-side QW does not change much with temperature, so the gain on the p-side

QW decreases with increasing temperature due to the temperature-dependent re-

duction of material gain. Therefore, these opposite temperature behaviors of the

gain in two–QWs could lead to the complicated and unusually stable temperature

dependence of the threshold current in InGaN laser devices.

Also, simulation and experimental results for single wide QW InGaN laser struc-

ture with respect to thermal stability discussion were reported by Swietlik et

al. [126]. The results were tentatively explained through the mechanisms of car-

rier loss decrease with increasing temperature – the electron current overflow
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reducing lasers efficiency is enhanced by a ballistic transport of electrons through

the active region. Simultaneously the probability of the transport is higher at low

temperatures. And thus it would explain the observed anomalous temperature

dependency.

Above 50◦C the threshold current gradually increases, at 201◦C the increment

makes double of the initial value. Using equation 5.2 for the more linear part of

the obtained results of Ith(T ) fitting data yielded T0 = 238.0± 1.8K, which is a

relatively high value in comparison with conventional arsenic lasers. In addition,

the slope efficiency of the device does not decrease substantially with increasing

temperature. In Fig. 5.8 examples of registered L–I characteristics as a function of

temperature are depicted. Significant difference appeared only at 201◦C, where

the slope efficiency of the L–I curve had dropped by 35%. Owing to the relatively

high T0 value the device showed very good thermal stability in the temperature

range under investigation.
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Figure 5.8: Light–current characteristic as a function of laser’s ambient temperature.
A very nice thermal stability of the efficiency is demonstrated. At 201◦C the efficiency
decreases by 35%.

5.3 Cavity Ring Down Spectroscopy

Blue laser diodes are conveniently applicable to detection of the lowest concentra-

tions of various atoms and molecules, where the principle of trace matter detec-

tion relays on small absorption measurement. Cavity Ring-Down Spectroscopy

(CRDS) and its modifications are among the most suitable techniques for such
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investigations [129, 130, 131, 132, 133]. Fig. 5.9 illustrates the idea of a CRDS

measurement. In essence, the laser pulse is trapped inside the optical resonator

of a very high quality (Q). When the laser wavelength matches the absorption line

of the matter filling the resonator this quality factor Q decreases. The absorp-

tion coefficient can be then found comparing the quality factors characterizing the

empty resonator and the resonator filled with the absorber. We can use pulsed

operated lasers as the light sources as well as cw lasers, amplitude modulated. It

was already demonstrated that for pulsed lasers the sensitivity of the absorption

coefficient determination can reach 10−9 m−1 while for cw lasers the measurement

of the absorption of 10−12 m−1 is possible [134].

Figure 5.9: Schematic view of typical CRDS experimental setup. Quality factor of the
optical resonator can be determined measuring either the decay time of light inside the
resonator [129], or the phase shift between input and output light pulses [135], or the
intensity of light stored in the cavity [130].

5.3.1 NO2 detection with pulsed diode lasers

NO2 occurs in the air due to various anthropogenic processes, industrial activity,

fuel burning etc. It is the key factor that characterizes the quality of the at-

mosphere, therefore is frequently monitored. Nowadays, when the security prob-

lems attain more and more significance, sensitive detection of nitrogen dioxide

becomes particularly important. NOx compounds usually appear during decom-

position of many military explosives and thus can serve as an indication of the

presence of dangerous materials. Currently NO2 is commonly detected using the
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methods based on chemiluminescence [136, 137]. Their sensitivity reaches sin-

gle ppb. The emission range of blue diodes (approximately 395 - 440nm) fits

well to NO2 absorption spectrum. Within these wavelengths nitrogen dioxide

has 2A1 −
2B1 and 2A1 −

2B2 absorption bands with a mean cross section of

6 · 10−19 cm−2, varying about ±40% (Fig. 5.10). In addition, among common at-

mospheric gases there is no other compound that absorbs in this spectral range.

Therefore pulsed violet and blue diode lasers with application of CRDS techniques

(and their modifications) might lead to construction of fully optoelectronic sen-

sor of this compound. First laboratory constructions have been demonstrated

already [138, 139, 140, 141, 142]. Fig. 5.11 shows a scheme of a construction of a

(a) NO2 absorption spectrum (b) laser line profile overlaid on NO2 absorption

Figure 5.10: Absorption cross section of NO2 [143] (a) the profile, (b) in the spectral
range corresponding to violet-blue LDs emission, dashed line shows the emission line
profile of the laser that was applied in the experiment.

NO2 sensor, which was used in the experiment. The optical cavity was formed

in a chamber with its two endings closed by high optical density mirrors (Los

Gatos Research, nominal reflectivity of 99.995% at 405nm). The mirror mount-

ing provided precise adjustment of the tilt over the angle of ± 3◦ with respect

to the cavity axis. The distance between the mirrors was 37 cm and the radii of

curvature were 1m in both cases.

Laser diode emitting around 414nm was used as a light source. It was pulsed-

operated generating pulses of peak power about 200mW , duration time 100ns

and the repetition rate about 10 kHz. The laser beam illuminated a blazed grat-

ing (groove density of 2400mm−1). The beam reflected at the 0th diffraction

order served as a reference signal, the 1st diffraction order beam passed through
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Figure 5.11: Schematic view of NO2 sensor.

an iris diaphragm and illuminated the cavity. The combined use of the two

spectral and spatial filters minimized the background signal of the LD’s electro-

luminescence. The spectrum of this luminescence is much broader than the width

of high reflectivity band of the cavity mirrors and might strongly affect shape of

the measured exponential decay signal. Applying the iris diaphragm also helps

to avoid the multi-mode excitation of the cavity which may eventually lead to

multi-exponential decay of trapped radiation and cannot be interpreted without

doubt.

Laser light was injected into the cavity with the off-axis approach (see Fig. 5.9),

which allows the laser beam to reflect hundreds of times inside the cavity without

overlapping [144, 145]. In this way the problem of closely spaced longitudinal

cavity resonances, usually present in the on-axis excitation method, was avoided.

The off-axis method provides that the frequency spectrum of the cavity is char-

acterized by a dense mode structure with weak and broad longitudinal modes.

The cavity couples well to broadband and unstable laser radiation (dynamically

changing from pulse-to-pulse) and does not need any additional system of cav-

ity length control or laser frequency tuning. Finally, with this arrangement the

back-reflected laser beam by a convex surface of the front mirror does not reach

the diode laser and does not disturb its operation.

To determine the cavity Q factor, which is necessary for measurements of NO2

concentration, the radiation trapping time was measured. Then the absorption

coefficient was found using the following relation:

α =
1

c

(
1

τ
−

1

τ0

)

(5.3)

In case of empty resonator, we observed the decay time of τ0 ≈ 8µs . During the

measurement the cavity was supplied with a gas (NO2 - air) mixture of 50 ppm
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mixing ratio. The mixture was additionally diluted in pure nitrogen using two gas

flow controllers (Beta-Erg) so that the mixing ratio of the gas inside the cavity

was precisely admeasured. To ensure homogeneity of the medium in the cavity

the gas flow was reduced to 3 l/min. The output signal was recorded with a fast

8-bit digital oscilloscope (HP 54520) and a lock-in amplifier.

Fig. 5.12 displays the obtained results, there is a good agreement between the mea-

sured absorption coefficients and the corresponding NO2 concentrations when the

absorption cross section of 5 ·10−19 cm−2 is assumed. At the emission wavelength

of the LD, λ = 414nm, the value of the cross section is 5.5·10−19 cm−2 (Fig. 5.10).

The discrepancy is attributed to both uncertainty of the CRDS technique and

the preparation of a gas mixture. Sensitivity of single ppb, which was achieved

in presented here measurements, can be further increased with the use of more

specialized electronics providing more precise measurements of the radiation de-

cay time.

Figure 5.12: Measured absorption coefficient of NO2 versus the concentration of pre-
pared mixture.

5.3.2 The outlook: cw LDs for atomic spectroscopy

The external cavity configuration can be also used to obtain stable frequency

operation of a cw laser diode with fine tuning available by small changes in the

driving current. Using a broad-ridge (7µm stripe) cw-operated (Al,In)GaN LD

in Littrow configuration and providing temperature stability of 0.01◦C a single

narrow line emission was achieved. The LD was operating at 405nm, the output

power was 5mW . The result is shown in Fig. 5.13, where measured emission
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line using a 1GHz FRS (Free Spectral Range) Fabry-Perot interferometer is dis-

played. The output signal from the interferometer was registered by a photodioe

and a digital oscilloscope. A diffraction grating of 3600 lines/mm formed the

external resonator of a length of 5 cm. Stability of generation was better than

100MHz within the time periods of 30min without any active feedback system.

These results are promising in terms of the applicability of presented here nitride

LDs as light sources to atomic spectroscopy at Doppler broadened lines, which

usually are characterized by widths of ∼ GHz.
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Figure 5.13: Single mode emission of a cw-operated InGaN LD (λ = 405nm. Rect-
angular line represents Free Spectral Range markers of a Fabry-Perot interferometer
(∆ν = 1GHz).
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SLEDs

In chapter 6 I introduce the concept of a Superluminescent Light Emitting Diode.

The structure and fabrication of SLEDs I describe in section 6.1. In section

6.2. results of basic electrical and spectral characterization of these devices are

shown, which I measured at room temperature. In the last section, 6.3, results

of a detailed study on superluminescence and its temperature dependence are

reported. I present experimental data and introduce a simple model in which I

explain the character of temperature dependence of superluminescence.

Superluminescent Light Emitting Diodes (SLEDs) are semiconductor devices that

emit broadband light by means of electrical current flow. They feature lasers

spatial coherence and beam directionality. However, as no optical resonator is

introduced, the spectrum is broad and continuous - similar to the emission from

LEDs. Due to unique properties of the emitted radiation SLEDs find applications

e.g. in biomedical and industrial imaging based on optical coherence tomogra-

phy (OTC) [146]. The beam directionality results in high efficiency coupling with

lens systems or optical fibers enabling SLEDs to find applications in navigation

systems that use fiber-optics gyroscopes (FOGs) [147] for precise rotation mea-

surements.

In the past few decades a lot of work has been done to improve the performance of

SLEDs as well as to expand the spectral range in which they can operate. Much

of the effort was centered around InP and GaAs materials, providing devices

which operate in the infrared and red spectral range and cover the wavelengths

from 650 to 1300nm. Recent interest in imaging applications has focused atten-

tion on producing blue SLEDs using nitride material system. The first successful

demonstration of a blue SLED was reported last year by the group from EPFL

(Lausanne) [148]. Feltin et al. demonstrated a GaN based SLED operating cw
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at room temperature, emitting at 420nm with the bandwidth of 5nm in the

superluminescence regime.

The subject of the study presented in this part of the dissertation was focused

on deeper understanding the superluminescence mechanism and its temperature

dependence. The experimental study was performed on InGaN SLED structures

that were grown and fabricated at the Institute of High Pressure Physics, Polish

Academy of Sciences and its spin-off company TopGaN Ltd.

6.1 SLED structure and fabrication

The epitaxial structure of a SLED is identical to an in-plane laser structure, dis-

cussed in detail in previous chapters, the only difference is in the fabrication of

each type of device. Our samples were grown (by MOVPE) on plasmonic bulk

GaN substrates with the following epi-layers configuration: a 600nm Si-doped

Al0.08Ga0.92N bottom cladding was deposited on the gallium side of the substrate,

followed by a 50nm Si-doped lower GaN waveguide, 50nm In0.02Ga0.98N injec-

tion layer, three pairs of In0.1Ga0.9N/In0.02Ga0.98N: Si (3.5 / 8nm) quantum wells,

20nm Al0.2Ga0.8N − p+ electron blocking layer, 80nm GaN waveguide layer,

330nm Al0.08Ga0.92N:Mg upper cladding layer and a 30nm GaN:Mg-p+ subcon-

tact layer.

SLEDs were fabricated in a similar manner to ridge-waveguide oxide-isolated

laser devices with chip dimensions of 300 x 700µm2. Mesa structures of approxi-

mately 3µm wide by 300nm height were fabricated using reactive ion etching of

the p-type cladding. The most critical issue in the fabrication of a SLED is to

avoid an optical feedback and allow only a single pass of the propagating optical

mode along the waveguide. One of the methods employed to prevent forming of

a standing wave between the cleaved facets is to tilt the ridge at a certain angle

with respect to the cleavage plane [149]. In our case the tilt was 5◦. SLEDs and

laser diodes were processed side-by-side on a wafer to allow for direct comparison

between these two types of devices and for that reason no dielectric coatings were

applied on the facets of the structures under investigation. A photo of a processed

wafer is shown in Fig 6.1.
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Figure 6.1: A photo of a processed wafer with SLEDs side-by-side with laser diodes.

6.2 Device characterization

To provide best temperature stabilization processed SLEDs were soldered p-side

down on diamond heat-spreaders and mounted in a custom copper package.

Devices were tested under constant current conditions and the corresponding

light-current characteristics and optical spectra were registered. A thermoelec-

tric cooler (TEC) was used to vary the temperature of the copper packaging and a

constant flow of dry nitrogen was supplied in order to avoid water vapor conden-

sation. Figure 6.2 shows a comparison between the light-current characteristics

of a laser diode and a SLED fabricated on the same wafer, measured at room

temperature. An obvious difference is seen in the character of these two curves.

SLED L − I characteristic shows an exponential dependence without a sharp

threshold. In contrast, the laser diode has a clear threshold around 250mA and

then a typical linear dependence of the optical power. A large difference in the

output power, of more than an order of magnitude, between the SLED and LD is

observed. This effect is assigned to overheating of the active region, which causes

a drop in efficiency and gives rise to a more pronounced temperature sensitivity

of SLED devices as comparing to LDs (the latter were reported to have high

temperature stability with T0 parameter well above 200K, see e.g. Swietlik et

al. [126]).
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Figure 6.2: Comparison of light-current characteristics of a SLED and a laser diode
fabricated on the same wafer.
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Figure 6.3: (a) SLED’s electroluminescence spectra measured at different injection
levels, (b) central emission wavelength at different currents and corresponding FWHM
values.

Electroluminescence spectra of a SLED sample measured at room temperature

are relatively broad, as depicted in Fig 6.3. The spontaneous emission peak is

at 407.78nm at 160mA with a full with at half maximum (FWHM) of 8.14nm.

Along with increase of injection current spectra become narrower, at 400mA

FWHM reads 5.23nm, but the broad and smooth appearance remains unchanged.

The character of these curves results from the amplified spontaneous emission

(ASE) process and is very different from a typical multi-mode laser emission

84



CHAPTER 6

spectrum. In order to avoid temperature-induced wavelength shift this measure-

ment was performed under pulsed operation with 50ns pulse duration and at

repetition rate of 10 kHz. The central wavelength of emission, however (as can be

seen in Fig 6.3), shifts towards shorter wavelengths with increasing drive current.

This effect is a result of a known problem of the strong built-in piezoelectric fields

present in polar nitride-based structures and lead to the quantum confined Stark

effect (QSCE). At higher pumping levels, more electrons fill-in the conduction

band and screen the polarization charges at the interfaces of a quantum well. A

blue-shift of the emission wavelength is observed.

6.3 Temperature dependence of superlumines-

cence

Different nature of SLEDs emission, as compared to laser diodes, originates from

the amplification process of only spontaneous emission. Superluminescence occurs

when the spontaneously generated photons are replicated as they travel along the

waveguide. The onset of the superluminescence is directly correlated with the

positive modal gain, which usually means high pumping levels and hence makes

these structures very sensitive to temperature. In this section a simple model to

describe this rather large temperature dependence of gain, considered for a 3D

(bulk) system, is presented.

Using a simple approximation, the emitted power due to the superluminescence,

if we are far away from the gain saturation regime, can be expressed by [148, 150]

P (L) =
A

Γg − α
[e(Γg−α)L − 1], (6.1)

where A is a parameter proportional to the spontaneous emission, g is the material

gain and L is the cavity length. Γ is the confinement factor and α stands for the

optical losses in the waveguide. Parameters A, g, and α depend on the current

density J and the wavelength λ.

If we look in more detail how the gain is expressed we find [18] that the material

gain is composed of the following two factors:

g = gm(E21) (f2 − f1), (6.2)
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where gm(E21) is the material property given by the matrix element and the

density of available state pairs corresponding to the transition energy E21. The

difference (f2−f1) is the Fermi factor, dependent on the injection level and f2 and

f1 are occupation probabilities described by the Fermi statistics in the conduction

and valence bands, respectively. For a given temperature T > 0, at a given carrier

density N this Fermi factor shapes the gain curve as the transition energy E21

increases in a way depicted schematically in Fig 6.4.

Figure 6.4: Schematic illustration of gain distribution as a function of transition en-
ergy E21 for a given carrier density and temperature T > 0. Density of states is
approximated by a square root dependence on energy (bulk system, parabolic bands
with curvatures defined by the carriers’ effective masses m∗

e and m∗
h.), Ec − Ev is the

distance between the bottom of the conduction band and the top of the valence band,
respectively.

In order to find what is the influence of the pumping level (at a given temperature

T ) on gain distribution one needs to calculate the position of the quasi-Fermi level

in the conduction band, EFc
. Using a simple, parabolic band approximation the

curvature of the conduction band is much larger than the valence band curvature

and hence the quasi-Fermi level in the latter (EFv
) does not move significantly

within the current injection levels corresponding to normal operating conditions

of the device and can be assumed to be roughly constant. EFc
is calculated using

the inverse Fermi-Dirac integral with Nilson’s global approximation (see e.g. [18]

for reference).

86



CHAPTER 6

In Fig. 6.5 simulation results demonstrating material gain dependence on the car-

rier density N and a well-known logarithmic character of gmax(N) are displayed.

(a) Gain for different carrier densities (differ-
ent quasi-Fermi levels)

(b) maximum modal gain vs carrier density

Figure 6.5: Carrier density dependence of gain for given temperature T = 295K,
calculated from the Fermi integral (see e.g. [18] for reference).

The above mentioned considerations lead to the following conclusions:

• the population of carriers in the valence band (f1) does not change very

much with temperature, nor does it move substantially when pumped (as

long as we do not approach gain saturation levels), mainly due to the low

curvature of the band,

• f2, on the other hand, is very sensitive to the carrier injection level as

well as to temperature changes. In consequence the peak gain will follow

f2, and hence the emission wavelength blueshifts toward higher energies

with increased injection level. Similarly f2 is very sensitive to temperature

changes – the dependence of the peak gain versus carrier density calculated

at different temperatures is shown in Fig. 6.6, below.

The output power at a SLED’s facet is found by calculating the amplification of

the optical mode as it propagates over a distance L during a single pass along

the waveguide. Analyzing again Eq. 6.1 we see two factors that shape the output

signal. The first is connected with the probability of spontaneous emission, the

second one describes amplification. We can rewrite Eq. 6.1 in the following form:

P (L) ∝ B exp [A′
spont · (Γg − α)L]. (6.3)
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Figure 6.6: Peak gain dependence on the carrier density calculated at different tem-
peratures.

where B is a constant and A′
spont, g, and α depend on the current density J ,

the wavelength λ and on temperature. For the case of an in-plane waveguided

structure, the modal gain needs to be considered, which is the material gain g

adjusted by the optical confinement factor Γ, as we must account for the very

small overlap between the optical mode and the active region.

Results of measurements and simulations carried out at temperatures of 295, 283,

272 and 263K are presented in Fig. 6.7 and 6.8. In order to avoid junction heat-

ing under cw operation, the measurements were carried out at pulsed regime.

Figure 6.7 shows measured spontaneous emission signals as a function of temper-

ature, registered at different current pumping levels. For low drive currents of

up to 10mA the spontaneous emission probability is almost constant within this

temperature range (black curve in Fig. 6.7). With increasing current this tem-

perature dependence becomes stronger, which indicates that we must take into

account amplification of the spontaneous signal. If we assumed that the prob-

ability is constant and evaluate the output signal considering only the material

gain dependence on temperature the result is different from what was measured.
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Figure 6.7: Spontaneous emission vs temperature measured at different drive currents.

(a) (b)

Figure 6.8: (a) Calculated output power vs injection current including only gain de-
pendence on temperature and (b) measured SLED output power (symbols) and cal-
culated signal (solid line) taking into account the spontaneous emission temperature
dependence

Figure 6.8 a shows the result of the calculated output signal, taking into account

only the peak gain dependence on temperature and carrier density, without the

spontaneous factor. As can be seen in this plot, the calculated power does not

change significantly with temperature, contrary to experimental observations.
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Figure 6.8 b plots experimental data of SLED’s optical output power versus drive

current (symbols in the graph), measured at different temperatures from 263

to 295K. The strong dependence of the output signal as a function of temper-

ature can be seen in this plot, with almost a factor of two in the decrease in

power for a temperature increase of 30K. If we include the temperature depen-

dent spontaneous emission factor A′
spont, the calculation agrees very well with the

experimental data.

The results obtained from this simple model indicate that the strong temperature

dependence of a SLED output power is related to the spontaneous emission factor

A′
spont in ASE signal and that the temperature dependence of gain is of secondary

importance. In consequence, reduction of nonradiative recombination is crucial

for stable SLED operation and tight temperature control of all the elements of

the device is of great importance.
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Nitride Laser Diode Arrays

Chapter 7 describes results of experimental study on integrated mini laser ar-

rays. In section 7.1 I start with description of the construction of the mini

arrays fabricated at TopGaN Ltd., next I report on their characterization. Ba-

sic characteristics providing information on electrical and spectral properties of

mini-arrays are followed by the near-field and far-field measurements, which I

carried out both at the Institute of High Pressure Physics and during my visit to

Regensburg University. The measurements revealed that the devices possessed a

weak transversal confinement of the optical mode, which was responsible for cou-

pling between the emitters within a single array. Finally, in section 7.2 I present

the new generation of arrays fabricated at TopGaN Ltd., which incorporated the

new epitaxial design with improved optical confinement. For these structures I

did not observe any coupling between emitters on an array chip. Fabrication of

arrays with improved design resulted in 2.5W of optical output power from a

three stripe mini laser array.

One of the required features of nitride-based laser diodes is the possibility to

obtain high output powers, which is essential from the point of view of many ap-

plications, e.g. RGB displays, lithography or high speed printing. Multi-emitter

structures such as laser arrays are the most straightforward solution for obtain-

ing higher optical power from semiconductor optoelectronic devices. In addition,

the possibility of a multi-pixel operation in case of individually addressable ar-

rays makes them particularly interesting for printing applications [151]. These

array systems, based on conventional arsenic materials, are well-known devices

that have been developed and improved for almost four decades [152]. In case of

gallium nitride-based structures there are only few reports on their fabrication,
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an interesting example was published by Goto et al [153] on demonstration of a 44

stripes array producing up to 4.2W of optical output power in the violet wave-

length range. The research presented throughout this chapter was focused on the

optical properties of a relatively simple system of closely-spaced, three-emitter

violet-blue multi-quantum-well (MQW) InGaN/GaN laser mini-array. All struc-

tures were designed and fabricated at the Institute of High Pressure Physics,

Polish Academy of Sciences and its spin-off company, TopGaN.

7.1 Mini-array structure - first constructions

In order to construct this type of device two main tasks need to be accomplished.

The first one is related to the necessity of having large dislocation-free areas on

the GaN substrate. The second one is related to the proper thermal managing of

heavily loaded devices. The idea of a three-emitter device is illustrated in Fig. 7.1,

below.

Figure 7.1: Schematic view of the mini array geometry: w - laser stripe width, d -
pitch.

Similar to previously described case of laser diodes, the epitaxial structure was

fabricated using MOVPE vertical flow reactor on the high-pressure grown gallium

nitride substrate [31]. The initial density of dislocation in the substrate material

was below 102 cm−2. The active region consisted of three, 3.5nm-thick, undoped

In0.09Ga0.91N quantum wells separated by 8− 15nm, silicon-doped In0.02Ga0.98N

barriers. The electron blocking layer (EBL) was formed by a 200 Å-thick, Mg-

doped Al0.2Ga0.8N layer. The Al0.08Ga0.92N cladding layers (0.35 and 0.55µm for
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the upper and lower layer, respectively) sandwiched 0.1µm-thick GaN waveg-

uides. The mini arrays were processed as oxide-isolated structures with the mesa

etched by ICP RIE, down to the middle of the upper AlGaN cladding layer.

The resonator length was 500µm. A photo of processed mini-arrays is shown in

Fig. 7.2. To study the influence of the stripe width w and the spacing between the

stripes d, laser arrays were fabricated in different configurations. Detailed com-

parison of the performance of three types of structures A (stripe width: 3µm,

pitch: 40µm), B (stripe width: 7µm, pitch: 40µm) and C (stripe width: 7µm,

pitch: 20µm) will be presented in this section.

The final density of dislocations for these structures, as measured by selective ion

etching, was between 5 · 104 cm−2 and 1 · 105 cm−2. The chips of the dimensions

of 300 x 500µm were mounted p-side down on a diamond submount. The indi-

vidual stripes were electrically connected in parallel. Laser arrays were operated

at constant current conditions and at stabilized temperature of 20 ◦C.

Figure 7.2: A photo of a processed mini-array (old-generation structures).

7.1.1 Characterization

Electrical and spectral parameters

Starting from basic characterization, light-current characteristics and spectral

measurements were performed, Fig. 7.3 shows the results obtained for structure A.

The distinctive feature of the differential slope efficiencies, η = 0.7W/A, was that
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they were at least as good or better than typical value for single stripe devices

fabricated with the same epitaxial design [83]. This observation indicates that

all three stripes participate in lasing, otherwise the slope efficiency should be

proportionally lower. The obtained output powers of around 250mW (cw) were

quite satisfactory, even though the kinks exposed in the L − I curve indicated

the need for optimizing thermal management of the structure. Unexpected and
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Figure 7.3: (a) Light-current characteristics and (b) emission spectrum of structure A.

most surprising feature of the emission from this device at lasing condition was

its very narrow (on the order of 1.4 Å) single spectral line, obviously not showing

typical lateral modes (see Fig. 7.3b). Spectra of the emitted light were analyzed

by Acton Spectrometer (500mm focal length) equipped with a CCD detector.

Most of the experimental data show that in order to suppress the lateral modes

(in case of a single-stripe device) it is necessary to use very narrow stripe width

- below 2µm [92, 98]. Longitudinal modes are not visible in the measurement

because of the insufficient spectrometer’s resolution. This observation of a single

mode emission is even more surprising in the case of a multi-stripe device like

the discussed here mini-array. In order to elucidate the character of the emitted

laser mode, measurements of the far-field patterns were performed.

Far-field patterns

The far field pattern measurements were carried out by direct projection (without

using any collimating optics) on an active matrix of a CCD camera (640 x 480
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pixels array, Duma Optronics Ltd.) The images were registered using camera’s

software, SpotOnCCD. Fig. 7.4a shows the far field pattern of structure A ob-

served in case of the emitting mini–array below its lasing threshold. It was found

that at lasing threshold the far field pattern changed from ”normal” behavior

(three maxima) into a single common mode, centered at the middle stripe. Such

pattern was observed for all measured devices. This phenomenon is explained

by assuming that a large optical mode leakage of the optical field occurs in each

stripe of the system and leads to the coupling of emission through the evanescent

waves. This type of behavior was observed in the past for red and infrared laser

diode arrays [154, 155]. Further research on laser structures confirmed that in

these structures the problem of weak transversal confinement of the mode was

pronounced and a strong leakage of the optical field into the substrate was ob-

served, as it was discussed in detail in chapter 4. Another confirmation of the

diagnosis can be directly deduced from intensity distribution in the far field pat-

tern shown in Fig 7.4 which exhibits the shape of a higher (not fundamental)

transversal mode with side lobes away from the center.

(a) below threshold (b) around threshold (c) above threshold

Figure 7.4: Far field patterns of structure A operating: a) below threshold, b) around
threshold, c) above threshold (the middle stripe emitting), L - lateral direction, T -
transversal direction.

In addition, at lower input currents (below threshold) formation of the mode

peaked at two outer stripes was observed. This evolution of the array mode

may be, apart from the leakage, simultaneously influenced by temperature in-

duced modification of the refractive index. Other explanation is attributed to

packaging-induced as well as temperature-induced stress in the structure result-

ing in nonuniform current spreading through the top contact layer.

For structures B and C first quick characterization measurements showed similar

far-field patterns, with comparable electrical characteristics of the mini-array.
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(a) below threshold (b) above threshold
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Figure 7.5: Far field patterns of structure B operating: a) under threshold, b) around
threshold. L - lateral direction, T - transversal direction. (c) Emission spectra of
structure B at lasing.

The main difference above threshold, in comparison with the case of previously

grown structures A, was a spectrally multimode emission (see Fig. 7.5c) very much

alike to that observed for the typical broad area single stripe device. For structure

B, in the far field pattern below threshold, depending on the current a stronger

emission of light in the outer stripes of the structure was observed.

Near-field measurements

Near-field measurements performed on mini-arrays, similar to previously de-

scribed case of laser diodes, confirmed the weak optical confinement of the waveg-

uide modes. An imaging setup utilizing Gaussian telescope (see Fig. 4.7 for ref-

erence) with magnification of 35 was used to register the near-field patterns.

In case of 7 microns wide ridge structures the most interesting sample was the

one of structure C, where coupling of the optical mode was most pronounced.
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(a) near-field image, below threshold (b) lateral integration of intensity
distribution

(c) near-field image, one ridge lasing (d) lateral integration of intensity
distribution

(e) near-field image, above threshold (f) lateral integration of intensity dis-
tribution

Figure 7.6: Near-field intensity distribution and its lateral integration: below and
above lasing threshold, measurements for structure C with 7µm wide ridges spaced by
20µm.

Fig. 7.6 shows images of the near-field intensity distribution and its lateral inte-

gration at currents below and above lasing threshold. Below threshold (a) and

(b) the optical field spreads along lateral direction in the whole area of the ridges

and also outside them, therefore the lateral integration results in a broad inten-

sity profile with three peaks corresponding to individual ridges. Images taken

at 1400mA, (c) and (d), show that only one of the ridges is lasing, which is

tentatively attributed to the already mentioned temperature-induced and also
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packaging-induced stress in the structure causing a nonuniform current spread-

ing through the top contact layer. Figures (d) and (e) show results obtained at a

current level of 1700mA, well above threshold with all three ridges participating

in lasing. The lateral distribution of the optical field observed in the near-field

plane is more discrete above threshold, but the pattern in transversal direction

is strongly modulated by the pronounced mode leakage and the presence of sub-

strate modes. The latter effect is also the reason for high current densities at

threshold of lasing action.

7.1.2 Optical coupling between emitters

To have a closer look into the optical behavior of the array system, in particular to

address issues of optical coupling between the laser stripes within the mini-array,

measurements of the beam propagation were performed. Using the experimental

setup employing a Gaussian telescope (previously described in detail in chap-

ter 4) with magnification of 18, the beam pattern was registered by taking images

along the beam path from the near-field plane to the far-field up to a distance

of several centimeters. An example of such propagation profile, measured for

sample LD4551 d012 is shown in Fig. 7.7. The evidence of a coherent interaction

between the stripes can be seen in the registered profile from the way in which

these three beams overlap, particularly that a strong bent of the trace on the

right-hand side towards the center occurs. Assuming that in the near-filed plane

the beam profile is described by a superposition of Gaussian modes (given by a

complex field), with amplitudes and width of filaments as fitting parameters to

the measurement, reconstruction of the beam trace can be performed calculating

a superposition of filaments (Gaussian modes) as they propagate along a distance

z. Depending on the case of a coherent or incoherent superposition, using phase

as a fitting parameter to the propagation, different intensity distribution patterns

are obtained. A comparison between Fig. 7.7 (measurement) and Fig. 7.8 (calcu-

lation, coherent superposition of filaments) confirms that in case of the presented

sample these beams are coherently coupled.

Another evidence of coherent coupling between these emitters was found from

spectral measurements in the near-field plane. Fig. 7.9 shows a contour plot of

the near-field intensity distribution and a corresponding lateral, spectrally re-

solved characteristics of the near-field profile measured for the studied sample.
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Figure 7.7: Propagation trace of the output beam from a three stripe laser array.
Sample LD4551 d012, the width of individual ridges was 7µm, the pitch was 20µm.

Figure 7.8: Reconstruction of a propagation trace of the optical field from a 3-stripe
laser array. Field distribution at the input to simulations is fitted to the measured near-
field profile. The obtained pattern is a result of coherent superposition of filaments.
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The measurement was carried out by scanning the near-field plane with a single-

mode fiber used in combination with a high resolution spectrometer (res. of about

0.005 nm), equipped with a CCD camera as a detector. The laser array was oper-

ating cw at a driving current I = 1660mA, in order to provide good temperature

stability a specially designed packaging was combined with the proper cooling

system. Similarly to all other measurements one of the ridges was emitting with

stronger intensity and for that mode a pattern of combined two components (one

dominating and the other weak) was observed. The other two ridges emitting

weaker signals show a perfect phase matching, which means that these beams are

coherently coupled. For the strongest ridge a small shift in the spectral signal

between this and the other two modes was present (Fig. 7.9b). The effect can

be explained by a possible change in temperature distribution during a relatively

long time of scanning.

(a) Laterally resolved spectra of an array, sample C (LD4551 series)

(b) section of the spectra showing almost match-
ing modes

Figure 7.9: Near-field image and its laterally resolved spectral characteristics, above
threshold at I = 1660mA, structure C (LD4551 series), (b) section of the spectra
revealing the nearly phase-matched longitudinal modes.

100



CHAPTER 7

7.2 New generation arrays

The new generation of mini arrays incorporated an optimized structure design

with better transversal waveguiding, which was realized by a plasmonic substrate

or by using thick layers of conventional AlGaN bottom cladding. Additionally

new devices were fabricated applying TopGaN’s improved processing procedures,

in particular newly design photolithographic masks. A photograph of a processed

wafer with state-of-the-art devices is shown in Fig. 7.10. Laser arrays were fabri-

cated simultaneously with standard LDs to have the possibility of direct reference

for characterization. The chip dimensions were of 300x 700µm with three or five

laser stripes per array. The available ridge widths were 3, 5, 7 and 10µm, the

distance between the stripes was 12, 20, 40 and 80µm. The applied dielectric

coatings were designed to yield 20% reflectivity for the output facet and 90% for

the back mirror.

Figure 7.10: New generation arrays fabricated simultaneously with standard LDs. A
photo of a processed wafer showing an LD and two arrays with 3 and 5 laser stripes
per chip.

The goal in fabricating devices with different ridge widths and pitch was to study

the influence of these parameters on the overall performance of devices, espe-

cially to find out if an optical coupling between the emitters occurs. A series

of measurements of the near-field patterns was performed using a CCD camera

combined with a Gaussian telescope, magnification of 45 was applied. Spectra

were registered by placing an optical fiber in the plane of the near-field image,

separately for each of the ridge. The fiber was connected with an Ocean Optics

HR4000 spectrometer, which allowed to take measurements with spectral reso-

101



Nitride laser diode arrays

lution of 0.02 nm. Contrary to the previously studied samples, for all samples

under investigation from the new generation arrays, independent emission from

each stripe was observed. Fig. 7.11 shows results obtained for sample D63 (series

LD5090), i.e. a mini-array with pitch of 12µm and the ridge-width of 3µm. In

the near-field a nicely confined optical mode was observed (small intensity shad-

ows visible between the ridges in Fig. 7.11a are some reflections originating from

a filter plate), confirmed by lateral integrated profile. Registered spectra showed

independent lasing from each stripe with relatively broad multimode emission

line (FWHM of about 2nm), centered around 405nm (Fig. 7.11b). It was clear

that the previously observed optical coupling between emitters originated from

the leakage of the weakly confined mode.

(a) near-field image, sample D63 (b) spectra, sample D63

Figure 7.11: Results of optical characterization of a mini array D63 from series LD5090:
(a) near-field image taken with the magnification of 45 and below the corresponding
lateral profile - integrated signal from the CCD camera, (b) spectra measured separately
for each of the ridge – red (1), green (2) and black (3).

The best results in terms of high output powers and overall characteristics was

obtained for structures grown on bulk ammonothermal GaN crystals (supplied

by Ammono Ltd.). Fig.7.12 shows current-output power (L− I), current-voltage

(I−V ) and spectral characteristics for a three-emitters mini array of 10µm wide

ridges spaced by a distance of 80µm. This structure was grown using a conven-

tional, thick (2µm) Al0.05Ga0.95N bottom cladding. The device was operating

cw at room temperature, stripes were addressed in parallel. The threshold cur-
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rent was around 1A, operating voltage between 7− 8V and the slope efficiency

(dP/dI) was 1.1W/A with a slight bending of the curve due to thermal effect at

higher driving currents. The obtained optical output power reached 2.5W at a

wavelength of 408nm.
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Figure 7.12: High output power, new generation mini laser array: (a) current-voltage
(red) and current-optical output power (black) characteristics of a sample D33 from
series LD5460, i.e. a three-stripe array with ridge width of 10µm and pitch of 80µm,
(b) emission spectrum is centered around 408 nm.

Many research and efforts put into optimization of the epistructure, the use of

good quality substrates but also the complex and demanding processing proce-

dures proved invaluable in achieving an excellent quality, high power nitride-laser-

based devices.
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Conclusions

Presented dissertation was devoted to the research on optical properties of inte-

grated systems based on GaN laser diodes. The progress in design and fabrication

of nitride LDs has brought these devices to maturity. Based on this experience,

constructions of more complex systems started to be in reach, greatly expanding

the range of possible applications. All devices subject to my study were entirely

fabricated at the Institute of High Pressure Physics Polish Academy of Sciences

and its spin-off company TopGaN Ltd., which hold the requisite facility and

know-how of manufacturing high-tech nitride-based instruments.

In the course of my research I started to work with ridge-type waveguide nitride

laser diodes. A detailed characterization of these devices and study upon their

construction allowed to identify the problem of weak transversal confinement

of the optical mode. This mode leakage resulted in the presence of substrate

modes deteriorating performance of structures with our old epi-design. Partic-

ularly important were the near-field measurements, which gave a direct insight

into the optical field distribution on the laser facet and provided an excellent tool

for evaluating structure design. The system for near-field and far-field measure-

ments also made it possible to carry out the systematic characterization of InGaN

laser mini-arrays and a detailed analysis of optical coupling between integrated

emitters.

Fabrication of blue Superluminescent Light Emitting Diodes was reported with

detailed analysis on their temperature characteristics. SLEDs are particularly

important devices due to their applications in Optical Coherence Tomography

(OCT). Other important usage is connected with SLED-based gyroscopes. Due to

the unique properties of a SLED emission (broadband spectrum without speckles,
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spatial beam coherence) there is a great interest in their application to RGB

displays.

Part of my research was devoted to adapting nitride LDs to spectroscopic appli-

cations.

The main results of this research can be summarized in the following:

• plasmonic claddings

A novel idea of waveguide construction in nitrides was presented. Using

highly doped GaN layer (which show plasmonic properties due to high free

electron concentrations) in the construction of bottom cladding of the laser

structure, we were able to eliminate the problem of the optical mode leakage

into the substrate. Although the concept is known from the construction

of quantum cascade lasers, the main difference is that we work relatively

far away from the plasma-edge frequency. This specific case does not in-

troduce substantial optical losses to the system. Simultaneously it provides

sufficient refractive index contrast to obtain required optical confinement.

This approach greatly facilitates waveguide design for InGaN laser diodes

operating in longer wavelength range (450 - 530 nm), which are essential for

development of laser RGB emitters.

A patent application was filed on this subject.

• nitride lds for spectroscopic applications

A comprehensive study on tunability of nitride laser diodes was performed

in terms of their applicability to spectroscopic measurements. Using tem-

perature tuning and external cavity tuning these devices can be successfully

adapted to molecular and atomic spectroscopy requirements. By means of

external cavity I obtained the tuning range of 5.5nm, temperature tuning

resulted in wavelength shift range of 16nm at ∆T = 200K. In collabora-

tion with prof. Tadeusz Stacewicz (Warsaw University) and Jacek Wojtas

and prof. Zbigniew Bielecki (Military University of Technology), a sensitive

detector (to the level of single ppb) of NOx compounds was constructed,

based on the Cavity Ring Down Spectroscopy (CRDS) and InGaN laser

diode operating in the violet-blue spectral range.

• Superluminescent Light Emitting Diodes

The second in the world (after Feltin et al. [148], EPFL) demonstration of

106



CHAPTER 8

nitride SLEDs and a detailed study upon their temperature properties were

provided.

• laser diode arrays

The first in the world systematic characterization of nitride laser diode ar-

rays was performed, in particular the issue of optical coupling between emit-

ters was analyzed. It was found that the observed coherent emission from

a multi-stripe device originated from the coupling through the substrate

modes. Laser arrays with improved waveguide design featured independent

emission from individual ridges. Optimized structure resulted in demon-

stration of high power devices - e.g. an array consisting of three emitters

provided 2.5mW of optical output power.

• measurement setup for near- and far-field characterization

Based on the experience which I gained during my visit to Regensburg

University (a collaboration with prof. Ulrich Schwarz), a construction of an

experimental setup based on a Gaussian telescope for near-field and far-field

measurements was provided. The setup is currently being used as a part

of a standard characterization of devices fabricated at the Institute of High

Pressure Physics, Polish Academy of Sciences and its spin-off TopGaN Ltd.

• frequency stabilized, tunable External Cavity LD

A construction of a frequency stabilized laser diode was provided. The ex-

ternal cavity uses a 3600 l/mm diffraction grating in Littrow configuration

and an additional mirror providing a proper control of the output beam

direction, when the operation wavelength is tuned. Stability of generation

in this system is better than 100MHz within the time periods of 30min

without any active feedback system. The construction meets the require-

ments to use this system as a light source to atomic spectroscopy at Doppler

broadened lines, which usually are characterized by widths of ∼ GHz.
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