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INTRODUCTION

Vertical-External-Cavity Surface-Emitting Lasers (VECSELs) are a
class of optically pumped semiconductor lasers that have attracted
significant interest due to their combination of high beam quality,
wavelength tunability, and power scalability. Unlike electrically
pumped Vertical-Cavity Surface-Emitting Lasers (VCSELs), which
are limited by the need for top- and bottom-contact Distributed
Bragg Reflectors (DBRs) and by a constrained emission area, VEC-
SELs employ an external cavity mirror instead of the top DBR. This
geometry removes the need for current injection through the lasing
path, enables optical pumping, and provides direct access to the
cavity for advanced optical functionalities.

One of the key advantages of VECSELSs is their scalability in out-
put power. Optical pumping allows for a larger gain area, enabling
output powers from hundreds of milliwatts to beyond 100 W, while
preserving diffraction-limited beam quality. Their external cav-
ity design also facilitates straightforward integration of intracavity
components, such as saturable absorbers for mode-locking, non-
linear crystals for frequency conversion, and multiple gain chips for
beam combining and power scaling. These features make VECSELs
highly attractive for applications in industrial processing, biomed-
ical imaging, optical communication, quantum information tech-
nologies, and laser display systems.

From a materials perspective, the most widely used VECSEL struc-
tures for Near-Infrared (NIR) emission employ InGaAs/GaAs Mul-
tiple Quantum Wells (MQWs) as the active region, positioned at the
antinodes of the standing optical field. Alternating GaAs/AlAs lay-
ers are typically chosen for the DBR mirrors due to their high refrac-
tive index contrast and excellent lattice matching. InGaAs-based
VECSELSs operate reliably in the 920-1100 nm spectral range. For
example, 976 nm VECSELs are commonly used for frequency-
doubling to 488 nm or as pump sources for erbium-doped fiber
amplifiers (EDFAs).

However, extending emission wavelengths further into the infrared
requires higher In content in the InGaAs Quantum Wells (QWs),
which increases lattice mismatch with GaAs substrates. The re-
sulting strain accumulation promotes dislocation formation, intro-

11



ducing non-radiative recombination centers that reduce efficiency
and generate localized heating, ultimately limiting output power
and device stability. Various strain-compensation strategies have
been investigated, including the incorporation of GaAsP layers or
dilute nitrides, but these approaches introduce added complexity
and growth challenges.

GaAsBi has therefore been proposed as a promising alternative gain
medium. Incorporating Bi into GaAs reduces the bandgap by ap-
proximately 60-90 meV per percent of Bi, enabling emission be-
yond 1100 nm with much lower strain compared to In-rich InGaAs.
Moreover, GaAsBi exhibits large spin—orbit splitting, which can
suppress Auger recombination and inter-valence band absorption
when the Bi content exceeds 10.5 %, thereby improving efficiency.
GaAsBi is also less sensitive to temperature variations, providing a
route toward thermally stable NIR sources.

Nonetheless, the growth of GaAsBi QWs is challenging. High Bi in-
corporation requires low substrate temperatures and precise As/Ga
flux ratios during Molecular Beam Epitaxy (MBE) growth. These
conditions often lead to increased defect densities, alloy disorder,
and reduced luminescence efficiency. Extensive optimization of the
growth parameters is therefore essential. A critical part of this work
is the systematic investigation of the optical and material quality
of GaAsBi MQWs for VECSEL applications, focusing on Internal
Quantum Efficiency (IQE) characterization and the identification
of recombination mechanisms, particularly trap-assisted and other
non-radiative channels.

In summary, while VECSELs offer compelling advantages, wave-
length flexibility, high power scalability, excellent beam quality, and
cavity accessibility their performance depends strongly on the qual-
ity of the epitaxial structures. For InGaAs-based devices, strain
management remains the main challenge, while for GaAsBi-based
designs, reducing defect-related losses is critical. The work pre-
sented in this dissertation addresses both aspects, advancing the
development of efficient and thermally stable VECSELSs across the
NIR spectrum.

12



Goal of the Research

The main goal of this work is the optimization of GaAsBi-
based MQWs for application in NIR VECSELSs emitting in the
1000-1200 nm range. To achieve this goal, the following steps were
defined:

1.

Optimization of InGaAs-based MQWs growth by addressing
three main aspects: the effects of post-growth annealing, the
mitigation of lattice-mismatch-induced dislocation formation,
and the reduction of carrier thermalization in the wells.

Optimization of technological parameters for GaAsBi-based
MQWs and device growth. This includes identifying a suit-
able growth window that enables precise control of Bi incorpo-
ration and determining the optimal conditions for fabricating
complete devices.

. Development of a reliable method to evaluate the IQE of

GaAsBi structures, enabling a detailed investigation of the
dominant recombination pathways in this material system.

Fabrication and testing of Laser Diodes (LDs) based on
GaAsBi MQWs with different barrier geometries, in order to
assess their suitability and performance for VECSEL appli-
cations.

. Design, growth, and characterization of complete VECSEL

structures based on both InGaAs and GaAsBi MQWs, fol-
lowed by testing within the capabilities of the available ex-
perimental setup.

Novelty

. I demonstrated that spatially resolved Room-Temperature

Photoluminescence (RTPL) mapping is an effective method
for detecting and analyzing Misfit Dislocationss (MDs) in
MQW structures.

. I investigated stress accumulation in strained MQW systems

and introduced a novel alternating-barrier-thickness design,

13



enabling the realization of thinner and more efficient VEC-
SELs.

. I identified the dominant recombination channels in GaAsBi
and proposed a modified ABC model for more accurate IQE
determination.

. I fabricated LDs with two different barrier designs, revealing
the current leakage mechanisms associated with Low Temper-
ature (LT)-grown GaAsBi and GaAs barriers.

. I designed, grew, and characterized the first GaAsBi-based
VECSEL, demonstrating lasing from a large pumped area
without the need for additional cooling.

Statements to be Defended

. Precise control of indium content and well thickness in In-
GaAs MQW structures epitaxially grown on GaAs enables
high emission uniformity across large substrate areas, demon-
strating their feasibility for wafer-scale photonic device pro-
duction.

. Reproducible incorporation of up to 10 % bismuth into the
GaAs lattice can be achieved in multiple quantum well struc-
tures grown by molecular beam epitaxy under temperature-
limited kinetics.

. An innovative design of GaAsBi-based MQWs with parabol-
ically graded AlGaAs barriers, combined with thermal engi-
neering, reduces the lasing threshold at room temperature by
at least 30 % and enhances stimulated emission by more than
an order of magnitude.

. A novel VECSEL architecture employing GaAsBi QW pairs
with alternating GaAs barrier thickness enables an increase in
active device area, improves pumping efficiency, and simplifies
heat management.

14
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1. LITERATURE
REVIEW

1.1. Gallium Arsenide Bismide

This chapter summarizes key published results on the growth and
characterization of GaAsBi and InGaAs materials, including a re-
view of the current state-of-the-art in GaAsBi-based LDs.
Subsequently, the design strategies for VECSELs will be discussed,
highlighting the most relevant results and the main limitations re-
ported across published works.

1.1.1. Brief History

Gallium arsenide bismide (GaAsBi) is a promising III-V semicon-
ductor alloy that has attracted significant research interest due to
its potential applications in optoelectronic devices such as laser
diodes, photodetectors, and solar cells. The incorporation of bis-
muth (Bi) into GaAs introduces unique material properties, in-
cluding a substantial reduction in bandgap energy and enhanced
spin—orbit splitting, making GaAsBi particularly attractive for
long-wavelength infrared and telecommunication applications [1,2].
Research into GaAsBi began in the early 1990s, when efforts were
made to incorporate heavy group-V elements into III-V semicon-
ductors in order to engineer their band structures for improved
optical and electronic performance [3]. Initial studies primarily fo-
cused on Metal Organic Vapor Phase Epitaxy (MOVPE) growth,
and in 1998 the first successful synthesis of GaAsBi was reported
[4]. Growth was performed at low substrate temperatures (around
365 °C), achieving a Bi incorporation of approximately 2 %. How-
ever, a key limitation of this method is the restricted Bi content
achievable; the highest reported value using MOVPE is 3.7% [5].

To address this limitation, researchers turned to MBE techniques,
which offer better control over growth parameters. Incorporating
Bi is particularly challenging due to its tendency to segregate and
form metallic droplets on the surface. Early MBE efforts success-
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fully incorporated small amounts of Bi into GaAs, resulting in a
bandgap reduction of approximately 80-90 meV per atomic per-
cent of Bi [2].

Throughout the 2000s, advancements in epitaxial growth enabled
the fabrication of GaAsBi with higher Bi content and improved
crystalline quality. Optimal growth conditions, including low sub-
strate temperatures and carefully controlled As/Ga and Bi flux
ratios, were identified to enhance Bi incorporation while minimiz-
ing defects [3]. By the 2010s, experimental work confirmed theo-
retical predictions, showing that GaAsBi exhibits a large bowing
parameter and strong bandgap reduction, reinforcing its potential
for near-infrared optoelectronic applications [1].

Recent efforts have focused on refining the growth process to further
increase Bi incorporation and reduce structural defects, thereby en-
hancing the performance and reliability of GaAsBi-based devices.
As research progresses, GaAsBi continues to be a key material of
interest for next-generation optoelectronic and photonic technolo-
gies.

1.1.2. Properties

In this section, we discuss three key aspects of GaAsBi properties:
bandgap reduction, temperature stability, and the Band Anticross-
ing (BAC) effect. These phenomena not only determine the optical
and electronic behavior of the alloy but also strongly influence its
performance in device applications.

Bandgap Properties

One of the most distinctive features of GaAsBi is the pronounced
reduction of its bandgap with increasing Bi content. Experimental
studies have shown that the incorporation of Bi atoms into GaAs
lowers the bandgap by approximately 60-90 meV per percent of Bi.
Figure 1.1 shows experimental measurements reported by several
groups [6,7]. This strong bandgap reduction arises from two main
effects:

o Perturbation of the GaAs valence band by the introduction
of localized Bi states.

o Mixing of the extended GaAs states with these localized
states.
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Figure 1.1: Energy bandgap of GaAsBi as a function of Bi content
measured by different groups. Data points are taken from [8], [9],
6], [10], [11], [7], [12], and [13] (listed in order from top to bottom
in the legend).

A widely used model to describe the GaAsBi bandgap Fgaaspi is
the empirical bowing equation:

EGaAsBi = (1 - 'T)EGaAs + xEGaBi - bl’(l - I), (11)

where z is the Bi mole fraction, Eg,as and Eq.p; are the bandgaps
of GaAs and the hypothetical zinc-blende GaBi, respectively, and
b is the bowing parameter [14]. Detailed Photoluminescence (PL)
studies have confirmed the nonlinear dependence described in Equa-
tion 1.1, and the fitting parameters indicate a strong deviation from
a simple linear interpolation between GaAs and GaBi [2].

Further refinements introduce a composition-dependent bowing pa-

Q@

rameter:
b(z) = ——,
(@) =7 e

which, when substituted back into Equation 1.1, provides a more
accurate description of experimental data. Here, o and 3 are fitting
parameters that describe the variation of the bowing parameter
with Bi content in GaAsBi [14]. This refined model emphasizes the
critical role of Bi-induced perturbations in shaping the electronic
structure of the alloy.

(1.2)

Temperature Stability

A major advantage of GaAsBi over conventional GaAs is its en-
hanced temperature stability. In many semiconductor lasers and
photodetectors, temperature-induced variations in the bandgap can
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degrade device performance. GaAsBi alloys, however, exhibit a sig-
nificantly lower temperature coefficient of the bandgap. Measure-
ments indicate a shift of approximately 0.1 meV K=!, compared to
around 0.35 meV K=! for GaAs. Figure 1.2 shows the bandgap
of GaAsBi measured as a function of temperature, alongside the
bandgap of GaAs bulk for comparison [15]. This improved temper-
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Figure 1.2: Temperature dependence of the bandgap for GaAsBi,
measured by our group using photoreflectance (blue), and calcu-
lated bandgap for GaAs using parameters from [16] (red).

ature stability is primarily attributed to the localized states intro-
duced by Bi incorporation. These states tend to pin the valence
band maximum, making the bandgap less sensitive to thermal ef-
fects such as lattice expansion and electron—phonon interactions.
Additionally, Bi reduces the overall strength of electron—phonon
coupling, further stabilizing the optical properties of the mate-
rial [17].

From a device perspective, this temperature insensitivity is partic-
ularly valuable for the development of uncooled lasers and photode-
tectors, especially in optical communication systems, where wave-
length stability is critical [18].

Band Anticrossing Effect

The BAC model has been widely used to explain the unusual band
structure behavior observed in GaAsBi. According to this model,
the localized states introduced by Bi interact strongly with the
extended valence band states of the GaAs host matrix, resulting in
a significant restructuring of the valence band. This interaction is
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described by the following expression:

B (k) = ; (EVB + Epi —/(Bvp — Eg)? + 402) a3

where Fy g is the energy of the GaAs valence band edge, Ep; is the
energy level of the localized Bi states, and C' is the coupling pa-
rameter that quantifies the interaction strength [19]. Equation 1.3
captures how the Bi states effectively repel the GaAs valence band
states, resulting in a lowering of the bandgap.
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Figure 1.3: (a) GaAs;(Bi, bandgap values along with experimen-
tal data from [2,9,12]; (b) calculated positions of the E; and E_
bands (associated with heavy, light, and spin-orbit split-off bands)
as determined by the VBAC model as a function of Bi content.
Figure adapted from [19].

Impact on Spin-Orbit Splitting

Another important consequence of the BAC interaction is the en-
hancement of the Spin-Orbit Splitting Energy (Ago). As the Bi
content increases, Ago can eventually exceed the bandgap energy
itself. This inversion has significant implications for carrier recom-
bination dynamics: specifically, it can suppress nonradiative Auger
recombination processes that are typically detrimental to laser per-
formance [6]. This suppression is one of the main reasons why
GaAsBi is considered a strong candidate for high-efficiency, high-
temperature light-emitting applications [20].

Both theoretical predictions and experimental data support the
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BAC model in GaAsBi. Density Functional Theory (DFT) cal-
culations reveal that the strong perturbation induced by Bi leads
to a substantial anticrossing interaction in the valence band [21].
Experimentally, the evolution of the band structure with increasing
Bi content has been studied through techniques such as PL spec-
troscopy and photoreflectance. The results, shown in Figure 1.3,
closely match the predictions of the BAC model [2,22].

1.1.3. Growth Techniques

The growth of GaAsBi by MBE is particularly challenging due to
the low miscibility of Bi in GaAs and the strong tendency of Bi
atoms to segregate at the growth surface. Successful synthesis re-
quires precise control of growth kinetics, surface reconstructions,
and substrate temperature.

Optimization of GaAsBi growth depends on careful adjustment of
several parameters:

o As/Ga flux ratio: Near-stoichiometric or slightly As-rich con-
ditions are required. Excessive As flux suppresses Bi incorpo-
ration, while Ga-rich conditions promote Ga—Bi droplet for-
mation [23].

e Bi flux: An increased Bi flux initially enhances Bi incorpo-
ration, but beyond a critical threshold, Bi saturates at the
surface and segregates into droplets [14].

o Growth rate: Slower growth rates promote Bi incorporation
by increasing surface residence time, but also raise the risk of
surface segregation and defect formation.

o Substrate temperature: FEfficient Bi incorporation requires
relatively low growth temperatures (typically 280-350 °C)
[14].

Efficient Bi incorporation without droplet formation requires near-
stoichiometric conditions, as demonstrated in early studies [24].
Figure 1.4 illustrates the impact of the As/Ga flux ratio on Bi in-
corporation and surface roughness. in situ Reflection High-Energy
Electron Diffraction (RHEED) is commonly employed to monitor
surface conditions. A transition from a streaky (2x1) to a spotty
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Figure 1.4: Bismuth incorporation for various As:Ga atomic flux
ratios using Ass (solid circles) and As, (solid triangles). To account
for the approximate 50 % desorption of As, during growth, the
As,:Ga ratios have been halved [25,26]. A spline curve, fitted to
both data sets, is included as a guide to the eye. Figure adapted
from [27].

(2x1) pattern indicates the onset of Ga-rich conditions and an in-
creased risk of droplet formation. Surface reconstructions also affect
the number of available bonding sites, thereby influencing Bi in-
corporation probability. The dependence of surface reconstruction
patterns on As/Ga flux ratio and substrate temperature is shown
in Figure 1.5(b). Lower substrate temperatures enhance Bi incor-
poration by suppressing desorption, but reduced adatom mobility
at these temperatures can lead to higher defect densities and Bi
compositional inhomogeneity. Therefore, the optimal growth tem-
perature represents a balance between efficient Bi incorporation and
sufficient surface diffusion to maintain crystalline quality [23].

A distinctive feature of GaAsBi MBE growth is the dual role of Bi
on the surface. Under As-rich conditions, Bi acts as a quasi-wetting
layer, behaving like a surfactant that improves surface smoothness.
Once a critical coverage is reached Bi atoms may act as an anti-
surfactant, leading to the formation of Ga-Bi droplets [29, 30].

The formation of droplets is a key challenge in GaAsBi growth. As
the Bi coverage increases, the large atomic size mismatch between
Bi and As induces strain that cannot be fully accommodated by the
lattice. This leads to the nucleation of droplets, particularly under
Ga-rich conditions where excess Ga further facilitates droplet for-
mation [30]. Several studies have demonstrated that careful control
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Figure 1.5: Surface reconstruction maps for (a) GaAs (001) and
(b) GaAs;Biy (001) for substrate temperatures from 250 °C to
425 °C and Asg:Ga flux ratios from 0 to 3 (Asy:Ga Beam Equivalent
Pressure (BEP) ratio from 0 to 9.4). The GaAs;Biy surface was
grown with an incident Bi BEP of 3x10 Torr. Figure adapted
from [28].

of the As/Ga flux ratio, along with moderated Bi flux, is crucial to
suppressing droplet formation.

Post-growth treatments such as annealing can partially alleviate
droplet issues, improving surface smoothness and crystalline qual-
ity [31]. Thus, successful MBE growth of GaAsBi is achieved
through a careful and dynamic balance of growth kinetics, surface
reconstruction, flux ratios, and temperature control, essential for
producing high-quality layers suitable for advanced optoelectronic
applications.

1.2. Laser Diodes

Recent progress in electrically pumped GaAsBi QW laser diodes
has advanced their potential for practical NIR applications. Both
Continuous Wave (CW) and pulsed lasing from GaAsBi active re-
gions have been demonstrated, with emission wavelengths ranging
from approximately 950 nm to beyond 1.1 pm [18,32-34]. These
results highlight the promise of GaAsBi for telecom-relevant wave-
lengths on cost-effective GaAs substrates, making them attractive
for uncooled laser applications.
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Early GaAsBi laser diode designs employed simple single QWs em-
bedded within AlGaAs barriers, grown either by MBE or MOVPE.
Initial demonstrations reported pulsed room-temperature lasing
with around 2 % Bi incorporation. More recent structures have
achieved higher Bi contents (5-6 %), enabling emission wavelengths
up to approximately 1.14 pm under electrical injection [18, 33].
These improvements were made possible by critical growth opti-
mizations, including precise control of substrate temperature, V /111
flux ratio, and arsenic overpressure, which are essential to preserve
crystalline quality and minimize defect densities.

Performance metrics of GaAsBi laser diodes are encouraging. In-
ternal quantum efficiencies are comparable to those of conventional
GaAs-based devices, while optical gain measurements reveal mod-
erate internal optical losses (typically 10-15 cm™!), consistent with
good waveguide quality [32]. Increasing the Bi fraction system-
atically redshifts the emission wavelength but can also introduce
localized and extended tail states that influence carrier dynamics.
Design strategies such as the inclusion of electron-blocking layers
have proven effective in reducing carrier leakage and maintaining
low threshold currents.

A distinct advantage of GaAsBi-based lasers is their reduced tem-
perature sensitivity. The smaller bandgap temperature coefficient
results in lower wavelength shifts (dh/dT) compared to standard
GaAs lasers. For instance, GaAsgg7Big 3 lasers exhibited a coeffi-
cient of approximately 0.16 nm K—!, about half the value observed
in conventional GaAs diodes [18]. Furthermore, the condition where
the Agop exceeds the bandgap in GaAsBi suppresses Auger recombi-
nation, thereby enhancing thermal stability and efficiency [32,33].
Despite these advances, challenges remain. Incorporating Bi con-
tents above 6 % exacerbates miscibility problems and defect for-
mation, demanding rigorous flux control and often requiring post-
growth treatments. Nevertheless, continued progress in epitaxial
growth and device design is steadily pushing GaAsBi laser perfor-
mance towards the technologically important telecom windows at
1.3-1.55 pm. With ongoing improvements in material quality and
device engineering, GaAsBi lasers are strong candidates for future
cost-effective data and telecommunication systems operating with
relaxed cooling requirements.

35



1.3. Vertical-External-Cavity
Surface-Emitting Laser

VECSELSs have emerged as a highly versatile class of semiconductor
lasers, combining the advantages of semiconductor gain media with
those of external solid-state resonator architectures. This section
provides an overview of their key properties, benefits, limitations,
and structural considerations.

1.3.1. Main Advantages

VECSELSs offer several notable advantages that make them attrac-
tive for a wide range of applications:

Wavelength versatility: The semiconductor gain medium can
be engineered to cover a broad spectral range, extending from
the visible to the mid-infrared [35].

High beam quality: Owing to their large, optically pumped
gain area, VECSELs can operate with nearly diffraction-
limited beam quality (M? & 1), outperforming edge-emitting
lasers [35].

Power scalability: Continuous-wave power levels exceeding
100 W have been demonstrated, supported by efficient heat
dissipation using external heat spreaders or flip-chip bonding

[36].

Ultrafast pulse generation: Sub-picosecond pulses at GHz
repetition rates can be produced, enabling applications such
as frequency combs and ultrafast spectroscopy [37].

Intracavity nonlinear optics: The open cavity design facili-
tates efficient intracavity frequency conversion, enabling com-
pact sources across the visible and ultraviolet spectral re-
gions [38].

1.3.2. Main Disadvantages

Despite their many strengths, VECSELs also face several chal-
lenges:
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o Thermal management: Heat extraction is a major limitation
due to the thin gain region, necessitating advanced cooling ap-
proaches such as intracavity heat spreaders or flip-chip bond-
ing [39].

o Fabrication complexity: High-quality gain structures, typi-
cally incorporating MQWs or Quantum Dots (QDs), require
precise control over strain, composition, and thickness during
growth [40].

o Electrical pumping limitations: While optically pumped de-
vices are mature, electrically pumped VECSELSs remain chal-
lenging because of the difficulty of achieving uniform carrier
injection across a wide active area [41].

» Optical losses and cavity stability: The external cavity config-
uration introduces alignment sensitivities and potential para-
sitic losses, which can reduce efficiency and compromise wave-
length stability [42].

1.3.3. Description of the Structure

A typical optically pumped VECSEL consists of a semiconductor
gain mirror and an external cavity mirror. The gain mirror incorpo-
rates MQWs embedded in a semiconductor matrix and positioned
within an optical microcavity. A schematic of a VECSEL chip is
shown in Figure 1.6, where the layered structure is illustrated on
top and the conduction band profile with the lasing standing wave
is shown below. The main components of the structure are:

o DBR: a high-reflectivity bottom mirror that provides optical
feedback.

» Active region: a gain section containing MQWs or QDs placed
at the antinodes of the standing optical wave to maximize
light—-matter interaction.

o Window layer: a transparent layer that suppresses surface
recombination and ensures carrier confinement [35].

The external cavity is formed between the gain mirror and an out-
put coupler, enabling wavelength tuning via intracavity filters or a
semiconductor saturable absorber mirror [43]. Achieving high per-
formance requires careful optimization of these structural elements.
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Figure 1.6: Schematic of a VECSEL structure. Top: layered
structure in a lasing configuration with the main components high-
lighted. Bottom: conduction band profile of the chip with the lasing
standing wave. For clarity, the drawing is not to scale.
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1.3.4. Distributed Bragg Reflector

The DBR is a crucial part of the VECSEL structure, consisting of
alternating layers with different refractive indices that form a high-
reflectivity mirror. Materials used for the DBR should combine a
large refractive index contrast, which minimizes the total thickness,
with lattice matching to avoid defect generation. GaAs/AlAs DBRs
provide high reflectivity together with good thermal conductivity,
while AlGaAs-based DBRs are often used for shorter wavelengths
[40].

The DBR operates as a quarter-wavelength mirror, with each layer

thickness defined as: \
d=— 1.4
=, (14)
where A is the target wavelength and n is the refractive index of
the material. Refractive indices for GaAs and AlAs are typically

obtained from empirical models.

1.3.5. Gain Region and Window

The gain region is composed of MQWs designed for efficient carrier
confinement and optical amplification. The barriers separating the
wells are adjusted so that the QWs coincide with the antinodes of
the standing optical field. Their thickness is given by:

dbarrier = 27’l:\arrier - dQWa (15)
where nparrier is the refractive index of the barrier material and dqw
is the quantum well thickness. The final barrier thickness is fine-
tuned to align the optical field distribution with the active region.
The window layer acts as both an optical confinement and a pro-
tective layer. Its thickness follows:

A

)
2nwindow

(1.6)

dwindow =

where Nyindow 15 the refractive index of the window material. A thin
capping layer is typically added to prevent oxidation of the AlAs
window, ensuring long-term stability.

The total chip thickness can be expressed as:

dchip = dDBR + dgain + dwindow + dcapa (17)
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where each contribution is tailored to the target wavelength.
Through precise engineering of these layers, VECSELSs achieve high
output power, wavelength tunability, and efficient thermal manage-
ment.

1.3.6. InGaAs for VECSEL

Indium gallium arsenide (InGaAs) is a ternary III-V semicon-
ductor alloy composed of indium arsenide (InAs) and gallium ar-
senide (GaAs). It is widely recognized for its favorable optoelec-
tronic properties. InGaAs exhibits a direct band gap tunable from
1.424 eV to 0.35 eV at room temperature, depending on the indium
content, covering the NIR spectral range. This makes it a key
material for high-performance photodetectors used in Short-Wave
Infrared (SWIR) imaging and telecommunications.

InGaAs/GaAs MQWs in particular are widely employed in pho-
todetectors, photovoltaic devices, Light Emitting Diodes (LEDs),
and NIR lasers due to their efficiency and spectral versatility
[44-47]. For MBE-grown emitters, the main challenges are indium
segregation and lattice mismatch dislocations, both of which can
degrade device performance.

Indium segregation refers to the non-uniform distribution of indium
atoms within the alloy during growth, resulting in compositional in-
homogeneity. This process is strongly influenced by the lower sur-
face diffusivity of indium compared to gallium and arsenic, which
promotes clustering of indium atoms. In InGaAs QWs, segregation
effects are enhanced at higher growth temperatures, leading to in-
creased inhomogeneity [48,49].

Strain also plays a critical role: the larger atomic size of indium
compared to gallium introduces lattice mismatch, which promotes
segregation and can induce piezoelectric effects in indium-rich re-
gions [50,51]. At elevated growth temperatures, the sticking coef-
ficient of indium decreases, increasing desorption and further con-
tributing to compositional non-uniformity [52—-54].

The consequences of indium segregation include band gap fluctu-
ations and strain relaxation. Indium-rich regions reduce the band
gap locally, introducing spectral inhomogeneity and redshifts in ab-
sorption [52,55,56]. Strain relaxation may further generate inter-
facial defects such as dislocations, acting as non-radiative recombi-
nation centers that lower PL intensity and device efficiency.
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Several techniques have been explored to suppress indium segre-
gation. Lowering the growth temperature and increasing arsenic
overpressure reduce segregation by kinetically limiting indium mi-
gration, though this often weakens PL intensity and crystalline
quality [52]. Reduced growth rates (around 400 nmh™!) improve
interface sharpness and optical properties [57,58]. In some cases,
pre-adsorption of indium on the GaAs surface has been used to sta-
bilize the composition during steady-state growth [54,59].

A second major limitation is the lattice mismatch between InGaAs
and GaAs, which can generate misfit dislocations when the critical
thickness is exceeded for a given indium content [60]. These disloca-
tions act as non-radiative centers, lowering PL intensity, decreasing
efficiency, and introducing localized heating in devices [61-65].

To mitigate these effects, strain compensation is often used. For
InGaAs/GaAs QWs, GaAsP layers can be incorporated to coun-
terbalance the compressive strain. However, this approach intro-
duces another lattice-mismatched compound, adding complexity
and possible interfacial defects [63,66]. Alternatively, diluted ni-
trides can be employed: incorporating a small nitrogen fraction
(typically <2 %) reduces the required indium concentration for a
given band gap, thereby lowering lattice mismatch. Nevertheless,
nitrogen incorporation often introduces point defects, which remain
a significant drawback [67-70].
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2. METHODS

2.1. Molecular Beam Epitaxy
Equipment

MBE is an advanced epitaxial growth technique that enables the
fabrication of semiconductor structures and devices with atomic-
level precision. The process operates under Ultra-High Vacuum
(UHV) conditions (approximately 1 x 107! Torr), which minimizes
contamination and allows precise control over material composition
and epitaxial layer thickness.

The system used in this work is a solid-source MBE Veeco GENx-
plor R&D model, equipped with effusion cells for gallium, alu-
minum, indium, bismuth, silicon, and beryllium, as well as a spe-
cially designed arsenic source producing a pure As, flux. The sys-

Figure 2.1: Picture of the MBE Veeco GENxplor R&D system
used. The numbers indicate the different chambers of the machine:
(1) loadlock, (2) buffer chamber, (3) growth chamber.

tem comprises three interconnected UHV chambers designed for
substrate preparation, epitaxial growth, and in situ characteriza-
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tion. Figure 2.1 shows: (1) the loadlock, used for substrate in-
sertion without breaking vacuum in the growth chamber; (2) the
buffer chamber, where sample storage and additional preparation
take place; and (3) the growth chamber, where epitaxial deposition
and in situ monitoring are performed.

2.1.1. in situ Characterization

Reflection High-Energy Electron Diffraction

RHEED is a key in situ technique for monitoring surface morphol-
ogy, crystalline quality, and growth dynamics in real time. A high-
energy electron beam (10-30 keV) is directed at the substrate at
a shallow angle (1-3 °), as shown in Figure 2.2. Because of this
grazing incidence, the electrons interact mainly with the surface
atomic layers, producing a diffraction pattern highly sensitive to
surface conditions. Streaky patterns typically indicate smooth two-
dimensional layer growth, while spotty patterns reveal rough, three-
dimensional island growth. Rapid interpretation of these patterns
enables immediate adjustment of growth conditions, such as sub-
strate temperature or flux ratios, which is essential for maintaining
epitaxial film quality.

Electron Gun Screen

e_
ay -

Sample

Figure 2.2: Sketch of a RHEED system, taken from [71].

Beam Flux Monitor

The Beam Flux Monitor (BFM) used in this work is a Ba-
yard—Alpert ionization gauge. It measures the flux of atomic
or molecular beams from the effusion cells by ionizing the beam
species, collecting the ions, and measuring the resulting ion cur-
rent. Since the current is proportional to the beam flux, the BFM
provides accurate, real-time monitoring of deposition rates. This
feedback is crucial for controlling layer thickness and composition,
directly impacting the quality of grown quantum structures.
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Band-Edge Thermometry

Band-edge Thermometry (BandiT) is an optical in situ technique
used to measure substrate temperature and monitor composition
during growth. It operates by detecting the spectral position of
the fundamental absorption edge (band edge), which shifts with
both temperature and material composition. Because it is contact-
free, it provides precise substrate temperature control and real-
time composition feedback, ensuring reproducibility and accuracy
of epitaxial layers.

2.1.2. Sample Preparation

Proper substrate preparation is critical for achieving atomically
clean surfaces and high-quality epitaxy. Substrates are first loaded
into the loadlock (Figure 2.1(1)), where they undergo annealing at
200 °C for 2 hours. The temperature is slowly ramped to preserve
vacuum conditions. Afterward, the substrates are transferred to
the buffer chamber (Figure 2.1(2)) for a second annealing step at
300 °C for 1 hour. The final annealing is carried out in the growth
chamber (Figure 2.1(3)), where native GaAs oxide is removed by
heating the substrate above 580 °C under As flux. Complete deox-
idation and the appearance of the characteristic 2x4 GaAs surface
reconstruction typically occur at 650-700 °C. Following this step,
the substrate temperature is lowered to 580-630 °C, and a GaAs
buffer layer with a thickness of 150-500 nm is deposited to improve
surface quality.

2.2. Nextnano® Calculations

To model the electronic band structure of QW heterostruc-
tures, simulations were carried out using the Nextnano® package.
This software performs full-band quantum mechanical simulations
within the k - p formalism and effective mass approximation. In
this work, one-dimensional simulations along the growth axis (z-
direction) were conducted using an 8x8 k - p Hamiltonian, includ-
ing the conduction band minimum at the I' point and both Heavy
Hole (HH) and Light Hole (LH) valence bands. Excitonic effects
and the temperature dependence of the band gap were incorpo-
rated, as well as strain effects. The simulations provided energy
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levels, wavefunctions, and potential profiles, offering insights into
carrier confinement and optical transition energies crucial for VEC-
SEL optimization. Simulation parameters for GaAs, AlGaAs, and
InGaAs were taken from the Nextnano® database, while GaAsBi
parameters were extracted from the literature: band gap and Ago
from [72], elastic constants from [73], lattice constant from [74], and
band offsets from [75].

2.3. Photoluminescence Spectroscopy
System

PL spectroscopy is a non-destructive tool used to assess the
optical quality of QW structures, revealing defects, inhomo-
geneities, and localized states. Three different configurations were
used: RTPL, Micro-Photoluminescence (pPL), and Temperature-
Dependent Photoluminescence (TDPL).

2.3.1. Room Temperature PL

RTPL mapping was performed using a diode-pumped solid-state
laser (532 nm, ~5 kW cm™2) (1) focused to a ~50 pm spot. Emis-
sion was collected with a 420 mm focal-length monochromator and
detected using a thermoelectrically cooled InGaAs photodetector
(5). Samples were mounted on motorized XY stages with 0.31 pm
resolution (3), enabling large-area mapping of intensity and peak
position. This method revealed sample uniformity, defect distribu-
tions, and strain relaxation. A photograph of the setup is shown in
Figure 2.3.

2.3.2. pPL Setup

nPL was performed with a WITec Alpha 300S confocal microscope
(Figure 2.4 (2)). Excitation was provided by a 665 nm CW laser
diode (1), focused with a 100x objective (NA = 0.9) to a ~1 pm
spot. Emission was collected through the same objective and ana-
lyzed with an Andor Shamrock spectrometer (3) coupled to a cooled
InGaAs camera (4). This configuration enabled high-resolution
mapping of localized emission, sensitive to threading dislocations
and non-radiative centers not resolvable with RTPL.
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Figure 2.3: Picture of the RTPL setup used in this work. (1)
diode-pumped solid-state laser (532 nm, ~5 kW cm~2), (2) CMAC
used for data collection, (3) dark room where the samples were
mounted on motorized XY stage, (4) monochromator, (5) detector
used.

2.3.3. Temperature-Dependent PL

TDPL measurements were performed using the optical setup shown
in Figure 2.5. The sample was mounted in a closed-cycle helium
cryostat equipped with a temperature controller (4), allowing mea-
surements over the range of 3.5-300 K. A diode-pumped solid-state
(DPSS) laser emitting at 532 nm (1), with a maximum average
power of 400 mW and a spot diameter of approximately 0.6 mm,
was used as the excitation source. The laser was modulated at
193 Hz (2). To minimize sample heating, the excitation intensity
was attenuated using a neutral-density gradient filter (3). PL signal
was collected by a multi-lens system (5 and 6), passed through a
long-pass filter (HWB760) (7), and dispersed by a monochromator
(500 mm, 600 lines/ mm grating optimized for 1000 nm) (8). De-
tection was carried out with an InGaAs photodetector (9), either
liquid-nitrogen cooled or thermoelectrically cooled, in combination
with lock-in amplification.
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Figure 2.4: Picture of the pPL setup used. (1) laser diode used for
excitation, (2) confocal microscope, (3) spectrometer, (4) camera.

Figure 2.5: Picture of the TDPL setup used in this work. (1)
Diode-pumped solid-state (DPSS) laser 532 nm, (2) chopper or
modulator (for lock-in), (3) neutral-density gradient filter, (4)
closed-cycle He cryostat coupled with temperature controler, (5)
colimating lens (f = 100 mm), (6) focusing lens (f = 325 mm), (7)
longpass filter, (8) monochromator (f = 500 mm), (9) InGaAs pho-
todetector.

47



2.4. Reflectance Measurements

Reflectance spectra were measured with a spectroscopic ellipsom-
etry system at normal incidence, consisting of a halogen lamp,
monochromator, and photodetector with lock-in detection. Sam-
ples were mounted on a precision stage for stable positioning. Mea-
surements were baseline-corrected using a silver mirror reference.
This method was used to characterize key optical features such as
the stop band of DBRs and cavity resonances in VECSEL struc-
tures, enabling verification of layer thicknesses and spectral align-
ment between the quantum well emission and cavity resonance.

2.5. Optical Setup for Lasing
Measurements

The optical setup for VECSEL lasing characterization was devel-
oped at the Laser Research Center, Vilnius University. Samples
were cleaved into 3 X 3 mm chips and mounted in a V-shaped ex-
ternal cavity configuration. The chips were attached to copper
blocks with thermally conductive paste and cooled using a Peltier
module, maintaining 1622 °C during operation. Optical pump-
ing was provided by an 808 nm diode laser, focused to a ~300 pm
spot normal to the surface. An external mirror (99 % reflectivity
at 1064 nm, covering 1020-1080 nm) served as the output coupler.
Emission was separated from residual pump light using a dichroic
splitter and recorded with an Avantes AvaSpec-3648 spectrometer,
covering 200-1100 nm.
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3. RESULTS AND
DISCUSSION

The following summarizes the main results obtained during the
PhD research. These include:

Annealing effects on InGaAs QWs.

Lattice mismatch formation in InGaAs MQWs. Results from
this study have been submitted for publication [A7].

Use of AlGaAs as an electron-blocking layer for InGaAs QWs.
Findings were published in [A4].

Stress accumulation in GaAsBi MQWs, with partial results
published in [A1].

Optimization of growth parameters for GaAsBi MQWs.

Effect of annealing on the emission properties of GaAsBi
MQWs.

Evaluation of the IQE of GaAsBi, published in [A3].

LDs growth, processing, and characterization, published in
[A6].

LDs low-frequency noise characterization, published in [A2]

and [A5].
VECSEL design and growth.

VECSEL characterization, reported and accepted for the ESA
project Infrared (IR) Bi-based sources (Irbis), Contract No.
4000122271 /NL/SC.

The samples grown and analyzed throughout this work vary sig-
nificantly in terms of structure type, material system, and growth
parameters. For this reason, different naming conventions were
adopted in each section to reflect the specific differences empha-
sized for comparison.
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3.1. InGGaAs Optimization

The main advantage of using InGaAs for NIR emitters in this work
is that it is a well-established material system with extensive liter-
ature, allowing for a reliable comparison of different designs.

To enable meaningful comparison with devices reported in the lit-
erature, it was first necessary to optimize InGaAs growth in our
system. The main limitations of InGaAs, already discussed in sub-
section 1.3.6, are addressed here with particular focus on: indium

segregation, lattice mismatch dislocations and carrier thermaliza-
tion in InGaAs/GaAs QWs.

3.1.1. Substrate Temperature Effect

It has been demonstrated that in (Ga,In)(N,As) alloys, indium seg-
regation increases with substrate temperature [52,58]. In arsenide-
based systems, the primary strategy to minimize segregation and
achieve uniform In content is kinetic limitation.

Kinetic limitation can be achieved in two ways: (i) lowering
the growth temperature or (ii) increasing the arsenic flux during
growth. Since surface segregation involves exchange between sur-
face and bulk atoms, reducing the substrate temperature suppresses
the kinetics of this process. Similarly, a higher As flux promotes
faster In incorporation by reducing the surface lifetime of indium
atoms, thereby suppressing segregation.

However, both strategies also reduce crystalline quality, which can
degrade device performance. In Ref. [52], it was shown that segre-
gation can be almost completely suppressed at growth temperatures
near 370 °C, but with a strong deterioration of crystal quality. The
best results, as judged by PL intensity, were obtained at 510 °C. At
higher temperatures (around 570 °C), significant indium desorption
occurs, lowering the In content in the layer.

This poses a major challenge for device fabrication, since VECSEL
structures also contain GaAs and AlAs layers, which require higher
growth temperatures for optimal crystalline quality. In particular,
the best results for AlAs are achieved at 600-720 °C [76-80].

To address this, the effect of barrier growth temperature and
annealing temperature on InGaAs/GaAs and InGaAs/AlGaAs
QWs was systematically studied. Four samples were grown:
RQW+LT_GaAs, RQW+HT_GaAs, RQW+LT__AlGaAs, and
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RQW+HT AlGaAs. Each structure contained a single rectan-
gular InGaAs QW with nominal indium content of 22.5 %. The
barriers were either GaAs (RQW+LT_GaAs, RQW+HT _GaAs)
or AlGaAs with 31 % Al and a GaAs cap (RQW+LT__AlGaAs,
RQW+HT AlGaAs). In the LT samples, barriers and caps were
grown at 510 °C, while in the HT samples they were grown at
570 °C. A schematic of the four structures is shown in Figure
3.1. The PL spectra of the four samples are presented in Figure

RQW+LT_GaAs RQW+HT_GaAs
GaAs GaAs
GaAs 30nm GaAs 30nm
5.7nm InGaAs 5.7nm InGaAs
Te,=510°C
Toup=580°C
RQW+LT_AIGaAs RQW+HT_AIGaAs
Alg 31Gag goAs Alg 31Gag goAS
|25nm 25nm | GaAs 25nm 25nm | GaAs
GaAs 30nm GaAs 30nm
5.7nm InGaAs 5.7nm InGaAs

Figure 3.1: Schematic of the four samples grown to study the
effect of substrate temperature on InGaAs QWs. Layers shown
in red were grown at 570 °C, while those in black were grown at

510 °C.

3.2. In both GaAs and AlGaAs barrier cases, increasing the barrier
growth temperature led to a blue shift in the emission energy and
a reduction in intensity. This behavior is attributed to decreased
crystalline quality and reduced indium incorporation caused by in-
dium desorption.

From this series we conclude that, for device fabrication, it is more
critical to optimize the growth of InGaAs itself rather than increas-
ing the growth temperature of the successive barrier layers.
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Figure 3.2: RTPL spectra of the four samples grown to study the
effect of substrate temperature on InGaAs QWs. Samples with low-
temperature caps (blue and black) correspond to RQW+LT GaAs
and RQW+LT AlGaAs, while those with high-temperature caps
(magenta and orange) correspond to RQW+HT_ GaAs and
RQW-+HT AlGaAs.

3.1.2. Dislocation Density Minimization

Minimizing dislocation density in InGaAs/GaAs MQWs is criti-
cal for achieving uniform emission and high optical efficiency in
VECSEL structures. Dislocations act as non-radiative recombina-
tion centers, degrading the PL signal and contributing to localized
heating. This section presents a detailed strain analysis and corre-
lates it with dislocation formation across six MQW samples using
theoretical modeling and photoluminescence measurements.

The samples are named according to their design type and indium
content in the QWs. Structures labeled A feature barriers of uni-
form thickness, B refers to structures with alternating thin and
thick barriers, while C' corresponds to a triplet-well design.

Stress Calculation

The formation of MDs was analyzed using the Matthews—Blakeslee
equilibrium model, which provides an estimate of the critical thick-
ness Te, above which strain relaxation occurs through MD forma-
tion. The critical thickness is given by

T=1 g (50):

where f is the lattice mismatch strain between the InGaAs and

(3.1)
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GaAs layers, v = 0.311 is the Poisson ratio for GaAs, and b is the
Burgers vector. In zinc blende I11-V semiconductors such as GaAs
and InGaAs, dislocations typically propagate along [110] directions
within (111) slip planes. For the case of 60 ° dislocations, which
dominate strain relaxation in these systems, the Burgers vector is

defined as
ap  5.6531 A

V2 V2
where ag = 5.6531 A is the lattice constant of GaAs [60].

The lattice mismatch strain f was calculated using Vegard’s law
for the In,Ga;_,As alloy:

b= ~ 3.996 A, (3.2)

F=00 g, = 6.0583 — 0.405(1 — ). (3:3)
aop

In MQW structures, the total strain is distributed between the wells
and barriers. The average strain is expressed as
Nt,

Nt, + (N = 1)t

()= f (3.4)

where N is the number of quantum wells, ¢,, is the well thickness,

and t, is the average barrier thickness. The corresponding equilib-

rium strain is derived from the critical thickness 7i, obtained in

Equation 3.1 and the total thickness of the MQW region Tyiqw:
T

e 3.5
Tqw (3.5)

<feq> = f

The excess strain responsible for dislocation formation is then given
by
(fex) = (f) = {fea)- (3.6)

The quantum well and barrier thicknesses, along with indium con-
tents, were determined by X-ray Diffraction (XRD). For instance,
sample Bx0240 incorporates 12 QWs arranged in 6 pairs, with alter-
nating barrier thicknesses of 7.3 nm and 119 nm, giving an effective
average barrier thickness of 67.2 nm. In comparison, sample Cx0240
contains triplets of QWs separated by 10 nm barriers, with thicker
separating barriers of 125 nm. The results of the strain analysis are
summarized in Table 3.1.

As shown in Table 3.1, sample Bx0240 clearly demonstrates reduced
average and excess strain due to the inclusion of thick intermedi-
ate barriers, despite having the same indium content as Ax(0241.
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Table 3.1: Strain and critical thickness analysis of the investigated
samples. Samples labeled with "A" feature thin barriers, "B" sam-
ples adopt a coupled-well design, and "C" samples use a triplet-well

design. The number following "x" indicates the In content in the
MQWs.

Sample In tw tb N <f> Teq feq <fex>
(%) (nm) (nm) wells (%) (om) (%) (%)

Ax0183 18.3 6.6 7.0 12 0.667 17.61 0.148 0.518
Ax0225 225 4.6 7.1 12 0.669 13.61 0.165 0.504
Ax0232 232 5.0 7.1 12 0.724 13.10 0.158 0.566
Ax0256 25.6 5.0 7.0 12 0.805 11.57 0.155 0.650
Ax0241 24.1 4.2 7.3 12 0.667 1249 0.165 0.502
Bx0240 24.0 4.1 67.2 12 0.106 12.55 0.027 0.079
Cx0240 240 7.0 3838 9 0.291 12.55 0.058 0.233

Figure 3.3 plots the excess strain as a function of the number of
QWs for different design strategies. The model indicates that only
structures with one to three wells remain below the critical strain
threshold, whereas for larger numbers of wells the strain invariably
exceeds the critical limit, regardless of the design.

The model was originally developed for “thick” QWs around 10 nm
and barriers up to 50 nm. Because the present samples employ thin-
ner wells and, in some cases, significantly thicker barriers, exper-
imental validation was performed. The investigated samples were
grown under conditions optimized for high-quality InGaAs layers:
GaAs was deposited at a rate of 720 nmh~!, while InGaAs growth
rates ranged between 790 nmh~! and 940 nmh~!. During InGaAs
deposition, the Beam Equivalent Pressure Ratios (BEPRs) of As
to Ga and As to In were maintained at 11 and 12, respectively.
Each structure was capped with a 20 nm GaAs layer to ensure sur-
face protection. These calibrated conditions were based on previous
studies and verified to provide reproducible material quality in our
system.
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Figure 3.3: Excess strain as a function of the number of QWs
for different MQW designs. Black stars represent a structure with
uniform barriers of 119 nm. Blue dots correspond to an alternating
barrier design with thin (7 nm) and thick (119 nm) barriers. Red
squares indicate a triplet design, where two 7 nm barriers are sep-
arated by a thicker 199 nm barrier.

RTPL Map

After growth, PL spectra were measured for each sample and the
maxima of the spectra were identified. The intensity of the emis-
sion at the energy corresponding to the maximum of each sample
was then mapped to evaluate the homogeneity of the emission. The
maps obtained are shown in Figure 3.4.

In all maps except for Figure 3.4(f), lines of reduced emission are
visible. The first step was to exclude the possibility that these
features originated from spectral shifts along these lines. For each
sample, PL spectra were measured at different positions. The re-
sults for one representative sample are shown in Figure 3.5. In all
cases the behavior was consistent: the peak emission energy did not
shift with position, while the emission intensity varied, as suggested
by the maps.

In Figure 3.4(a), no intensity reduction lines are visible except in
the top-right corner, while in Figure 3.4(f) they are absent alto-
gether. To gain further insight, pnPL mapping was performed.

pPL Map

pPL mapping provides higher spatial resolution and was used to
verify the results obtained from RTPL. Selected maps are shown
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Figure 3.4: RTPL maps of seven samples with crystallographic
directions highlighted. (a) to (¢) MQWs with different In contents
from 18 % up to 26 % separated by 7 nm barriers. (f) A pair of
QWs separated by 119 nm barriers. (g) Triplets of QWs separated
by 125 nm barriers.
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Figure 3.5: (a) RTPL map of sample Ax0256. The two rectangles
indicate the regions analyzed in detail. (b) Zoomed-in view of the
area 14.5 < x < 18.5, 8 < y < 12. (¢) Zoomed-in view of the area
5.5 <x <10,2.5 <y <7 (d) PL spectra measured along = = 16.4
for six different y values. Each spectrum was acquired at the spot
marked by the cross of the corresponding color. (e) PL spectra
measured along y = 5 for five different x values. Each spectrum

was acquired at the spot marked by the cross of the corresponding
color.
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in Figure 3.6. They reveal sub-micrometer features unresolved in
RTPL. For example, Ax0183 appears homogeneous in RTPL, but
pPL mapping uncovers faint emission-suppression lines. These
lines align with crystallographic directions [0-11] and [0-1-1],
consistent with MD orientations.

The pPL map of sample Bx0240 in Figure 3.6(e) does not exhibit
emission-suppression lines, confirming the RTPL observations and
suggesting that this structure is essentially free of MDs, or at
least that their density is drastically reduced compared to the
other structures, such that they do not affect emission homogeneity.

AFM Map

Atomic Force Microscopy (AFM) imaging provides complementary
surface morphology information correlated with dislocations [81].
Sample Ax0241 shows stepped surface topography and pits consis-
tent with MDs, while Bx0240 exhibits a smoother profile, confirm-
ing that its barrier engineering suppresses dislocation propagation,
as shown in Figure 3.7(Top). Additionally, Transmission Electron
Microscopy (TEM) images taken from the edge of a double-QW de-
sign show no visible dislocations, while High-Resolution Transmis-
sion Electron Microscopy (HR-TEM) confirms a good crystalline
structure, as shown in Figure 3.7(Bottom).

Conclusion

The analysis of these samples allowed us to verify the conditions for
the validity of the strain model. The model correctly predicts the
increase in strain during InGaAs growth on GaAs when the QWs
are separated by thin barriers. For the In content, QW thickness,
and barrier thickness used, the model predicts that the excess strain
becomes greater than zero when the number of wells exceeds three,
is zero for three wells, and remains below zero for one or two wells.
When applied to coupled and triplet designs with thick barriers,
the model predicts increasing (fec) with the number of wells, im-
plying MD formation. Our measurements confirm this behavior for
triplet structures, while no dislocations are observed in coupled-
well samples. This is likely because the thick barriers separating
the pairs effectively reset the accumulated strain, a mechanism not
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Figure 3.6: pPL measurements of five samples: Ax0183, Ax0232,
Ax0256, Ax0241, and Bx0240. The scanned area for each map
is 80 x 80 pm?. The crystallographic directions along which the
line features appear are [0—1-1] and [0—1 1], as indicated in Figure
3.4. (a) Map of sample Ax0183; the inset shows the corresponding
RTPL map with the pPL scan area highlighted by a rectangle. (b)
Map of sample Ax0232. (c¢) Map of sample Ax0256. (d) Map of
sample Ax0241. (e) Map of sample Bx0240.
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Figure 3.7: (Top) RTPL map of sample Ax0256 with two high-
lighted areas where AFM measurements were performed. (Bottom)
TEM and HR-TEM images of a sample consisting of six pairs of
QWs, taken from the edge, showing the MQW region along the
growth direction.
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accounted for in the model.

These results suggest that the thinnest InGaAs-based VECSEL
structure that still ensures coupling between the QWs and the op-
tical mode is one in which the wells are paired. Designs employing
triplets of QWs are more prone to dislocation formation, which re-
duces the effective gain area and promotes hot-spot generation.

3.1.3. Carrier Thermalization and Barrier
Design

To enhance carrier confinement and optical efficiency of InGaAs
QWs for NIR emission, we investigated the influence of aluminum
concentration in AlGaAs barriers. The objective was to determine
the optimal Al content that maximizes radiative recombination ef-
ficiency while minimizing detrimental non-radiative processes.

Simulations

The structures were numerically studied using the nextnano® soft-
ware package, which enables one-dimensional full-band quantum
mechanical simulations along the growth axis. The band structure
was calculated within an 8 x8 Hamiltonian in the effective mass ap-
proximation. Only the conduction band minimum at the I" point
and the heavy-hole and light-hole valence band maxima were con-
sidered. Excitonic effects and the temperature dependence of the
band gap were included in the calculations.

Four single-QW structures were designed with a fixed well thickness
of 5.7 nm and an indium content of 20.8 %. The barriers consisted
of either GaAs (sample A0) or Al,Ga;_,As with aluminum fractions
of = 0.12 (A12), = 0.20 (A20), and =z = 0.30 (A30). All bar-
rier layers were 15 nm thick. The simulated band-edge profiles and
confined energy levels are shown in Figure 3.8, where increasing
aluminum concentration leads to progressively stronger quantum
confinement.

Room Temperature Photoluminescence

The simulated structures were subsequently grown and character-
ized by RTPL. The measured spectra, shown in Figure 3.9, reveal
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two main effects.

First, despite the different barrier compositions, the emission en-
ergy remains nearly unchanged across the four samples, in contrast
to the expectations from band structure simulations. Second, al-
though the inclusion of aluminum increases the emission intensity
compared to the GaAs barrier reference (A0), further increasing the
aluminum fraction beyond 12 % results in a decrease in intensity.
This suggests that two competing processes are at play.
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Figure 3.9: RTPL spectra of the four samples under identical
excitation conditions.

Analysis of PL Peak Energies

To better understand the absence of energy shifts, experimental and
simulated emission peak energies were compared, as summarized in
Table 3.2. A discrepancy is evident in some samples, prompting
consideration of three possible explanations.

The first possibility is imprecise calibration of the Al flux during
MBE growth, which could have led to unintentional barrier compo-
sitions. However, this is unlikely since GaAs and AlGaAs exhibit
excellent lattice matching, producing clear RHEED oscillations that
allow reliable monitoring of Al content.

A second explanation is variation in QW thickness. Due to weak
RHEED oscillations in InGaAs, small growth-rate errors are possi-
ble. For example, a 1.5 % deviation from the nominal thickness of
5.7 nm would yield a well thickness of approximately 5.8 nm, suf-
ficient to influence transition energies. However, these thin single-
QW structures are not suitable for confirmation via XRD.

A third explanation is variation in indium composition. A small
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Table 3.2: Comparison of experimental and calculated PL emis-
sion energies with nominal and estimated indium content for dif-
ferent Al concentrations in the barrier.

Al content  Experimental Calculated Nominal Estimated
(%) Emission (V) Emission (V) In (%) In (%)

0 1.2452 1.2609 20.8 21.5
12 1.2675 1.2664 20.8 21.0
20 1.2674 1.2726 20.8 21.4
30 1.2667 1.2787 20.8 21.8

growth-rate error of 1.5 % could shift the In fraction from 20.8 %
to about 22 %. This would produce a measurable redshift in the
emission energy.

To evaluate these hypotheses, additional simulations were per-
formed, varying both the QW thickness and indium content. The
results, shown in Figure 3.10, suggest that sample A0 and A20
likely contained ~21.5 % indium, A12 about 21.0 %, and A30 about
21.8 %.

Power-Dependent PL Intensity

To probe recombination mechanisms, excitation power-dependent
PL was measured. The integrated intensity I was analyzed as a
function of excitation power P in log—log scale and fitted with a
power law I oc P*. For ideal radiative recombination k ~ 1. Sam-
ple A0 exhibited the exponent closest to unity, indicating radia-
tive dominance. In contrast, A12, A20, and A30 showed progres-
sively higher k values (kaso > kaoo > kaio > 1), reflecting stronger
non-radiative contributions at higher Al contents and suggesting
degradation of crystalline quality. These results do not explain why
the higher-Al samples display stronger RTPL despite reduced crys-
talline quality, motivating further investigation with temperature-
dependent measurements.
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Figure 3.11: Integrated PL intensity as a function of excitation
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Temperature-Dependent PL

TDPL was performed between 4 K and 300 K using a reduced ex-
citation density of 174 W cm ™2 to suppress heating effects. Figure
3.12(a) shows the spectra of sample A12. The temperature evolu-
tion of the emission peak position, shown in Figure 3.12(b), was
fitted with the Varshni relation:

aoT?

B _
T+ 3

g(T) = Ey

(3.7)

where Fj is the bandgap at 0 K, a describes the temperature coef-
ficient of the bandgap, and [ is an empirical parameter associated
with phonon interactions [82]. The extracted fitting parameters are
summarized in Table 3.3.

At low temperatures, the GaAs-barrier sample A0 exhibits the high-

Table 3.3: Fitting parameters of the Varshni relation for the
TDPL peak shift of samples A0, A12, A20, and A30.

Sample Ey (eV) a (meV/K) 3 (K)

A0 1.332£0.001 0.68 +0.04
A12 1.350 £0.001  0.65 £0.04
A20  1.354£0.001 0.66 £0.04
A30  1.350+0.001 0.67 £0.04

428 £ 41

est intensity, consistent with the power-dependent PL analysis. Its
intensity decreases rapidly above 75 K and converges with the Al-
containing samples by around 200 K, as shown in Figure 3.12(c).
At room temperature, A0 shows the weakest emission, while A12
exhibits the strongest, consistent with the RTPL results.

Conclusions

The combined simulations and experimental results show that in-
creasing Al content in AlGaAs barriers enhances carrier confine-
ment but simultaneously degrades crystalline quality through the
introduction of additional non-radiative centers. The negative im-
pact becomes more pronounced above 12 % Al.
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Figure 3.12: (a) TDPL spectra of sample A12 from 4 K to
300 K. (b) Temperature dependence of the TDPL peak position
with Varshni fits, Equation 3.7. (c) Integrated intensity for samples
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Sample A12 provides the best compromise, maintaining sufficient
crystalline quality while improving carrier confinement to sup-
press thermal escape at elevated temperatures. Consequently, A12
achieves the highest room-temperature emission intensity. Never-
theless, in this work, GaAs barriers (A0) were used in device struc-
tures to prioritize crystalline quality in the gain region. The use
of Al-containing barriers remains an attractive strategy to explore
further for enhancing device lasing performance.
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3.2. GaAsBi Growth Optimization

The second compound analyzed is GaAsBi. The main advantages
of using GaAsBi for NIR emitters, introduced in Section 1.1, are its
strong bandgap reduction, enabling emission at longer wavelengths
without requiring excessively high Bi concentrations. In addition,
GaAsBi exhibits a large spin—orbit splitting energy, which can
suppress Auger recombination at longer wavelengths, furthermore,
the incorporation of Bi provides improved temperature stability of
the emission compared to conventional III-V alloys.

Unlike InGaAs, GaAsBi has not yet been demonstrated in VEC-
SEL structures, and no reference devices are currently reported
in the literature. Therefore, optimizing the growth and design
of GaAsBi quantum structures in our system is essential to
ensure high optical quality and to maximize the likelihood of
successful device fabrication. In this work, we focus on four key
aspects: the study of stress and dislocation formation, the effect of
growth temperature on GaAsBi layers, the effect of annealing on
emission properties, and the internal quantum efficiency of GaAsBi.

3.2.1. GaAsBi Stress and Dislocations

The first step was to analyze the excess stress arising from lat-
tice mismatch. Since the lattice constant of GaBi is not precisely
known, the lattice mismatch between GaAsBi and GaAs is difficult
to calculate, making the evaluation of the critical thickness and
accumulated stress in GaAsBi layers less straightforward. The mis-
match for layers containing up to 3.1 % Bi has been calculated and
the critical thickness estimated in the literature [2]. However, to
achieve emission at wavelengths longer than 1 pm, a significantly
higher Bi content must be introduced into the QW layers. It is
therefore necessary to investigate the stress and its influence on
dislocation formation at higher Bi concentrations.

GaAsBi layers 100 nm thick, with Bi contents up to 11.2 %, were
grown on ultra-thin GaAs buffer layers to evaluate stress accumu-
lation, relaxation thresholds, and surface morphology. The results
of XRD characterization are shown in Figure 3.13. Figure 3.13(a)
presents the rocking curves of the (004) reflection for layers with in-
creasing Bi content. The vertical lines indicate the expected peak
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positions for fully strained layers. Figures 3.13(b)—(d) show re-
ciprocal space maps of the (115) reflection for layers containing
0.97 %, 3.1 %, and 11.2 % Bi. The red lines mark the fully strained
(vertical) and fully relaxed (tilted) states. The slight offset of the
measured peaks from the strained line confirms that the layers re-
main largely strained, with minimal relaxation even at the highest
Bi content.

These results, published in [A1], confirmed that GaAsBi can accom-
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Figure 3.13: X-ray diffraction characterization of GaAsBi layers
epitaxially grown on GaAs substrates. (a) XRD rocking curves of
the (004) reflection for 100 nm-thick layers with Bi contents from
0.97 % to 11.2 %. Vertical lines indicate the positions expected
for fully strained GaAsBi layers. (b)—(d) Reciprocal space maps of
the (115) reflection for layers with 0.97 %, 3.1 %, and 11.2 % Bi,
respectively.

modate relatively high Bi concentrations without significant relax-
ation. Following this study on thick layers, the stress behavior was
further investigated in MQWs, using the same approach described
in subsection 3.1.2 for InGaAs structures.
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Heterostructures containing 5 to 12 GaAsBi MQWs with varying Bi
contents were grown, using thin GaAs barriers of 7 nm thickness.
The spatial homogeneity of the emission was examined by mapping
the RTPL. Examples of two representative structures are shown in
Figure 3.14, where (a) contains 12 QWs and (b) contains 5 QWs.
In contrast to InGaAs-based MQWs, these GaAsBi structures do
not exhibit lines of reduced emission in the maps. This indicates
that the critical thickness for GaAsBi layers with Bi contents below
10 % is significantly higher than that of Ing,GaggAs layers, consis-
tent with the observations made for thick GaAsBi layers.

12xGaAsBi RQW Bi_content around 10% 5xGaAsBi RQW Bi_content around 7%
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Figure 3.14: RTPL maps of GaAsBi MQWs. On the left a sample
containing 12 QWs emitting at 1.084 ¢V (1143 nm), while on the
right a sample containing 5 QWs emitting at 1.128 eV (1100 nm).

3.2.2. Growth Parameters Optimization

The incorporation of Bi into the GaAs lattice during epitaxial
growth is primarily governed by three parameters: the fluxes of
As, Ga, and Bi. Among these, the arsenic-to-gallium flux ratio and
the substrate temperature play particularly critical roles.

Optimization of As,/Ga Ratio and Bi Flux

The optimal arsenic-to-gallium flux ratio lies in the range 1.0-1.2,
as shown in Figure 1.4, adapted from [83]. Calibrating this ra-
tio is not straightforward because the beam flux monitor in the
growth chamber measures the BEP at the filament located below
the substrate. While BEP is proportional to the atomic flux, it also
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depends on the chamber geometry and the position of the source
relative to the measurement point. As a result, the measured BEP
does not directly represent the flux incident on the wafer, requiring
additional calculations for accurate calibration.

To optimize this ratio, a series of samples was grown, each contain-
ing three GaAsBi/GaAs QWs (5.5 nm thick) separated by 7 nm
GaAs barriers. The BEPR and the Bi source base temperature (di-
rectly linked to Bi flux) were varied, while the GaAs growth rate
and Ga flux were kept constant. The As flux was modulated by
adjusting the valve opening. RTPL measurements were then per-
formed to evaluate Bi incorporation. Figure 3.15 shows the emission
energy as a function of the growth parameters: (a) versus Asy/Ga
BEPR, and (b) versus Bi source temperature. The tip temperature
was adjusted to maintain a fixed offset relative to the source base.
No systematic trend was observed between emission energy and
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Figure 3.15: PL emission energy of samples grown under different
conditions. (a) Dependence on the Asy/Ga BEPR. Numbers next
to each point indicate the Bi source temperature: black for 500 °C,
blue for 520 °C, and red for 530 °C. (b) Dependence on Bi source
temperature. Numbers next to each point indicate the Asy/Ga
BEPR: blue for 0.85, red for 1.06, and black for 1.21.

either parameter. This suggests that, within this regime, Bi incor-
poration is not limited by the Asy/Ga ratio or by Bi flux.
Comparison of Temperature Measurement Techniques

The next parameter investigated was substrate temperature. In our
reactor, two methods are available for temperature monitoring: a
thermocouple located between the heater and the sample holder,

72



and the BandiT system.

The thermocouple provides fast and stable temperature control
through direct feedback to the heater. However, since it is not
in direct contact with the wafer, it systematically overestimates
the actual substrate temperature. In contrast, the BandiT system
measures the absorption edge of the wafer and therefore directly
probes the substrate temperature. Despite its advantages, this sys-
tem has several limitations: it requires calibration that depends on
the optical properties of the wafer, it cannot be used in a closed-loop
feedback mode, readings are interrupted when the growth shutter
is closed, and in our system it operates only in transmission mode,
which relies on heater-emitted radiation and becomes unreliable at
low temperatures.

Given these drawbacks, calibration of the thermocouple was pur-
sued to allow reproducible device growth.

Growth Series Using Thermocouple Readings

To study the influence of growth temperature, another series of
samples was fabricated, each consisting of three rectangular GaAsBi
QWs (5.5 nm thick) separated by 7 nm GaAs barriers. The ther-
mocouple setpoint was varied from 425 °C to 460 °C. The Bi source
temperature was fixed at 510 °C, and the Asy/Ga BEPR was main-
tained in the range 1.03-1.08. The emission energy as a function
of thermocouple temperature is shown in Figure 3.16.

No consistent dependence was observed. Samples grown at the
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Figure 3.16: Emission energy of GaAsBi samples grown at differ-
ent thermocouple setpoints, with constant Bi source temperature
and As,/Ga BEPR.

same nominal temperature showed large variations in emission en-
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ergy, confirming that thermocouple readings alone are not suffi-
ciently reliable for accurate growth optimization.

Temperature Monitoring with BandiT

Due to the limitations of thermocouple control, the BandiT sys-
tem was used to re-evaluate the effect of growth temperature. The
challenges of this method were addressed as follows: calibration
was carried out using manufacturer-supplied parameters, operat-
ing in transmission mode to ensure the signal originated from the
wafer bulk; direct feedback was not possible, but thermocouple set-
points were calibrated manually against BandiT readings before
each growth; shutter-induced signal interruptions remained unre-
solved, with readings dropping to zero whenever the shutter was
closed; and reliability at low temperatures was limited due to heater
fluctuations.

Figure 3.17 shows a typical BandiT trace during the growth of a
sample containing seven GaAsBi QWs. Each shutter closure causes
the reading to fall to zero, after which the temperature signal re-
covers during barrier deposition. A slow overall drift is also visible.
For each QW, the final BandiT value before shutter closure was
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Figure 3.17: BandiT temperature trace during the growth of a
seven-QW GaAsBi sample. Red boxes highlight zoomed-in regions
around shutter closures.

recorded and correlated with the emission energy of the structure.
Figure 3.18 shows these correlations for the first, second, and third
QWs, as well as the average across all three. A strong linear de-
pendence is observed in all cases. The slopes of the linear fits are
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Table 3.4: Linear fit parameters for the correlations in Figure 3.18.
RSS is the residual sum of squares; Pearson coefficient r quantifies
correlation strength; R? represents the variance explained; and ad-
justed R? accounts for the sample size and model complexity.

Fit Intercept  Slopex10™ RSS Pearson R? Adj.
(eV) (eVeC) r R?

QW 0.04+0.2 32+6 0.012 0.864 0.747 0.724

2" QW —0.2+£0.2 33+4 0.007 0.924 0.854 0.841

34QW  —0.1£0.2 31+6 0.015 0.827  0.684 0.655

Average —0.3+0.2 38+4 0.005  0.943  0.889 0.879
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consistent, averaging b = 0.0037 £ 0.0004 ¢V °C~'. This confirms
a strong temperature dependence of Bi incorporation, demonstrat-
ing that within our growth regime, Bi incorporation is limited by
substrate temperature.

The same behavior is evident when plotting emission energy as a
function of BandiT temperature for samples grown with different
Asy/Ga ratios and Bi source temperatures. Figure 3.19 shows that
regardless of these variations, the emission energy scales linearly
with the growth temperature, further confirming that Bi incorpo-
ration is primarily temperature-limited.
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Figure 3.19: Emission energy as a function of BandiT growth
temperature for samples grown under different conditions. Colors
represent As,/Ga BEPR values (blue: 0.85, red: 1.06, black: 1.21).
Numbers next to each point indicate Bi source temperature.

Conclusion and Calibration Strategy

Based on the results, a calibration procedure was established to
correlate thermocouple setpoints with target BandiT temperatures
prior to growth. This approach enables precise and repeatable con-
trol of the substrate temperature, which in turn governs Bi in-
corporation and the resulting emission energy of GaAsBi QWs. At
higher substrate temperatures (above 450 °C, BandiT reading), the
temperature measurements became more stable, and no significant
difference was observed during the growth of layers consisting of
different compounds. Furthermore, the variation in measured tem-
perature between different growths performed at the same nominal
substrate temperature was minimal. In particular, thermocouple
readings were found to systematically overestimate the actual sub-
strate temperature by approximately 50 °C.
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3.2.3. Annealing Temperature Effects

In complete device structures, such as LEDs, LDs, and VECSELSs,
the growth of the active region is followed by additional layers,
including contact, waveguide, and window layers. These layers
are typically composed of (Ga,Al)As, which require significantly
higher growth temperatures than GaAsBi to achieve optimal crys-
talline quality. Consequently, it is important to evaluate the effect
of post-growth temperature increases on the structural and optical
properties of GaAsBi QWs.

A series of samples was grown, each consisting of two GaAsBi
MQWs grown at 350 °C, capped by 7 nm GaAs at the same temper-
ature, followed by an additional 7 nm GaAs layer deposited either
at the same temperature or at 570 °C. The structural parameters
of the investigated samples are summarized in Table 3.5. The cor-
responding RTPL spectra are shown in Figure 3.20.

Two key effects were observed. First, a blue shift of approximately
50 meV was detected in samples capped with High Temperature
(HT) GaAs, indicating an intrinsic modification of the quantum
wells. This shift is attributed to Bi segregation toward the up-
per interface of the QW, resulting in regions with a reduced Bi
concentration and consequently a higher transition energy. Sec-
ond, samples subjected to in-situ annealing exhibited more than a
twofold increase in PL intensity. This enhancement is attributed to
a reduction in non-radiative recombination, likely due to improved
crystallinity of the LT GaAsBi layers following annealing, which
reduces defect density.

These results highlight the need to account for the annealing-
induced blue shift when designing emitters for specific wavelengths.
Furthermore, as demonstrated in our published work [84], a further
increase in annealing temperature can lead to the formation of Bi
QDs through segregation. Since this work focuses on QW-based
devices, subsequent overgrowth of layers above the MQW region
was restricted to 570-580 °C.

3.2.4. GaAsBi Internal Quantum Efficiency

The IQE of GaAsBi/GaAs MQW structures was extensively inves-
tigated to assess their potential as gain media for VECSELs. The
studied samples consisted of 12 QWs (5.5 nm thick). Sample 1
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Table 3.5: Structural parameters of the VGA GaAsBi samples.

Sample GaAsBi T Cap T QW thick. Barrier
(°C) (°C) (nm) (nm)
GaAsBi+HT GaAs 350 570 5.5 7
GaAsBi+LT GaAs 350 350 5.5 7
40 N\ T Gaks cap
3300} A

Intensity (a. u.)
N
o
o

-
o
o

10 11 12 13 14 15
Energy (eV)

Figure 3.20: RTPL spectra of GaAsBi samples capped with low-
temperature (LT) or high-temperature (HT) GaAs layers.

included alternating GaAs barriers of 7 nm and 150 nm to align
the QW emission with the optical standing wave, whereas sample
2 used uniform 7 nm barriers. The GaAsBi layers were grown at
425 °C (sample 1) and 435 °C (sample 2). In both cases, the cap
layers were grown at high temperature.

Photoluminescence and Carrier Localization

RTPL spectra revealed emission at 1.058 eV for sample 1 and
1.085 eV for sample 2, corresponding to Bi contents of 7.6 % and
7.1 %, respectively. TDPL measurements exhibited characteris-
tic S-shaped energy shifts, indicative of strong carrier localization,
which persisted up to 300 K. The TDPL peak energy and inte-
grated PL intensity of sample 1 are shown in Figure 3.21. The data
were fitted using the Varshni-Eliseev model [85]:
aT? o?

EQ(T) = Ep — B+T - m, (3.8)

78



yielding localization energies of 30 meV. Thermal quenching was
analyzed using a double-activation Arrhenius model:

Iy
oo () e ()
which produced activation energies of FE,; = 9.5 + 0.1 meV and
E, = 459 4+ 1.1 meV. The lower value is associated with non-

radiative recombination via Bi pairs and clusters, while the higher
value is attributed to structural inhomogeneities [86].

I(T) (3.9)

a ~ b
116} = PL peak position > Integrated PL intensity|
< Varshni-Eliseev fit = Arrhenius fit
S 8100}
Z1.14} 2
B - Eo=1.15eV 2 E, 4 =9.5meV
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Figure 3.21: Results of TDPL measurements for sample 1. (a)
Temperature dependence of the PL peak position with experimental
data (symbols) and Varshni-Eliseev fit (solid curve, Equation 3.8).
(b) Temperature dependence of the integrated PL intensity with
experimental data (symbols) and Arrhenius fit (solid line, Equation
3.9).

IQE Estimation Methods

Multiple methods were used to estimate IQE, revealing significant
discrepancies:

o« HT/LT Method and Power-Normalized TDPL: These rela-
tive methods yielded very low IQE values (0.1-0.4 %), these
methods are limited by the non-ideal assumptions and inac-

curacies. These were measured with a 532 nm laser at a poer
of 4 mW.

o Standard ABC Model [87]: Power-dependent PL under
532nm excitation was fitted using the classical ABC rate
equation. This approach produced high IQE values of around
21 % for both samples.
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o Absolute IQE via Integrating Sphere: Using an 830 nm CW
laser and an Edinburgh Instruments integrating sphere setup,
the absolute IQE at a exitation power of 140 mW was mea-
sured to be as low as 0.010 % (sample 1) and 0.013 % (sample
2), highlighting the strong influence of non-radiative recom-
bination caused by defects, alloy disorder, and Bi-induced
strain.

Modified ABC Model

The ABC model estimates IQE from RTPL measurements as a
function of excitation power by considering three recombination
mechanisms: non-radiative recombination (An), radiative recombi-
nation (Bn?), and Auger recombination (Cn?®) [87,88]. The internal
quantum efficiency is defined as:

Bn? Bn?

IQE = = . 1
Q An + Bn? + Cn3 R (3.10)

The total generation rate R can be linked to the integrated PL

intensity I as:
AT 1 I ONIE:
R=—lZ 424 Vb (3.11)
vBn o (Bn)
where 7 is a proportionality constant that accounts for PL collection

efficiency and excitation volume. Alternatively, R can be expressed
as a function of laser excitation power:

R = «xPlaser; (312)

_ (1-Rp)a
where z = Aopor

a the absorption coefficient, Ag,o¢ the laser spot area, and hv the
photon energy. Combining Equations (3.11) and (3.12) gives:

A I C\/I3
Plaser - pl 1 ! (313)

with Rp being the Fresnel reflection coefficient,

oy 2B
By introducing fitting parameters P, = xf?n’ P, = win, Py =
W, this becomes:
Paser = Pl\/rpl + P2[pl + P3]§l/27 (314)
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and the internal quantum efficiency can be expressed as:

Pyl I Py
IQE = P =Pz (3.15)
Pi/Iy+ Poly + PIY? Plaser

Fitting experimental PL intensity versus excitation power with
Equation (3.14) yields P, P, and P3;. For sample 1, the fitted
values were P, = 5.34+0.6, P, = 0.07+£0.01, and P; = 1x 107'7, as
shown in Figure 3.22(a). This fitting method was selected because
of the lack of known values for A,B and C in GaAsBi.

However, a discrepancy remained between the absolute IQE val-
ues and those derived from the standard ABC model. To address
this, a modified ABC model was introduced, which incorporates
an additional trap-assisted recombination term (B'n?). This term
accounts for trap-assisted Auger recombination (TAAR), which is
prominent in LT-grown structures. Since the Auger recombination
term (Cn3) was found to be negligible, 3.22(a), it was removed [89].
The modified expression becomes:

Bn?
IQE = . 3.16
Q An + Bn? 4+ B'n? (3.16)

The generation rate is reformulated as:
R = Pi\/Iy + Pyl + Pyl (3.17)

and the internal quantum efficiency in terms of the fitted parame-
ters becomes:

Pyl _ P
P11/1p1 + PQIpl + PQIIpl Plaser

IQE = (3.18)

This modification enabled consistency between power-dependent
and absolute IQE values without altering the fitting quality of the
PL-versus-power curves (Figure 3.22(c)). For sample 1, the trap-
assisted recombination parameter Pj was three orders of magnitude
larger than the radiative parameter P,, confirming the dominant
role of trap-assisted recombination in these structures. The very
low absolute IQE values highlight the prevalence of non-radiative
pathways in GaAsBi MQWs grown at low temperature. While the
standard ABC and Shockley-Read—Hall models capture key recom-
bination mechanisms, they fail to reproduce realistic efficiencies.
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Figure 3.22: (a) Standard ABC model applied to sample 1: black
markers are experimental data, red line is the fit from Equation
3.13, blue markers are IQE values from Equation 3.15. (b) Con-
tribution of recombination mechanisms in sample 1 based on the
modified ABC model. Black markers: non-radiative efficiency; blue
markers: radiative efficiency from Equation 3.18. (¢) Modified ABC
model applied to sample 2: black markers are experimental data,
red line is the fit from Equation 3.17, green markers are IQE values
from Equation 3.18.
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The modified ABC model resolves this discrepancy by accounting
for trap-assisted processes. Further improvement of GaAsBi-based
devices will depend on reducing defect densities through optimized
growth and post-growth annealing. This model was also success-
fully tested on GaAsBi thick layers, confirming the high impact of
trap-assisted recombination.

Summary

A growth window was established in which Bi incorporation is gov-
erned primarily by substrate temperature, allowing precise control
of Bi content in GaAsBi layers. In our system, the optimal Bi
source temperature was found to lie between 500-530 °C, with an
Asy/Ga BEPR range of 0.85-1.2. For the remainder of this work,
intermediate values of 510 °C and 1.0 were used.

It was further demonstrated that post-growth annealing at around
570 °C produces a blue shift in emission and an intensity increase,
and will therefore be systematically applied in subsequent samples.
The IQE of GaAsBi structures was measured and interpreted us-
ing the modified ABC model, which successfully explains the origin
of their low efficiency by incorporating trap-assisted recombination
effects.

3.2.5. Laser Diodes

The low IQE of GaAsBi-containing structures poses a significant
challenge for laser fabrication. Nevertheless, given the capability
within our team to process and characterize LDs, we proceeded with
the fabrication of devices incorporating GaAsBi MQWs in order to
evaluate whether their optical quality is sufficient to achieve lasing.

LD Growth

Two distinct active region geometries were designed and investi-
gated: (i) standard rectangular quantum wells and (ii) Paraboli-
cally Graded Barrier (PGB) structures. Details on the growth of
analogous parabolic grading can be found in [A2]. The fabricated
structures were designated as RBi for rectangular GaAsBi QWs and
PBi for parabolically confined GaAsBi QWs.

The band structures of both designs were simulated using
nextnano® software, employing a full-band, One-dimensional (1D)
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quantum mechanical model along the growth axis. The 8 x 8
k - p method within the effective mass approximation was ap-
plied, including both HH and LH bands, as well as excitonic and
temperature-dependent effects. Strain was neglected due to the
approximate lattice matching between GaAsBi and GaAs at low
Bi concentrations. Material parameters (bandgap, spin—orbit split-
ting, elastic constants, and offsets) were taken from established
literature sources [72-75].
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Figure 3.23: nextnano3 simulations of two GaAsBi-based LD
structures. Left: rectangular QW (RBi). Right: parabolically
graded QW (PBi). The conduction band is shown in black, valence
band in red, electron states in blue, heavy-hole states in green,
electron wavefunctions in purple, and heavy-hole wavefunctions in
ochre.

Figure 3.23 illustrates the simulated band structures. The RBi de-
vice comprises three 6.8 nm GaAsBi QWs separated by 7 nm GaAs
barriers. The PBi structure contains three 10 nm GaAsBi QWs
with 10 nm GaAs barriers, embedded in a parabolically graded
AlGaAs potential where the Al concentration smoothly decreases
from 30 % to 0 %. This design enhances carrier confinement and
wavefunction localization.

The LDs were grown using the MBE system on Si-doped (100)-
oriented n-GaAs substrates (350 pm, 2 x 10'® cm™3 ). Substrate
temperature was monitored in real time using a BandiT. Native ox-
ide was desorbed at 650 °C for 10 minutes prior to growth. Standard
procedures were employed for contact and cladding layers: highly
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doped GaAs (n- and p-type), and Al 5GagsAs claddings doped to
5 x 107 em™3 | with growth rates between 650 and 1200 nmh~1.
Due to the sensitivity of Bi incorporation, growth of GaAsBi QWs
required additional steps: substrate cooling to 350-370 °C, stabi-
lization of the As,/Ga flux ratio, and Bi wetting layer deposition.
RBi structures were grown at 350 °C, while PBi were grown at
370 °C. Bi pre-deposition was used to mitigate delayed incorpora-
tion effects [90]. Growth proceeded under Bi-rich conditions, with
incorporation determined primarily by substrate temperature.
The RBi device also included a 1000 nm AlAs sacrificial layer
for post-growth substrate removal and integration onto alternative
platforms. Structural parameters are summarized in Table 3.6.

Table 3.6: Summary of GaAsBi-based laser diode structures.

Sample QW QW Thick. Barrier
Type (nm) Composition
RBi  Rectangular QWs 6.8 GaAs
PBi QWs in PGB 10.0 GaAs + AlGaAs

parab. (30 % — 0 %)

3.2.6. Processing and Characterization of
GaAsBi-Based Laser Diodes

After MBE growth, the structures underwent standard cleaning:
sequential acetone and isopropanol baths (80 °C, 10 min each),
deionized water rinse, and drying on a 120 °C hotplate. AZ1518
photoresist was spin-coated at 4000 rpm for 30 s and baked at
100 °C for 60 s. The 4-5 pm wide device stripes were patterned by
UV lithography at 75 mW /cm? and developed in a HyO:AZ351B =
4:1 solution.

Mesas were etched using HyO:H5O5:H3PO,4 = 10:1:1 for 3 minutes,
stopping in the Si-doped AlGaAs cladding. The resist was removed
in acetone and isopropanol, followed by Os plasma cleaning.

For RBi devices, a modified process was applied due to the pres-
ence of the AlAs sacrificial layer, which prevented standard bottom
contact deposition. An additional etch exposed the n-GaAs, en-
abling both contacts to be deposited from the top side. For PBi
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devices, some substrates were mechanically and chemically thinned
to 100 pm to enhance thermal dissipation.

Ohmic contacts were deposited by electron beam evaporation (VST
TFDS-870). p-type: Ti (15 nm)/Au (180 nm); n-type: AuGe
(140 nm)/Ni (25 nm)/Au (40 nm). Devices were cleaved into
~500 pm bars forming Fabry—Pérot cavities.

The LDs were tested under pulsed operation (50 ns, 1 kHz) us-
ing an AVTECH AVRZ-5W-B generator. Output power was mea-
sured with a Thorlabs PM100D, and spectra with a 0.42 m VEB
Carl Zeiss SPM-2 monochromator and TE-cooled InGaAs detector
(IGA-030-TE2-H). I-V curves under CW were measured with a
Keysight B2901 SMU.
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Figure 3.24: Lasing characterization of GaAsBi-based LDs. (a)
RBi structure with Full Width at Half Maximum (FWHM) of the
emission written. (b) PBi structurewith FWHM of the emission
written. (c¢) Output power vs. injection current for RBi, PBi, and
PBi with thinned substrate.

Lasing was achieved at 1106 nm for RBi and 1024 nm for PBi,
Figures 3.24(a)—(b). The redshift of RBi is attributed to its higher
Bi content (~7 %) compared to PBi (~5 %). The PBi device ex-
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hibited superior performance, with a twofold higher peak output
power (20 mW vs 10 mW at 3 A) and a significantly lower thresh-
old current (Iy, = 1.3 A vs 2.5 A).

Further improvement was obtained for PBi after substrate thin-
ning, where peak pulsed power exceeded 130 mW and threshold
current decreased to 250 mA, Figure 3.24(c). The enhancement
is attributed to improved thermal dissipation and reduced carrier
losses by removing the defective GaAs substrate, which otherwise
introduces trap states and leakage paths.

Low-frequency noise characterization of RBi devices revealed that
GaAs antisite-related traps dominate, with activation energies of
0.31-0.33 €V across a wide injection range. Moreover, LT growth
was found to promote the formation of Generation-Recombination
(g-r) centers at QW-barrier interfaces. Variations in Asy/Ga BEPR
between QWs and barriers further degrade interface quality by in-
troducing transient growth phases during the initial monolayers, re-
sulting in defect-related leakage paths. These effects are discussed
in detail in [A2, A5, A6.

The main implication for VECSEL design is clear: low-temperature
GaAs barriers inserted between GaAsBi QWs are defective and con-
stitute a major limitation in LD performance. Nevertheless, the
demonstration of lasing from GaAsBi QWs despite their intrinsi-
cally low IQE strongly supports the feasibility of GaAsBi-based
VECSELSs.
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3.3. VECSEL

In the following, the step-by-step design and growth process of
VECSEL chips is described. The focus is on four emission wave-
lengths: 976, 1030, 1060, and 1160 nm. For shorter emission wave-
lengths, InGaAs is used as the MQW compound, while for longer
wavelengths GaAsBi is chosen. The main results presented were
part of the ESA project IR Bi-based Sources (Irbis), Contract No.
4000122271 /NL/SC, and have been verified by the project reviewer.

3.3.1. Distributed Bragg Reflector

The first step is the design and growth of the bottom DBR, on top
of which the gain region and window layers are deposited.

The DBR is designed as a quarter-wavelength reflector, with layer
thicknesses determined by the central wavelength of the photonic
stopband, as expressed in Equation 1.4.

Design

For NIR DBRs, the standard material choice is GaAs as the high-
index layer and AlAs as the low-index layer. Given their lattice
constants of agaas = 5.6532 A and aaas = 5.6608 A, the mis-
match is only 0.15 %. This small mismatch allows epitaxial growth
without introducing stress-related defects, eliminating the need for
strain-compensation layers [91].

Once the materials and their refractive indices are known, the max-
imum achievable stopband width for different central wavelengths
can be calculated using Equation 3.19.

% 4 (ng—m)

= — arcsin
Ng + Ny

Jo ™
The next step is to calculate the refractive index of GaAs and AlAs
at the target emission wavelengths. For GaAs, the Sellmeier equa-
tion provides a good approximation:

(3.19)

(3.20)

where A is the vacuum wavelength (in pm), and A, B, C are em-
pirical coefficients. For GaAs, these are: A = 8.950, B = 2.054 and
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C? = 0.390.
For greater accuracy, a higher-order expression is employed (Equa-
tion 3.21):

Bi\?
n?(\) = A+ Z T o (3.21)

For AlAs, the refractive index is calculated using the more complex
expression in Equation 3.22, based on the Adachi model [92]:

E 3
n(A) = [Ao | f(x) + f(XQSO) (Eo —l—()Aso) + Bo
_2-TIx-VI—x __ he o e
fx) = 2 r X \E,’ XS0 = AMEy + Aso)
(3.22)

Here, Ej is the band gap at the I'-point, and Agp is the spin—orbit
splitting energy.

Using the refractive indices of GaAs and AlAs, the physical thick-
nesses of the quarter-wave layers can be determined as:

A A
) dAlAs -

deans = (3.23)

ANGans Anaias
The results for the four target wavelengths are summarized in Ta-
ble 3.7. The last design parameter to decide is the number of peri-
ods. The trade-off lies between stopband width and total thickness:
thicker DBRs improve reflectivity but reduce thermal dissipation ef-
ficiency. Figure 3.25 shows the reflectance for different numbers of
periods at 1060 nm. Beyond 30 periods, the stopband width in-
creases only marginally. Therefore, 30 periods were selected as the
baseline, balancing reflectivity with thermal management. Never-
theless, thinner DBRs with 20 periods may be explored in future
designs.

Growth and Measurement

The growth of the DBRs was performed at high temperature to en-
sure the highest material quality. As substrates, full 2-inch Semi-
Insulating (SI)-GaAs wafers were used. After growth, the wafer
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Table 3.7: Refractive indices, quarter-wave thicknesses, and the-
oretical maximum bandwidths for GaAs/AlAs DBRs at different
central wavelengths. Total thickness assumes 30 periods.

Parameter 976 nm 1030 nm 1060 nm 1160 nm
NGaAs 3.5253 3.4926 3.4779 3.4413
TUAlAs 2.9680 2.9577 2.9526 2.9389

dGans (nm) 69.21 73.73 76.20 84.27

daias (nm) 82.21 87.06 89.75 98.68

Total DBR thick. (nm) 4536.30 4841.70 4988.55  5490.00
Max bandwidth (nm)  106.79  108.88 110.37 116.42

1.0 —>5 periods

—10 periods

0 0.8 —20 periods

e —30 periods

© .

£ 0.6 40 periods

Q2

2 0.4

0-0500 1100 1200 1300 1400

Wavelength (nm)

Figure 3.25: Calculated reflectance spectra of DBRs with central
wavelength 1060 nm for different numbers of periods (5 to 40).

was cleaved into quarters: one quarter was taken out of the clean-
room for reflectance measurements, while the remaining three were
retained as substrates for full VECSELs.

The total thickness of the DBRs ranges between 4.5 and 5.5 pm.
As a result, depending on the exact growth rate, deposition times
varied between 8 and 12 hours, requiring extremely stable fluxes.
The sensitivity of the DBR central wavelength to growth rate pre-
cision is illustrated in Table 3.8. Assuming a 1.5 % error in layer
thickness, the central wavelength shifts by up to 20 nm, highlighting
the stringent accuracy required for growth calibration.

To improve growth accuracy, after determining the growth rates,
a test DBR with 5 periods was grown and measured. The central
wavelength of this calibration structure was compared with the cal-
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Table 3.8: Effect of a 1.5 % increase in layer thickness on the
central wavelength ¢ of a GaAs/AlAs DBR.

Parameter 976 nm 1030 nm 1060 nm 1160 nm
(nm) (nm) (nm) (nm)
dGaas 69.21 73.73 76.20 84.27
daras 82.21 87.06 89.75 98.68
dgaas + 1.5 % 70.25 74.84 77.34 85.53
daias + 1.5 % 83.44 88.37 91.10 100.16

Ao with dgaas + 1.5 % 983.29  1037.74  1067.97 1168.72
Ao with dajas + 1.5 % 988.91  1043.50 1073.27  1174.16
Ao with both +1.5 %  995.25  1050.19  1079.57  1180.43

culated value, allowing adjustment of the deposition times of the
subsequent layers if deviations were observed.

Another important consideration is the long-term stability of the
DBRs. AlAs is prone to oxidation when exposed to air, forming an
Al-oxide layer that degrades the optical properties of the mirror.
To prevent this, the last layer of the DBR must always be GaAs.
The thickness of this protective GaAs layer must be carefully in-
cluded in the calculation of the first barrier of the gain region, since
it effectively forms part of it.

Measured reflectance spectra of several DBRs with different central
wavelengths are shown in Figure 3.26.

--1160 nm
100F e 1060 nm

4% 1 976nm
- 1030 nm

(o]
o

I,

Reflectance
[e2]
o

N
o

0500 1700 1300 1500
Wavelength (nm)

Figure 3.26: Measured reflectance spectra of four GaAs/AlAs
DBRs with central wavelengths of 976, 1030, 1060, and 1160 nm.
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3.3.2. Gain Region and Window Layer

The gain region is grown directly on top of the DBR and consists of
12 QWs. For the VECSELSs emitting at 976 and 1030 nm, InGaAs
QWs are used, while for 1060 and 1160 nm devices, GaAsBi serves
as the active material.

The window layer is composed of AlAs, which both enhances light
extraction and prevents carrier loss to the surface. However, due
to the susceptibility of AlAs to oxidation, a GaAs cap is deposited
on top to protect the structure.

Design of the Gain Region

Achieving lasing in VECSELs requires precise alignment of the
quantum wells with the antinodes of the standing optical wave in-
side the cavity. Each QW must be positioned at an antinode to
maximize overlap with the optical field. A schematic representa-
tion of this alignment is shown in Figure 3.27(a).

Because of the high reflectivity of the DBR, the first antinode is
located at the DBR/spacer interface (see Figure 1.6). The second
antinode must therefore coincide with the center of the first quan-
tum well. This sets the condition for the spacer thickness, expressed
in Equation 3.24:

opt
g A dgw _\ dow -now
Fairst — 2 2 2

(3.24)

A A —dow - now
dFiTSt = =
Npirst 2nFi'rst
Between adjacent quantum wells, the field must undergo a half-
wavelength shift, implying that the intermediate barrier thickness

corresponds to an optical path of \/2. This yields Equation 3.25:

A A

t t

d?ﬁbetween = 5 - di = 5 - dQW s now

(3.25)
t
d _ d?ﬁbetween _ A— 2dQW s now
Inbetween — -
N Inbetween innbetween

Finally, to maximize output coupling, the optical thickness of the
last half well plus the final barrier must equal half a wavelength.
This leads to Equation 3.26:
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A—dgy A —dow - now

dopt —
Last 9 2)
(3.26)
4 - dins _ A= dow - nqw

NLast 2N Last

To reduce the overall thickness of the gain region and improve ther-
mal management, a modified design was introduced: pairs of quan-
tum wells separated by a thin (7nm) barrier, with thicker barriers
between the pairs. In this geometry, the optical antinodes must
align with the center of the thin barrier, leading to Equation 3.27,
where d, and n;, are the thickness and refractive index of the thin
barrier:

)\—db-nb—Qde-nQW

dFirst = dLast =
2N pirst

(3.27)
A — 2db Ny — 4dQW s now

d[nbetween =
2nlnbetween

Since all barriers are GaAs, we take Npi st = Ninpetween = NLast =
Ngaas- Lhe final barrier values therefore depend only on the QW
thickness and refractive index.

For InGaAs, the refractive index is evaluated using a Sellmeier-type
model adapted for ternary alloys:

B)\? 0.3223
n(\ z) = \IA + o2 + B, () (3.28)

where E,(x) is the composition-dependent band gap energy:

Ey(z) = E;** — 1.06z + 0.472” (3.29)

For GaAsBi, the refractive index can be estimated using the em-
pirical relation from Bushell et al. [93]:

n = (3.87£0.03) — (0.31 £0.02) E, (eV) (3.30)

Figure 3.27 illustrates the two gain region designs, while Figure
3.28 compares refractive indices for GaAs, InGaAs, and GaAsBi.

The calculated thicknesses for the four gain regions are presented
in Table 3.9. Note that multiple combinations of well thickness and
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Figure 3.27: Sketch of the conduction band in two VECSEL gain
region designs with the standing wave profile: (a) standard single
QW design, (b) coupled QW pairs separated by thin barriers.
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Figure 3.28: Calculated refractive indices of GaAs, InGaAs (20%
In), and GaAsBi using Equations 3.20, 3.28, and 3.30.
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alloy content can yield the same emission wavelength; the values
listed correspond to structures that were actually grown. The last
row illustrates the difference between the coupled-well and single-
well designs.

Table 3.9: VECSEL gain region layer thicknesses for different
emission wavelengths. The last row shows an example design with
single quantum wells for comparison.

A Material nqQow dQW dthin dBetween dFirst /Last dTotal

(m) (m) (mm) (m) () (am)

976 InGaAs 3.5626 5.7 7 123.34 130.88 988.86
1030 InGaAs 3.5339 7.6 12 119.58 133.52 1028.14
1060 GaAsBi 3.5074 5.5 7 134.30 143.34 1066.18
1160 GaAsBi 3.5387 5.5 7 150.23 159.39 1177.93
1160 GaAsBi 3.5387 5.5 — 162.89 165.72 2145.32

Design of the Window Layer

The design of the window layer is relatively straightforward. By
construction, the last antinode of the optical field in the gain re-
gion coincides with the interface between the window and the final
barrier. Since the next antinode must occur at the surface of the
chip to maximize output coupling, the optical thickness of the win-
dow satisfies Equation 3.31:

o A
dmz;indow = 5
(3.31)
opt )\
Window

dWindow - -
Nwindow 2nWind0w

In our case, the window layer is AlAs, which requires protection
against oxidation using a GaAs cap. Since the devices are barrier-
pumped, the pump light is absorbed in GaAs. To minimize carrier
loss in the cap, its thickness was reduced to 5nm. Accounting for
this layer modifies Equation 3.31, yielding Equation 3.32. Using
this relation, the calculated AlAs window thicknesses for structures
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capped with 5nm GaAs are 158.5, 168.2, 173.6, and 191.5nm for
designs at 976, 1030, 1060, and 1160 nm, respectively.

dopt o )‘ dopt
Window — 5 - YCap
t (3.32)
op
dW' dow = dWindow _ A— 2dCap " NCap
indow — -
Nwindow QnWindow

Structures with this type of window and cap were fabricated. Af-
ter more than a year, visible color changes were observed on the
surface. Differential Interference Contrast (DIC) imaging revealed
oxide-related surface features (Figure 3.29 (V4)), confirming that a
5nm GaAs cap slows, but does not prevent, AlAs oxidation.

To determine the minimum GaAs thickness required for full protec-
tion, additional structures with 10nm and 20nm GaAs caps were
grown and monitored. Their specifications are listed in Table 3.10.
After two years, the 10nm cap structure showed signs of oxida-
tion, whereas the 20 nm cap maintained a pristine surface (Figures
3.29(V3) and (V4) respectively). Figure 3.29(V2) shows the DIC

Table 3.10: Window and cap layer specifications for VECSEL
samples. Ages correspond to the images shown in Figure 3.29.

Sample  Window Cap Window Cap Age
Thick. (nm) Thick. (nm) (years)
V1 AlAs GaAs 140 20 2.5
V2 Al3pGazgAs  GaAs 154 5 3
V3 AlAs GaAs 162 10 2
V4 AlAs GaAs 162 5

image of a sample with an Aly3Gag7As window capped by 5nm
GaAs. This structure remained free of oxidation after three years,
suggesting that replacing pure AlAs with AlGaAs in the window
can significantly improve long-term stability. Future studies will
focus on determining the maximum Al content in AlGaAs windows
that prevents oxidation-related degradation, as well as comparing
the device performance of the different strategies. In the following,
we focus on structures with AlAs windows capped by 20 nm GaAs.
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V4 V3 V1 V2

Figure 3.29: DIC images of the samples listed in Table 3.10,
ordered from left to right: AlAs window with 5 nm GaAs cap (V4),
10 nm GaAs cap (V3), 20 nm GaAs cap (V1), and Aly3Gag7As
window with 5 nm GaAs cap (V2). Sample ages range from 2.5 to
3 years.

For these, the calculated window thicknesses are 140.7, 150.5, 155.9,
and 173.9 nm for 976, 1030, 1060, and 1160 nm, respectively.

MQW Growth

Before growing the full VECSEL devices, separate MQW regions
were fabricated and characterized. For both InGaAs- and GaAsBi-
based systems, preliminary samples consisted of 12 QWs separated
by 7 nm GaAs barriers. This simplified design enabled faster growth
than full structures with the thicker final barriers.

InGaAs MQW structures were grown at a thermocouple tempera-
ture of 580 °C, corresponding to approximately 510 °C as measured
by BandiT. Growth rates of GaAs and InGaAs were calibrated at
this temperature, enabling precise determination of the In content
in the wells. The QW thickness was chosen to yield the target emis-
sion wavelength, which was verified by RTPL measurements after
growth.

Once the optimal In content and well thickness were established, the
appropriate barrier thicknesses for the final VECSEL devices were
calculated using Equations 3.24, 3.25, and 3.26, or the modified
model of Equation 3.27, depending on the selected design. These
structures were then grown and characterized by RTPL spectra and
mapping to provide reference data for subsequent devices.

For GaAsBi-based gain regions, the 12 QWs were grown at LT,
adjusted according to the target emission wavelength. The final
barrier was deposited at HT ~570 °C (BandiT) to replicate the
final device conditions and to account for the annealing-induced
blueshift. A Bi wetting layer was deposited before the first QW to
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improve layer quality. In thin-barrier designs, no additional Bi was
required between wells, while in coupled-well designs with thicker
barriers, a Bi wetting layer was redeposited before each pair to
maintain uniformity:.

All preliminary structures were characterized by RTPL spectra and
spatial mapping. Based on these results, the final barrier thick-
nesses were determined, and complete VECSEL gain regions were
grown and evaluated.

3.3.3. Full Device

Once the growth of all individual components has been optimized,
the full VECSEL structure can be fabricated. Optimizing and char-
acterizing each part separately is essential due to the considerable
duration required for the complete device growth. Depending on
the specific design and target emission wavelength, the growth of
the full structure can take up to 20 hours, not including the addi-
tional time needed for source calibration and preparation.

Growth

The first step in VECSEL fabrication is the growth of the DBR,
as described in Subsection 3.3.1. This process is carried out on
a full 2-inch semi-insulating, double-side polished, EPI-ready SI-
GaAs (100) substrate. Prior to initiating growth, the substrate
undergoes thermal annealing to remove surface oxides, followed by
the deposition of a 500 nm GaAs buffer layer to ensure high surface
quality.

After DBR growth, the wafer is removed from the MBE system
and divided into quarters. One quarter is typically reserved for op-
tical characterization, while the remaining quarters can be reused
as substrates for full VECSEL growth.

Upon reinsertion into the MBE system, these DBR quarters are
annealed to eliminate any surface contamination and to desorb the
oxide layer formed during air exposure. In this step, no additional
buffer layer is deposited before proceeding with the growth of the
gain region and window layer. Since the DBR is capped with a
GaAs layer during its initial growth to prevent oxidation, the thick-
ness of this cap must be taken into account and subtracted from
the first barrier thickness to maintain correct optical spacing.
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For both InGaAs- and GaAsBi-based VECSELSs, the first bar-
rier layer is grown at elevated temperature, approximately 600 °C
as measured by BandiT, to optimize material quality. The sub-
strate temperature is then lowered to the appropriate value for QW
growth.

Following the MQW growth process described in the previous sub-
section, the growth sequence diverges depending on the material
system. For InGaAs-based VECSELSs, the substrate temperature
is held constant, and the window and cap layers are grown imme-
diately. In contrast, for GaAsBi-based structures, the substrate
temperature is increased to match the calibration conditions, typ-
ically around 570 °C, before growing the window and cap layers.
Once complete, the VECSEL quarters are extracted from the MBE
system and characterized.

Characterization

All the grown VECSEL structures were characterized after growth
using RTPL and reflectance measurements. The comparison
between RTPL spectra and reflectance spectra is presented in
Figure 3.30, in particular the difference between the reflectance
spectra of the DBR and the VECSEL one is due to the absorption
of the gain region.

In Figure 3.30(a) and (b) the spectra relative to two InGaAs-based
VECSEL (emission at 975 and 1030 nm) are shown. While (c)
and (d) show the spectra relative to two GaAsBi-based VECSELSs
(emission at 1060 and 1160 nm). The spectra, in eV, are then
fitted using the Gaussian function, the results of the four fits are
reported in Table 3.11, the center of the emission is obtained in eV
and converted in nm for convenience.

The obtained emission matches well the center of the photonic
stop-band of the DBR for all of the structures and is close to the
target emission for the four designs. Furthermore the FWHM of
the four samples is comparable, with values typical for InGaAs
MQWs, while being much narrower than what is usually obtained
from GaAsBi MQWs, where the typical value is around 100 meV.

AFM and DIC maps were measured to verify the surface quality

of the structure. DIC maps are shown in Figure 3.29, while an
example of an AFM map is shown in Figure 3.31, with measured
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Figure 3.30: RTPL spectra (red curve) and reflectance (blue
curve) of four full VECSEL compared with the reflectance spectra
of respective DBR (in black). (a) InGaAs-based VECSEL emitting
at 975 nm. (b) InGaAs-based VECSEL emitting at 1030 nm. (c)
GaAsBi-based VECSEL emitting at 1060 nm. (d) GaAsBi-based
VECSEL emitting at 1160 nm.
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Table 3.11: Results of Gaussian fit on the RTPL spectra of the

four VECSELs presented in Figure 3.30.

Sample Center (V) Center (nm) FWHM (meV)
VECSEL975 1.27607 971.24 19.82
VECSEL1030 1.20247 1031.08 19.66
VECSEL1060 1.16451 1064.12 22.50
VECSEL1160 1.06242 1166.37 21.14

roughness RMS(S,) = 1.05 nm and (S,) = 0.77 nm.
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Figure 3.31: AFM map of an InGaAs-based VECSEL structure,
measured roughness RMS(S,) = 1.05 nm and (S,) = 0.77 nm.

Furthermore, TDPL spectra were measured in the temperature
range of 40-140 °C for both InGaAs- and GaAsBi-based VECSELSs
to investigate the temperature dependence of the emission energy
and to verify the expected superior thermal stability of GaAsBi-
based devices. Two representative series of spectra are shown in
Figure 3.32.

It should be noted that the absolute intensity of the curves is not
directly comparable. At higher temperatures, the emission inten-
sity decreased significantly, particularly for the InGaAs-based VEC-
SEL. To compensate for this, acquisition times were progressively
increased with temperature. Additionally, for clarity and ease of
comparison, the spectra have been scaled using a multiplication
coefficient to offset the intensity differences.

The first notable observation is that, at elevated temperatures, a
low-energy emission peak emerges in the InGaAs-based VECSEL.
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Figure 3.32: TDPL spectra of two VECSELs measured in the
range 40-140 °C. (a) InGaAs-based VECSEL optimized for emis-
sion at 1030 nm. (b) GaAsBi-based VECSEL designed for 1060 nm

emission.

This effect arises from the misalignment between the emission en-
ergy and the DBR stop band as temperature increases. Specifically,
the emission wavelength shifts more rapidly with temperature than
the photonic stop band of the DBR, leading to incomplete spectral
overlap at higher temperatures.

Based on these spectra, the emission energy can be plotted as a
function of temperature, as shown in Figure 3.33. The resulting
data points are then fitted using a linear function. It is important
to emphasize that, in general, the temperature dependence of the
emission energy is not strictly linear. A more accurate description
is provided by the Varshni equation [82]:

T2
E(T)=Ey— =

et (3.33)

where FEj is the bandgap at 0K, and «, 3 are empirical material
parameters.

To justify the linear approximation over the measured range, we
expand Eq. (3.33) about a reference temperature Ty using a first-
order Taylor expansion:

E(D) = B(Ty) + 77 (T =Ty). (3.34)

The derivative of Eq. (3.33) can be evaluated using the quotient
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Substituting Eq. (3.37) into Eq. (3.34), we obtain the linearized
form:

OéTo(TQ + 25>-
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Figure 3.33: Emission energies extracted from Figure 3.32 as a
function of temperature, fitted with a linear dependence.
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Lasing Testing

Lasing tests of the VECSEL structures were performed in collabo-
ration with the Laser Research Center at Vilnius University. The
chips were mounted onto copper plates using thermally conductive
paste and placed on Peltier modules for temperature control. Dur-
ing operation, the measured substrate temperatures ranged from
16 to 22 °C. The limited efficiency of this cooling approach was
one of the main motivations for developing thinner VECSEL struc-
tures. In standard devices, a diamond heat spreader is typically
bonded to the top surface of the chip to enable efficient thermal
extraction. In contrast, the use of a Peltier module in contact with
the unthinned backside of the wafer results in significantly reduced
thermal management.

Optical pumping was carried out with an 808 nm semiconductor
LD, focused to a 300 pm spot incident perpendicularly on the chip
surface. It should be noted that, in the literature, lasing is typically
reported only for devices with pumped areas up to 50 pm in diame-
ter, in order to minimize the impact of surface inhomogeneities and
thermally induced effects on the emission quality [94-96].

An external cavity mirror with 99 % reflectivity at 1064 nm was
used. The mirror exhibited an effective reflectivity range of 1020
1080 nm, which imposed an additional limitation: structures de-
signed for emission at 976 nm and 1160 nm fall outside this range,
making lasing in those devices difficult to achieve. Moreover, due
to aging effects, the 1030 nm structure could not be tested in this
round. Although new samples have since been fabricated, testing is
pending the installation of a new cavity mirror capable of covering
the full emission wavelength range.

Emission from the devices was collected through a wavelength split-
ter, separating the pump from the signal, and recorded with an
Avantes AvaSpec-3648 spectrometer operating across 200-1100 nm.
Lasing was successfully demonstrated in both InGaAs- and
GaAsBi-based VECSELs. The onset of lasing was marked by a
pronounced narrowing of the emission spectra. For the InGaAs-
based device, lasing occurred at a central wavelength of 973 nm,
accompanied by the emergence of a secondary mode at 1005 nm
(Figure 3.34).

A more detailed investigation was performed on the GaAsBi-based
VECSEL. Lasing was observed near 1070 nm (Figure 3.35). Gaus-
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Figure 3.34: Lasing spectra of the InGaAs-based VECSEL de-
signed for emission at 976 nm.

sian fitting of the emission peak at high pump powers yielded
a FWHM of approximately 10 meV, substantially narrower than
the broad PL linewidths typically measured in GaAsBi MQWs,
which often exceed 100 meV. For this specific structure, the RTPL
FWHM was 21 meV, confirming the strong spectral narrowing un-
der lasing conditions.
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Figure 3.35: Lasing spectra of the GaAsBi-based VECSEL de-
signed for emission at 1060 nm.

Power-dependent measurements were conducted on the same
GaAsBi-based device, with pump powers ranging from 20 mW to
11.7 W (Figure 3.36). A lasing threshold of 280+ 70 mW was iden-
tified. With increasing pump power, the emission peak redshifted
slightly from 1070 nm to 1073 nm, an effect attributed to local heat-
ing in the active region. Importantly, the overall shift remained
minimal, further demonstrating the excellent thermal stability of
GaAsBi alloys.

Figure 3.37(a) shows the evolution of the emission wavelength and
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FWHM with pump power, while Figure 3.37(b) displays the nor-
malized integrated intensity. The sharp change in slope and nar-
rowing of the spectrum confirm the transition to lasing.
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Figure 3.36: Lasing spectra of the GaAsBi-based VECSEL at
different pump powers.
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Figure 3.37: Data extracted from the spectra in Figure 3.36. (a)
Emission wavelength and FWHM versus pump power. (b) Normal-

ized integrated intensity versus pump power.
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CONCLUSIONS

In the following, the main results of this work are summarized,
with particular emphasis on those that have been submitted or
accepted for publication in peer-reviewed journals. Most of these
findings have been previously presented at numerous international
conferences, either by the author or with the author as a co-author.
A complete list of conference contributions, comprising over 50
participations, is provided at the beginning of this dissertation.

1. In the optimization of InGaAs-based MQWs, three critical
aspects were investigated. First, the effect of post-growth an-
nealing on InGaAs RTPL intensity was studied, revealing an
optimal growth temperature of 510 °C. Higher temperatures
improved AlAs and GaAs crystalline quality but induced In
segregation, which strongly reduced emission intensity. Sec-
ond, strain accumulation was modeled and found to cause
MD formation in structures with more than three QWs sep-
arated by thin (7 nm) barriers. This model, however, failed
when thick barriers (>100 nm) were introduced. As a result,
for InGaAs-based VECSELSs, only structures with quantum
well pairs or single MQWs can be used to avoid dislocations.
Third, the role of barrier composition was evaluated, identi-
fying 12 % Al in AlGaAs as the optimal compromise between
strong carrier confinement and high radiative efficiency for
NIR emission at room temperature.

2. The optimization of technological parameters for GaAsBi-
based MQWs growth established that GaAsBi layers with Bi
contents up to 10 % can remain strain balanced even with
a high number of wells. A precise growth window was iden-
tified, in which Bi incorporation is primarily controlled by
substrate temperature (300-350 °C), Bi source temperature
(500530 °C), and an As/Ga BEPR in the range of 0.85-1.2.
Furthermore, it was shown that high-temperature GaAs cap
layers induce a ~50 meV blue shift due to Bi segregation,
while simultaneously enhancing PL intensity by reducing non-
radiative recombination. Both effects must be accounted for
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in the design of full devices.

. To evaluate the IQE of GaAsBi structures, a modified ABC
recombination model, which excludes Auger recombination
and includes Trap-assisted Auger Recombination (TAAR)
channels, was developed and validated. Application of this
model to multiple GaAsBi samples consistently confirmed a
high contribution of trap-assisted recombination, establish-
ing the ABC model as a reliable tool for assessing internal
efficiency in bismide structures.

. For device-level optimization, GaAsBi-based LDs were fabri-
cated with both rectangular and parabolically graded barrier
geometries. Devices employing parabolic grading exhibited
superior performance, including higher output power and re-
duced threshold currents, confirming the effectiveness of com-
positional grading in improving carrier confinement and re-
ducing optical and electrical losses. Additionally, substrate
thinning was shown to further enhance performance by low-
ering threshold currents and increasing output power.

. Complete VECSELs were designed, grown, and character-
ized for four emission wavelengths. InGaAs-based devices
targeted shorter wavelengths (976 nm and 1030 nm), while
GaAsBi-based devices targeted longer wavelengths (1060 nm
and 1160 nm). Characterization confirmed the validity of
the design approach: RTPL and reflectance spectra exhib-
ited the intended overlap between the emission and the cen-
ter of the DBR photonic stopband. Temperature-dependent
TDPL measurements (40-140 °C) demonstrated the superior
thermal stability of GaAsBi-based devices compared to In-
GaAs. Finally, lasing was achieved in both material systems.
The InGaAs-based VECSEL exhibited stimulated emission at
973 nm with spectral narrowing and the appearance of a lon-
gitudinal mode. The GaAsBi-based device lased at 1070 nm
with a linewidth far narrower than typical PL, confirming
strong optical gain. Power-dependent studies revealed only a
small redshift of the lasing wavelength (1070-1073 nm), at-
tributed to localized heating, further highlighting the thermal
stability of GaAsBi-based VECSELs.
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SANTRAUKA

3.4. Ivadas

Vertikalios iSorinés ertmeés pavirsinés emisijos lazeris (VECSEL) yra
optiskai kaupiniamas i$ pavirsiaus spinduliuojantis puslaidininkinis
lazeris, kuris sulauké didelio susidoméjimo dél savo puikios pluosto
kokybés, bangos ilgio derinimo galimybiy ir galios keitimo. Skirtin-
gai nei elektriskai kaupiniamas vertikalios ertmeés pavirsinés emisi-
jos lazeris (VCSEL), kurio veikima riboja butinybé naudoti gaubia-
muosius legiruotus Bragg’o veidrodzius (DBR) bei ribotas emisijos
plotas, VECSEL vietoje virsutinio DBR naudoja iSorinj veidrod;.
Toks geometrijos sprendimas pasalina aktyviosios terpeés zadinima
elektros srove, leidzia naudoti optinj kaupinima ir suteikia galimy-
be jterpti iSorinius optinius elementus j rezonatoriy.

Medziagy poziuriu, dazniausiai artimosios infraraudonosios spindu-
liuotés (NIR) srities VECSELs strukturose aktyviajai terpei nau-
dojami InGaAs/GaAs kvantiniai dariniai, t.y. daugybinés kvanti-
nés duobés (MQW), iSdéstytos stovincios optinés bangos antino-
dése. DBR dazniausiai sudaryti iS AlAs ir GaAs sluoksniy dél ju
didelio luzio rodiklio kontrasto ir gardelés suderinamumo. InGa-
As pagrindu pagaminti VECSELs sékmingai veikia 920-1100 nm
spektriniame intervale. Pavyzdziui, 976 nm VECSELs naudojami
antrajai harmonikai generuoti 488 nm bei kaip kaupinimo saltiniai
erbio stiprintuvams.

Vis delto, siekiant ilgesniy bangos ilgiy, reikalingas didesnis indzio
kiekis InGaAs QW, o tai didina gardelés neatitikimg su GaAs pa-
déklu. Dél to susidarantys jtempiai skatina dislokacijy formavima-
si ir gesina spinduling rekombinacijg bei generuoja lokaly struktu-
ros kaitima, kuris riboja jrenginio nasuma, galig ir mazina veikos
stabilumg. Nors yra taikomi jtempio kompensavimo metodai, pa-
vyzdziui, GaAsP/GaAsN sluoksniy jterpimas, vis tik jie apsunkina
auginimo protokolg ir sumenkina strukturos kokybe.

Bi. Bismuto jterpimas j GaAs Zenkliai sumazina draustiniy juosty
tarpa (apie 60-90 meV kiekvienam % Bi) ir leidzia pasiekti emisija
virs 1100 nm su mazesniais strukturos jtempiais nei InGaAs. Be to,
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GaAsBi turi didelesne spin—orbitino suskilimo energija nei drausti-
niy juosty tarpas, kai Bi kiekis virsija 10,5 %.Taip galima slopinti
Ozé nuostolius. Taip pat GaAsBi pasizymi didesniu temperaturiniu
stabilumu, todél yra patrauklus NIR Saltiniy veikianciy kambario
temperaturoje be papildomo ausinimo kurimui.

viai jterpti Bi, butina palaikyti zemg padéklo temperatura ir tiksliai
valdyti Asy/Ga srauty santyki epitaksijos metu. Sios salygos daznai
inicijuoja defekty formavimasi, cheminés kompozicijos netolyguma
ir maza emisijos intensyvuma. Todél butina optimizuoti augimo
salygas.

Siame darbe ypatingas démesys skiriamas GaAsBi MQWs optinei
medziagu kokybei, ypa¢ vidinio kvantinio nasumo (IQE) jvertini-
mui ir rekombinacijos mechanizmy analizei, jskaitant kruvininky
gaudykliy bei nespindulinés rekombinacijos mechanizmy interpre-
tavimui.

Apibendrinant, VECSELSs siulo daugybe privalumy — lankscig ban-
gos ilgiy kontrole, didele galig, auksta pluosto kokybe ir galimybe
integruoti optinius elementus — taciau jy veikimas tiesiogiai priklau-
so nuo epitaksiniy struktury kokybes. InGaAs pagrindu veikianciy
irenginiy atveju pagrindiné problema yra jtempiy valdymas, o Ga-
AsBi atveju — defekty sukelty nuostoliy mazinimas. Siame darbe
nagrinéjami abu sie aspektai, siekiant tobulinti efektyvius ir termis-
kai stabilius VECSELs NIR spektriniam ruozui.

Tyrimo tikslas

Pagrindinis Sio darbo tikslas — GaAsBi kvantiniy dariniy, skirty
naudoti artimosios infraraudonosios spinduliuotés VECSELs struk-
turose, emituojanciose 1000-1200 nm spektriniame ruoze, techno-
logijos optimizavimas. Tam pasiekti buvo numatyti sie uzdaviniai:

1. InGaAs daugybiniy kvantiniy duobiy technologijos optimi-
zavimas, skirtas nustatyti optimaliausia aktyviosios terpés
dizaing. InGaAs MQWs panaudoti palyginimui su GaAsBi
strukturomis.

2. GaAsBi MQWs technologiniy parametry optimizavimas, tai-
kymams prietaisuose.
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. GaAsBi kvantiniy dariniy vidinio kvantinio nasumo jvertini-
mas, siekiant iSsiaiskinti rekombinacijos mechanizmus.

. Lazerino diodo auginimas, siekiant jvertinti GaAsBi MQWs
technologijos pritaikomumg VECSELSs strukturoms.

. VECSELSs projektavimas ir epitaksija bei jy charakterizavi-
mas.

Naujumas

. Didélés erdvinés skyros fotoliuminescencijos kambario tem-
peraturoje (RTPL) Zemeélapiy skenavimas pademonstruotas
kaip efektyvus metodas, skirtas gardelés nesutapimo inicijuo-
ty dislokacijy tinklo aptikimui ir analizei MQW strukturose.

. Pasiulytas naujas daugybiniy kvantiniy duobiy pory su jterp-
tais pakaitiniais barjerais dizainas, leidziantis kurti kompak-
tiskesnius ir efektyvesnius VECSELs.

. Pasiulytas modifikuotas ABC modelis pritaikytas GaAsBi re-
kombinacijos kanaly tyrimui ir IQE skaic¢iavimams.

. Isvystyta lazerinio diodo (LD) gamyba naudojant du skirtin-
gus barjery dizainus (sta¢iakampius ir parabolinius), siekiant
palyginti prietaisy savybes.

. Pirmg kartg pademonstruotas GaAsBi MQW VECSELs pro-
jektavimas, auginimas ir charakterizavimas.

Gynamieji teiginiai

Tiksli indzio kiekio ir kvantinés duobés storio kontrolé InGaAs-
pagrindu strukturose, epitaksiskai uzaugintose ant GaAs, lei-
dzianti pasiekti didelio ploto emisijos homogeniskuma, rodo juy
perspektyvuma ateities fotoniniy prietaisy masinei gamybai.

Vykdant molekuliniy pluosteliy epitaksija temperaturos apribo-
tos kinetikos salygomis, galima uzauginti GaAsBi daugybiniy
kvantiniy duobiy strukturas jvedant iki 10 % bismuto.
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3. Novatoriskas dizainas, apimantis GaAsBi junginio daugybines
kvantines duobes su paraboliniais AlGaAs barjerais ir silumos
nuvedimo strategija, leidzia sumazinti lazerio slenksting jveiki-
nimo srove kambario temperaturoje maziausiai 30 % ir padi-
dinti stimuliuojama emisija daugiau nei 10 karty.

4. Nauja VECSEL architektura, kurioje naudojamos GaAsBi
kvantiniy duobiy poros atskirtos placiu GaAs barjeru, leidzia
padidinti lazerio kaupinimo plota, pagerina jveikinimo nasuma
ir supaprastina silumos nuvedima.

Autoriaus indélis

Autorius reikSmingai prisidéjo prie analizuojamy struktury projek-
tavimo, auginimo ir modeliavimo, taip pat buvo atsakingas uz gau-
ty duomeny analize ir interpretavima. Autorius taip pat dalyvavo
visy straipsniy rengime ir aptarime bei aktyviai prisidéjo prie re-
zultaty sklaidos tarptautinése konferencijose.

3.5. Disertacijos struktura

Disertacijg sudaro jvadas ir trys dalys: literaturos apzvalga, me-
todai ir rezultatai, bei iSvados. Literaturos apzvalga issamiai pa-
teikia pagrindinius GaAsBi ir InGaAs puslaidininkiniy junginiy ir
kvantiniy dariniy pasiekimus, apzvelgia naujausius LD ir VECSEL

L

Siame darbe struktiiry auginimui ir charakterizavimui buvo pasi-
telkti metodai: ,,Veeco GENxplor R&D*“ Molekuliniy pluosteliy epi-
taksija (MBE) su metaliniais Ga, Al, In, Bi, As, Saltiniais bei Si,
Be legiravimui. Strukturos buvo charakterizuojamos naudojant:

« RTPL

 Fotoliuminescencijos temperaturine priklausomybe (TDPL)
o Mikrofotoliuminescencija (nPL)

» Rentgeno spinduliy difrakcija (XRD)

» Atominiy jégy mikroskopija (AFM)
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Didelés skiriamosios gebos persvie¢iamaja elektrony mikros-
kopija (HR-TEM)

Diferencinio interferencijos kontrasto (DIC) mikroskopija

3.6. Pagrindiniai rezultatai

Toliau pateikiami pagrindiniai doktoranturos laikotarpiu gauti re-
zultatai, jskaitant:

Atkaitinimo efektg InGaAs QWs.

Gardelés neatitikimy susidaryma InGaAs MQWs, Sios dalies
rezultatai aprobuoti publikacijoje [A7].

AlGaAs naudojima kaip elektrony blokavimo sluoksnj InGa-
As QWs, sie rezultatai aprobuoti publikacijoje [A4].

Itempiy generacijos GaAsBi MQWs tyrima, dalis iy rezultaty
aprobuoti publikacijoje [A1].

GaAsBi MQWs augimo parametry optimizavima.
Atkaitinimo jtaka GaAsBi MQWs optinéms savybéms.
GaAsBi IQE skai¢iavima, aprobuoti publikacijoje [A3].

LDs augima ir charakterizavima, aprobuoti publikacijoje [A6].

LDs charakterizavimo zemo daznio triukSmo matavimais, ap-
robuoti publikacijose [A2] ir [A5].

VECSEL projektavima ir augima

VECSEL charakterizavima, aprobuoti ESA projekto ,Infra-
raudonyjy spinduliy Saltiniai veikiantys bismidiniy junginiy
pagrindu; Irbis“, sutarties Nr. 4000122271 /NL/SC.
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3.7. In(GGaAs optimizavimas

InGaAs vis dar islieka artimosios infraraudonosios spinduliuotés
saltiniuose dazniausiai pritaikomas junginys bei nasumo etalonas.
Pirmiausia optimizavome InGaAs QWs auginima. Pagrindiniai is-
sukiai aptarti disertacijoje yra:

o In segregacija.
o gardeles neatitikimo dislokacijos.

« kruvininky termalizacija.

3.7.1. Padéklo temperaturos poveikis

(Ga,In)(N,As) sistemose indzio segregacija, kaip zinoma, didéja ky-
lant padéklo temperaturai [52,58]. Arsenidy sistemose In segregaci-
ja mazina kinetiniai apribojimai. [52] nurodo minimalia segregacija
esant 370 °C temperaturai, taciau déka zemos temperatiros praste-
ja kristaliné darinio kokybé. Geriausias kompromisas tarp sudéties
vienalytiskumo ir optinés kokybés pasiekiamas esant 520 °C, nes kai
temperatura virsija 570°C prasideda intensyvi In desorbcija. Tai
kelia issukj VECSEL strukturoms, kurios savyje turi GaAs ir AlAs
sluoksnius, reikalaujancius zymiai aukstesnés augimo temperaturos
—iki 720°C AlAs atveju [76-80].

Norédami jvertinti barjero auginimo temperaturos poveikj, augino-
me keturis bandinius su InGaAs QWs ir skirtingomis barjero su-
détimis (tuo paciu ir temperaturomis). Fotoliuminescencijos (PL)
spektruose buvo stebétas mélynasis poslinkis ir intensyvumo suma-
zéjimas, didéjant barjero temperaturai, auginant tiek GaAs, tiek
ir AlGaAs barjerus. Rezultatas buvo paaiskintas In segregacija ir
kristalinés kokybés degradacija.

3.7.2. Dislokacijy tankio mazinimas

InGaAs/GaAs MQWs dislokacijos veikia kaip nespindulinés rekom-
binacijos centrai, sumazindamos PL ir didindamos lokaly jkaitima.
Siame skyriuje nagrinéjamas deformacijy valdymas Sesiose MQWs
strukturose, pritaikant teorinius deformacijy modelius eksperimen-
tiniams duomenims paaiskinti.
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Itempiy skaiciavimas

Vidutiné ir pertekliné deformacija MQW sistemose apskaiciuojama
taip:

Nt,, T B
<f> = f Ntw + (N— 1)tb7 <feq> = f ' m»<fex> - <f> - <fefl>7

(3.39)
kur N yra kvantiniy duobiy skaicius, t,, ir ¢, yra duobiy ir barjery
storiai. Sluoksnio storiui ir In kiekiui nustatyti buvo naudojamas
XRDs metodas. Bx0240 bandinyje naudojami 6 QW pory atskirty
pakaitomis 7,3 nm ir 119 nm barjerais, todél vidutinis barjero storis
yra 67,2 nm. 3.12 lenteléje apibendrinti deformacijos rezultatai,
iskaitant dviejyu QW konfiguracija.

3.12 lentelé: Deformacijos ir kritinio storio analizé: t,, - kvatinés
duobés storis, t, - barjero storis, N - kvantiniy duobiy skaicius, (f)
- vidutinis jtempis, T, - kritinis storis, feq - kritinis jtempis, (fex)
- perteklinis jtempis.

Bandinys In tw ty, N {f) Teq Jeq  (fex)
(%) (nm) (nm) (%) (am) (%) (%)

Ax0183 183 6,6 7.0 12 0,667 17,610 0,148 0,518
Ax0225 225 46 7,1 12 0,669 13,610 0,165 0,504
Ax0232 232 50 7.1 12 0,724 13,100 0,158 0,566
Ax0256 25,6 50 7.0 12 0,805 11,570 0,155 0,650
Ax0241 24,1 42 73 12 0,667 12,490 0,165 0,502
Bx0240 24,0 4,1 672 12 0,106 12,550 0,027 0,079
Cx0240 24,0 7,0 38,75 9 0,291 12,550 0,058 0,233

Tyrimo rezultatai parodeé, kad stori tarpiniai barjerai Bx0240 zy-
miai sumazina vidutine ir pertekline deformacija. Modelio prog-
nozeés nusako, kad tik strukturos, turincios 1-3 QW, lieka zemiau
kritinés jtempio ribos.

pPL Zemélapiy sudarymas

nPL Zemélapiy skenavimas patvirtino RTPL rezultatus ir atskleidée
submikrometrinés skalés emisijos ypatybes (3.39 pav.). Emisijos
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(a)—(e) bandiniuose naudojami ploni barjerai, po to — dvigubi ir
trigubi barjerai. Rodyklés nurodo kristalografines kryptis.

116



slopinimo linijos, sulygiuotos su [0-11] ir [0-1-1] kryptimis, rodo
gardeliy neatitikimo dislokaciju (MD) tinklo buvima. Bx0240 ban-
dinys pasizymeéjo mazesniu dislokacijy tankiu.

(a) Ax0183 (b)  Ax0232
100

80
70
60

—~ 50

Sx

>30
20 |
10 |

0 - 0
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
X (um) X (um)

3.39 paveikslas: Ax0183, Ax0232 ir Ax0256 bandiniy pPL Zemeé-
lapiai nuskenuoti i§ 80 x 80 pm?. Linijos iSlygiuotos [0 -1 -1] ir [0
-1 1] kryptimis. Iklijoje pateiktas RTPL Zemélapis, nuskenuotas is
stac¢iakampiu pazyméto ploto bandinyje Ax0183.

Dislokacijy tinklo egzistavimui patvirtinti buvo atliekami AFM ty-
rimai. Abeji matavimai patvirtina modelio prognoze, kuri teigia,
kad strukturos su 3 ir daugiau QWs atskirty plonais barjerais vir-
sija kritine deformacija. Strukturos, kuriose suprojektuotos duo-
biy poros, atskirtos storais barjerais, elgiasi kaip izoliuotos duobés,
efektyviai iseliminuodamos relaksacijg ir MDs susidaryma.

Taigi, optimali InGaAs QWs pagrindu VECSELSs struktura suba-
lansuoja banginiy funkcijy persidengimag ir deformacijy valdyma,
sujungiant QWs poromis. Tripletai sukelia MDs ir netolygig emisi-
ja, o tai mazina prietaiso nasuma.
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3.7.3. Al kiekis barjeruose

Siekdami pagerinti kruvininky sasprauda ir spinduliavimo efektyvu-
ma, tyréme Al jterpima j barjerus. Modeliavimas ir eksperimentai
parodé, kad didéjant Al kiekiui, kristaly kokybé pageréja. Buvo
jvertinta optimali Al verté - 12 %, kuri uztikrina pakankama kvan-
tine sasprauda, iSsaugant optinj nasuma kambario temperaturoje.
Virsijus §j Al kiekj, kristaly kokybé smarkia blogéja.

3.8. GaAsBi augimo optimizavimas

Antras disertacijoje tiriamas junginys yra GaAsBi. Pagrindiniai jo
privalumai yra zenklus draustiniy energijy juostos mazéjimas (ar-
timojoje infraraudonojoje spektro srityje link ilgy bangy jvedant
i GaAs nedidelj Bi kiekj), didelis spin-orbitinis suskilimas (kuris
smarkiai slopina OZé nuostolius) ir geresnis temperaturinis stabilu-
mas, palyginti su klasikiniais III-V puslaidininkiais.

Skirtingai nuo InGaAs, GaAsBi dar nebuvo panaudotas VECSEL
struktury aktyviojoje terpéje. Todél labai svarbu optimizuoti jo
auginimg ir kvantinio darinio dizaing.

Siame skyriuje daugiausia démesio skiriama:

o jtempiy ir dislokacijy susidarymui
e auginimo temperaturos poveikiui
 atkaitinimo poveikiui emisijos intensyvumui ir energijai

e vidiniam kvantiniam nasumui

3.8.1. GaAsBi jtempiai ir dislokacijos

Dél eksperimentiniy duomeny apie GaBi trukumo, GaAsBi sluoks-
niy gardelés neatitikimas ir kritinis storis néra gerai zinomi. Nuoro-
da [2] jvertina kritinj storj iki 3,1 % Bi, taciau emisijai, virsijanciai
1 pm, reikalingas didesnis Bi kiekis. [tempiams ir relaksacijai jver-
tinti ant itin plony buferiy buvo uzauginti 100 nm storio GaAsBi
sluoksniai, kuriuose Bi kiekis siekia iki 11,2 %. XRD svyravimo
kreivés ir atvirkstinés gardelés zemélapiai rodo, kad visi sluoksniai
islieka beveik visiskai jtempti, ir reikSmingos relaksacijos neaptikta.
Sie rezultatai, paskelbti [A1], rodo, kad GaAsBi sluoksniai su Bi iki
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11,2 %, islieka pseudomorfiniai. RTPL Zemélapiy skenavimas bu-
vo panaudotas dislokacijy tyrimui GaAsBi MQW. Buvo isaugintos
strukturos, turincios 5 ir 12 QW su plonais (7 nm) GaAs barjerais.
Kaip matome 3 paveiksle emisijos intensyvumo pokycio, priesingai
nei InGaAs MQW, néra. Tai rodo, kad GaAsBi sluoksniai, net kai
Bi kiekis artéja prie 10 %, turi didesnj kritinj storj nei Ing 2 Gag gAs.

12xGaAsBi RQW Bi koncentracija apie 10% 5xGaAsBi RQW Bi koncentracija apie 7%

24 100 24 100
¥ 90 90
21
21 80 18 80
18 70 70
— ~15
E15 60 £ 60
£12 50 g12 50
> 9 40 > g 40
30 30
6 20 20
10 i 10
0 0 - 0
0 3 6 9 121518 21 24

0 3 6 9 121518 21 24
x (mm) X (mm)

3.40 paveikslas: RTPL MQWs GaAsBi zZemélapiai: (a) 12 QWs,

pasizyminc¢iy emisija ties 1,084 €V ir (b) 5 QWs, pasizymin¢iy emi-

sija ties 1,128 eV.

3.8.2. Augimo parametry optimizavimas

Bi jterpima daugiausia lemia Asy/Ga santykis ir padéklo tempera-
tura. Auginome strukturas su trimis GaAsBi/GaAs QW (5,5 nm
duobémis ir 7 nm barjerais), keitéme As,/Ga ir Bi Saltinio tem-
peratura, islaikydami pastovy Ga srauta. Pastebéta, kad optimi-
zuotuose diapazonuose Bi jterpimo neriboja As,/Ga ar Bi srautas,
daugiausia jtakos daro padéklo temperatura.

Atkaitinimo efektai

Bandiniai su 3 GaAsBi QW, uzauginti 350 °C temperaturoje, bu-
vo padengiami GaAs sluoksniu. Tyrimas buvo atliekamas keic¢iant
dengiamojo sluoksnio auginimo temperatura, tuo paciu imituojant
pilno prietaiso auginimo protokola: 350 °C aktyviajai sriciai ir
570 °C dengiamiesiams sluoksniams. RTPL rezultatai pateikti 3.41
paveiksle. Stebimi du pagrindiniai efektai:

e 50meV mélynasis poslinkis strukturose su aukstoje tempera-
turoje uzaugintu GaAs dengiamuoju sluoksniu priskiriamas
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3.41 paveikslas: Liuminescencijos spektrai matuoti GaAsBi

MQW su GaAs dengiamuoju sluoksniu, uzaugintu esant skirtin-

goms temperaturoms.

Bi segregacijai ir dél jos sumazéjusiam Bi kiekiui virsutiniuo-
se QW sluoksniuose.

o daugiau nei dvigubai padidéjes PL intensyvumas atkaitinant
(auginant GaAs dengiamajj sluoksnj aukstoje temperaturoje)
rodo defekty sumazéjima ir pageréjusj kristaliskuma.

Dar aukstesnése temperaturose buvo stebimas Bi kvantiniy tasky
(QDs) susidarymas [84], kuris nepatenka i Sio darbo taikymo sritj.
Todél vélesni augimai siekiant subalansuoti strukturos kokybe ir Bi
kiekj apsiribojo 570-580 °C temperatury sritimi.

3.8.3. Vidinis kvantinis efektyvumas

GaAsBi/GaAs MQWs IQE buvo jvertintas naudojant du 12-QW
bandinius. Pirmajame bandinyje buvo pakaitomis naudojami 7 nm
ir 150 nm GaAs barjerai, suderinti su optinio lauko antinodémis,
auginami 425 °C temperaturoje. Antrajame bandinyje buvo nau-
dojami visi vienodi 7 nm barjerai, auginami 435 °C temperaturoje.
Abu bandiniai buvo padengti GaAs sluoksniu uzaugintu aukstoje
temperaturoje.

Buvo pasiulytas modifikuotas ABC modelis, siekiant paaiskinti siy
struktury labai nedidelj IQE. Nors tesiamas IQE skaiciavimo op-
timizavimas, Sie pradiniai rezultatai patvirtina GaAsBi potencialg
kaip aktyviosios terpés VECSEL strukturose.
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3.9. LD augimas

Buvo sukurtos ir istirtos dvi aktyviyjy sri¢iy geometrijos: standar-
tinés stac¢iakampés GaAsBi kvantinés duobés (RBi) ir duobés ap-
gaubtos paraboliskai graduotais barjerais (PBi) [A2]. Abieju struk-
tury modeliavimas, pagristas 8x8 k - p metodu, atliktas naudojant
nextnano®. Modeliavimas apémé eksitoninius ir nuo temperatu-
ros priklausomus efektus. Deformacija buvo nejskaiciuojama dél
pseudomorfinio sluoksnio esant mazoms Bi koncentracijoms. Me-
dziagos parametrai buvo paimti i$ literaturos [72-75]. Lazeriavi-
mo spektrai buvo registruojami zadinant impulsais (50 ns impulsai
esant 1 kHz dazniui). Emisijos spektrai ir galios priklausomybé nuo
sroves parodyti 3.42 paveiksle. RBi diodas pasizymeéjo emisija ties
1106 nm, o PBi — ties 1024 nm, kas atitinka didesnj Bi kiekj RBi
kvantinése duobése (apytiksliai 7 % RBi ir 5 % PBi).

Pastebéta, kad PBi dizainas Zymiai pagerino nasuma: maksimali
galia padvigubéjo (nuo 10mW iki 20 mW esant 3 A), o slenkstiné
sroveé sumazéjo nuo 2,5 A iki 1,3 A. Tolesnis pageréjimas buvo
pasiektas ploninant padékla (juoda kreivé 3.42c paveiksle), kas pa-
didino iséjimo galia iki 130 mW ir sumazino slenkstine srove iki
250 mA. Tai salygojo duy veiksniai: (i) geresnis silumos nuvedimas
ir aukstesné epitaksiniy sluoksniy kristaliné kokybé, (ii) pasalinus
dalj padéklo, sumazéjo kruvininky nuostoliai ir padidéjo Siluminis
bei elektrinis nagumas. Zemo daznio triuksmo matavimai RBi LD
atskleidé GaAs pakaitiniy defekty sukeltus pagavimo lygmenis, ku-
riy aktyvacijos energija kito nuo 0,31 eV iki 0,33 eV. Be to, bu-
vo stebéta, kaip Zemos temperatiros augimas paskatino generaci-
jos—rekombinacijos (g-r) centry formavimasi, kurie veikia kaip nuo-
tekio veiksniai ir mazina kruvininky patekimo j QW efektyvuma.
Sie rezultatai iSsamiai aprasyti [A2, A5, A6]. Nepaisant mazo IQE
buvo pasiektas lazeriavimo efektas patvirtinantis GaAsBi pagrindu
VECSEL struktury galimybés jgyvendinima.

3.10. VECSEL

Siame skyriuje iSsamiai aprasomas VECSEL lusty, skirty spindu-
liuotei 976, 1030, 1060 ir 1160 nm bangos ilgiuose, projektavi-
mas ir auginimas. Trumpesniems bangos ilgiams buvo naudoja-
mas InGaAs, o ilgesniems — GaAsBi. Rezultatai gauti vykdant
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3.42 paveikslas: Lazeriniy diody lazeriavimo spektrai: a) prietai-
sui, veikianciam standartiniy stac¢iakampiy kvantiniy duobiy pag-
rindu; b) prietaisui su paraboliskai graduotais barjerais (spektruo-
se a) ir b) 1,12 meV ir 0,2 meV atitinka centrinés emisijos linijos
FWHM); ¢) lazeriniy diody smailinés galios priklausomybeé nuo jvei-
kinimo sroveés: staciakampiy kvantiniy duobiy lazeriui (raudona) ir
lazeriams su paraboliskai graduotais barjerais — neplonintu padéklu
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ESA projekta IR Bi pagrindu veikian¢iy saltiniy Irbis (sutarties Nr.
4000122271 /NL/SC) ir buvo patikrinti nepriklausomy eksperty.

3.10.1. DBR projektavimas ir augimas

Apskaiciuoti GaAs/AlAs DBR projektavimo parametrai keturiuose
emisijos bangos ilgiuose yra apibendrinti 3.13 lenteléje. Atspindziui
apie 100 % ir Silumos laidumui subalansuoti buvo pasirinkta 30
periody struktura.

3.13 lentelé: GaAs/AlAs DBR projektavimo parametrai jvairiems
bangos ilgiams.

Parametras 976 nm 1030 nm 1060 nm 1160 nm
NGaAs 3,5253 34926 3,4779 3,4413
TUALAS 2,9680 2,9577 2,9526 2,9389

dGans (nm) 69,21 73,73 76,20 84,27

daias (nm) 82,21 87,06 89,75 98,68

Bendras storis (nm) 4536,30 4841,70  4988,55  5490,00
Juostos plotis (nm) 106,79 108,88 110,37 116,42

3.10.2. Aktyviosios terpés dizainas

Kiekvieng stiprinimo sritj sudaro 12 QW. InGaAs QW buvo nau-
dojamos 976 ir 1030 nm VECSEL, o GaAsBi — 1060 ir 1160 nm
VECSEL. Norint sulygiuoti optinio lauko antinodes su QW, pirmoji
antinodé buvo sutapatinama su pirmosios QW centru, todél tikslus
pirmojo barjero storis buvo labai svarbus (zr. 3.43(a) paveiksla).
Siekiant sumazinti bendrg storj ir pagerinti silumos nuvedima, bu-
vo pasitelktas dizainas, kuriame naudojamos QW poros, atskirtos
plonais barjerais (3.43(b) paveikslas). Antinodés tuo atveju buvo
sulygiuojamos su plono barjero centru.

Kiekvieno dizaino sluoksniy storiai pateikti 3.14 lenteléje.

3.10.3. Auginimas

Auginimas prasideda nuo DBR ant 2 coliy GaAs padéklo esant
600 °C temperaturai, po to aktyvi terpé buvo auginama zemes-
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3.43 paveikslas: Dviejy VECSEL stiprinimo sri¢iy laidumo juosty
profiliai ir optinés stovinc¢ios bangos projektavimas: (a) pavienéms
QW, (b) susietoms poromis QW ir atskirtoms storais barjerais.

3.14 lentelé: VECSEL strukturos parametrai jvairiems emisijos
bangos ilgiams: n - luzio rodiklis, d - kvantiniy duobiy ir barjery
storiai.

A MedzZiaga nqw  dqw  dplono  iarpinio dpirm./ Bendras
(nm) (nm) (nm)  (nm)  paskut. (nm) (nm)
976  InGaAs 3,56 57 7 123,34 130,88 988.9
1030 InGaAs 3,53 7,6 12 119,58 133,52 1028,1
1060 GaAsBi 3,51 55 7 134,30 143,34 1066,2
1160 GaAsBi 3,54 55 7 150,23 159,39 11779
1160 GaAsBi 3,54 55 - 162,89 165,72 21453

néje temperaturoje, optimizuotoje InGaAs ir GaAsBi kvantinéms
duobéms. Toje pat temperaturoje buvo formuojamas dengiamasis
lango sluoksnis, kuris tarnauja sviesos ekstrakcijai.

Charakterizavimas

Visos strukturos buvo charakterizuojamos RTPL ir atspindzio ma-
tavimais (3.44 pav.). 3.15 lenteléje pateiktos RTPL smailiy Gauso
aproksimacijos. Buvo nustatyta kad GaAsBi struktury pusplocio
FWHM vertés yra zymiai siauresnés nei tikétasi.

TDPL buvo matuotas 40-140 °C temperaturoje InGaAs ir GaAsBi
strukturoms (zr. 3.45 pav.). IS matavimy spektry buvo jvertintas
mazdaug —0.1 meV °C™" tiesinis poslinkis (3.46 pav.).
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3.44 paveikslas: RTPL (raudona) ir atspindys (mélyna) iSmatuo-
ti skirtingoms VECSEL strukturoms; juoda kreivé zymi DBR be
MQW atspindj.
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3.45 paveikslas: InGaAs ir GaAsBi pagrindu sukurty VECSELs
TDPL spektrai.
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3.15 lentelé: RTPL spektry Gauso aproksimacijos rezultatai.

Bandinys Centriné energija Centrinis bangos iligis FWHM

(eV) (nm) (meV)
VECSEL975 1,27607 971,24 19,82
VECSEL1030 1,20247 1031,08 19,66
VECSEL1060 1,16451 1064,12 22,50
VECSEL1160 1,06242 1166,37 21,14
%1'210 = * InGaAs VECSEL
§1 205! *  GaAsBi VECSEL
81.200}
3
(] .
£1.175}
%1.170-
Erresl
20 40 60 80 100 120

Temperatira ('C)

3.46 paveikslas: Emisijos energijos priklausomybé nuo tempera-
turos, pritaikyta tiesiné aproksimacija.

3.11. Lazerinis spinduliavimas

Lazerinio spinduliavimo bandymai buvo atlikti Vilniaus universi-
teto Lazeriniy tyrimy centre. Lustai buvo sumontuoti ant vario
ploksteliy ir Peltje elementu ausinami iki 16-22 °C. Kaupinimas
buvo vykdomas naudojant 808 nm lazerinj dioda, sufokusuota i
300 pm déme. Dél riboto iSorinio rezonatoriaus veidrodzio diapa-
zono (10201080 nm) buvo jvertintos tik 1060 nm ir 976 nm struk-
turos. Lazerinio spinduliavimo pagrindiné moda InGaAs VECSEL
strukturai buvo uzregistruota ties 973 nm, o antriné emisija ties
1005 nm (3.47 pav.). GaAsBi pagrindu suformuoto VECSEL laze-
riné spinduliuoté sieké ilgesnes bangas ties 1070 nm, o spektrinés
linijos pusplotis siekévos 10 meV.
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3.47 paveikslas: InGaAs pagrindu 976 nm bangos ilgiui sukurto

VECSEL lazerio spektras, uzregistruotas esant kambario tempera-
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3.48 paveikslas: GaAsBi MQW pagrindu sukurto VECSEL laze-
rio spektras, uzregistruotas kambario temperaturoje.

3.12. Isvados

Toliau apibendrinami pagrindiniai Sio darbo rezultatai, ypatinga
démes;j skiriant tiems, kurie buvo pateikti arba priimti publikuoti
recenzuojamuose zurnaluose. Dauguma siy iSvady ankséiau buvo
pristatytos tarptautinése konferencijose paties autoriaus arba
bendraautoriy. ISsamus konferencijy, kuriose dalyvavo daugiau nei
50 dalyviy, sarasas pateikiamas Sios disertacijos pradzioje.

1. Optimizuojant InGaAs pagrindu daugybiniy kvantiniy duo-
biy technologija buvo atskleisti trys svarbus aspektai. Pirma,
po auginimo buvo tirtas atkaitinimo poveikis InGaAs RTPL
intensyvumuli, ir nustatyta, kad optimali augimo temperatira
yra 510 °C. Aukstesné temperatura pagerino AlAs ir GaAs
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kristaly kokybe, tac¢iau sukelé In segregacija, kuri labai suma-
zino emisijos intensyvuma. Antra, buvo sumodeliuota defor-
macijy generacija ir nustatyta, kad MQW strukturose, turin-
¢iose daugiau nei tris QW, atskirtas plonais (7 nm) barjerais,
vyksta MD formavimasis. Taciau sis modelis nepasiteisino,
kai buvo jvesti stori barjerai (> 100 nm). Dél to InGaAs
pagrindu veikiantiems VECSEL, siekiant iSvengti dislokacijy,
galima naudoti strukturas su kvantiniy duobiy poromis arba
viena QW. Trecia, buvo jvertintas barjery sudéties vaidmuo,
nustatant 12 % Al kaip optimalig kompromisine sudétj tarp
stipraus kruvininky koncentravimo duobéje ir didelio kamba-
rio temperaturos spinduliavimo artimojoje infraraudonojoje
srityje nasumo.

. Optimizavus GaAsBi MQW technologinius parametrus, nu-
statyta, kad GaAsBi sluoksniai, kuriuose yra iki 10 % Bi, gali
islikti pseudomorfiniai deformacijos atzvilgiu net ir esant di-
deliam QW skaiciui. Buvo nustatytas tikslus augimo langas,
kuriame Bi jterpimg daugiausia kontroliuoja padéklo tempe-
ratura (300-350 °C), Bi saltinio temperatura (500-530 °C)
ir Asy/Ga BEPR 0,85-1,2 diapazone. Be to, buvo parodyta,
kad dengiamojo GaAs sluoksnio auginimas aukstoje tempera-
turoje sukelia ~50 meV meélynajj poslinkj dél Bi segregacijos,
tuo paciu metu padidina PL intensyvuma, sumazina nespin-
duline rekombinacija. Projektuojant pilng lazerio struktura
butina atsizvelgti j abu efektus.

. Norint jvertinti GaAsBi struktury IQE, buvo sukurtas mo-
difikuotas ABC rekombinacijos modelis, kuris nejtraukia Au-
ger rekombinacijos bet apima kruvininky gaudykliy sukeltos
Auger rekombinacijos mechanizma. Sio modelio taikymas ke-
liems GaAsBi bandiniams patvirtino didelj kruvininky gau-
dykliy indélj, todél ABC modelis tapo patikimu pirmos itera-
cijos jrankiu bismido struktury vidiniam nasumui jvertinti.

. Siekiant optimizuoti GaAsBi MQW technologija VECSEL
strukturoms buvo pagaminti LD naudojant skirtingas kvanti-
niy struktury geometrijas tiek staciakampes QW, tiek ir QW
su paraboliniais barjerais. LD su GaAsBi QWs apsuptomis
paraboliniais barjerais aktyviojoje terpéje pasizymeéjo geres-
niais rezultatais, jskaitant didesne¢ iS¢jimo galig ir mazesnes
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slenkstines sroves. Be to, buvo jrodyta, kad padéklo plonini-
mas dar labiau pagerina charakteristikas.

. Buvo suprojektuoti, iSauginti ir charakterizuoti VECSEL ke-
turiems emisijos bangos ilgiams. InGaAs pagrindu sukurti
lazeriai buvo skirti trumpesniems bangos ilgiams (976 nm ir
1030 nm), o GaAsBi pagrindu sukurti lazeriai — ilgesniems
1060 nm ir 1160 nm. Testavimas patvirtino projektavimo
metodo pagristuma: RTPL ir atspindzio spektrai parodé nu-
matyta emisijos ir DBR fotoninés stabdymo juostos centro
persidengimg. Nuo temperaturos priklausantys TDPL ma-
tavimai (40-140 °C) atskleidé geresnj GaAsBi pagrindu pa-
gaminty lazeriy terminj stabiluma, lyginant su InGaAs. La-
zerinis spinduliavimas buvo pasiektas abiejose medziagy sis-
temose: InGaAs pagrindu sukurtas VECSEL parodé stimu-
liuojama emisija ties 973 nm su zZenkliu spektro susiauréjimu
ir isilginés modos atsiradimu, o GaAsBi pagrindu sukurtas
lazeris veike ties 1070 nm. Nuo galios priklausantys tyrimai
atskleide tik nedidelj lazerio bangos ilgio (1070-1073 nm) rau-
donaji poslinkj, priskiriamg lokaliam kaitinimui, kas dar la-
biau patvirtino GaAsBi pagrindu sukurty VECSEL terminj
stabiluma.
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