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ABSTRACT
The extraction of high power with high beam quality from semiconductor lasers has
long been a goal of semiconductor laser research. Optically pumped vertical-externalcavity surface-emitting lasers (VECSELs) have already shown the potential for their high
power high brightness operation. In addition, the macroscopic nature of the external
cavity in these lasers makes intracavity nonlinear frequency conversion quite convenient.
High-power high-brightness VECSELs with wavelength flexibility enlarge their applications. The drawbacks of the VECSELs are their poor spectral characteristics, thermalinduced wavelength shift and a few-nm-wide linewidth.
The objective of this dissertation is to investigate tunable high-power high-brightness
VECSELs with spectral and polarization control. The low gain and microcavity resonance of the VECSEL are the major challenges for developing tunable high-power
VECSELs with large tunability. To overcome these challenges, the V-shaped cavity,
where the anti-reflection coated VECSEL chip serves as a folding mirror, and an
extremely low-loss (at tuned wavelength) intracavity birefringent filter at Brewster’s
angle are employed to achieved the high gain, low-loss wavelength selectivity and the
elimination of microcavity. This cavity results in multi-watt TEM00 VECSELs with a
wavelength tuning range of 20~30 nm about 975 nm. Also the longitudinal mode
discrimination introduced by birefringent filter makes the linewidth narrow down to 0.5
nm. After the tunable linearly polarized fundamental beam is achieved, the tunable bluegreen VECSELs are demonstrated by using type I intracavity second-harmonic
generation. The spectral control of VECSELs makes it possible to apply them as an
efficient pump source for Er/Yb codoped single-mode fiber laser and to realize the
spectral beam combining for multi-wavelength high- brightness power scaling.
In this dissertation, theory, design, fabrication and characterization are presented.
Rigorous microscopic many-body theory of the quantum well gain, based on
semiconductor Bloch equations and k·p theory, is introduced. The closed loop design tool
based on this theory is not only used to design the VECSEL structure, but also used as a
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precise on-wafer diagnostics tool by the experiment/theory comparison of the photoluminescence. The characterization of the wafer shows that the modeling is in good
agreement with the measured results.
The VECSEL high power high brightness performance relies on the fabrication of the
chip. The fabrication method of the VECSEL chip, which provides the optically smooth
surface and good heat dissipation, is presented. The anti-reflection coating on the chip
surface can significantly improve the slope efficiency of VECSEL when high reflectivity
output coupler is used. Over 12-W VECSEL cw output power with 43 % slope efficiency
is demonstrated at 0 oC. A beam quality factor (M2 factor) of 1.75 is obtained at 11 W
output power.
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CHAPTER 1

INTRODUCTION
1.1

Challenges in High-Power High-Brightness Semiconductor Laser
Research
Semiconductor lasers represent one of the most important classes of laser in use today

partially due to their large variety of direct applications and partially due to their
widespread use as an efficient pump source for solid-state lasers and fiber lasers. They
are distinguished from other types of laser, such as gas or solid-state lasers, primarily by
their ability to be efficiently pumped by electrical current or light. This results in a much
more efficient operation. Overall power conversion efficiencies of over 50% are fairly
common for diode lasers and optically pumped semiconductor lasers. Since high-power,
high-brightness lasers are the key elements for a wide range of military and commercial
applications, the extraction of high power with high beam quality from semiconductor
lasers has long been a goal of semiconductor laser research, and considerable effort has
been devoted to them. In this chapter, the methods of achieving high-power highbrightness semiconductor lasers will be generally discussed.
1.1.1

Electrically Pumped Monolithic Semiconductor Lasers

Semiconductor lasers can be classified into two categories: electrically pumped
semiconductor lasers, namely diode lasers, and optically pumped semiconductor lasers.
The two types of diode lasers are edge emitting lasers and surface emitting lasers. Edge
emitting lasers have the laser beam parallel to the surface of junction region or quantum
well plane. Typically the mirrors are produced by using the cleaved surface at the end of
the laser crystal or by distributed feedback (DFB) within the crystal or grating at the end
of active region. The surface emitting lasers have the laser beam emitting in the direction
normal to the junction region with multilayer distributed Bragg reflectors (DBRs) mirrors
incorporated into the crystal or with the second order distributed Bragg grating.
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The motto of diode laser designers in realizing high-efficient low-threshold lasers is
good optical and carrier confinement. Typically semiconductor lasers are based on the
quantum well structure. The laser field (mode) is confined in the 3-dimentional laser
cavity. In the transverse direction (the direction of the growth), the field is well-confined
by the index change of the epitaxial layer structure. In the lateral direction (parallel to the
quantum well plane and perpendicular to the propagation of the mode), the field can be
confined by either gain guiding (for broad-area lasers) or index guiding (for the ridge
lasers). In the longitudinal direction, the field is confined by laser cavity mirrors. The
geometry of these lasers allows the lasers to take large round-trip gain to balance the high
mirror loss. Carrier confinement is usually realized by defining the laser pattern on highly
p-doped top layer. Good optical and electrical confinement will enhance the electrical-tooptical conversion efficiency, or the wallplug efficiency of the lasers.
In general, to achieve high-brightness edge emitting diode laser, a single-mode indexguided ridge waveguide is employed in the laser design. It might be expected that highpower single-mode operation could easily be achieved by increasing the gain volume and
efficiently confining carriers in the optical mode volume to produce more gain per unit
volume. However, such high-power operation in fundamental spatial mode is limited by
several effects: (1) spatial hole burning, leading to multimode operation; (2) catastrophic
optical mirror damage (COMD) of the cleaved mirrors due to the absorption of laser
beam [1]; (3) temperature increase in the active region as the current is increased; and (4)
filamentation resulting from nonlinear self-focusing in the active region which damage
the quantum well.
In addition, the beam of single-mode edge emitting lasers is astigmatic and highly
divergent. For a typical single-mode ridge laser, the transverse near field size is ~1 µm,
but the lateral near field size is ~3 µm, resulting in different divergent angle in the
transverse direction (fast axis) and the lateral direction (slow axis). The broad-area laser
can generate multi-watt high power, but their beam quality is much worse.
Surface emitting lasers are fabricated in two different types of structures. One is a
semiconductor laser with a distributed second-order grating coupler, where the grating
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provides optical feedback to the lasing mode acting as a laser mirror, and diffracts the
portion of laser both out of the surface in a direction normal to the quantum well and into
the substrate. This is known as a grating-coupled surface emitting laser (GCSEL). The
other structure is a vertical cavity surface emitting laser (VCSEL), made by sandwiching
a multi-quantum well between highly reflective DBR mirrors.
For GCSELs, if the grating works with a wide-mode laser such as a tapered resonator
device [2], the lateral diffraction is determined by the wide mode size. The longitudinal
diffraction is determined by either the grating length or the grating coupling efficiency.
Since the near field size is large, the diffraction angle of the laser beam is small. The
surface-emitting distributed feedback (DFB) lasers can achieve watt-level with neardiffraction-limited beam quality [3]. Also, because the mode size at the grating is
significantly increased compared to that of edge emitting laser, the laser no longer suffers
from the COMD.
For the VCSEL, two DBR mirrors provide longitudinal confinement for the laser, and
lateral confinement is obtained either by gain guiding or by index guiding with etched
mesa. The carrier confinement is obtained by the ion implantation aperture, the oxidation
aperture or the etched mesa. For simplicity, we can view the transverse modes of the
VCSEL as the modes in the dielectric cylindrical waveguide. The size of the mode must
be small enough (~10 µm diameter) to maintain fundamental transverse mode operation.
This small size of mode limits the active region size, resulting in very low output power
(~ 10 mW). When the mode size and pump size are increased to about 600 µm diameter,
VCSEL can reach almost 2-W output power with a multi-transverse-mode beam. In this
laser an extra Au layer is used to improve the beam quality, but the beam is still far from
the diffraction limit [4].
In summary, contemporary high-power monolithic diode lasers are limited in beam
quality and single-mode monolithic diode lasers are restricted to low power. So it is
difficult for the electrically pumped monolithic diode lasers to provide both multi-watt
high power and diffraction-limited beam.
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1.1.2

Early Development of Optically Pumped Semiconductor Lasers

Electrical pumping is usually employed in conventional semiconductor lasers.
However, optical pumping of semiconductor lasers does have a long history. In 1973,
Chinn et al [5] demonstrated pulsed operation with edge-emitting GaAs optically pumped
semiconductor lasers. Later, Stone et al [6] used surface-emitting thin-film InGaAsP
optically pumped semiconductor lasers to generate gain-switched picosecond pulses in
the 0.83-1.59 µm wavelength range using dye laser pumping; Roxlo et al [7]
demonstrated mode-locking with an external cavity CdS platelet laser. The power-scaling
potential of a semiconductor disk laser with a large active area was first highlighted by
Le et al [8], who reported 500 W peak power in pulsed operation from a 135-µm thick
disk of bulk n-type GaAs pumped by a Ti:sapphire laser. Using a diode laser pumping,
McDaniel et al [9] demonstrated low-power (10 mW) operation with GaAs VCSEL, and
Sandusky et al [10] demonstrated low-power (20 µW) performance in an external-cavity
laser. To obtain high power from diode-pumped semiconductor laser, Le et al [11, 12]
used a specially designed edge-emitting InGaAs-GaAs laser structure to generate 4-W
average power; however, the beam quality was poor. Under low temperature operation at
77 K, 190 mW and 700 mW cw output power was obtained from an InGaAs-InP external
cavity surface emitting laser [13] and GaAs VCSEL [14], respectively. The aforementioned work has shown the potential capability of optically pumped semiconductor lasers.
However, the goal of a high-power high-brightness optically pumped semiconductor laser
operating at room temperature had remained elusive before the success of the high-power,
high-brightness, diode-pumped solid-state thin-disk laser [15].
1.1.3

Diode-Pumped Solid-State Thin-Disk Lasers

In the early 1990s, diode-pumped solid-state thin-disk lasers were a great success for
high-power lasers with a diffraction-limited beam [15]. Although this class of lasers are
not semiconductor lasers, their concept and approach are directly employed in optically
pumped semiconductor lasers, resulting in their high-power operation with diffractionlimited beam [16, 17]. To better understand optically pumped semiconductor
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FIGURE 1.1. Schematic diagram of solid-state thin-disk laser.

lasers, the principle and benefit of diode-pumped solid-state thin-disk lasers are
introduced in this section
The principle of diode-pumped solid-state thin-disk lasers is the use of a very thin (~
200 µm) laser crystal disk (Nd:YAG, Yb:YAG, etc.) with one face mounted on a heat
sink [15]. Figure 1.1 shows the schematic of this laser design. The disk is anti-reflection
(AR) coated for both pump and laser wavelengths on the front side, and high-reflection
(HR) coated for both wavelengths on the rear side. The rear side of the laser crystal is
soldered on the heat sink by indium. The laser cavity is built by the laser disk and an
output coupler mirror to form a linear cavity (see Figure 1.1). Alternatively, several thin
disks can be in a zigzag (V-shaped, W-shaped, etc.) fold cavity, where each thin disk acts
as a folding mirror [18]. The pump emission is imaged at oblique angles onto the disk
from the front side passing through the disk two times since unabsorbed portion of the
pump emission is reflected by the rear side of the disk. In order to keep the disk thin and
achieve sufficient (>80 %) pump absorption, the pump radiation must pass the disk
several times, exploiting the non-absorbed fraction of pump radiation. Innovative pump
designs [18, 19] with eight passes and sixteen passes of pump radiation through the disk
have been developed to achieve high pump absorption efficiency.
This thin-disk laser crystal drastically reduces its volume-to-cooling-surface ratio. As
a result, high pump power density can be applied without a high-temperature rise in the
thin-disk laser crystal. Furthermore, together with a flat-top pump beam profile, this disk
geometry leads to an almost uniform and one-dimensional heat flux normal to the surface
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of the disk. Thermal distortions are therefore strongly reduced compared to conventional
cooling schemes. To a first approximation, no thermal lensing of the disk occurs and also
no thermally induced birefringence can be observed [20]. The transverse mode of the
laser is controlled by the radius of curvature of the output mirror and the pump spot size.
Therefore, the beam quality factor (M2 factor) of a solid-state thin-disk laser can be close
to 1 even at a few hundred watts output power [21].
The output power of such a thin-disk laser can be scaled easily by increasing the
diameter of the pump spot keeping the pump power density constant. To scale the laser
output power into kilowatt range, another approach is the use of several thin disks in a
laser cavity, where each thin disk act as a folding mirror for laser signal inside the
resonator [18]. The total waste of heat generated in the laser active medium is distributed
to each thin disk, thus the laser can stand more pump power without thermal issues.
Due to the low temperature rise within the laser active material, this thin-disk laser
design is particularly suited for quasi-three-level systems. In this case a high pump power
density is necessary to reach laser threshold but without heating the thin-disk crystal too
much, since the threshold power itself is strongly dependent on the crystal temperature
[22].
In short, the solid-state thin-disk laser design is a novel concept that allows one to
build diode-pumped solid-state lasers with high scalable output power up to the kilowatt
region, with high optical-optical conversion efficiency (>50%) and excellent beam
quality. The approach of efficient heat dissipation, output power scalability, and
transverse mode control in these lasers can be implemented in optically pumped
semiconductor lasers.

1.1.4

Semiconductor Vertical-External-Cavity Surface-Emitting Lasers

In 1997, combining the approach of the solid-state thin-disk lasers with semiconductor VCSEL, Kuznetsov et al. designed and demonstrated high-power (>0.5 W cw)
optically pumped vertical-external-cavity surface-emitting lasers (VECSELs) with
circular TEM00 beams operating around 1 µm at room temperature [16]. This is a
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FIGURE 1. 2. Schematic diagram of an optically pumped VECSEL.

milestone in high-power high-brightness optically pumped semiconductor laser research.
The VECSEL, as illustrated in Figure 1.2, resembles a diode-pumped solid-state thin-disk
laser, except that the thin-disk laser crystal is replaced by surface-emitting semiconductor
active mirror structure. Owing to the analogies, this laser is also called optically pumped
semiconductor (disk) laser [23]. In the active region of their VECSELs are 14
(InGaAs/AlGaAs with GaAsP strain compensating) quantum wells, each quantum well is
placed on the antinode of the cavity standing wave to form resonant periodic gain (RPG)
structure [24, 25]. A few micrometers thick epi structure, multi-quantum well RPG
structure and distributed Bragg reflectors (DBR) stack, is soldered on a diamond heatsink
to achieve efficient heat dissipation. The transverse modes of the cold cavity are defined
by the external cavity, and the VECSEL is forced to operate in TEM00 by the pump spot
size, cavity length, and the radius of curvature of the output coupler.
After the success of optically pumped VECSELs, high power operation of VECSELs
using electrical pumping has been developed by a group at Novalux Inc., who name their
distinctive device as the Novalux extended-cavity surface-emitting laser (NECSEL). The
laser uses a linear three-mirror coupled cavity design. Two of mirrors, a highly reflective
p-doped DBR and a partial reflective (R=70~80%) n-doped DBR, are epitaxially grown
on GaAs substrate, similar to conventional VCSELs. The spherical output coupler mirror
is employed to control the transverse mode. The high-finesse sub-cavity of the device
enhances the gain to lower the laser threshold. McInerney et al. demonstrated 0.5 W
fundamental (M2~1.0-1.2) output and 1 W multimode (M2~10-20) output from 980 nm
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NECSELs [26]. Since high uniform carrier density in large area is much more difficult to
achieve by electrical pumping than by optical pumping, and excessive heat (I2R) is
generated in the active region by parasitic resistances, NECSELs can not compete with
optically pumped VECSELs in power scaling. No further discussion about NECSELs is
in this dissertation.
Since the first successful demonstration of high-power high-brightness optically
pumped VECSEL, this class of lasers has become a hot research area. Topics include the
power scaling of VECSELs [16, 23, 27~30], long wavelength infrared VECSELs [31~33],
visible VECSELs either by intracavity frequency doubling [30, 34~37] or by the
development of new material systems [38~40], ultrashort pulse generation [29, 41~44],
single frequency VECSEL [45,46], and applications of VECSELs such as intracavity
laser absorption spectroscopy (ICLAS) [47~50] and single-mode fiber laser pumping [51].
Also, Coherent Inc. announced the commercialization of optically pumped semiconductor laser technology at the OFC’99 Optical Fiber Communication Conference. At the
time of this dissertation, Coherent Inc. has demonstrated 30 W output with M2 factor ~3
from 0.9 mm pump spot [30].

1.2

Why Optically Pumped VECSELs

1.2.1

Advantages of Optically pumped VECSEL over Electrically Pumped
Semiconductor Lasers

Compared to electrically pumped semiconductor lasers, optically pumped VECSELs
have several advantages. Optical pumping is a straight forward way to achieve uniform
pumping in a large area where the carriers are automatically confined by the pump spot.
The laser uses no p-n junctions and electrical contacts, significantly simplifying the laser
processing. No additional processing (such as lithography and mesa etching) is needed.
The VECSEL wafer is grown with undoped semiconductor materials. This not only
significantly simplifies growth, but also reduces optical loss due to the free carrier
absorption. Free carrier absorption in doped cladding layers is the major power limitation
for edge-emitting laser. Bandgap engineering allows optimizing the distribution of pump
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power to eliminate carrier transport limitations in multi-quantum wells. Without current
injection, there is no heating from parasitic resistances (I2R), eliminating the consequent
heating of the laser device. A few hundred (~300—900) micrometers diameter pump spot
size dramatically reduces the pump and signal intensity on the VECSEL chip surface,
decreasing the potential of COD at higher powers. With the external cavity, VECSELs
have circular TEM00 beam at multi-watt power output. Also, since the external cavity
technique is used, all the techniques and methods used in solid-state lasers can be
implemented in the VECSEL. For example, the circulating power in the external cavity is
usually 50—100 times (even higher) greater than the output power, allowing efficient
intracavity frequency doubling to convert the infrared VECSEL signal to visible laser
signal. High-power edge-emitting laser can not provide such a high power output with
excellent beam quality, so its nonlinear frequency conversion is much less efficient.
1.2.2

Advantages of Optically Pumped VECSEL over Diode Pumped Solid-State
Lasers

Compared to diode-pumped solid-state lasers, the VECSEL gain structure possesses
several distinct advantages. Bandgap engineering allows one to (1) optimize the
distribution of pump power to eliminate carrier transport limitations in multi-quantum
wells and (2) optimize the bandgap of the barrier, where the pump power is absorbed, to
maximize the pump absorption efficiency and confinement of the carriers in the quantum
wells, thus minimizing the waste heat due to the optical pumping. Unlike many
lanthanide-doped dielectric laser media (such as Nd:YAG, Er/Yb-doped glass), the
optical pumping occurs via the interband transition of the bulk barrier material in the
VECSEL chip, where the pump absorption band is broad, and imposes no practical
constraint on the wavelength stability of the pump laser. The above-bandgap absorption
coefficient of the barrier material is very high (~10000 cm-1), so that pump radiation can
be absorbed efficiently on a single or double pass even through a thinner active region.
The semiconductor medium is highly absorbing within a broad bandwidth, ensuring
pump efficiency in a very short absorption length (<3 µm) and eliminates sensitivity to
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FIGURE 1.3. Some materials for VCSELs and VECSELs in wide spectral bands (after Iga
[53]) .

the pump wavelength variation. Multi-pass pump design for solid-state thin-disk lasers is
unnecessary for the VECSEL. Also, the VECSEL chip (MQW stack and DBR~ 6µm
thick) is much thinner than thin-disk crystal (100~200 µm thick), allowing for a more
efficient 1-dimensional heat dissipation than that in thin-disk solid-state laser.
Several mature quantum well material systems available provide potential spectral
coverage from the near ultraviolet to the midinfrared (see Figure 1.3) [52, 53], so
VECSELs can cover a much wider wavelength range than solid-state lasers, which are
limited to a few lines in the near infrared. Semiconductor multiple quantum wells are
able to achieve high gain, allowing the design of a laser with low threshold, high output
power and high efficiency. The gain bandwidth of the laser transition is typically a few
tens of nanometers, providing the potential for a wide wavelength-tuning range and also
for the generation of ultrashort pulses.
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The above discussion shows that mature material systems allow VECSELs to
potentially operate from UV to midinfrared. In some material systems, such as GaNbased materials, it is difficult to eptaxially grow a highly reflective DBR mirror due to the
lack of high index contrast lattice matched semiconductor materials. This drawback can
be overcome by using a dielectric DBR and extracting the heat directly from the active
region instead of through the DBR mirror. To achieve this kind heat dissipation, the
surface of epi-structure is usually bonded on heat spreader with high thermal conductivity
by using a liquid capillarity [27, 39, 46, 54]. Hence, together with intracavity frequency
conversion, VECSELs can continuously cover a much wider wavelength range (from UV
to mid-IR) than solid-state laser, endowing VECSELs with a larger application range.
VECSELs can, therefore, be a replacement for solid-state lasers for cw operation and
high pulse repetition frequency Q-switch or mode-locking operation.

1.3 Disadvantages of Optically Pumped VECSELs
A three-mirror coupled-cavity resonator is used in most VECSELs. One is the free
space cavity and the other is semiconductor microcavity which is formed by the DBR and
semiconductor/air interface. The lasing wavelength is determined by the microcavity
resonance. Thermally induced refractive index changes can change the optical thickness
of the microcavity, resulting in thermally induced wavelength shifts [16]. When the
temperature in the active region rises, the lasing wavelength will red shift. For most
designs, the lasing wavelength shifts over 10 nm from the laser threshold to the thermal
rollover. To achieve high gain, there are multi-quantum wells (>10) in the active region
of VECSELs. The inhomogeneous broadening due to growth inhomogenities, like local
quantum well width- or composition-fluctuations, results in poor spectral purity, i.e.
several nm wide linewidth [16, 27, 30]. Since most applications of VECSELs have
critical requirement for wavelength stability and linewidth, these drawbacks limit the
applications of VECSELs.
High-power diode laser bars are compact, low-cost and efficient pump sources for
VECSELs. However, most of them operate around 700~1000 nm range. When
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developing high-power visible VECSELs, one will suffer from the lack of compact and
efficient short wavelength pump sources if the material design approach is taken. This is
the reason why intracavity SHG is used for visible VECSELs.
In comparison with monolithic diode lasers, an obvious disadvantage of optically
pumped VECSEL approach is the need for an external pump setup and an external cavity,
which require stable mechanical assembly of the laser package. However, physics
dictates that long, extended cavities are required to generate beams with large enough
areas to eliminate damage and minimize deleterious non-linear side effects.

1.4 Dissertation Outline
The rest of this dissertation is organized as follows: First, Chapter 2 introduces device
physics of optically pumped VECSELs. A theoretical review of device principle is given,
including microscopic many-body theory for computing strain quantum well gain,
resonant periodic gain (RPG) structure, the role of detuning between microcavity
resonance and quantum well gain peak. Three-mirror coupled-cavity resonator and the
Rigrod analysis for the coupled cavity are also discussed in this chapter. Chapter 3
discusses design issues and 975 nm high-power high-brightness operations of the single
and double quantum well RPG structures. As discussed in the previous section, the
thermally induced wavelength shift and poor spectral purity is shown in the high power
operation of VECSELs.
To overcome these drawbacks, a tunable VECSEL is introduced as a good candidate
in Chapter 4. Since the VECSELs are low gain lasers, increasing the round-trip gain and
using low-loss filter is the key to achieve large tunability. The filtering function of an
intracavity birefringent filter at Brewster’s angle is calculated. This filter together with
the V-shaped cavity, in which the VECSEL chip serves as a folding mirror, is employed
to build a tunable VECSEL, providing multi-watt output power with 20~30 nm
wavelength tuning range, much narrower linewidth, and linearly polarized laser beam.
Blue-green output from VECSELs is achieved by utilizing intracavity secondharmonic generation (SHG). This is tremendously useful since it is difficult to generate
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tunable laser output in this spectral region by other lasers. In chapter 5, a tunable
intracavity SHG experiment is discribed. Since the tunable VECSEL has linear
polarization, a large tuning range and a narrow linewidth, a type I angle phase matching
intracavity SHG is used to demonstrate a watt-level tunable blue-green VECSEL by
using LBO crystal.
In chapter 6, some interesting applications of tunable VECSELs are given. A
VECSEL core-pumping scheme for ultra-short Er/Yb codoped single-mode fiber lasers
shows much higher efficiency than cladding-pumping scheme. Since tunable VECSELs
control the laser wavelength, the spectral beam combination of VECSELs by using
volume Bragg grating in photo-thermo-refractive glass is easily realized. The scheme
shows the potential to achieve multi-wavelength high-brightness power scaling of
VECSELs.
Finally, Chapter 7 provides concluding remarks on optically pumped VECSELs.
Several suggested improvements are mentioned, and future work is proposed.
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CHAPTER 2

PHYSICS OF VERTICAL-EXTERNAL-CAVITY
SURFACE-EMITTING LASERS
In the previous chapter, it has been established that a VECSEL resembles a diodepumped solid-state thin-disk laser in construction except that the laser crystal disk is
replaced by a surface-emitting semiconductor active mirror. Due to the nature of
semiconductors, optical properties, such as absorption and gain, significantly change with
wavelength, carrier density, temperature, etc. As a result, the VECSEL operating
principle is quite different from that of solid-state thin-disk lasers. The most significant
difference is that the peak of the semiconductor gain is strongly dependent on the
temperature and carrier density. The detuning between quantum well gain peak and
microcavity (subcavity) resonance plays a key role in the high power operation.
Since highly optimized devices are designed based on the rigorous microscopic
many-body theory, it is necessary to discuss semiconductor physics involved in
VECSELs to better understand the theoretical framework of the device modeling. In this
chapter, the basic principles of VECSELs [55] are introduced first; then microscopic
many-body theory related to semiconductor optics; finally the laser operation and the
three-mirror coupled cavity are discussed.

2.1.

Device Principles

A laser is composed of gain medium, pump and resonator. The principles of VECSEL
include the gain structure and the external cavity.
Figure 2.1 shows the bandgap diagram of the VECSEL chip structure and illustrates
the laser operating principles. Incident pump radiation is absorbed in the pumpabsorption region (barriers). Generated electrons and holes diffuse and are captured by
quantum wells. The capture time is structure dependent and on the order of tens of
picoseconds [56, 57]. The electron-hole recombination takes place in the quantum wells
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FIGURE 2.1. Schematic bandgap diagram of an optically pumped VECSEL chip and its
operating principles. The antinodes of cavity standing wave are aligned on the quantum
well.

and provides gain for the laser signal. A window or “carrier-confinement” layer provides
a surface barrier that prevents carriers from diffusing to the surface of the chip, where
they could recombine non-radiatively. To obtain the highest effective (modal) gain, i.e.
maximum longitudinal confinement factor, the quantum wells are placed at the antinodes
of the cavity standing wave, thus forming a resonant periodic gain (RPG) structure [24,
25]. In this way, the maximum stimulated emission at the given temperature and carrier
density is achieved. A highly reflective DBR stack next to the RPG structure serves as
one of the laser cavity mirrors.
A striking difference between the VECSEL active mirror and its solid-state laser
counterpart is the strong coupling between quantum confined carriers and laser signal in
the RPG active region. The quantum well exhibits an extremely high gain coefficient
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(~thousands per centimeter). A small gain length (~ 100 nm) provides enough gain for
the lasing. Since the antinodes of cavity standing wave are located on the quantum wells,
the laser does not suffer from mode-hopping due to spatial hole burning.
The relative longitudinal confinement factor in VECSELs introduces a strong spectral
filtering effect [55], which dominates the performance of the device. The spectral
dependence of the relative longitudinal confinement factor is controlled by the
microcavity formed by DBR and the semiconductor/air interface. A sharp resonance of
the microcavity at the operating wavelength of the structure in which each quantum well
is accurately grown at the antinodes of cavity standing wave can greatly enhance the
modal gain. Also, this narrow filter peak may allow the laser to operate at single
frequency if all the quantum wells are uniformly and identically grown, the RPG
structure is accurately grown, and the gain peak wavelength is the same as the lasing
wavelength.
The quantum well gain is intrinsically temperature-dependent since the bandgap of
semiconductor and the quasi-Fermi-Dirac distribution of the carrier are functions of
temperature. The refractive index of the semiconductor also changes with temperature.
As the active region heats with pumping, the optical resonance of the microcavity and the
quantum well gain peak are tuned to longer wavelength at the rate of ~ 0.1 nmK-1 and
~0.3 nmK-1, respectively [55]. The peak gain declines rapidly with increasing
temperature. Once the output power starts decreasing, the population inversion must be
increased to compensate the diminishing gain. As a result, the carrier densities increase,
which causes further temperature increase. This feedback process is responsible for the
thermal rollover and shut-off of VECSELs [57].
Optical pumping directly defines the gain region and lateral carrier confinement so
that optically pumped VECSELs do not suffer from the difficulty of carrier confinement
which usually occurs in electrically pumped semiconductor lasers. Also, optical pumping
is the most straightforward way to obtain uniform pumping in a large area, making the
power scaling of VECSELs much easier. As discussed above, thermal management of the
waste heat generated in the active region is an essential part of laser design. To decrease
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the waste heat and to increase the quantum efficiency of laser, the depth of the quantum
well should be optimized to satisfy (1) good carrier confinement in the quantum well and
(2) minimizing the waste heat
The pump spot also defines an “effective” aperture for the VECSEL cavity. Inside the
pump spot, the cavity mode experiences gain; outside it, the cavity mode experiences
absorption loss. Combining with the radius of curvature of the output coupler mirror and
cavity length, VECSELs are easily forced to operate in the fundamental transverse
(TEM00) mode. This is the reason why properly designed VECSELs have high beam
quality.
There are several reasons why understanding the gain medium behavior is important
in the design of VECSELs. Most apparent is the drastic reduction of the gain length. This
gain length reduction places demands on maximizing active medium performance. Since
the microcavity resonances are sharp and widely spaced, laser performance is influenced
by the detuning alignment of the gain peak and the designed microcavity resonance. The
sensitivity to this alignment depends on the detailed spectral shape and the carrier density
dependence of the quantum well gain. Consequently, to efficiently design VECSELs, it is
necessary to accurately predict the gain spectra; especially over the objective temperature
ranges.
Calculations of semiconductor gain are performed in several levels of sophistication.
Phenomenological logarithmic dependence of quantum well gain on the carrier density
( g = g 0 ln( N / N 0 ) ) was used in the rough modeling of the VECSEL by Kuznetsov et al.
[55], but their modeling cannot predict the thermal rollover and shut-off of the VECSEL,
which is crucial in high power lasers. More sophisticated is the treatment based on the
free-carrier theory, where the quantum well gain is computed microscopically; however,
in this treatment, the Coulomb interaction between the charge carriers is ignored. This
gain computation is not accurate enough to predict the gain spectra since the many-body
effects are not taken into account. The modeling tool based on the rigorous microscopic
many-body theory is able to predict quantitatively the amplitude, spectral position,
density, and temperature dependence of the gain and photoluminescence (PL) spectra
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[58]. It serves not only as a design tool for semiconductor quantum-well laser structures,
but also as a precise on-wafer diagnostics tool by the experiment/theory comparison of
the photoluminescence [58]. In next section, microscopic many-body theory used in
semiconductor optics will be introduced, which gives the theoretical framework of the
device modeling.

2.2.

Microscopic Theory of the Gain Medium

To give a theoretical framework of the microscopic many-body theory of
semiconductor quantum-well gain, we have to introduce some physics of the
semiconductor strained quantum-well gain medium, including the second quantization in
electron-hole representation, self-consistent semiclassical laser theory, semiconductor
Bloch equations and 8 × 8 k·p theory for strained InGaAs quantum well.
2.2.1. Quantum Mechanics of the Semiconductor Medium

In semiconductor laser gain medium, there are several kinds of identical particles,
such as electrons, holes and phonons. Since the particles are indistinguishable, the manyparticle wavefunction must be symmetric for Bosons (s=nħ, n=integer) or anti-symmetric
for Fermions (s=(n+1/2)ħ, n=integer) under the interchange of any two identical particles.
Also, the number of the identical particles may not be conserved when the semiconductor
medium interacts with pump and laser electromagnetic fields. In elementary quantum
mechanics, the simplest wavefunction of the system of identical Fermions is given by the
Slater determinant. It is obvious that elementary quantum mechanics is very clumsy
when dealing with such a system. A more elegant formulation, the so-called second
quantization, is usually used to treat the system with a large number of identical particles.
In the second quantization, since we can introduce creation operator and annihilation
operator to formulate other operators, and occupation number states as basis to span a
Hilbert space that contains states of varying numbers of particles, namely the Fock space
or Fock representation, it is convenient to deal with such a system mathematically. In
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non-relativistic theory, the Hamiltonian commutes with the particle number operator, and
the total particle number is conserved; second quantization leads to no new physical
feature. However, in the context of semiconductor theory, the notion of second
quantization is still somewhat misleading. The physics is completely identical to that of a
many-particle problem quantized according to the usual rules of quantum mechanics.
The semiconductor gain medium contains an extremely large number of electrons and
holes when it is highly pumped, and the number of electron-hole pairs is not conserved
when it interacts with light. So we have to use second quantization to study the
semiconductor physics. Second quantization is lengthy and has already been presented
extensively in many quantum mechanics textbooks. As a conveniences, we present the
formulation of second quantization with “electron-hole representation” [59] in Appendix
A.
In practice, semiconductor media are never operated at T=0 K; hence, the expectation
values of physical observables should include the quantum mechanical mean values and
thermal expectation values. The grand-canonical ensemble with fixed temperature T and
variable particle number N, the statistical operator or density matrix, is also given in
Appendix A.
2.2.2. Semiconductor laser physics

An important theoretical problem in semiconductor lasers is how a semiconductor
gain medium interacts with a laser field. Most theoretical problems involving lasers may
be treated using semiclassical approximation, called Lamb’s Semiclassical Laser Theory
[60]. In this theory, the laser field is described classically by Maxwell’s equations, and

)
,
(

the gain medium is described quantum mechanically. Figure 2.2 summarizes the steps
involved in the application of the semiclassical laser theory. The laser field E r t

induces electric-dipole moments p i in the semiconductor gain medium according to the

)
,
(

laws of quantum mechanics. These dipoles are summed to yield a macroscopic
polarization P r t in the gain medium. This polarization then drives the laser field,
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FIGURE 2.2. Self-consistent semiclassical laser theory in which a laser field interacts
with a quantum-mechanics gain medium. The assumed electrical field E r t induces a
polarization of the gain medium that, in turn, drives the laser field self consistently.
(After Ref [60])

) )
, ,
( (

)
,

(
'

E ′ r t according to Maxwell’s equations. Self-consistency is imposed by the condition,

E r t =E r t .

B D

The laser field is governed by optical Maxwell’s equations in MKS units
∇⋅

(2.2)

=−
=

∂
,
∂t

(2.3)

D

H

∇×

=0,

E

∇×

(2.1)

B

∇⋅

=0,

∂
,
∂t

(2.4)

B

H

D

E

and the constitutive relations
=µ

+

P

=ε

b

=ε

(2.5)

E

and

,

,

(2.6)

and

P

where µ is the permeability of the host medium, ε is the permittivity of the host medium,
is the induced polarization [59]. For a semiconductor laser, the host medium is the

lattice. The permeability is µ (≈ µ 0 ) , where µ 0 is the permeability of the vacuum. The
semiconductor lattice typically has a background index of refraction, n~3.5, which is
0

0

b

included in ε = n2 ε , where ε is the permittivity in vacuum. The induced polarization,

P

, provides the gain and carrier-induced refractive index [59], and is induced by the
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light field vectors vary little along the directions in which they point, ∇ ⋅
2

-

n
+ 
c

E

E

−∇

2

= µ0

≈ 0 . We

P

obtain the wave equation

E

laser field interacting with the electrons in the conduction and valence bands. Since most

∂2
,
∂t 2

(2.7)

where c is the speed of light in vacuum and n is the background index of refraction. Since
a monochromatic plane wave allows us to illustrate the necessary physics of the
semiconductor gain medium with the minimum of algebra, we use a plane wave in
computing the local properties of a gain medium, where the volume element considered
can always be sufficiently small compared to the transverse variations in the laser field.
We assume a plane-wave field

1∧
E ( z )e i[ kz −ωt −φ ( z )] + c.c. ,
2

(2.8)

i

where

i

E

( z, t ) =

∧

is the unit vector in the x direction. E (z ) and φ (z ) are the real field amplitude

and phase shift that vary little in an optical wavelength. ω is the field frequency in
radiance/second and exp(ikz) accounts for most of the spatial variation in the laser field.
The local gain and refractive index are needed for beam propagation and wave optical
studies. The limitation to using monochromatic plane wave field is that we cannot deal
with the coherent response of a gain medium to multimode fields.
The laser field induces a polarization in the gain medium
i

P

( z, t ) =

1∧
P( z )e i[ kz −ωt −φ ( z )] + c.c. ,
2

(2.9)

where P(z ) is a complex polarization amplitude that varies little in a wavelength. It is
related to the complex susceptibility of the medium by
b

P( z) = ε χ ( z) E ( z ) .

(2.10)

Substituting Equation (2.8) and (2.9) into Equation (2.7) gives
2
2
d 2 E( z)
dφ (z)  dE (z) 
dφ (z) 
d 2φ (z)  nω  

2
−
− 2i k −
+  k −
−

 +i
  E ( z ) = µ 0ω P ( z )
2
z
z
z
c
d
d
d
t
dz 2
d




 


(2.11)
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Further simplification is possible by invoking the slowly varying envelop approximation
(SVEA), where we ignore terms containing d2E/dz2, d2 φ /dz2, d2 φ /dt2 and(dE/dz) (d φ /dz),
since E and d φ /dz vary little in a wavelength in these applications. Separating the above
equation into real and imaginary parts yields self-consistency equations for
semiconductor lasers

where k −

dE ( z ) G
ω
= E ( z) = −
Im[P( z )] ,
dz
2
2ε 0 nc

(2.12)

ω
dφ ( z )
= k 0δn = −
Re[ P( z )] ,
dz
2ε 0 ncE ( z )

(2.13)

dφ
= (n + δn)k 0 , k = nk 0 are used, δn is the carrier-induced refractive index
dz

change, and k 0 = 2π / λ0 is the wavenumber of vacuum. We have introduced two
important quantities for characterizing a laser medium: the intensity gain G and carrierinduced refractive index change, δn . The effect of the carrier-induced refractive index
change may be negligible in VECSELs because of the extremely short length (2~3 µm) in
the RPG structure. On the other hand, the wavelength, carrier density and temperature
dependences of the gain play key roles in determining the VECSEL performance and
operation.
The evaluation of the self-consistency equations requires first the determination of the
polarization P(z, t), defined as the expectation value of the density of electric dipole er. In
semiclassical laser theory, the link between the classical laser field and the microscopic
semiconductor gain medium is the expectation value

P

(t ) ≡

1
V

∑ er

=

n

n

1
V

∫d

3

rψ † (r , t )erψ (r , t ) ,

(2.14)

where V is the active region volume. The electron field operators (see Appendix A) are
sz

SZ

Equation (2.14) can be rewritten as

SZ

SZ

(t )φ * λ

(r ) ,
k

sz

k

λ

k

ψ † (r , t ) = ∑∑∑ a † λ

(t )φ λ

k

λ

k

k

ψ (r , t ) = ∑∑∑ a λ

SZ

(r ) .

41

(r ) er φ λ

SZ

(r ) a † λ '

SZ '

(t )a λ

k

sz ,sz '

SZ '

'
k

, '

'

k

∑
∑ ∑ φλ
λλ
'
k
,
k

1
V

'
k

P

(t ) =

SZ

(t ) ,

(2.15)

Comparing Equation (2.15) and (2.9), we have the complex polarization amplitude P(z )

(t )aλ

SZ

SZ '

(r ) er φ λ

k

SZ '

k

'
k

operator pair a † λ '

'
k

given by the dipole matrix element φλ '

SZ

(r ) , and the statistical average of

(t ) , a microscopic polarization. In section (2.2.3) we will

give the equations of motion for the occupation probabilities for electrons and holes, and
microscopic polarization, namely, the semiconductor Bloch equations. In Appendix C the
k

single particle wave function φλ

SZ

(r ) in the strained quantum well is given by k·p theory.

After finishing the computation of the dipole matrix element and the microscopic
polarization, we can find the gain as a function of temperature, carrier density,
wavelength and material parameters from the complex polarization amplitude.

2.2.3. Semiconductor Bloch Equations

In two-level systems, the equation of motion of the density operator (and hence that
of its matrix elements) is called optical Bloch equations [60]. They are derived by
Equation (A.21)
ih

d
ρ = −[ ρ , H ] ,
dt

where H is the Hamiltonian of the system. Equation (A.21) gives coupled differential
equations of the occupation probabilities in the upper and lower level, and complex
dipole moment. In the semiconductor media, the equations for the carrier populations of
electrons and holes, and microscopic polarization, combined with some form of the
collision and screening contributions form a set of equations that play the same role as
the optical Bloch equation in two-level systems. Therefore, it has become customary to
refer to them as the semiconductor Bloch equations, the core of semiconductor optics.
The density matrix theory, like any quantum-mechanical theory, is independent of a
particular representation. So for convenience we choose the electron-hole representation
with multi-subband. Because we are treating a many-body system where the number of
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electrons, holes and phonons is not conserved, it is convenient to use the language of
second quantization. Here, in space representation, the electronic system is described by
field creation and annihilation operators ψ † (r ) and ψ (r ) . Using the mode representation
for multi-subband model in the electron-hole picture, the annihilation operator can be
expanded according to

ψ (r ) = ∑ e ikρφie,k ( z )u e (r )c ki + ∑ e ikρφ jh,k ( z )u h (r )d -jk ,
†

i ,k

(2.17)

j ,k

where c ki ( d kj ) denotes the annihilation of an electron (hole) in state i (conduction
†

†

subband index), k (j (valence subband index), k), c ki ( d -jk ) are the corresponding
creation operators. u e / h (r ) are lattice-periodic Bloch functions of conduction/valence
e/h

band. φi ,k ( z ) denote the electron/hole envelope functions in the confined direction of the
quantum well. All the single energies and wavefunctions are employed to set up the
semiconductor Bloch equations here will be calculated with k·p theory in Appendix C.
The absorption of light in the semiconductor excites an electron from a valence band into
a conduction band. Thereby it creates a positively charged hole in the valence band and
an electron in the conduction band. In second quantization, this process is represented by
†

the product of a creation operator for an electron in momentum state k and subband i, c ki ,
†

and that of a creation operator for a hole in momentum state –k and subband j, d -jk .
Here, we employ the dipole approximation where the momentum of the photon is
neglected. The statistical average of this operator pair is the microscopic polarization,
*

†

Pkji = cki d -jk

†

. The electron-hole recombination is described by the statistical average

of the product of an annihilation operator for an electron and a hole, Pkji = d -jk cki . The
†

occupation probability for electron in state (i, k) is f ke, i = c ki c ki , and for hole,
†

f kh , j = d kj d kj . The values of these functions vary between 0 and 1 since electrons and

holes are fermions.
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In order to calculate the macroscopic polarization, we use the Heisenberg equations
for the electron-hole creation and annihilation operators. From these we obtain the
equation of motion for the single-particle density matrix
1 − f kh , j
ρ k = 
ji *
 Pk

Pkji 
,
f ke, i 

(2.18)

The diagonal elements are the distribution function of electron on conduction subband i
and valence subband j. The off-diagnal elements are the interband microscopic
polarization. To obtain the equations of motion for the density matrix elements, here we
give the general form of the Hamiltonian of the system H:
H = ∑ ε ke,i cki †cki + ∑ ε kh, j d kj † d kj + ∑ hωq bq†bq
i ,k

j ,k

(

q

− ∑ µ kij c ki † d -jk† E + (t ) + µ kij d -jk c ki E − (t )
ij , k

*

)



1
i1i2i3i4 i1 †
i3 i4
j1 j2 j3 j 4
j3
i2 †
j1 †
j2 †
j4 
d k + q d k ′−q d k ′ d k 
+  ∑ Vq c k + q c k ′−q c k ′ c k + ∑ Vq
2  i1 ,i2 ,i3 ,i4 ,
j1 , j 2 , j3 , j 4 ,

k,k ′,q

 k,k ′,q
−

∑V

i1 j2 j1i2
q
i1 ,i2 , j1 , j2 ,
k,k ′,q

(

c ki1+†q d kj1′−†q c ki3′ c ki4

+ ∑ g qi1i2 c ki1 † bq c ki2- q + g qi1i2 c ki2-†q bq† c ki1
i1 ,i2
k,q

+

∑ (g

j1 , j 2
k,q

*

j2 j1
q

*

)
)

d kj1 † bq d kj2- q + g qj2 j1 d kj-2q† bq† d kj1 .

(2.19)

In the above equation, the first line contains the kinetic energies of electrons and holes in
the quantum well and the phonon modes. The second line is the dipole interaction
between carriers and the light field E (t ) = E + (t ) + E − (t ) = E0 (t )eiω Lt + E0 (t )e −iωLt for
which the rotating wave approximation is used. ωL is the central frequency of the light.
The third line describes the Coulomb interaction of electrons in the conduction band and
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holes in the valence band. The fifth line is the Coulomb interaction between electrons and
holes. The last two lines are the interaction between phonons and electrons (holes). ε ki
and ε kj are single electron and hole subband energies. hωq are the phonon energies. bq† /
bq are phonon creation/annihilation operators at momentum state q. µ kij are dipole matrix

elements. Vq are the Coulomb matrix elements of the multi-band quantum well. g q are
electron-phonon interaction potential. For the electron-phonon interaction in direct
semiconductors, it is usually sufficient to take into account just the Fröhlich interaction
with one dispersionless branch of longitudinal optical phonons ( hωq = hω0 for all q). The
derivation of each term in H can be found in Ref [61].
Using the Heisenberg equation
ih

d
O(t ) = [O(t ), H ] ,
dt

(2.20)
†

the equations of motion of the operator pair d -jk cki , cki cki , and

†

d kj d kj are derived

respectively. The derivation requires simple but lengthy operator algebra to reduce the
commutators in the Heisenberg equations (see Ref [61, 62] for the details of the
derivation.). Upon taking the statistical average, one obtains a set of coupled equations of
motion for the interband microscopic polarization and the carrier populations. The
Hamiltonian of the Coulomb interaction is a two-particle operator and its inclusion leads
to the hierarchy problem [59, 61]. The Coulomb interaction to the semiconductor Bloch
equations is described by statistical average values of containing four carrier Bloch
operators. Without further approximation, there is no closed equation for the singleparticle density matrix elements, since the equation of motion for an expectation value
with n carrier Bloch operators contains expectation values of n+2 carrier Bloch operators.
In order to approximately deal with this many-body hierarchy, we have to use suitable
truncation procedures. We separate the equations of motion into the Hartree-Fock and
correlation (or collision) parts.

∂
∂
A =
A
∂t
∂t

HF

+

∂
A
∂t

corr

,

(2.21)
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where A denotes any combination of creation and annihilation operations. In the HartreeFock (mean-field, first-order) approximation, the carriers are treated as independent
particles and a factorization of the expectation values of four carrier Bloch operators in
the equation of motion for the single-particle density-matrix elements is [62],
aki11† aki22† aki33 aki44 ≈ aki11† aki44 aki22† aki33 δ k1 ,k 4 δ k2 ,k3 − aki11† aki33 aki22† aki44 δ k1 ,k3 δ k 2 ,k4 .

(2.22)

The physical effects involved in the Hartree-Fock approximation are excitons and band
renormalization of the energies of the subbands. The correlation terms are simply defined
as the difference between the full and the Hartree-Fock terms so that the decomposition is
formally exact, comprising all higher order correlations due to the electron-electron
Coulomb interaction and electron-phonon interactions. The second-order approximation
can explain the screening of the Coulomb interaction and the dephasing of the
polarization, i.e. the decay of the polarization, due to electron-electron scattering and
electron-phonon scattering. The third-order approximation explains the collisional
broadening [62].
In order to obtain a closed set of equations one has to truncate this many-body
hierarchy at some level. The simplest consistent approximation is treating the incoherent
processes that lead to the dephasing of the macroscopic polarization and the carrier
dynamics, electron-electron and electron-phonon scattering, on the level of quantumkinetic theory in second Born approximation [61] and the Markov approximation (where
one ignores coulombic memory effects in the collision term [59, 61, 62]). Under these
approximations, for the Hamiltonian given by Equation (2.19) the semiconductor Bloch
equations are given by Hader et al [63]
 d
d ij 1 
Pk = ∑ Ε hjj′,k δ ii′ + Εiei′,k δ jj′ Pkj′i′ + 1 − f ke, i − f kh , j U ij ,k  + Pkij
dt
ih  i′j ′
 dt

(

)

(

)

corr

, (2.23)

where
Εiei′,k ≡ ε ke,i δ ii′ − ∑ Vkii-′q′i′i′′ f qe, i′′ ,

(2.24)

Ε hjj′,k ≡ ε kh,iδ jj′ − ∑ Vkj-′qj′′jj′′ f qh, j′′ ,

(2.25)

i ′′, q

j ′′ ,q
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U ij ,k ≡ − µ kij E (t ) −
V

n1n2 n3 n4
k −q

d ij
Pk
dt

=

corr

2πe 2

εb
=

∑V

i′, j ′,q

ij ′ji ′ j ′i ′
k -q q

P

∫ dzdz′φ

d ij
Pk
dt

ee

+

*
n1

,

(2.26)

( z )φ ( z ′)

d ij
Pk
dt

*
n2

ep

e

− k −q z − z′

k −q

φn ( z ′)φn ( z ) ,
3

(2.27)

4

,

(2.28)

here i, i′, i′′( j , j ′, j ′′) are subband (SB) indices for electrons (holes) and n runs over all

electron and hole SBs. k , k ′, q are quantum well in-plane wavevectors. ε ke,i (ε kh, j ) express
the single particle (electron in the ith SB or hole in the jth SB) energies. µ kij are the
interband dipole matrix elements. f ke, i

(f )
h, j
k

are the electron (hole) distribution

functions. In Equations (2.23)~(2.26), V denote the Coulomb matrix elements, E are the
renormalized energies and U is the renormalized field.

d ij
Pk
dt

ee

and

d ij
Pk
dt

ep

are very

complicated and given in Ref [63] (see Appendix B).
The correlation term,

d ij
Pk
dt

corr

, in Equation (2.23) represents the microscopic

electron-electron and electron-phonon scattering which are responsible for the dephasing
of the macroscopic polarization. It results in the correct lineshapes as well as the correct
density dependence of the amplitude and spectral positions.
Here we are not interested in discussing the equations of motion of f ke, i

( f ) in the
h, j
k

general case. We try to restrict the most general form of the equations of motion of f ke, i

( f ) to two special cases. The first one is the quasi-Fermi-Dirac distribution. When the
h, j
k

gain/absorption and corresponding PL spectra are calculated, the optical probe pulse is
assumed very weak such that the created population is small and causes negligible
changes in the carrier distributions. Thus, the carriers can be assumed to be in quasiequilibrium,

d e(h), i ( j )
fk
= 0 , and the distribution functions are still Fermi-Dirac functions.
dt

The second one is completely incoherent carrier dynamics, Pkij =0 as in the absence of a
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light field. In this case, the equations of motion of f ke, i

( f ) given below [63] are
h, j
k

generalized quantum-Bolzmann equations, which are usually used to calculate the carrier
capture by quantum well,
d e(h), i ( j ) d e(h), i ( j )
fk
=
fk
dt
dt
The expression of

d e(h), i ( j )
fk
dt

ee

and

ee

+

d e(h), i ( j )
fk
dt

d e(h), i ( j )
fk
dt

ep

ep

.

(2.30)

is given in Ref. [63] (see Appendix B).

The equations for the hole distribution functions f kh , j are completely analogous.
The single particle energies and wavefunction used to set up the semiconductor Bloch
equations (creation and annihilation operator, matrix elements) are calculated with k·p
theory.

2.2.4. k·p Theory of Band Structure

The fully coupled 8 × 8 k·p model for (strained) quantum well is the most realistic
description available for the band-structure effects of zinc-blend III-V compound
semiconductor quantum wells in the relevant k range [64]. The framework for 8 × 8 k·p
theory of III-V compound semiconductor strained quantum well with zinc-blende
structure is introduced in Appendix C. To obtain an 8 × 8 k·p theory of III-V compound
semiconductor strained quantum well, we first give the 8 × 8 k·p theory of III-V
compound bulk semiconductor (from the Kane’s model to the Luttinger-Kohn’s model).
Next, we introduce the strain effect to bulk semiconductor by adding the Pikus-Bir
Hamiltonian [65, 69], and finally, under the envelope-function approximation [59], give
the 8 × 8 k·p theory of III-V compound semiconductor strained quantum well with zincblende structure. More details of k·p theory can be found in Ref [65, 66, 68, 59].

2.2.5. Carrier Induced Refractive Index, Gain and Photoluminescence
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In semiclassical laser theory (section 2.2.2), the link between the classical laser field
and the microscopic semiconductor gain medium is the optical polarization P (t )

P (t ) =

1
Pkji (t )µ kji ,
∑
V i , j ,k

(2.31)

In many applications the light field is relatively weak such that it does not cause
significant changes in the carrier distributions. In that case the macroscopic polarization
can be liberalized in the amplitude of the light field allowing us to calculate the linear
optical susceptibility χ (ω ) by a Fourier transformation:

χ (ω ) =

P (ω )
,
4πε 0εE (ω )

(2.32)

where ε is the background dielectric constant. Its imaginary part and real part give the
absorption/gain and carrier-induced refractive index spectrum, respectively,

α (ω ) = −
δn(ω ) =

ω
nb c

Im χ (ω ) ,

1
Re χ (ω ) .
2nb

(2.33)
(2.34)

where nb is background refractive index (the refractive index of semiconductor in
absence of excitation) and c is the vacuum speed of light.
So far, the absorption/gain spectra we have are homogeneously broadened due to the
microscopic scattering. This case is corresponding to the perfect quantum well, which is
in the absence of well-width fluctuation and material composition fluctuation. However,
the real quantum well structures are often not ideal. They are not perfect heterostructures,
but instead have local well-width and composition fluctuations and defects. These crystal
inhomogenities mostly lead to somewhat different fundamental transition energies in
different regions of the structure. In a simple phenomenological way, we approximate the
inhomogeneously broadened spectrum as a statistical average of the homogeneously
broadened spectra. Since these fluctuations do not vary with carrier density, temperature
and applied electric field, inhomogeneously broadened gain/absorption spectra are
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usually accounted for by simply convolving the homogeneously broadened (ideal) spectra
with Gaussian broadening [59]

α inh (ω , N , T ) = ∫ dxp( x)α ( x, ω , N , T ) ,

(2.35)

where a typical weighting function is a Gaussian distribution
p ( x) =

(

2π σ

)

−1

{[

exp − (x − x0 )

(

2σ

)] },
2

(2.36)

representing the variation in x, which can either be the quantum-well width or
composition (or both). This Gaussian distribution is characterized by an average x0 and a
standard deviation σ.
If the quantum well gain medium is in thermodynamic quasi-equilibrium and the
carrier distribution obeys the Fermi-Dirac statistics, the photoluminescence (spontaneous
emission) spectrum from the quantum well obeys the Kubo–Martin–Schwinger relation
[70]
−1

2
  hω − µ  
1  nbω 
 − 1 ,
S (ω ) = − 
 α inh (ω , N , T ) exp
h  πc 
k
T
B

 


(2.37)

where k B , µ , and α inh (ω , N , T ) are Boltzmann’s constant, the interband chemical
potential, and quantum well material gain spectra at temperature T and carrier density N.
This equation provides a link between theoretical gain spectra and experimental
photoluminescence spectra. It can be used to diagnose the growth of the wafer if the PL
spectrum is taken at low carrier density [58].
Another useful quantity that can be derived directly from the gain and carrier-induced
refractive index spectra is the linewidth enhancement factor (also called α factor) α L (ω )
 d Re{χ (ω )}  d Im{χ (ω )} 
α L (ω ) ≡ 
 .

dN
dN



−1

(2.38)

Since α L (ω ) can be directly measured by the Hakki-Paoli technique, comparison between
theoretical and experimental results of α L (ω ) can provide us important information about
the quantum well structure.
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In summary, we summarized in section 2.2 a fully microscopic approach based on the
semiconductor Bloch equations that allows us to calculate optical quantities like
gain/absorption, refractive index, photoluminescence and carrier dynamics for a (strained)
quantum well laser. Compared to other simpler approaches in which broadening
parameters or dephasing times from the fitting of experimental data are used, this
approach does not require any phenomenological fit parameters since incoherent
dynamics due to electron-electron and electron-phonon scattering are calculated
explicitly. The only theory inputs are bulk bandstructure parameters (i.e. band offsets,
effective masses, Luttinger parameters, etc), which can be found from Ref. [67].
Therefore, this gain modeling has quantitatively predictive character and it is in good
agreement with the experimental results [58, 63]. Due to its predictive capabilities, this
microscopic approach is able to bridge the information gap between experimental low
carrier density PL and high carrier density gain. First, only homogeneously broadened
low carrier density PL is calculated for the nominal structural parameters. From a
comparison of the lineshape to the one in experimental PL, the inhomogeneous
broadening can be determined. A spectral mismatch between experimental and
theoretical spectra reflects information about the deviations between actual and nominal
well widths or material compositions. Once these parameters are known, the high carrier
density gain can be quantitatively predicted. Therefore, the experiment/theory
comparison of the photoluminescence can serve as a precise on-wafer diagnostic tool.

2.3.

Rate Equations and the Role of the Detuning

To theoretically analyze the VECSEL cw performance, the rate equations and thermal
conduction equation will be employed. Here we follow the model proposed by Zakharian
et al [57], in which a 3-dimentional macroscopic thermal conduction equation, coupled
carrier density rate equations in pump-absorbing barrier region and in quantum well
region are employed. In coupled rate equations, the gain coefficient of quantum wells and
absorption coefficient in barriers are functions of wavelength, temperature and carrier
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density. Both of them are computed by the microscopic many-body theory introduced in
the previous section.
Assuming that the configuration is azimuthally symmetric around the center of the
pump spot, the thermal conduction equation is below
cpρ

∂Tl
= ∇ ⋅ κ∇Tl + H p + H w + H sp ,
∂t

(2.39)

where c p , ρ and κ are specific heat capacity, material density, and thermal conductivity.
The heat sources are from three terms: (1) the contribution from the pump absorption to
the barrier state
H p = 12 (ω p − ω b ) Im[ε (ω p , Tl , N b )] E p

2

,

(2.40)

(2) the nonradiative recombination in the barrier and the quantum well, as well as waste
heat due to the transient of carriers from the barrier energy level to quantum well energy
level.
Hw =

hω b N b

τb

+

hω l N w

τ nr

+

h (ω b − ω l )N b

τc

,

(2.41) (3)

the leakage of spontaneous emission radiation from the active pump spot, H sp , which is
absorbed by the material outside the pump spot. In Equation (2.40) and (2.41), ω p and ωl
are the pump and lasing frequencies, ωb correspond to the temperature-dependent barrier
energy, τ b and τ nr are the nonradiative recombination time constants in the barriers and
quantum wells, respectively, and τ c is the carrier capture time into the quantum wells.
When solving the thermal conduction equation, we assume that the configuration is
azimuthally symmetric around the center of the pump spot, ∇ = (∂ r , ∂ z ).
The thermal conduction equation is coupled to the carrier rate equations that govern
the carrier density in barriers, Nb, and in quantum wells, Nw:
I p0
∂N b 1 ∂  ∂N b  N b N b
=
−
+
{1 − exp[−α (ω p , Tl , N b ) Lb ]} ,
 rD
−
r ∂r 
∂t
∂r  τ c
τ b Lb hω p

(2.42)
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∂N w 1 ∂  ∂N w  N b Lb
N
I
=
− w + Γr l α (ω l , Tl , N w ) ,
 rD
+
∂t
∂r  τ c Lw nQW τ w
hω l
r ∂r 

(2.43)

where I p 0 is pump field intensity, Lb is the total barrier thickness, Lw is a single quantum
well thickness, nQW is the number of quantum wells, Γr is the relative longitudinal
confinement factor [24, 25], and τ w = 1/ ( A + BN w + CN w2 ) is the carrier lifetime in the
quantum wells.
The gain/absorption ( α (ωl , Tl , N ), α (ω p , Tl , N b ) ) as a function of wavelength,
temperature, and carrier density is computed using a microscopic many-body model
described in previous section, and is related to the imaginary part of the permittivity by
Im(ε ) = ε 0 cnbg a , where nbg is a background refractive index of the barriers or wells.

ω

The I l in equation (2.78) denotes the internal cavity field intensity and the laser
threshold condition is [55]

α threshold =


1
1
ln
nQW Lw Γr  R1 R2Tloss


,



(2.44)

where R1 and R2 are the reflectance of the DBR and output coupler, respectively, and Tloss
is a round-trip transmission loss factor. The output intensity then can be computed as

(

)

I output = I l ln 1 / R2 .

(2.45)

A set of coupled partial differential equations (2.39), (2.42) and (2.43) are solved for
steady state conditions, i.e.

∂N b
∂N w
∂T
=0,
= 0 , l = 0 . These equations are discretized
∂t
∂t
∂t

in a (r, z) cylindrical coordinate system on a grid with a variable step size in r and z. The
parameters used in the computing are listed in Table 2.1. Since the spatial temperature
distribution, carrier density distribution and output power rely on each other, the iteration
is employed until the stable solution is found at a given pump power.
The output power/temperature/carrier density in quantum wells versus input power
plots are shown in Figure 2.3 for the VECSEL with different substrate thickness Lsub and
the detuning ∆ (initial peak wavelength of gain spectrum minus lasing wavelength at
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TABLE 2.1. VECSEL simulation parameters (After Ref [57]).

Parameter

τb
τc
A
B

λp

Value
2
20
107
10-10
808

Units
ns
ps
s-1
cm3s-1
nm

Parameter
Tloss
R1
R1
C

λl 0

Value

Units

0.988
0.999
0.99
6 × 10-30
980

---------------cm6s-1
nm

FIGURE 2.3. Output power, Nw, and T vs pump power. Solid lines correspond to
substrate thickness Lsub = 115 µm, dashed lines to Lsub = 40 µm, the line that does not
show thermal rollover was computed for Lsub = 0 µm and detuning ∆=7 nm. (After Ref
[57]).
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threshold. Theoretical results of the thermal rollover depend on the substrate thickness
and the detuning. For a given detuning, a thick substrate results in thermal rollover and
shut-off at low pump level. For a given substrate thickness, the large detuning leads to
thermal rollover and shut-off at low pump level. The theoretical results are in good
quantitative agreement with the experimental results [57]. From this theoretical analysis,
we find that to obtain high-power operation of a VECSEL, a suitable negative detuning
will delay the thermal rollover and give a relative low threshold.
Compared to the model proposed by Kuznetsov et al [55] based on phenomenological
logarithmic dependence of quantum well gain on the carrier density ( g = g 0 ln( N / N 0 ) ),
The model proposed by Zakharian et al based on the microscopic many-body gain is
much more accurate and can predict the power thermal rollover and shutoff of VECSELs.
Recently, they improved this model [71] by replacing carrier recombination rate
R=N(A+BN+CN2) with R=NA+Rsp(N,T)+RAuger(N,T), where Rsp(N,T) and RAuger(N,T) are
carrier recombination rates due to the spontaneous emission and three-particle Auger
processes, computed microscopically [72]. Since the gain/absorption and carrier
recombination rates are directly calculated by microscopic many-body theory without any
phenomenological parameter (dephasing time, lineshape, B, C, …), this state-of-the-art
modeling tool is a closed loop design tool for VECSELs and semiconductor lasers.

2.4.

Pump Schemes

The advantage of optical pumping was discussed in section 2.1. However, as
discussed in previous section, thermal management of the waste heat generated in the
active region is an essential part of laser design. Most of VECSELs take the barrier
pumping scheme. The advantage of this scheme is high efficient pump absorption, and
the disadvantage is relative low quantum efficiency λ pump λlasing . To decrease the waste
heat and to increase the quantum efficiency of VECSELs, the depth of the quantum well
should be optimized to satisfy (1) good carrier confinement in the quantum well and (2)

55

minimizing the waste heat or achieving maximum quantum efficiency of the laser
simultaneously.
Another pumping scheme that can be taken by VECSELs is the well pumping scheme,
where the pump power is absorbed directly by quantum well. Since the pump wavelength
is close to the lasing wavelength, it results in higher quantum efficiency and less waste
heat than the barrier pumping scheme. However, the very short absorption length will
limit the pump absorption efficiency. To solve this problem, the number of quantum
wells should be very large. Unfortunately, a large number of quantum wells causes
another trouble-high threshold. Recently, a smart well pumping scheme proposed by
Beyertt et al [73] overcame the difficulty in the well pumping scheme. In their well
pumping scheme, five quantum wells are aligned at the antinodes of both signal cavity
standing wave and pump radiation to enhance gain and pump absorption. To overlap the
antinotes of the signal standing wave and the pump laser emission, the following must be
obeyed:

λpump = λlasing cos α ,
where α is the internal incident angle of the pump laser. Also, external multi-pass pump
optics designed for solid-state thin-disk lasers is employed in their in-well pumping
VECSEL to improve the pump absorption efficiency.

2.5.

VECSEL Laser Cavity and Rigrod Analysis

Usually the VECSEL uses a three-mirror collinear laser resonator, sometimes called
coupled-cavity resonator. The spectral properties and spatial-mode properties of this kind
of resonator has been explored for a long time. The basic analysis and properties of the
three-mirror laser cavity are given by Siegman [74].
We consider a general three-mirror cavity shown in Figure 2.4. Using
g1 ≡ exp(− 2α 1 L1 − i2ωL1 / c )
g 2 ≡ exp(− 2α 2 L2 − i2ωL2 / c )
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R

R1

R2

Cavity 1

Cavity 2

L1

L2

FIGURE 2.4. Schematic diagram of a general three-mirror coupled cavity.

to describe the round trip gain and phase shift in two subcavities, respectively, we reduce
cavity 2 as a etalon with
reff

(1 − r )r g
= r + [t r g ]+ [t r g ][− rr g ] + ⋅ ⋅ ⋅ = r +
1 + rr g
2

2

2

2

2

2

2

2

2

2

2

2

.

(2.46)

2

From the self-consistent condition
r1 g1reff = 1 ,

(2.47)

The resonance frequency and the decay rates for the resonant modes of the cavity are
determined be the roots of the following equation
− r1r2 g1 g 2 − rr1 g1 + rr2 g 2 + 1 = 0 .

(2.48)

This equation shows the resonant frequencies of the cavity shift and the mode losses
2

change if we vary the reflectivity of the central mirror R (= r 2 ) , with fixed R1 (= r1 ) and
2

R2 (= r2 ) . The resonance of the three-mirror cavity may coincide with the resonance of
both subcavities simultaneously if the subcavity lengths satisfy special conditions, In
most cases, the resonance of the three-mirror cavity does not coincide with the resonance
of both subcavities simultaneously. The resonance experiences lower loss in the former
case than that in the latter case. Once the cavity and subcavity resonances coincide, the
loss of the cavity resonant mode will increase with the decrease of the reflectivity of the
central mirror, R. When R =0, the three-mirror resonator reduce to the two-mirror
resonator.
For the VECSEL, the cavity can be reduced to two-mirror (active mirror and output
coupler) cavity since the free space subcavity length (a few centimeters) is far longer than
that of semiconductor subcavity (a few micrometers long microcavity). The cavity
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resonance is dominantly determined by free space subcavity. There exists some free
space subcavity resonances which always overlap the microcavity resonances. So the
resonances coinciding with the microcavity resonance has lowest loss compared to others.
In these resonances, only the one with the highest effective gain can survive and lase a
homogeneous gain medium. So the alignment of the gain spectrum is very important. It
determines the lasing wavelength and the threshold.
Fox-Li method is usually used to simulate the transverse modes. The simulation of
three-mirror resonator is slightly more complicated and the modified Fox-Li method [75]
is used. In this method, an initial random waveform is injected into either of the
subcavities, and the scalar diffraction is used to calculate the field propagation. Once the
waveforms in cavity 1 and cavity 2 finish a round-trip and return to the central mirror, the
fields of the two waveforms exchange coherently according to the central mirror
transmittance. After a sufficient number of round-trips, the relative field distribution
stabilizes and the three-mirror cavity reaches a steady-state oscillation.
The output power can be estimated from the Rigrod analysis [76]. The details are
given in Appendix D. In the Rigrod analysis, we take the surface roughness into account.
The low-reflection (LR) coating can reduce the scattering loss. After a LR coating layer
is deposited on the surface of the VECSEL chip, the finesse of the microcavity is
significantly reduced. This weakens the coupling (and hence interference) between the
external cavity and microcavity modes; thereby allowing the longitudinal modes to freely
tune to optimize the overlap with the resonant periodic gain (RPG) structure to make
relative confinement factor as close to its maximum as possible. This analysis predicts
that LR coating improves slope efficiency. The experimental results shown in the next
chapter are in qualitative agreement with the results of Rigrod analysis.

2.6.

The Limitation of High Power Operation

Spontaneous emission occurs over all solid angles. Due to index guiding, the light
emitted in the epitaxial plane will be trapped by the inadvertent guiding layers and
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FIGURE 2.5. Theoretical VECSEL power scaling as a function of pump area, where the
irradiance is held constant. The two curves reference models which include (red dot), and
do no include (black square) the effects of ASE. (After Ref [28])

FIGURE 2.6. Image of VECSEL chip when the pump level is above the in-plane lasing
threshold. (After Ref [28]).
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amplified over the pump region. To realize power scaling of the VECSEL, the pump
spot size should be increased. However, the large pump area will significantly amplify
the guided spontaneous emission over a greater distance. Since the temperature inside the
pump area is higher than outside of pump area, the band gap in the pumped region is less
than that in the surrounding area, so the amplified spontaneous emission (ASE) is
transparent outside the pump area. Once the edge of the VECSEL chip provides mirrors
to form a FP resonator for ASE, in-plane (lateral) lasing may occur.
Theoretical and experimental study on ASE in the epitaxial plane was done by Bedford et
al [28]. Figure 2.4 shows the traditional power scaling effects (black square) in which the
ASE is not taken into account. If the pump irradiance is held constant, the output power is
proportional to the pump area. When ASE is included, the output power from larger spot
sizes deviates significantly from the linear power scaling relation as a result of the carrier
depletion from the active region due to the ASE.
VECSEL chip can be viewed by the use of imaging photoluminescence (PL). The
surface of the chip is imaged using a CCD camera and the pump emission is filtered out.
In-plane lasing was observed when VECSEL was operating at high cw output power.
Figure 2.6 shows the evidence of in-plane lasing. The central bright spot is the PL image
of the pump spot. The dark lines reveal the carrier depletion due to the in-plane lasing,
occurring along the same direction. Two bright spots at the edge of the chip show the
scattering of the lasing mode off the edge.
Lasing spectra of in-plane lasing was also observed [28]. At the same pump level, the
wavelength of in-plane lasing is about 20 nm red-shifted relative to the VECSEL lasing
wavelength. This means the quantum well gain peak has been red shift a lot from the
resonance of the microcavity, suggesting the advent of the output power thermal rollover.
Also the kink can be found in the output power vs pump power curve when the in-plane
lasing turn on.
It is impossible to avoid the ASE due to the existence of the index guiding layer.
However, in-plane lasing may be avoided by roughing the edge of the chip which
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damages the in-plane laser cavity, or by designing the special geometrical shape such as
star shape to destroy the cavity.
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CHAPTER 3

HIGH POWER, HIGH BRIGHTNESS OPERATION OF VECSELS
High power high brightness operation is fundamental to VECSEL applications. In this
chapter, we focus on the high power high brightness operation of VECSELs, including
the design of VECSEL wafers, the fabrication of the devices, characterization of the
wafer and device, and the demonstration of high power high brightness VECSELs. In
high power operation, some drawbacks including thermally induced wavelength shift and
poor spectral purity trigger the motivation for better spectral control of VECSELs.

3.1

Design of VECSEL Wafers
In the previous chapter, we systematically introduced the theoretical framework of the

modeling. This state-of-the-art design tool, developed by Dr. Jerome V. Moloney’s group
in the Arizona Center for Mathematical Sciences (ACMS), the University of Arizona, is
completely based on the rigorous microscopic many-body theory. In this section, their
VECSEL wafer design and numerical simulation results will be presented.
3.1.1

Thermal Management of VECSELs

The major limitation for high power lasers is thermal. In a VECSEL, the modal gain
is reduced as the temperature rises and eventually the output power shuts off [57, 71].
Efficient thermal management is crucial in the high-power operation of VECSELs.
Two main approaches are used for extracting waste heat from the VECSEL active
region. The first one is to extract the waste heat directly through the DBR stack to the
diamond submount [55]. This approach requires an “upside down” growth of the wafer,
that is, with the RPG structure adjacent to the substrate. We call this kind of wafer the
bottom emitter. During the processing, the epi-side is bonded to the diamond heat sink
and the substrate of the wafer then removed by etching. The second one is so-called
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heatspreader approach [27]. This approach is for the top-emitter wafer, in which the DBR
is adjacent to the substrate. The epi-side of wafer is bonded on a high conductivity crystal,
such as diamond and SiC, using the method of liquid capillary bonding. Hereinafter these
two techniques will be referred to as the thin-device and heatspreader approaches,
respectively.
Finite element analysis is usually used to calculate the temperature distribution in the
VECSEL active region by solving thermal conduction equation with boundary condition
for steady state. The computed results show that for a given experimental condition, thindevice approach provides the lower maximum temperature in the active region than
heatspreader approach when the VECSEL is operating at high power [77]. Therefore, we
choose the thin-device approach for thermal management and design the bottom-emitter
VECSEL wafer.
3.1.2

Optical Field Pattern in the Epitaxial Structure

The electrical field pattern in the VCSEL is usually calculated by the transfer matrix
method (TMM) [78]. In the TMM calculation, the polarization of the optical field lies in
the plane of the layers, thus the plane wave approximation is employed. However,
VECSELs have an external cavity so that optical field in the cavity is not a plane wave.
In the numerical simulation, a bidirectional beam propagation method (BPM) is chosen to
compute the optical field pattern in the VECSEL active region. The polarization of the
laser field is fixed in the layer plane. A continuous wave is used to express the scalar
electric field
E (t , r , z ) = u (r , z ) exp(− iωt ) ,

and the wave equation is

∂ 2 u (r , z )
+ ∇ 2⊥ u (r , z ) + k 02 n 2 (r , z )u (r , z ) = 0 ,
∂z 2
where n(r , z ) take into account the refractive index variation along the longitudinal and
transverse directions. The solution to the above equation uses a transfer matrix
approximation, in which the scattering at each interface between layer l and layer l+1 is
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described by the incident wave u zl( i ) = iLl ul( i ) , reflected wave u zl( r ) = −iLl ul( r ) and transmitted
wave u zl(t +) 1 = iLl +1ul(+t )1 with operator Ll defined as
Ll = ∇ 2⊥ + k02 nl2 (r ) .

By iterating the field propagation in the semiconductor microcavity and in the external
cavity, with self-consistent updating of the carrier densities and temperature, the solution
is obtained for a given optical pump power. In the computation, the change of the
refractive index of all layers with the temperature and the change of the refractive index
of the QWs with carrier density in the wells are included. An inhomogeneous broadening
of 15 meV for the InGaAs is also taken into account.
3.1.3

Two Designs of VECSEL Structures

The compressive-strained InGaAs/GaAs quantum well system grown on a GaAs
substrate emitting 980 nm wavelength exhibits a high gain and has been introduced into
the VCSEL using GaAS/AlAs high index contrast multilayer reflectors [53]. Since the
goal is developing high-power 975 nm VECSEL, we can take this material system in the
design. Considering a large number of InGaAs/GaAs quantum wells used to achieve high
gain, we use tensile-strained GaAsP layers paired with each quantum well to produce a
zero strain to balance the strain in the structure. The importance of this strain
compensation is proved by the experiments [55, 17]. Since the pump source is an 808 nm
diode laser which is absorbed by GaAs, the DBR can not be made of GaAs/AlAs. We
have to replace GaAs/AlAs with Al0.17~0.2Ga0.83~0.8As/AlAs. The pump radiation is
absorbed by AlGaAs barriers and GaAsP strain-compensating layers.
Two VECSEL structures operating around 975 nm were designed by the above stateof-the-art modeling tool. They are referred to “single-well” resonant periodic gain
structure (SW-RPG) and “double-well” resonant periodic gain structure (DW-RPG),
respectively. Figure 3.1 shows their structures. In the single SW-RPG, each 8-nm-thick
compressive strained InGaAs quantum well is aligned at the antinodes of the cavity
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(a)

(b)

FIGURE 3.1. Two VECSEL structures grown by MOCVD: (a) SW-RPG structure and (b)
DW-RPG structure. SW-RPG is composed of 14 InGaAs quantum wells with straincompensating GaAsP layer. DW-RPG is composed of 9 groups of double quantum wells
with strain-compensating layers. The data in red is the original data in design.
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(a)

(b)
FIGURE 3.2. Confinement potential of singe quantum well (a) and double quantum well
(b)
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e2—hh2
e1—lh1

e1—hh1

(a)

e1—lh1
e1—hh1

(b)
FIGURE 3.3. Microscopically computed absorption/gain spectra of singe quantum well (a)
and double quantum well (b), in which 15 meV inhomogeneous broadening is assumed.
The absorption edges of AlGaAs (blue) and GaAsP (black) relative to the 808 nm pump
wavelength (red) are shown in (a).
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(a)

(b)
FIGURE 3.4. Microscopically computed gain spectra of singe quantum well (a) and
double quantum well (b), in which 15 meV inhomogeneous broadening is assumed.
According to the design, the gain peaks for carrier densities near threshold (about 2.5 ×
1012 /cm2 at 300K, 5.0 ×1012 /cm2 at 360K) around 960nm at 300K and 980nm at 360K.
The material gain for the 4-nm-wide wells is slightly more than twice as large as for 8nm-wide wells (especially at lower densities). Thus, the modal gain for 4nm wide wells is
slightly larger than for 8nm wide wells.
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(a)

(b)
FIGURE 3.5. Microscopically computed photoluminescence spectra of singe quantum
well (a) and double quantum well (b), in which 15 and 25 meV inhomogeneous
broadenings are assumed, respectively.
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(a)

(b)
FIGURE 3.6. Real part of the reflective index of the VECSEL microcavity: (a) SW-RPG
and (b) DW-RPG used in the simulations, and the computed cavity standing wave pattern
at T = 360K and wavelength at 980 nm. The last layer of the DBR is followed by a 20 nm
thick Ti and a 400 nm thick Au layer.
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(a)

(b)
FIGURE 3.7. Active mirror reflectivity and absorption as a function of wavelength across
the stop band of the SW-RPG (a) and DW-RPG (b). The last layer of the DBR is
followed by a 20 nm thick Ti and a 400 nm thick Au layer.
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(a)

(b)
FIGURE 3.8. The losses due to radiative recombination (red) and Auger recombination
(black) for a pump spot size of (230 mm)2. The dots mark the approximate “threshold
density”. This is the density required to overcome losses at the mirrors and due to surface
scattering etc. if the lasing occurs at maximum gain (as it is in the LR-coated samples).
This density is for an output coupler reflectivity of 94%.
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standing wave. In the DW-RPG, the active region consists of nine double-wells, each
comprised of two 4-nm compressive strained InGaAs quantum wells separated by a 6nm-thick GaAsP strain compensating layer. Each double-well is aligned at an antinode of
the cavity standing wave. Both structures were grown as bottom emitter on undoped
GaAs substrate by MOCVD in Dr. Wolfgang Stolz’s group in the Material Sciences
Center, Philips Universität Marburg, Marburg, Germany.
Absorption/gain spectra are calculated by the rigorous microscopic many-body theory
introduced in section 2.2. All of the parameters related to the material are from the
literatures [67] and 15 meV inhomogeneous broadening is assumed. After computing the
gain spectra, the photoluminescence spectra at low carrier density are given by Equation
(2.72). The reflectivity spectra at low and high carrier density at different temperature are
calculated based on the transfer matrix method or bidirectional beam propagation method.
In the computation, the change of the refractive index of all layers with the temperature
and the change of the refractive index of the QWs with carrier density in the wells are
included.
Figure 3.2 shows the confinement potentials in the active region. The composition of
aluminum in AlGaAs barrier is adjusted to have good confinement of the carriers and
minimum waste heat. The carrier excited in the quantum well barrier does not suffer from
any tunneling effect during the carrier relaxation to the well.
Figure 3.3 shows the microscopic many-body absorption/gain spectra of single
quantum well and double quantum well at 300 K and 360 K for different carrier density.
The absorption edges of barrier Al0.06Ga0.94As (blue) and strain-compensating layer
GaAs0.93P0.07 (black) are so close to the 808 nm pump wavelength (red) that the waste
heat released in the barrier layer is very small.
Figure 3.4 shows the gain spectra of singe quantum well (in SW-RPG) and double
quantum well (in DW-RPG), in which 15 meV inhomogeneous broadening is assumed.
According to the design, the gain peaks for carrier densities near threshold (about 2.5 ×
1012 cm-2 at 300K, 5.0 × 1012 cm-2 at 360K) are around 960nm at 300K and 980nm at
360K. The material gain for the 4-nm-wide wells is slightly more than twice as large as
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for 8-nm-wide wells (especially at lower densities). Thus, the modal gain for the 4-nmwide wells is slightly larger than for the 8-nm-wide wells
Figure 3.5 shows microscopically computed photoluminescence spectra of single
quantum well and double quantum well, in which 15 and 25 meV inhomogeneous
broadenings are assumed, respectively. According to the design, the photoluminescence
peaks for low carrier densities are around 957 nm/960 nm at 300 K and 980nm at 360 K.
By comparing the experimental PL spectra with computed PL spectra at low carrier
density, we can characterize the growth of the wafer.
Figure 3.6 shows the profile of the real part of the reflective index of the SW-RPG
and DW-RPG VECSEL structure used in the simulations, and the computed cavity
standing wave pattern at T = 360 K and wavelength at 980 nm. The last layer of the DBR
is followed by a 20 nm thick Ti and a 400 nm thick Au layer.
Figure 3.7 shows the reflectivity and absorption of the active mirror as a function of
wavelength across the stop band of the SW-RPG and DW-RPG. The last layer of the
DBR is followed by 20 nm thick Ti and 400 nm thick Au layer.
Figure 3.8 shows the microscopically computed loss due to radiative recombination
(red) and Auger recombination (black) for a pump spot size of (230 mm)2. The dots mark
the approximate 'threshold density'. This is the density that is required to overcome losses
at the mirrors and due to surface scattering, etc., if the lasing occurs at maximum gain (as
it is in the LR-coated samples). This density is for an output coupler reflectivity of 94%.
The results show that the losses in SW-RPG are less than that in DW-RPG for a given
temperature and carrier density.
Compared to the design using the 8-nm-wide single-well RPG (SW-RPG) structure,
this DW-RPG structure has several advantages [79]. For a given carrier density and
temperature, the material gain for a 4-nm-wide quantum well significantly exceeds twice
the value that one gets for an 8-nm-wide one, illustrated in Figure 3.4. In fact, the thinner
well results in a larger density of states for each subband and larger subband separation,
thus higher percentage of carriers occupies the lowest subband, leading to a large
inversion (1 − f e − f h ) and higher gain. Thus, the modal gain for a double-well with 4-

Relative confinement factor ( Γr )
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FIGURE 3.9. Comparison of relative longitudinal confinement factor of the DW-RPG
(nine dual-wells, black curve) and the SW-RPG (fourteen 8-nm-wide quantum wells, red
curve) for the designed lasing wavelength at 975 nm.

FIGURE 3.10. For a pump spot size of (230 µm)2, the total losses due to radiative
recombination and Auger recombination for the structures SW-RPG (red) and DW-RPG
(black). The results show that the losses in SW-RPG are less than that in DW-RPG for a
given temperature and carrier density.
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nm-wide wells is larger than for a single-well with an 8-nm-wide well. Since the gain
material of a double-well is spread out over a larger region (14 nm total), the geometry
increases the tolerance to the growth variation and process control. This geometry can
also compensate for any temperature gradient between various wells and the heat sink, as
well as thermally induced shift of the antinodes of the lasing modes. Figure 3.9 shows
that the relative confinement factor of a VECSEL with 4-nm-wide DW-RPG structure is
more tolerant to the shift of the antinodes of the cavity standing wave than that of a
VECSEL with 8-nm-wide SW-RPG structure. Furthermore, the DW-RPG configuration
can support more quantum wells while maintaining a thinner active region, which can aid
in more efficient heat dissipation.
However, recently the calculation based on microscopic many-body theory shows the
trade-off of the DW-RPG structure, that is, higher losses due to the radiative
recombination and Auger recombination, illustrated in Figure 3.8 and 3.10.

3.2

Characterizations of VECSEL Wafer
To characterize the growth of VECSEL structure, the grower took the wafer out of

the reaction chamber and cleaved it after growing the etch stop layer and the quantum
well active region. One quarter of wafer was taken out, and another three quarters of
wafer and one quarter of GaAs substrate were put back in the reaction chamber of
MOCVD to finish the growth of the DBR stack. Growth #23078 corresponds to SW-RPG
(without DBR) and #23082 to DW-RPG (without DBR). Growth #23079 and #23083
correspond to the DBR stack on #23078 and #23082, respectively. In this way, for each
VECSEL structure, we have one quarter wafer of RPG, one quarter wafer of DBR, and
three quarter wafer of full structure.
3.2.1

Material PL and Reflectivity of DBR

Basically, all the spectroscopic properties of the wafer, such as photoluminescence
with/without microcavity-induced modification [51] and reflectivity spectra at low carrier
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PL of #23078 (low pump power, room temperature)

PL of #23082(low pump power, room temperature)
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FIGURE 3.11. The quantum well PL spectra at different radius of wafer: (a) SW-RPG
wafer and (b) DW-RPG wafer. The SW-RPG has good growth uniformity and the PL
peaks are around 957.6 nm. The non-uniform growth of DW-RPG wafer is revealed by
the variation of the PL peaks.
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and (b) the DBR on DW-RPG.
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density, are tools to characterize the growth of the wafer. Usually at low carrier density
the edge-emitting PL from the full structure reveals information on quantum well gain,
and the surface-emitting PL give information on microcavity resonance and material gain.
Here, at low carrier density, the surface-emitting PL from wafer #23078 (SW-RPG) and #
23082 (DW-RPG) is the pure quantum well material PL since there is no DBR on the
wafer and the wafer is 500 µm thick. The reflectivity of wafer #23079 and #23083 shows
the reflectivity of DBR on SW-RPG and DW-RPG.
Figure 3.11 shows the quantum well PL spectra at different radius of wafer: (a) SWRPG wafer and (b) DW-RPG wafer. The SW-RPG has good growth uniformity and the
PL peaks are around 957.6 nm, which is very close to the designed quantum well PL peak
shown in Figure 3.5 (a). The non-uniform growth in DW-RPG structure is revealed by
the random variation of the PL peaks.
The reflectivity of the DBR on GaAs substrate from the air side is shown in Figure
3.12. The asymmetry of the stop band of the DBR is due to the side measured and the10nm-thick GaAs cap layer. Calculation of this case shows this asymmetry, but the reason
for the ripples on the top of the stop band is unknown.
3.2.2

X-Ray Diffraction

Since the epi-structure is so complicated (over 90 layers), it is not easy to obtain the
full growth information from the PL measurement. High-resolution x-ray diffraction is a
direct and accurate measurement of the physical structure of the strained superlattices
[80]. Figure 3.13 and 3.14 show the measured x-ray diffraction (XRD) pattern ((400)
reflection) for a strain-compensated SW-RPG and DW-RPG, respectively. The XRD
results were measured by the grower. The angles are measured relative to the GaAs
substrate peak. The simulation [80] results are also plotted in the same figure (blue curve).
From the measured XRD pattern, the layer thickness and composition in SW-RPG is
measured as following:

Layer parameter: dwell = 8.2 nm, dGaAsP = 29.7 nm, dAlGaAs = 97 nm,
XIn = 0.141, XP =0.062,
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FIGURE 3.13. X-ray scan of the (400) reflection of SW-RPG with simulation of fit in
lower part (blue). The measured value is inserted.

TABLE 3.1. Comparison of measured and designed value of layer structure of SW-RPG.

dwell (nm)

dGaAsP(nm)

dAlGaAs (nm)

XIn

XP

Measured value

8.2

29.7

97

0.141

0.062

Designed value

8

31.6

99.8

0.143

0.073
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FIGURE 3.14. X-ray scan of the (400) reflection of DW-RPG with simulation of fit in
lower part (blue). The measured value is inserted. The modulation in the envelope for
InGaAs quantum wells is the signature of the double well.

TABLE 3.2. Comparison of measured and designed value of layer structure of DW-RPG.

dwell (nm)

dGaAsP(nm)

dGaAsP(nm)

dAlGaAs(nm)

XIn

XP

Measured value

4.27

7.6

23.6

75.6

0.195 0.063

Designed value

4

6

18.6

86.7

0.196 0.073
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Strain: (∆d/d)┴well = 1.94E-2, (∆d/d)┴MQW = -2.78E-3, (∆d/d)┴Barrier = -4.21E-3.
The comparison of measured and designed layer structure of SW-RPG is listed in Table
3.1, showing the growth is very close to the design.
The same measurement for DW-RPG structure was performed and results is shown in
Figure 3.14:

Layer parameter: dwell = 4.27 nm, dGaAsP = 7.6 nm, dGaAsP = 23.6 nm,
dAlGaAs = 75.5 nm, XIn = 0.195, XP =0.062,

Strain: (∆d/d)┴well = 2.68E-2, (∆d/d)┴MQW = -3.32E-3, (∆d/d)┴Barrier = -4.29E-3.
The modulation in the envelope for InGaAs quantum wells is the signature of the double
well. The comparison of measured and designed layer structure of DW-RPG is listed in
Table 3.2. The composition of indium in InGaAs quantum well is well-controlled, but
there is deviation in the thickness of the AlGaAs barrier and strain-compensating GaAsP
layer.
In summary, the layer structure of the SW-RPG wafer is very close to the design, and
the measured PL is in good agreement with the computed PL, suggesting the accuracy of
the modeling. Its growth is also uniform. The layer structure of DW-RPG is somewhat
off the design in the barrier and the strain-compensating layers thickness. The measured
PL peak varies with the position of the wafer, suggesting the non-uniform growth of the
wafer.

3.3

Fabrication of VECSELs and Investigation of the Solder Bonding
The fabrication of the VECSEL chip is much easier than that of the electrically

pumped semiconductor laser such as the VCSEL. The laser uses no p-n junctions and
electrical contacts, significantly simplifying the laser processing. No addition processing
(such as lithography and mesa etching) is needed.
However, the fabrication of the VECSEL is critical to the laser performance. Since
VECSELs are low gain lasers, The VECSEL should have high surface quality to
minimize scattering/diffraction losses and efficient heat extraction from the active region
to avoid thermal rollover and thermal lensing. To achieve this goal, a high thermal
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conductivity (>18 Wcm-1K-1) chemical vapor deposition (CVD) diamond with high
surface quality (peak to valley height <100 nm) is used as the submount/heat spreader.
The fabrication process includes sample mounting and substrate removal. First, the
epitaxial side of a 2 mm × 2 mm VECSEL wafer and CVD diamond are metallized with
titanium and gold. Since indium has a high thermal conductivity (0.83 Wcm-1K-1) and can
reduce thermal stress at the semiconductor/submount interface, the wafer is mounted on
CVD diamond by soft indium solder with flux. Since the lasing wavelength of the
VECSEL and resonance of microcavity strongly depends on the semiconductor
microcavity thickness, the substrate and etch-stop removal must be well controlled to
obtain the proper semiconductor microcavity thickness and the optically smooth surface.
The substrate is first etched to a thickness of about 50 µm by a fast non-selective wet
chemical etching using 98 %H2SO4: H2O: 30%H2O2 1:1:8. The remaining GaAs substrate
is subsequently removed by selective wet chemical etching using 50%C6H8O7 : 30%H2O2
4:1. After the substrate removal, a diluted hydrofluoric acid is used to remove the
AlGaAs etch-stop layer (5 % HF for Al0.85Ga0.15As and 1.5 % HF for Al0.98Ga0.02As).
After substrate removal the remaining semiconductor is only 6.5 µm thick, allowing
efficient heat dissipation at high pumping energy. The surface quality of the VECSEL
sample is then characterized by the WYKO NT-2000 interferometer, and a peak to valley
height of less than 40 nm in an area of 0.5 mm × 0.5 mm can be achieved. This optically
smooth surface makes the scattering/diffraction loss negligible and results in high slope
efficiency and high beam quality.
Besides the surface quality, voids in the solder layer and solder-induced strain in the
VECSEL chip are issues in the sample processing. These issues may be related to each
other, but their correlation is not clear.
Void-free solder bonding is very critical to the performance of VECSELs. Voids in
the solder layer cause huge thermal impedance and poor heat dissipation during high
power operation of VECSELs. To investigate the solder bonding quality, we used focus
ion etch technique to cut a processed VECSEL sample (GaAs substrate and etch-stop
layers removed), and then took the SEM photograph of the cross section. All of
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FIGURE 3.15. SEM photograph of the cross section of the processed VECSEL sample.

the processing for the investigation of solder bonding was performed in Air Force
Research laboratory in Wright-Patterson AFB, Ohio. In the focus ion etching processing,
a focus ion beam removes all of material from the surface of the processed VECSEL chip
to the surface of CVD diamond. Figure 3.15 is the SEM photograph of the cross section
of the processed VECSELs chip by focus ion etching. A few tiny voids can be seen in the
solder layer and the solder thickness is about equal to that of epi-structure (~6 µm),
meaning a good solder bonding is achieved in the sample processing.
Due to the mismatch of the thermal expansion coefficient between the semiconductor
and the indium solder, solder-induced strain in semiconductor always accompanies solder
bonding. Since thermal strain changes the band structure of the semiconductor, it is worth
investigating the strain in the processed VECSEL chip due to the solder bonding. X-ray
diffraction measurement is an important way to estimate the strain [80]. Figure 3.16
shows a x-ray scan of the (400) reflection of SW-RPG (top) DW-RPG (bottom). In each
figure the red curve is the x-ray diffraction measurement from the processed VECSEL
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FIGURE 3.16. X-ray scan of the (400) reflection of SW-RPG (top) DW-RPG (bottom). In
each figure, the red curve is x-ray diffraction measurement from processed VECSEL
sample and the black curve is that from the wafer # 23078 or #23082 shown in Figure
(3.11) or (3.12).
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Pump wavelength: 808 nm
Pump spot size: 500 µm (diameter)
Output couple: R~96%, ROC=30 cm
Cavity length: 21 cm

FIGURE 3.17. Schematic diagram of the experimental setup of an optically pumped
VECSEL. The cavity parameters are inserted.

chip and the black curve is that from wafer # 23078 (SW-RPG without DBR) or #23082
(DW- RPG without DBR) which is shown in Figure 3.13 or 3.14. The beam size of x-ray
is ~ 1 mm × 1 mm. Without the strain induced by the solder layer, the peaks of both
curves in the envelope of quantum well and strain-compensating layer should overlap
together. However, comparing the peaks in two curves, we find that the peak positions
slightly randomly offset between two curves, suggesting a small random solder-induced
strain in the processed VECSEL chips.

3.4

High Power High Brightness Operation of VECSELs

3.4.1

Experimental Setup

The processed VECSEL sample is mounted on a copper heatsink which temperature
is controlled by a chiller. Between the CVD diamond submount and the copper heatsink
is a 50-µm-thick indium foil. The lasing experiment is conducted by using a fiber coupled
multi-mode 808 nm diode laser pump source. The pump light from the fiber with 200 µm
core fiber diameter and 0.22 numerical aperture (NA) is imaged onto the sample by a
collimator and a condenser at an incident angle of 25º~30º. The focal length of the
collimator is 18 mm. The pump spot size on the VECSEL chip, as determined by
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photoluminescence image, is adjusted by the focal lengths of the condenser. As the
sample is uncoated, about 27~30% incident pump power is reflected at the
semiconductor/air interface. This amount can be reduced by lower reflectivity coating on
the surface of the processed semiconductor. Sometimes a single layer Si3N4 (n=1.78)
quarter wave LR coating is deposited on the surface of VECSEL chip, which provides a
reflectivity less than 1% at the signal wavelength and a reflectivity around 3% for oblique
808 nm pump light. The external cavity is formed using a concave mirror with certain
radius of curvature and reflectivity. In the following measurement, the cavity parameters
are: the reflectivity of output coupler R=96 %, the radius of curvature of output couple
ROC=30 cm, cavity length=21 cm and pump spot size=500 µm (diameter). The
schematic diagram of the experimental setup is illustrated in figure 3.17.
3.4.2

Results of SW-RPG VECSEL

After wet etch processing, the lasing experiment was performed on the SW-RPG. We
call it the uncoated SW-RPG sample. In the experiment, the surface-emitting PL, output
power vs net pump power, lasing spectra, and beam quality were measured. After this
experiment, a single layer quarter wave Si3N4 was deposited on the sample. This LR
coating provides a reflectivity less than 1% at the signal wavelength and a reflectivity
around 3% for oblique 808 nm pump light. Then we repeat the same experiment on LR
coated SW-RPG sample. To compare the results of the coated and uncoated sample, we
maintained the same experimental condition and pumped the same place on the sample.

Surface-Emitting Photoluminescence
Before building the external cavity, the surface-emitting photoluminescence (PL)
spectrum is captured normally to the sample surface by a multimode fiber. The surfaceemitting PL spectrum is a convolution of the quantum well PL, DBR reflector, and the
microcavity formed by the DBR and semiconductor/air interface etalon. It can be used as
a tool to measure the characteristic of spontaneous emission inside the microcavity, and
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FIGURE 3.18. Surface-emitting PL spectra of SW-RPG VECSEL chip: (a) uncoated chip
at low pump density (0.07 kW/cm2), (b) uncoated chip at threshold pump density (1.6
kW/cm2), (c) coated chip at low pump density (0.09 kW/cm2), and (d) coated chip at
threshold pump density (3.0 kW/cm2).

to estimate the material gain peak and microcavity resonance wavelengths. Figure 3.18
shows the surface-emitting PL spectra of the coated and uncoated SW-RPG VECSEL
chip at low pump level and the threshold pump density. Figure 3.18 (a) shows two
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resonance at 933 nm and 970 nm and material PL peak at around 953 nm at 0oC. Due to
the fact that the material PL peak red shifts at the rate of 0.3~0.4 nm/oC with the increase
of the temperature, the surface-emitting PL spectra change with the temperature, and the
peak at resonance of 970 nm is enhanced as the temperature rises. The surface-emitting
PL spectra also tell one the detuning between the material PL peak wavelength and
microcavity resonance wavelength. When pump density is around the threshold pump
density, the temperature in the chip rises so that the material PL peak is close to the 970
nm resonance. Figure 3.18 (b) shows the cavity enhanced surface-emitting PL at the 970
nm resonance, suggesting the lasing wavelength should be around 970 nm. Figure 3.18 (c)
shows the surface-emitting PL from the coated SW-RPG VECSEL chip. In this case the
surface-emitting PL is very close to the material PL since the LR (<1%) coating is
applied on the chip surface. At room temperature, the PL peak is at 960 nm at low pump
density, at 967 nm at the threshold pump density. The FWHM of PL spectra is ~ 20 nm.
Comparing Figure 3.18 (c) with Figure 3.5 (a), we can see the computed material PL is in
agreement with this measured PL. Figure 3.18 (d) suggests that the lasing wavelength be
around 966 nm.

Output Power vs Pump Power
The SW-RPG VECSEL is characterized at 0~20 oC. Figure 3.19 shows the TEM00
output power as a function of net pump power. For a 500 µm diameter pump spot, the
threshold pump power is about 3 W with 31 % slope efficiency for uncoated chip; for the
coated chip, the threshold pump power increases to about 5 W, but the slope efficiency
increases from 31 % to 42 %. At 0 oC, the output power of 12.5 W is demonstrated from
coated SW-RPG VECSEL. After LR coating, the VECSEL performance is significantly
improved. The discussion of this improvement will be given in the next section.

Lasing Spectra
Figure 3.20 shows the lasing spectra of the coated and uncoated SW-RPG VECSEL.
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FIGURE 3.19. VECSEL TEM00 output vs. net pump power: (a) uncoated SW-RPG
VECSEL and (b) coated SW-RPG VECSEL.
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FIGURE 3.20. Lasing spectra of VECSEL at different pump power: (a) uncoated SWRPG and (b) coated SW-RPG.
The lasing wavelength of uncoated SW-RPG VECSEL at the threshold is around 971 nm,
close to the prediction based on the surface-emitting PL (~970. 7 nm, see Figure 3.18
(b)). The lasing wavelength of the coated chip at the threshold is about 966.5 nm,
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FIGURE 3.21. Peak lasing wavelength shift of uncoated SW-RPG VECSEL chip.

agreeing with the prediction of the surface-emitting PL (see Figure 3.18 (d)). The
difference of the threshold lasing wavelength will be discussed in the next section.
The thermally induced lasing wavelength red-shift and poor spectral impurity are also
shown in Figure 3.20. They are major drawbacks of the VECSEL, limiting the
applications of VECSELs. We try to solve these problems and control the lasing spectra
of VECSELs in the next chapter.
The efficiency of heat dissipation can be characterized by measuring the peak lasing
wavelength shift with pump power [55]. Figure 3.21 shows that the measured peak lasing
wavelength shift of uncoated SW-RPG VECSEL is ~ 0.24 nm/kWcm-2 at 20 oC (heatsink
temperature). This slow lasing wavelength shift reflects efficient heat dissipation at the
indium-solder-CVD diamond interface.

Beam Quality (M2 Factor) Measurement
One of the advantages of VECSELs is the diffraction-limited beam quality. To
charaterize the spatial (tranverse) mode of the VECSEL, the output beam is focused by
an objective lens into a real-time beam profiler BeamMAP (DataRay Inc.) to measure the
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FIGURE 3.22. Beam quality of high-power optically pumped VECSEL (SW-RPG).
value of the M2 factor as the criteria of VECSEL beam quality. The measured values of
M2 factor as a function of VECSEL output power is shown in Figure 3.22 (a). M2 factor
slowly increase from 1.1 (at 1-W output) to 1.75 (at 11-W output). Figure 3.22 (b) shows
1-D, 2-D, and 3-D beam profile when the output power reaches 11 W, which is near the
diffraction-limited beam.
3.4.3

Results of DW-RPG VECSEL

The similar characterization was performed on DW-RPG VECSEL. After the etching
processing, the lasing experiment was performed on DW-RPG. We call it uncoated DWRPG sample. After this experiment, a single layer quarter wave Si3N4 was deposited on
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FIGURE 3.23. Surface-emitting PL spectra of DW-RPG VECSEL chip: (a) uncoated chip
at low pump density (0.09 kW/cm2), (b) uncoated chip at threshold pump density (2
kW/cm2), (c) coated chip at low pump density (0.09 kW/cm2), (d) coated chip at
threshold pump density (4 kW/cm2), (e) and (f) the in-plane lasing and surface-emitting
PL from the coated chip at high pump density (9.9 kW/cm2 and 12.9 kW/cm2).
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the sample. This LR coating provides a reflectivity less than 1% at the signal wavelength
and a reflectivity around 3% for oblique 808 nm pump light. Then we repeated the same
experiment on LR coated SW-RPG sample. To compare the results of coated and
uncoated sample, we maintained the same experimental condition and pumped the same
place on the sample. The results are listed below.

Surface-Emitting Photoluminescence
Figure 3.23 shows the surface-emitting PL spectra of uncoated and coated DW-RPG
VECSEL chip. The surface-emitting PL spectra of uncoated chip at low pump density
(0.09 kW/cm2) as illustrated in Figure 3.23 (a) show the designed detuning between the
microcavity resonance (at ~976 nm) and the quantum well PL (at ~954 nm). Figure 3.23
(b) shows that the lasing wavelength of uncoated DW-RPG VECSEL at threshold should
be at about 976 nm. Since the microcavity effect is removed by the LR coating, Figure
3.23 (c) shows that the quantum well PL at low pump density (0.09 kW/cm2) is at around
957 nm. Figure 3.23 (d) shows that the lasing wavelength of coated DW-RPG VECSEL
at threshold should be at about 970 nm. Figure 3.23 (e) and (f) show that the in-plane
lasing and surface-emitting PL from the coated chip at high pump density (9.9 kW/cm2
and 12.9 kW/cm2).

Output Power vs Pump Power
The SW-RPG VECSEL is characterized at 0~10 oC. Figure 3.24 shows the TEM00
output power as a function of net pump power. For a 500 µm diameter pump spot, the
threshold pump power is about 4.5 W with 30 % slope efficiency for uncoated chip; for
the coated chip, the threshold pump power increases to about 8 W, but the slope
efficiency increases from 30 % to 43 %. At 0 oC, the output power of 11.2 W is
demonstrated from coated DW-RPG VECSEL. After LR coating, the VECSEL
performance is significantly improved. The discussion of this improvement will be given
in the next section.
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FIGURE 3.25. Lasing spectra of VECSEL at different pump power: (a) uncoated DWRPG and (b) coated DW-RPG.

Lasing Spectra
Figure 3.25 shows the lasing spectra of the coated and uncoated DW-RPG VECSEL.
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The lasing wavelength of uncoated SW-RPG VECSEL at the threshold is around 976 nm,
close to the prediction based on the surface-emitting PL (~976 nm, see Figure 3.23 (b)).
The lasing wavelength of coated chip at the threshold is about 972 nm, agreeing with the
prediction of the surface-emitting PL (see Figure 3.23 (d)). The difference of the
threshold lasing wavelength of coated and uncoated chip will be discussed in the next
section.
The thermally-induced lasing wavelength red-shift and poor spectral purity are also
shown in Figure 3.25. These are the major drawbacks of the VECSEL, which limit the
range of applications. We present techniques that solve these problems and control the
lasing spectra of VECSELs in the next chapter.

3.5.

LR Coating on VECSEL Chip and Performance Improvement

In the VECSEL experiments, the performance improvement by depositing LR coating
on VECSEL chip surface is observed when the high reflectivity (>94%) output is used. In
the previous section, the performance improvement is demonstrated by both SW-RPG
and DW- RPG VECSEL after LR coating. In general, the differences observed are the
increase in the threshold pump power, slope efficiency, lasing wavelength at the
threshold and the rate of lasing wavelength shift with the pump power.
After the LR coating, the microcavity-enhanced gain is significantly reduced, which
is the reason for the higher threshold. However, the LR coating usually reduces the
scattering loss on the VECSEL chip surface (see Appendix D). The Rigrod analysis
performed in Appendix D shows that the SE (slope efficiency) factor, which is
proportional to the VECSEL slope efficiency, is sensitive to the surface roughness and
the relative longitudinal confinement factor. After a LR coating layer is deposited on the
surface of the VECSEL chip, it reduces the scattering loss. Also, since the LR coating
significantly reduces the finesse of the microcavity, this reduces the coupling (hence
interference) between the external cavity and microcavity modes; thereby allowing the
longitudinal modes to freely tune to optimize the overlap with the resonant periodic gain
(RPG) structure to make relative confinement factor as close to its maximum as possible.
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The improvement of slope efficiency can be attributed to the decrease of the surface
scattering loss and the increase of relative longitudinal confinement factor after the LR
coating.
Without the wavelength locking by the microcavity resonance, “periodic” multiquantum wells act as a frequency filter. Only the longitudinal mode(s) experiencing the
maximum modal gain can survive in the mode competitions. The difference between the
lasing wavelength at the threshold for coated and uncoated VECSEL is an evidence for
the free tuning of the longitudinal modes. How the lasing wavelength and the threshold
pump power change after the LR coating depends on the original detuning of the
microcavity resonance and material gain peak.

3.6.

Summary

In this chapter, the design issues of SW-RPG and DW-RPG VECSEL are presented.
The on-wafer characterization shows the growth of SW-RPG is uniform and very close to
the designed structure, and the growth of DW-RPG has a small deviation in the barrier
and compensating layer thicknesses. Fortunately, the total thickness of the microcavity
still maintains correct. After the fabrication of the VECSEL chip, good indium solder
bonding and a high surface quality of the chip are achieved. However, due to the
mismatching of the thermal conductivity of the solder and semiconductor, a small mount
of random strain is introduced in the epi-structure.
High power high brightness operation of VECSEL is demonstrated. Over 11 W and
12 W output power with high slope efficiency are demonstrated from DW-RPG and SWRPG VECSEL, respectively. M2 factor of 1.75 is achieved when VECSEL output power
reaches 11 W.
However, the thermally-induced lasing wavelength red-shift and poor spectral purity
are shown in the lasing spectra. They are major drawbacks of the VECSEL, which limit
their applications. The scheme and experimental demonstration to solve these problems
will be presented in the next chapter
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CHAPTER 4

TUNABLE HIGH-POWER HIGH-BRIGHTNESS
LINEARLY POLARIZED VECSELS
4.1

Introduction
In this chapter, we will discuss the spectral control of VECSELs.
As mentioned in Chapter 3, optically pumped VECSELs exhibit their multi-watts

high power and excellent beam quality. However, thermally induced wavelength shift
and wide linewidth are their drawbacks for applications where laser wavelength stability
is required. For example, as a highly efficient pump source for Er/Yb codoped singlemode fiber laser [51], the VECSEL must keep its wavelength in the absorption band of
Er/Yb to keep high pump efficiency. Tunable high-power high-brightness VECSELs are
very attractive candidates to overcome these drawbacks and will significantly enlarge the
application ranges of VECSELs.
Tunable electrically or optically pumped vertical-cavity surface-emitting lasers
(VCSEL) based on microelectromechanical systems (MEMS) use a movable mirror
technique to achieve a mode-hop free wavelength tuning with wide tuning range [81, 82].
However, they are typically low power (mW level), and their sophisticated MEMS
structures make the fabrication difficult. Tunability of VECSEL operating around 850 nm
has been reported [54], but the maximum power was below 250 mW. So our goals are
developing multi-watts high-power tunable VECSEL with large tunability and high
spectral purity.
The challenges in developing tunable high-power VECSELs are (1) they are low-gain
lasers and (2) microcavity resonance clamps the lasing wavelength of VECSELs. To
achieve a wide tenability, the laser must have a broad gain bandwidth. VECSELs have
potential to achieve a large wavelength tuning range since ther semiconductor gain media
have a broad gain bandwidth. To tune the lasing wavelength, the spectral filter or
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wavelength-selective element has to be employed in the laser cavity. There are a lot of
tunable cavities designed for the laser with free space cavity. Rotating Fabry-Perot etalon
can provide narrow-frequency selection. Laser tuning using wavelength-dispersive
behavior of a prism or a diffraction grating in the Littrow configuration [83] are popular
in tunable lasers. However, since VECSELs are low-gain lasers, these techniques are not
suitable. Using diffraction grating or prism as a tuning component introduces loss to the
VECSELs which decrease their tunability. Also, since the DBR mirror is on the VECSEL
chip, a complicated cavity is needed to extract the output power from the VECSELs for
the Littrow configuration. Intra-cavity FP etalon can be used in VECSELs, but it has a
very limited tuning range [84] and its cost is high.
Birefringent filters were intensely studied several decades ago as devices to control
the wavelength of dye lasers [85]. In its simplest form, a birefringent filter is simply a
waveplate inserted into the resonator at Brewster’s angle. In the next section, we show
that such an oriented filter is an extremely low loss wavelength-selective element for the
laser. This is the reason why the birefringent filter is chosen for this project.

4.2

Birefringent Filters
The simplest birefringent filter (BF) is a waveplate sandwiched between two parallel

linear polarizers. The waveplate is made of a piece of uniaxial crystal with its c axis
(optical axis) parallel to the plate surfaces. The transmission of the BF is given by [86]

T = cos 2
where ∆ϕ =

2π

λ

∆ϕ
,
2

(4.1)

[ne − no ]L , no and ne are principle refractive indices for ordinary and

extraordinary ray, λ is vacuum wavelength, and L is the plate thickness along the beam
direction within the plate. At

2π

λ

[ne − no ]L =2mπ with m= integer, the transmittance of
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the BF is equal to 1. Electromagnetic (EM) wave with wavelength λ could pass through
the BF completely if each component did not introduce loss.
When the BF is used in the laser cavity, the linear polarizer is not necessary if the
waveplate is inserted at Brewster’s angle. In this case, each interface of the waveplate
serves as a partial polarizer, not a perfectly linear polarizer. Therefore, its transmittance is
no longer described by Equation (4.1). Here the birefringent filter in the laser cavity
refers to the waveplate which is placed at Brewster’s angle and the waveplate is made of
a piece of uniaxial crystal with its c axis (optical axis) parallel to the plate surfaces. When
the BF is rotated about its normal, the refractive index for extraordinary ray

ne (θ ' ) changes with the angle θ' between the crystal c axis and the propagation direction,
thus, the phase retardation varies with the angle, θ'. The transmittance of the BF will be
derived by Jones matrix [84].
The Jones matrix for transmission at the interface of two dielectric media is

t

tx
= 
0

2n1 cos θ 1


0   n1 cos θ1 + n 2 cos θ 2
=
t y  
0





,
2n1 cos θ1

n1 cos θ 2 + n 2 cos θ1 
0

(4.2)

where t x and t y are the amplitude transmission coefficient of s (TE) polarization and p
(TM) polarization, respectively. As the EM wave enters the BF at Brewster’s angle (θ1=

θB, n1 =1, and n2 =n), the transmission Jones matrix is

t1

 2

2
= 1+ n
 0




0
 ,
1

n

(4.3)

where n is the refractive index of the BF. As the EM wave emerge from the BF, the Jones
matrix is

t2

 2n 2

= 1 + n2
 0



0 .

n 

The Jones matrix of the wave retarder is

(4.4)
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where the phase retardation [86]

ϕ=

2π

λ

[ne (θ ' ) cos θ e − no cos θ o ]d .

(4.6)

In equation (4.6), d is the thickness of the waveplate, λ is the wavelength in the vacuum,

θ e and θ o are the refraction angles of the ordinary and extraordinary rays in the waveplate.
We define θ as the angle between the projection of the fast axis of the waveplate onto
the plane perpendicular to the laser beam and the x direction (s polarization) of the
Brewster surfaces. When θ = 90o, the fast axis corresponds to the p or no-loss polarization of the system. Consider this rotation angle θ, a coordinate transformation matrix R(θ)
is introduced

R

 cos θ
(θ ) = 
 − sin θ

sin θ 
 .
cos θ 
× (θ ) ×

t1

R

(−θ ) ×

r
e
d
r
a
t
e
R

×

R

(θ ) =

t2

T

The Jones matrix of the BF is given below

(4.7)
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0  cos θ

n  sin θ

 2n 2

=  1 + n2
 0


(

 q 2 cos 2 θ + e − iϕ sin 2 θ

= 

)

q sin θ cos θ (1 − e − iϕ ) 
 ,
e −iϕ cos 2 θ + sin 2 θ 

(

− iϕ
 q sin θ cos θ (1 − e )

where q ≡

 2
sin θ  1 + n 2

cos θ  0



− sin θ  1 0  cos θ


cos θ  0 e -iϕ  − sin θ


0

1

n

(4.8)

)

T

2n
. Since the polarization of the lasing signal beam should be one of the
1 + n2

T

eigenvectors of the Jones matrix (θ ) , we solve for the eigenvectors (normal modes) of

(θ ) = µ

J

J

T

(θ ) to find the transmittance of the BF
.

(4.9)

(θ )

]† [

(θ )

J

[

TJ
JJ

T(θ , ϕ ) =

T

The transmittance of the normal mode is
†

]=

2

µ .

(4.10)

Since the Jones matrix is a 2×2 matrix, there are two eigenvectors. Therefore, the

T

transmittance for the lasing signal mode is give by
2

2

(θ , ϕ ) = Max( µ1 , µ 2 )

(4.11)

From the secular equation,

(

)

q 2 cos 2 θ + e − iϕ sin 2 θ − µ
q sin θ cos θ (1 − e −iϕ )

q sin θ cos θ (1 − e − iϕ )

(e

− iϕ

)

cos 2 θ + sin 2 θ − µ

=0 ,

(4.12)

we obtain

µ=

[ (

)]

) (

1 2
q cos 2 θ + e −iϕ sin 2 θ + e −iϕ cos 2 θ + sin 2 θ ±
2
2

 1 2
1 − iϕ

2
− iϕ
2
2
2
2
2
2
−iϕ 2
 q (cos θ + e sin θ ) + (e cos θ + sin θ ) + q sin θ cos θ (1 − e )
2

 2
− q 2 (cos 2 θ + e −iϕ sin 2 θ )(e −iϕ cos 2 θ + sin 2 θ )} 2
1

(4.13)
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Substituting Equation (4.13) into equation (4.12) gives the transmittance of the BF. It is
easy to find that T(θ , ϕ ) = 1 , under the condition,

ϕ=

2π

λ

[ne (θ ' ) cos θ e − no cos θ o ]d = 2mπ ,

(4.14)

where m=integer. This means the lasing mode passes through the BF without any loss.
We plot the transmittance spectrum as a function of wavelength, the angle θ (between s
polarization and the fast axis of the BF) and the thickness of the BF based on parameters
of the quartz plate used in the experiment. Figure 4.2 shows three transmittance spectra at
different θ angle: 15o (blue), 30o (red) and 45o (black), in which no =1.5440, ne (θ ' )
=1.5486, and d cos θ o ≅ d cos θ e =1.5 mm. The case of θ = 45o results in the sharpest
transmission peak because this is the angle in which the polarization is split evenly
between ordinary and extraordinary eigen axis. The transmission peak sharpness
corresponds to the longitudinal mode discrimination. Therefore, to achieve the narrowest
lasing spectral linewidth by a single piece BF, the angle θ should be set around 45o.
Figure 4.2 also shows that the free spectral range of the transmission is on the order of
130 nm. Figure 4.3 is the comparison of two BFs with different thickness, which shows
that the thicker one has a smaller free spectral range and a much narrower transmission
bandwidth.
After deriving the transmittance of a single BF, we can easily find the transmittance
of the Lyot filter, which is composed of a set of birefringent filters with the thickness d,
2d, 4d, 8d,…, and all of them have the same orientation (i.e. the same angle θ) [73],

TLyot (θ , ϕ ) = T(θ , ϕ )T(θ ,2ϕ )T(θ ,4ϕ )T(θ ,8ϕ ) ⋅ ⋅ ⋅ .

(4.15)

where φ is the phase retardation of the thinnest waveplate in the set. Figure 4.4 shows that
the Lyot filters give very narrow transmission bandwidth if it is built by 4 pieces of
birefringent plates ( d cos θ 0 ≅ d cos θ e =1.5 mm, 3.0 mm, 6.0 mm and 12.0 mm,
respectively.). It also shows that the free spectral range of the whole system is governed
by that of the thinnest plate whereas the transmission bandwidth is controlled by the
thickest plate. The Lyot filter is usually employed to achieve very narrow linewidth (less
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FIGURE 4.2. Transmittance spectra of a single piece BF different θ angle: 15o (blue), 30o
(red) and 45o (black). In the calculation, no =1.5440, ne (θ ' ) =1.5486 and
d cos θ 0 ≅ d cos θ e =1.5 mm are taken. The bottom one zooms in the central transmission
peak around 975 nm in the top one.
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FIGURE 4.2. Comparison of the transmittance spectra of thick ( d cos θ 0 ≅ d cos θ e =6 mm,
black curve) and thin ( d cos θ 0 ≅ d cos θ e =1.5 mm, red curve) BFs. no =1.5440,
ne (θ ' ) =1.5486 and θ =45o are taken. The thick BF provides sharper transmission peak
and smaller free spectral range than the thin one. The bottom figure zooms in the central
transmission peak at around 975 nm.
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FIGURE 4.4. Tranmittance spectra of the Lyot filter composed by 4 pieces of BF with
d cos θ 0 ≅ d cos θ e =1.5 mm, 3.0 mm, 6.0 mm and 12.0 mm, respectively. no =1.5440,
ne (θ ' ) =1.5486 and θ =45o. The bottom figure zooms in the central transmission peak
around 975 nm. Its free spectral range is controlled by the thinnest BF whereas
longitudinal mode discrimination is controlled by the thickest one.
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than 0.01 Ǻ [85]) and to work together with FP etalon for single frequency operation of
VECSEL [45].
The tradeoff for the thick BF and the Lyot filter is the loss. The maximum
transmittance is no longer equal to 1 if the walk-off loss due to the double refraction of
plates is taken into account. For the waveplate, Brewster’s angle is different for the
ordinary and extraordinary ray due to the fact that they see the different refractive index
in the plate. In the experiment the average Brewster’s angle is usually used. This
introduces some loss especially for the Lyot filter.
The discussion of the BF shows that a single BF at Brewster’s angle serves as an
extremely low loss wavelength-selective element. It introduces the largest longitudinal
mode discrimination to achieve the narrowest spectral linewidth when θ = 45o. It also
results in the linear polarization of the VECSELs. In chapter 5, we see that wavelength
tuning, high spectrum purity and a linearly polarized laser beam are very important
characteristics for the applications of the VECSELs. Since the goal is to demonstrate high
power operation with a large tuning range, a 1 mm thick quartz plate will be used in the
experiment to limit the loss.

4.3

V-shaped Cavity
Low round trip gain and wavelength clamping from the microcavity resonance are

major challenges in developing widely tunable high-power VECSELs. To explain the
principle of the tunable VECSEL illustrated in Figure 4.5, let’s ignore the microcavity
first, and assume that the modal gain spectrum is given and relative longitudinal
confinement fact does not change too much in a wavelength interval around the lasing
wavelength ( λla sin g ± 20nm ). Following the threshold condition in Ref [55] for a linear
cavity VECSEL,

R1 R2Tloss exp(2Γg th N qw Lqw ) = 1 , or R1 R2 (1 − a L ) 2 exp(2Γg th N qw Lqw ) = 1 ,
we define total distributed cavity loss coefficient (TDCLC) as

(4.16)
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FIGURE 4.5. Schematic diagram of the principle of the tunable VECSELs. The total
distributed cavity loss coefficients (TDCLC) with/without BF determine the tunability
when gain spectrum is give.
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α total =


1
1
ln
2ΓN qw Lqw  R1 R2 (1 − a L ) 2


 ,


(4.17)

where Γ is the relative longitudinal confinement factor, N qw is the number of the
quantum wells, Lqw is the width of the quantum well, Tloss = (1 − a L ) 2 is the transmission
factor due to the round-trip cavity loss and a L is the scattering loss, from the chip
surface in a single pass, R1 and R2 are the reflectance of DBR mirror and the output
coupler, respectively. Without the birefringent filter, the VECSEL lases at the gain peak
wavelength if the peak gain coefficient is larger than the total cavity loss coefficient
spectrum illustrated by the red line in Figure 4.5. After the BF is introduced in the cavity,
the total cavity loss coefficient spectrum (blue curve) is maximum and over the modal
gain spectra except for a dip which is corresponding to the transmission peak of the BF.
In this case the lasing wavelength is governed by the position of the dip of the total loss
coefficient spectrum. The tunability of the VECSEL is the interval of the wavelength in
which the dip can touch the modal gain spectral. If the cavity, pump, and temperature are
given, the output power is a function of the wavelength.
The VECSEL is a low-gain laser. To achieve a large wavelength tuning range, what
we can do is decreasing the cavity loss level and increasing round-trip gain. We can
decrease the mirror loss to achieve larger tuning range by using high-reflectivity output
coupler. The tradeoff is output power limitation. So we have to employ a special cavity
which increases the round-trip gain for the VECSEL.
To achieve a tunable high power VECSEL with a wide tuning range, we employ a Vshaped cavity in conjunction with a birefringent filter (BF) shown in Figure 4.6. In this
cavity, the VECSEL chip (active mirror) serves as a folding mirror, a high reflectivity
(R>99.9%) flat mirror and a spherical output coupler on the two ends. The first issue for
this V-shaped cavity is whether antinodes of the cavity standing wave are still on each
quantum well to take advantage of the RPG. Since the cavity length is usually between a
few cm and tens of cm long, its longitudinal modes are extremely condensed. Periodic
quantum wells automatically work as a gain filter to pick up the longitudinal mode whose
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antinodes best match each quantum well. The overlap of the antinodes and quantum wells
is determined by the folding angle in the semiconductor. When the folding angle in the
active region is very small (less than 5o), it does not significantly change the relative
confinement factor. In the experiment, we can control this angle to less than 3o, which
guarantees that the RPG structure still works. Therefore, in order to maintain the
antinodes of the cavity standing wave at the quantum wells, the folding angle between
two arms of the cavity must be kept as small as possible.
Since the lasing eigenmode (signal beam) of the V-shaped cavity is incident on the
VECSEL chip with a small incident angle, the propagation direction of the signal beam in
the semiconductor microcavity [55] (formed by DBR and semiconductor/air interface) is
not perpendicular to the surface of the VECSEL chip and DBR mirror. As a result, the
cavity eigenmode no longer experiences microcavity resonance, which influences the
lasing wavelength. In this way, the effect of microcavity resonance is completely
eliminated. A birefringent filter is inserted in the V-shaped cavity to tune the modal gain
spectrum of the VECSEL to achieve wide tunablility.
By “unfolding” the V-shaped cavity about the DBR mirror, we see that we may
interpret the VECSEL chip as a tilted intracavity etalon with doubled thickness of RPG
structure within a linear cavity. The cavity eigenmodes experience this tilted etalon
instead of the microcavity. To eliminate the etalon resonance and walk-off losses in the
etalon [87], a low reflectivity coating must be applied on the surface of the VECSEL chip.
In a round trip, the cavity mode passes through the active region four times in the Vshaped cavity and two times in the linear cavity, thus the V-shaped cavity, in which
VECSEL chip serves as a folding mirror, provides higher round trip gain for a given
carrier density and temperature than the other cavities in which the VECSEL chip works
as an end mirror. Of course, the scattering loss on the chip surface is also doubled due to
the laser beam double passing the gain region in a round trip. This higher round trip gain
not only compensates walk-off loss and surface scattering loss, but also enlarges the
tunability. This can also be explained by threshold condition of the V-shaped cavity
which is written as
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R1 R2 R3 (1 − a L ) 4 exp(4Γg th N qw Lqw ) = 1 .
2

(4.18)

The total distributed cavity loss coefficient in the V-shaped cavity is given by

α total =


1
1
ln 2
4ΓN qw Lqw  R1 R2 R3 (1 − a L ) 4


,



(4.19)

where R3 is the reflectance of the HR flat mirror. Under the condition where R1~1, R3~1,
a L <<1, and Γ does not change from the linear cavity to the V-shaped cavity, we have
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(4.20)

which means that a smaller total distributed cavity loss coefficient is found in the Vshaped cavity when compared to the linear cavity, resulting in a larger tunability.
The AR coated VECSEL chip serving as a folding mirror doubles the round trip gain
and eliminates the microcavity resonance. Actually this configuration changes a
VECSEL to a quasi-VECSEL, but we still call it VECSEL. Since the beam waist is on
the HR flat mirror, we can adjust the mode size on the chip by keeping the total cavity
length constant and changing the lengths of two arms. Therefore this V-shaped cavity can
handle larger pump spot size for VECSEL power scaling. Also, multi AR coated
VECSEL chips can be arranged as folding mirrors in a zigzag folding (Z-shaped, Wshaped,…) cavity for extremely high power VECSEL operation.

4.4

Experimental Results

4.4.1 Experimental Setup
The VECSEL structure and typical sample processing was described in Chapter 3.
Single quantum well resonant periodic structure (SW-RPG) and double quantum well
resonant periodic structure (DW-RPG) are used in the experiment. The epitaxial side of
the VECSEL wafer is mounted on a CVD diamond by indium solder. After the removal
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of the GaAs substrate and etch-stop layer, a single layer Si3N4 (n=1.78) quarter wave LR
coating was deposited on the surface of VECSEL chip to achieve a reflectivity of less
than 1% at the signal wavelength [88].
The processed VECSEL chip is mounted on a heat sink for temperature control. The
lasing experiment is conducted by using a fiber coupled multimode 808 nm diode laser
pump source. A 500 um diameter pump spot is focused on the VECSEL chip during
experiment. In the V-shaped cavity illustrated in Figure 4.5, the distance between the HR
(R>99.9% at signal wavelength) flat mirror and chip is around 5 cm, and the distance
between the chip and output coupler (R=92% at signal wavelength, 30 cm radius of
curvature) is about 17.5 cm. The size of TEM00 mode on the VECSEL chip is about 430
µm diameter, matching the pump spot size of 500 µm diameter. The cavity angle between
two arms of the V-shaped cavity is about 8.5o, resulting in the refraction angle in the
semiconductor to be less than 1.4o. Such a small refraction angle does not significantly
change the relative confinement factor. A birefringent filter (1 mm thick quartz plate) is
inserted between the chip and the output coupler at the Brewster angle to tune the
wavelength of the VECSEL.

4.4.2 Results of DW-RPG
Figure 4.7 shows TEM00 output power from the VECSEL at 10oC as a function of net
pump power for two cases: V-shaped cavity (VC) and V-shaped cavity with birefringent
filter (VCBF). Before the BF is inserted the cavity, the slope efficiency is 0.39. After the
BF is introduced in the cavity at Brewster’s angle, the linearly polarized VECSEL is
tuned to achieve the maximum TEM00 output at each pump level. In this case the laser
threshold slightly increases and the slope efficiency decreases by 2% since a small
amount of loss is inevitably introduced into the cavity by the BF.
Figure 4.8 is the comparison between several tuned laser spectra (with BF) and
untuned lasing spectrum (without BF) in the V-shaped cavity. In this case, the untuned
lasing wavelength is located at the peak wavelength of modal gain spectrum. The cavity
mode no longer experiences the effect of microcavity resonance, and the modal gain
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FIGURE 4.7. TEM00 output power from the VECSEL with V-shaped cavity (VC) vs. net
pump power (blue dot), and maximum TEM00 output power from the VECSEL with Vshaped cavity and BF (VC+BF) vs. net pump power (red triangle).

FIGURE 4.8. Comparison of the lasing spectra with/without birefringent filter in the Vshaped cavity.
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FIGURE 4.9. High power, linearly polarized TEM00 VECSEL output with 20 nm tuning
range and computed quantum well gain spectrum.

FIGURE 4.10. Several lasing spectra within 20 nm tuning range.
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drops a little (less than 20 % of peak value) in a range of 15~20 nm around peak
wavelength of the modal gain spectrum (see Figure 4). Therefore, the tuned laser
wavelength is within this range and is determined by the wavelength at which the
maximum transmission of the BF occurs. The tuned lasing spectra achieved with a BF are
far more uniform and narrow than those achieved without a BF present in the cavity with
a nominal linewidth of 1 nm, and identified with an optical spectrum analyzer with a
resolution of 1 Å. This is due to the longitudinal mode discrimination afforded by the BF
and the lack of a competing spectral filtering due to the microcavity resonance.
The tunability of the VECSEL with the V-shaped cavity and birefingent filter is
shown in Figure 4.9. In the measurement, the pump power (24 W) and the temperature of
heat sink (10oC) are fixed. Multi-watt cw linearly polarized TEM00 output with 20 nm
tuning range is demonstrated. In order to get an insight about the tuning range, a
computed quantum well gain spectrum in Chapter 3 (also see Ref [89]) at the expected
operating carrier sheet density around 4.65×1012 cm-2 and temperature around 360 K is
also shown in Figure 4.9. We can observe that the tuning range is affected and defined by
the bandwidth of the gain spectrum. Figure 4.10 shows the lasing spectra of the VECSEL
at several points along the tuning range. Within a 20 nm wavelength tunable range, the
envelope of the lasing spectra can be continuously tuned with narrow linewidth.

4.4.3 Results from SW-RPG
The tuning experiment was repeated on the sample from the SW-RPG wafer using the
same cavity configuration. First, the temperature of the heatsink was set at 10oC and
pump power was fixed at 27.9 W. Figure 4.11 shows the tuning ranges for different
reflectance of the output coupler. The tuning range is from 966 through 986 with 7 W
peak output power when the reflectance of the output coupler is 92 %. As the reflectance
of the output coupler is increased to 98 %, a tunability of 30 nm (from 963 nm to 993 nm)
is achieved, but the peak output power dropped to 4.8 W. Decreasing the total cavity loss
enlarges the tunability of the VECSEL, which is in agreement with the theoretical
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FIGURE 4.11. Left figure shows different TEM00 VECSEL output tuning curve: (1)
output coupler with R=92 % gives a tunability of 20 nm and 7 W peak output power; (2)
output coupler with R=98 % gives a tunability of 30 nm and 4.8 W peak output power.
Right figure shows some spectra within 30 nm tuning range is shown. The peaks in the
right figure have not been scaled to the output power given in the curve presented in the
left figure.
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FIGURE 4.12. Performance of high-power tunable VECSEL. The peak power is over 10
W and tunability is over 23 nm. The peaks in the right figure have not been scaled to the
output power given in the curve presented in the left figure.
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analysis done in section 4.3. Figure 4.11 shows the lasing spectra of the VECSEL at
several points along a tuning range of 30 nm.
When the laser is pumped at 37.8 W and the output coupler with a reflectance of 92
% is used, we can achieve 10.5 W peak power and 23 nm tuning range (from 968.5 nm to
991.5 nm). Figure 4.12 shows the tuning curve and the tuning spectra.
For the output coupler with R=92 %, when comparing two tuning curves at 27.9 W
and 37.8 W, we can see the wavelength corresponding to the peak power is red-shifted
with the increase of the pump power, reflecting the temperature increase in the active
region. The semiconductor quantum well gain is temperature dependent. The wavelength
tuning by changing heat sink temperature is also investigated. When the pump power is
fixed around 25 W, the tuning curve almost globally shifts to longer wavelength at the
rate ~0.15 nm/K with the increase of the temperature.

4.5 Summary
In conclusion, the functions of the BF are three-fold: an extremely low-loss
wavelength-selective element,, a Brewster window to select the polarization of the laser,
and a filter introducing longitudinal mode discrimination. The V-shaped cavity in which
the AR coated VECSEL chip serves as a folding mirror can double the round-trip gain to
achieve a large tuning range. We developed and demonstrated the tunable high-power
high-brightness linearly polarized VECSEL with the V-shaped cavity and the birefringent
filter. Multi-watts high-power cw linearly polarized TEM00 output with a 20~30 nm
tuning range and narrow linewidth is demonstrated near room temperature. Combining
with temperature tuning, the tunability of the laser is even larger. This effective method
of achieving a wide tunability can be easily generalized to any laser using resonant
periodic gain structure. In short, high-power high-brightness linearly polarized tunable
VECSEL with a wide tunability and narrow linewidth will significantly enlarge the
application range of VECSELs.
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CHAPTER 5

TUNABLE HIGH-POWER BLUE-GREEN VECSELS
5.1

Blue-Green Lasers
Blue green lasers are so attractive because they have a wide application range

including optical data storage, reprographics, color display, submarine communications,
spectroscopic applications, and biotechnology [90]. Historically, the blue laser has been
provided by either Ar+ lasers or diode-pumped solid-state lasers. These gas lasers are,
however, expensive, low-efficiency, and relatively bulky. Presently diode-pumped solidstate lasers still have limited blue output power. At the time of this dissertation, the
highest blue power from a solid-state laser by intracavity frequency conversion is about
1.5 W [91, 92]. However, to illuminate a rear projection TV screen ranging in size from
50” to 70”, 4-W power of blue and green output power is needed [93].
Some applications of blue-green lasers such as laser projection display require multiwatts power, while the spectroscopic applications have special wavelength requirement.
The laser projection display technologies have been explored for a very long time, and
there are several mature image processing technologies, such as GEMS®, GLV®, and
DLP® [94]. However, commercially affordable visible laser sources are still under
development and have become a limiting factor in these technologies. Since laser
projection display has a huge market in the near future, Coherent Inc. devoted
considerable effort to develop multi-watts high power blue-green VECSELs recently [30,
93].
There are two ways to develop semiconductor blue-green lasers, either by direct laser
materials design [38-40] or by intra-cavity frequency conversion [30, 34-37]. ZnSe- and
GaN- based semiconductors are usually designed for blue-green lasers. The first bluegreen diode lasers made of ZnSe-based semiconductors were demonstrated in 1991 [95,
96] and the first blue diode laser made of GaN-based semiconductors was demonstrated
in mid-1990s [97]. However, the ZnSe-based II-VI quantum well lasers have been shown
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to be quite vulnerable to the presence of defects. Although the dislocation-related defect
density has been reduced to below 103 cm-2 and this has led to the extension of the cw
green laser (500~520 nm) lifetime to nearly 1000 hours, it is still an open question
whether further reductions in the defect density are required to realize a technologically
viable device. For GaN diode lasers, the relatively low power and limited wavelength
range limits their use.
For blue-green optically pumped GaN-based VECSELs, the lack of highly reflective
semiconductor distributed Bragg reflectors (DBRs) and a high-power cw compact and
efficient pump source are the major obstacles for the direct materials design approach
[40]. However, frequency conversion in nonlinear crystal is a viable alternative to the
search for new laser materials. Intra-cavity second harmonic generation (SHG) is an
efficient way to obtain visible VECSELs [30, 34-37]. Based on this approach, Coherent
Inc. has demonstrated multiwatts high-power, high-efficiency, blue-green optically
pumped VECSELs. Since the InGaAs-based infrared optically pumped VECSELs is a
matured technology, generating multi-watts blue-green power from infrared VECSELs
by intracavity SHG is the most efficient and easiest way.
Combining intracavity frequency doubling with a recently developed multi-watt
tunable VECSEL operating around 976 nm [98], as discussed in Chapter 4, will provide
wavelength-tunable laser operation around 488 nm. This is tremendously useful since it is
difficult to generate tunable laser output in this spectral region by other lasers. This laser
is a good replacement for the bulky Ar+ laser. Also, with a few nanometers wavelength
tuning range, this tunable blue-green laser provides the desirable wavelength range for
biomedical fluorochromes excitation, flow cytometry, and some spectroscopic
applications [90]. In this chapter, we will discuss the development of tunable high-power
blue-green VECSELs.

5.2

Experimental Design of Tunable Intracavity SHG
The power conversion efficiency for second-harmonic generation (SHG) is

proportional to the intensity of the fundamental beam. High conversion efficiency usually
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requires high peak intensity from pulsed lasers. For many applications, such as generation
of blue-green light by high power semiconductor lasers, it is desirable to generate cw
second-harmonic beam. One way to do this is by intracavity SHG, i.e. by putting a
nonlinear crystal into a cw laser cavity with high quality factor. The advantage of this
technique is that the crystal experiences much higher intensity inside the cavity than
outside the laser cavity (extracavity SHG). Moreover, only a few percent conversion
efficiency is required to achieve near perfect conversion to the SHG.
Intracavity SHG is much more complicated than extracavity SHG. Since some
polarization components are introduced into the laser cavity, we must take these into
account when considering the phase matching. Besides the phase matching condition, we
have to consider under what condition we can extract maximum SHG from the nonlinear
crystal and how to avoid the “green problem” of intracavity SHG [99].
Employing the V shaped cavity and the birefringent filter, we have demonstrated
tunable multi-watts high-brightness linearly polarized VECSEL operating around 980 nm
with 20~30 nm tuning range [98]. Since a high power tunable infrared VECSEL is
available, using intracavity SHG to generate a tunable SHG is a straightforward idea. In
this section, we will discuss the issues of intracavity SHG based on the tunable VECSEL
and design an experiment to demonstrate a tunable high-power blue-green VECSEL
around 488nm.

5.2.1 Cavity Design
To demonstrate tunable intracavity SHG, we take advantages of the tunable VECSEL
illustrated in Figure 4.5. They are:


VECSEL chip (multi semiconductor quantum well and DBR) serving as a folding
mirror in the fold cavity doubles the round trip gain.



Active region works as a tilted FP etalon. The AR coating on the chip significantly weakens the etalon resonance and decreases the walk-off loss of the etalon.



The folding angle at the VECSEL chip should be as small as possible, so the
device still takes the advantage of resonant periodic gain.
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Birefringent filter at Brewster angle has triple-fold functions: an extremely lowloss wavelength tuning component, a Brewster window to select polarization, and
a filter introducing longitudinal mode discrimination.

However, in the V-shaped cavity, the mode size is typically big, limiting the intensity
of the fundamental beam. Also, the VECSEL chip is highly absorbing at the wavelength
of the SHG. So for this tunable intracavity SHG experiment we have to design a cavity
which allows a wide tunability and a very small mode size for the fundamental beam and
prevents the SHG beam from going to the VECSEL chip.
The Z-shaped cavity illustrated in Figure 5.1 is a good candidate to achieve tunable
intracavity SHG. The VECSEL chip and concave mirror serve as two folding mirrors and
two flat mirrors as the ending mirror. The computation of the mode size in the cavity
below shows that the smallest mode size is on flat mirror 2. To maintain the intensity of
the fundamental beam as high as possible, the nonlinear crystal should be placed as close
to flat mirror 2 as possible. Since the VECSEL chip is highly absorbing at the SHG
wavelength, the concave spherical folding mirror must be AR at the wavelength of SHG
(~490 nm). To extract all of the SHG power from the spherical folding mirror, flat mirror
2 adjacent to the nonlinear crystal should be HR coated at the wavelength of SHG.
Since the DBR is a flat mirror, the Z-shaped cavity is equivalent to the folding cavity
illustrated in Figure 5.1 (b) and can be calculated by round trip ABCD matrix.
 A B   1 0  1 L1  1
C D  =  0 1  0 1  − 1
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(5.1)

where L1is the optical path length from flat mirror 1 to the tilted spherical mirror, L2 is the
optical path length from flat mirror 2 to the tilted spherical mirror, f is the focal length of
the tilted mirror
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FIGURE 5.1. The Z-shaped cavity (a) and its equivalence (b).

f =

R
cos θ ,
2

(Tangential plane, i.e. paper plane)

f =

R
,
2 cos θ

(Sagittal plane, perpendicular to paper plane)

where R is the radius of curvature of the spherical output coupler.
The stability of the cavity is given by -1<(A+B)/2<1, that is,
0 ≤ (1 −

L1
L
)(1 − 2 ) ≤ 1 ,
f
f

(5.2)
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Equation (5.2) gives two stable cavity solutions: (1) L1< f and L2< f ; (2) L1 > f

f 
and f < L2 < f 1 (1 − )  . The first one can not give very small beam waist and the
L1 


cavity size is too compact to arrange other intracavity components for the experiment. So
the typical operating point for the experiment is determined by the second solution.
The Gaussian beam in the cavity can be determined by
Aq1 + B
iπw1
, and q1 =
q1 =
Cq1 + D
λ

2

(5.3)

where w1 is the waist of the Gaussian beam on flat mirror 1. The waist of Gaussian beam
in the cavity should be at two end flat mirrors. The waists on flat mirror 1 and 2 are
2

w1 =

λ
iπ

2( L1 + L2 ) −

2

2 L1 + 4 L1 L2 2 L1 L2
+
f
f2
,
2 2 L2
− + 2
f
f

(5.4)

and

f
w2 = w1
L1 − f

 πw1 2
1 + 
 λ

2


(L1 − f ) .


(5.5)

Figure 5.2 shows the beam waist on flat mirror 1 and 2 with two sets of parameters:
(a) L1=18 cm, θ=10o (folding angle = 20o) and R=7.5 cm; (b) L1=18 cm, θ=5o (folding
angle = 10o) and R=7.5 cm. The relatively small beam waist (<40 µm) will be on flat
mirror 2, while the beam waist on flat mirror 1 is very sensitive to L2, the distance
between flat mirror 2 to the spherical mirror. The difference between the tangential and
sagittal beam waist decreases with the decline of the folding angle. In the experiment, the
nonlinear crystal is placed close to the flat mirror 2, so the folding angle on concave
spherical mirror should be kept as small as possible and L2 should be around 4.2 cm such
that the tangential and the sagittal beam waists are equal to each other.

Beam wainst on mirror 1 (µm)

Beam waist on mirror 2 (µm)
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FIGURE 5.2. Gaussian beam waist on flat mirror 1 and 2 (a) L1=18 cm, θ=10o and R=7.5
cm; (b) L1=18 cm, θ=5o and R=7.5 cm.
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5.2.2 Theory of Intracavity SHG
Now we discuss the condition for optimized output of intracavity SHG. To simplify
the calculation, we assume all the quantum wells in the RPG structure are identical and
free from the thickness- and concentration-fluctuations. Under this condition, the
quantum well gain medium is homogeneously broadening [63, 89]. For a round trip of the
fundamental beam in the Z-shaped cavity illustrated in Figure 5.1, the self-consistency
condition, namely the threshold condition, is
2
I circ = I circ TSHG
R12 R22 R3 R4 e 4 ΓgN w Lw e −2α LBO LLBO e 4α RPG LRPG TBF TLBO Tchip ,

(5.6)

where TSHG accounts for the loss of the fundamental caused by conversion to the second
harmonic
TSHG = e −δ SHG = 1 − γ SHG I circ , and δ SHG ≈ γ SHG I circ ,

(5.7)

TBF , TLBO , and Tchip are the transmission factors due to the scattering loss from the surface

of BF, LBO crystal and the VECSEL chip,
TBF = e −δ BF ≈ 1 − δ BF = 1 − S BF ,

(5.8)

TLBO = e −δ LBO ≈ 1 − δ LBO = 1 − S LBO ,

(5.9)

Tchip = e

−δ chip

≈ 1 − δ chip = 1 − S chip ,

(5.10)

R1 , R2 , R3 , and R4 are reflectance of the DBR mirror, the spherical output coupler, flat

mirror 1 and flat mirror 2, respectively,
Ri = e −δ i ≈ 1 − δ i = 1 − Ti , (i = 1,2,3,4) ,

(5.11)

and when a homogeneously broadening gain medium is in the cavity standing wave
pattern, the saturated gain is
g=

g0
,
2 I circ
1+
I sat

(5.12)

where g 0 is the unsaturated gain and I sat is the saturation intensity. After using “Delta
Notation” [100] for the cavity, the self-consistency condition is rewritten as
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4Γg 0 N w Lw
= (2α LBO LLBO + 4α RPG LRPG ) + 2δ SHG + 2δ 1 + 2δ 2 + δ 3 + δ 4 + δ BF + δ LBO + δ chip
14444244443
2 I circ
1+
L
I sat
abs
=L
+ 2γ SHG I circ + 2T1 + 2T2 + T3 + T4 + S BF + S LBO + S chip ,
abs

(5.13)

≡ (2α LBO LLBO + 4α RPG LRPG ) . Simplifying Equation (5.13)
where the absorption loss L
abs
gives
I
4β  circ
 I sat

2


I
 + 2(β + γ ) circ

 I sat


 + (γ − 1) = 0 ,


(5.14)

where

β≡

γ SHG I sat
4Γ g 0 N w L w

,

(5.15)

and
L

γ ≡ abs

+ 2T1 + 2T2 + T3 + T4 + S BF + S LBO + S chip

4Γg 0 N w Lw

.

(5.16)

The solution with physical meaning to Equation (5.14) is below:
I circ − (γ + β ) + (γ − β ) + 4β
.
=
I sat
4β
2

(5.17)

The power of SHG generated by LBO crystal is below
I SHG = 2(γ SHG I circ ) I circ = 2Γg 0 N w Lw I sat

− (γ + β ) +


(γ − β )2 + 4β 
4β

2

 .

(5.17)

To optimize I SHG ,
L
+ 2T1 + 2T2 + T3 + T4 + S BF + S LBO + S chip
∂I SHG
,
= 0 ⇒ β = γ ⇒ γ SHG ,opt = abs
I sat
∂β

(5.18)

and
I SHG , Max =

2
I sat 
4Γ g 0 N w L w − L
+ 2γ SHG I circ + 2T1 + 2T2 + T3 + T4 + S BF + S LBO + S chip  .

abs
2 

(5.19)
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Since γ SHG is in the form given by Kozlovsky et al. [101]:

γ SHG

 2ω 2 d eff2 k ω
=
 πn 3ε c 3
0



 Lh(B, ξ ) ,



(5.20)

where h(B, ξ ) is the “Boyd-Kleinman focusing factor” [102], combining Equation (5.18)
and (5.20) gives us the optimized crystal length. One important result we can obtain from
Equation (5.19) is that I SHG , Max increases as the loss is lowered; thus, the lower we can
make the cavity loss, the better. Since we are interested in extracting SHG power, not
fundamental beam power, we should make T1 = T2 = T3 = T4 =0 and eliminate all of the
surface scattering loss such that S BF = S LBO = S chip =0. In this way, Equation (5.19)
reduces to
I SHG , Max =

2
I sat 
 .
4Γ g 0 N w L w − L
abs 
2 

(5.21)

This is the theoretical maximum for the ideal case. In practice, the addition of nonlinear
crystal and BF to the cavity introduces additional losses which reduce the amount of
second-harmonic power that can be generated.

5.2.3 LBO Crystal and Phase Matching Condition
Lithium Triborate (LiB3O5, LBO) is an excellent nonlinear optical crystal. Its
applications are mainly concentrated around SHG of near IR radiation and OPO in visible
and near IR range. LBO has the following advantages [103, 104]:
•

Broad transparency range from 160 nm to 2600 nm

•

High optical homogeneity and being free of inclusion;

•

Relatively large effective SHG coefficient (about three times that of KDP);

•

High damage threshold (18.9 GW/cm2);

•

Wide angle acceptance (6.54 mrad-cm, (φ, type I, 1064 SHG)), wide spectral
acceptance (1.0 nm-cm, type I, 1064 SHG) and small walk-off angel (0.6o, Type I,
1064 SHG).
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All of the parameters of the LBO crystal are collected in reference [104]. Since the
birefringent filter is inserted in the cavity at the Brewster’s angle, we can only choose
type I phase-matched scheme. If type II were chosen, the LBO crystal, working as a
waveplate, would have changed the polarization of fundamental beam, resulting in huge
loss for the fundamental beam. A piece of LBO crystal should be cut to meet type I angle
phase matching condition at 980 nm fundamental beam.
LBO crystal belongs to the orthorhombic system with point symmetry mm2 [93] and
the principal axes (X, Y, and Z) of this negative biaxial crystal (nz>ny>nx) are found to be
parallel to the crystallographic axes a, c, and b, respectively [93]. Phase-matching is
possible if the conditions below are satisfied
n z2ω > n ωz > n y2ω > n ωy > n x2ω > n ωx ,

e

ne22ω = neω1 (type I phase matching condition,

e

n x2ω > 12 (n ωx + n ωy ) and n y2ω > 12 (n ωy + n ωz ) ,

1

2

⊥

).

After introducing Sellemier’s dispersion relation of LBO given by Kato [105] to type I
phase matching condition
ne22ω = neω1 ,

we can find the angle ( θ , φ ) which meets the type I phase matching condition for LBO.
The phase matching condition can also be calculated by SNLO, a code written by A. V.
Smith in Sandia National Laboratories (SNLO can be downloaded free of charge at
www.sandia.gov/imrl/XWEB1128/xxtal.htm.). However, even for type I angle phase
matching, biaxial crystal can give us a lot of options [95]. Since type I angle phase
matching is used for tunable intracavity SHG, we will choose the one which makes the
experiment easy to perform and also gives high effective second-order nonlinearity
coefficient deff. Type I phase matching condition where the fundamental beam and the
SHG beam are both restricted in the XY principal plane will be a nice choice. When the
wavelength of the fundamental beam is tuned around 980 ± 10 nm, we keep θ =90o and
just change the angle φ around 17 o ± 0.7 o to maintain phase matching. In this
configuration, the polarization of the fundamental beam is parallel to the Z principal axis
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FIGURE 5.3. The dependences of the refraction indices on the light propagation direction
in the first octant of a biaxial crystal for negative biaxial crystal. Designations: θ is the
polar angle, φ is the azimuthal angle, Vz is the angle between one of the optical axes
(OO') and the axis z, Oz' is light propagation direction. The correlation between the wave
polarizations (ordinary (o) or extraordinary (e)) and relative phase velocities (fast (f) or
slow (s) waves) in the principal planes XY, YZ, XZ of a biaxial crystal is shown. (after
Dmitriev [99])

and that of the SHG is orthogonal to the Z axis. Also the effective second-order
ooe
= d 32 cos φ ) is relatively high.
nonlinearity coefficient ( d eff

The effective second-order nonlinearity coefficient deff in arbitrary direction can be
calculated by group theory and the unit vector of wave polarization p
d eff = pdpp = ∑ p i ∑∑ d ijk p j p k .
i

j

(5.22)

k

From the point group mm2, the nonlinear optical susceptibility defined in xyz (principal
axes of the crystal) coordinates system is [107]:
 0

d il =  0
d
 15

0

0 0

d15

0

0 d 24

0

d 24

d 33 0

0

0

0 .
0 

(5.23)
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H. Ito et al [108, 109] were the first to perform an analytical study on the nonlinear
optical properties of the orthorhombic crystal with point symmetry mm2. Unfortunately
their formulae are incorrect. Dmitriev et al [110] pointed out the mistakes in Ito’s papers
and gave the correct formulae. In biaxial crystals of mm2 point group symmetry, if the
principal axes (X, Y, and Z) of this negative biaxial crystal (nz>ny>nx) are found to be
parallel to the crystallographic axes a, c, and b, then the effective second-order
nonlinearity coefficient is expressed by [110]
d effooe = 2d15 AH ( BDH − CE )( BDE + CH ) − 2d 24 A 2 EH ( BCH + DE ) − d 32 ( BCE − DH )

− d 31 ( BCE − DH )( BDH − CE 2 ) − d 33 ( BCE − DH )( BCH + DE ) 2 ,

where A ≡ sin θ ,

B ≡ cos θ ,

C ≡ sin φ ,

(5.24)

D ≡ cos φ , E ≡ sin δ , and H ≡ cos δ . The

definitions of all angles can be found in Figure (5.3) and the angle δ is given by the
following expression:
cot 2δ =

cot 2 V z sin 2 θ − cos 2 θ cos 2 φ + sin 2 φ
,
cos θ sin 2φ

(5.25)

where
cot V z =
2

n x2 (n z2 − n y2 )
n z2 (n y2 − n x2 )

.

(5.26)

For type I phase matching in the XY principal plane, θ =90o, δ =0o, Equation (5.24)
ooe
reduces to d eff
= d 32 cos φ . Since d 32 (1.064 µm) = 0.85 pm/V, d 31 (1.064 µm) = 0.67
ooe
pm/V, and d 33 (1.064 µm) = 0.04 pm/V, d eff
(= d 32 cos17 o ) is of relatively high value.

Therefore, the phase-matching condition we choose here is a proper choice.

5.2.4 “Green Problem”
After generating green 532-nm light by using KTP for intracavity SHG of a diodepumped Nd: YAG laser, Baer observed the low-frequency chaotic amplitude fluctuation
of green light and explored the nature of this phenomenon, which become known in the
literature as the “green problem”, and explained its origin [99]. Why does the intracavity
frequency doubling cause instabilities of the SHG output power if the fundamental laser
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oscillates in several longitudinal modes (for type I phase matching) or polarization modes
(for type II phase matching) of the cavity? The reason for these instabilities is that the
light is generated not only at the SHG frequency but also at the sum-frequency generation
(SFG) frequency of individual laser modes. The coupling of laser modes by SFG leads to
strong fluctuation of laser radiation and eventually to chaotic dynamics [111, 112].
Solutions to the “green problem” are the elimination of SFG in intracavity-doubled
lasers. They can be broadly grouped into three categories [113, 90]: (1) solutions that
allow only a single longitudinal mode to oscillate; (2) solutions that allow a very large
number of modes (hundreds of modes) to oscillate; and (3) solutions that allow a few
longitudinal modes to oscillate but somehow preclude SFG.
For a single longitudinal mode laser (solution 1), additional intracavity components
such as intracavity etalon have to be used in the laser cavity, but they introduce losses to
the cavity and reduce the efficiency of the intracavity SHG. For an extremely multi-mode
laser (solution 2), the stabilizing effect is achieved by averaging of the fluctuation over
many modes [111]. This method requires a long laser cavity without mode selection
[114]. For a type II intracavity-SHG laser with a few longitudinal modes laser and low
efficiency of SFG (solution 3), stabilization is performed by decoupled eigenmode
schemes (adding a quarter-wave plate [115] or two crossed frequency doublers to the
laser cavity [116]) or self-stabilizing schemes [117].
The tunable VECSELs with the V-shaped cavity and the BF described in Chapter 4
typically have a linewidth (FWHM) of ~0.5 nm, meeting the requirement of the spectral
acceptance of LBO. In the envelope of their lasing spectrum there are hundreds of
longitudinal modes. Since type I phase matching is used in the tunable blue-green
VECSEL, this extremely multi-longitudinal-mode operation automatically avoids the
instability of blue-green output power. Therefore, the “green problem” will not appear in
the laser.
In conclusion, we discussed the basic design issues for the intracavity SHG. The Zshaped cavity with small folding angles, illustrated in Figure (5.1), provides a very small
mode size on flat mirror 2. The nonlinear crystal should be placed as close to it as
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possible to achieve the highest fundamental beam intensity in the cavity. To generate the
maximum SHG power from the nonlinear crystal, all of the laser cavity mirrors must be
highly reflective at the fundamental wavelength. To extract the SHG power from the
concave spherical mirror, it should be AR coated at the wavelength of SHG and flat
mirror 2 must be HR coated at the dual wavelengths. The LBO crystal is cut to meet the
condition of type I angle phase matching and both facets should be AR coated at dual
wavelengths. The tunable blue-green VECSEL with type I intracavity SHG will not
suffer from the “green problem”.

5.3

Experimental Setup of Tunable Blue-Green VECSEL
The VECSEL structure, designed for emission around 975 nm, is grown by metal-

organic vapor phase epitaxy (MOVPE) on an undoped GaAs substrate. The active region
consists of 14 InGaAs compressive strained quantum wells. Each quantum well is 8 nm
thick and surrounded by GaAsP strain compensation layers and AlGaAs pump-absorbing
barriers. The thickness and composition of the layers are optimized such that each
quantum well is positioned at an antinode of the cavity standing wave to provide resonant
periodic gain (RPG). A high reflectivity (R > 99.9%) DBR stack made of 25-pairs of
AlGaAs/AlAs is grown on the top of the active region. In addition to the RPG active
region and DBR stack, there is a high aluminum concentration AlGaAs etch-stop layer
between the active region and the substrate to facilitate selective chemical substrate
removal. The epitaxial side of the VECSEL wafer is mounted on chemical vapor
deposition (CVD) diamond by indium solder. After the removal of the GaAs substrate
and etch-stop layer, a single layer Si3N4 (n=1.78) quarter wave LR coating is deposited on
the surface of VECSEL chip to achieve a reflectivity of less than 1% at the signal
wavelength.
A Z-shaped cavity as illustrated in Figure 5.4 is designed for the tunable blue-green
VECSEL. In this cavity, the anti-reflection (AR) coated VECSEL chip serves as an active
folding mirror to provide high round trip gain and large tunability for the fundamental
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SHG
Low-pass filter
Output coupler
(HR for 980 nm,
AR for 490 nm)

LBO crystal

Flat mirror 1
(HR for 980 nm)
BF at Brewster’s angle

Flat mirror 2
(HR for 980 nm
and 490 nm

Heat sink

FIGURE 5.4. Schematic diagram of a tunable blue-green VECSEL with a Z-shaped cavity
and a birefringent filter by intra-cavity SHG. Relative dimensions not to scale.
beam. In order to take advantage of the RPG structure, the folding angle at the VECSEL
chip must be kept as small as possible. By “unfolding” the Z-shaped cavity about the
VECSEL DBR mirror, we interpret the VECSEL active region as a tilted intracavity
etalon. To weaken the resonance of this tilted etalon and eliminate its walk-off losse [76],
a low reflectivity coating must be applied on the surface of the VECSEL chip. A
birefrigent filter (BF) is inserted in the cavity at Brewster’s angle. For fundamental signal,
the functions of the BF are three-fold [87]: an extremely low-loss wavelength tuning
component, a Brewster window to select polarization, and a filter introducing
longitudinal mode discrimination. The linear polarization and narrow linewidth of the
fundamental beam are extremely important for the SHG phase-match condition. In this
cavity there exist two beam waists on flat mirror 1 and on flat mirror 2. Since the beam
waist at flat mirror 2 is much smaller than that at flat mirror 1 (see Figure 4.2), the LBO
crystal is inserted close to flat mirror 2 such that the highest fundamental beam intensity
is in the crystal. To build a high Q cavity for high-power circulating fundamental beam,
all the cavity mirrors must be highly reflective around 976 nm. Since the VECSEL chip is
highly absorbing intra-cavity SHG signal, the output coupler should be transparent for
SHG signal around 488 nm. The tilted concaved spherical output coupler causes
difference between the tangential and sagittal focal lengths, making the fundamental
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beam and SHG beam asymmetric. To minimize this asymmetry, the folding angle at the
output coupler must be kept as small as possible.
The processed VECSEL chip is mounted on a heat sink for temperature control. In
the experiment, the coating of the output coupler and flat mirror 2 is not optimal: the
reflectance of the output coupler is only ~99% at 976 nm and ~30% at 488 nm, lowering
the cavity Q factor for 976 nm lasing wavelength and reflecting part of the SHG to the
VECSEL chip; the reflectance of flat mirror 2 is 99.9% at 976 nm and 80% at 488 nm,
leaking the SHG. The lasing experiment is conducted by using a fiber coupled multimode
808 nm diode laser pump source lens-coupled to the chip, resulting in 600 µm diameter
pump spot. In the experimental setup, the length of each segment of the Z-shaped cavity
is about: 7.5 cm between the flat mirror 1 and VECSEL chip, 10.5 cm between chip and
output coupler (7.5 cm radius of curvature), and 4.5 cm between output coupler and flat
mirror 2. This cavity configuration gives the smaller fundamental beam waist (< 40 µm)
at flat mirror 2, so the highest fundamental beam intensity in the cavity appears in the
LBO crystal to maximize the intra-cavity SHG. The size of the TEM00 mode on the
VECSEL chip is about 540 µm diameter, roughly matching the pump spot size. The
folding angle at VECSEL chip is about 8o, resulting in the refraction angle in the
semiconductor to be less than 1.4o. Such a small refraction angle allows antinodes of
cavity standing wave to overlap each quantum wells in the VECSEL active region. The
other folding angle on output coupler is about 10o, making the difference of the tangential
and sagittal focal length negligible. The BF (4 mm thick quartz plate) is inserted between
chip and flat mirror 1 at Brewster’s angle to select the fundamental beam wavelength, to
narrow its linewidth and to fix its polarization. A low-pass filter is used to block the
fundamental beam output for measuring the SHG output power.
LBO crystal is an excellent nonlinear optical crystal used for intracavity SHG. Since
the BF is placed in the cavity at the Brewster’s angle, we can only choose type-I phasematched scheme. To make alignment easier and to keep a high effective SHG coefficient,
the Type-I angle phase-matching condition we choose for 980 nm fundamental beam and
490 nm SHG is: the angle θ = 90o (between the fundamental beam propagation direction
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FIGURE 5.5. Digital photographs of the experimental setup for the tunable blue-green
VECSEL.
and the Z axis of the crystal) and the angle φ = 17o (between the fundamental beam
propagation direction and the X axis of crystal). The fundamental beam and the SHG
propagation are confined in the XY plane of the LBO crystal. The polarization of the
fundamental beam is parallel to the Z axis of the LBO crystal, and the polarization of the
SHG is orthogonal to the Z axis. A piece of LBO crystal (3mm×3 mm×10mm) is cut to
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satisfy this type-I angle phase-matching condition and both facets are AR coated for the
fundamental and SHG wavelengths (actually, φ =17.2o due to vendor’s cutting error).
When the wavelength of the fundamental beam is tuned in the range of 980±10 nm, phase
matching condition will be met by tilting φ angle by ±0.7o (i.e. θ=90o, φ =17±0.7o).
However the tilting φ angle will not cause any additional cavity alignment for the
fundamental signal since the fundamental beam is still perpendicular to flat mirror 2. The
LBO crystal and flat mirror 2 are separately mounted on the different translation stages
with tilt. Their positions are adjusted to achieve maximum intracavity SHG. The digital
photographs of the experimental setup are shown in Figure 5.5.
Some obstacles prevent optical results in the experiment. The LBO crystal was
mounted on a teflon holder by the vendor (CASTECH Inc.), which causes very poor heat
dissipation of in the crystal. Temperature variation in the crystal always changes the
phase matching angle. Since the Z axis of the crystal is not marked, whenever the Z axis
is not parallel to the polarization of the fundamental beam, a second BF is introduced into
the cavity. There were two or more lasing spectrum peaks of fundamental signal observed.
We had to rotate the crystal to align its Z axis along the polarization of the fundamental
beam. Another issue is the beam heat [118], which causes a local temperature gradient in
the cross section of the beam in the crystal. Thus the different portion of the beam sees
different phase matching.

5.4

Experimental Results
Figure 5.6 shows the total cw 488 nm blue-green power generated by LBO crystal as

a function of 808 nm net pump power. In the measurement, the wavelength of the
fundamental beam is locked at 976 nm by the BF. Over 1.3 W intra-cavity SHG is
generated by the LBO crystal. The reflectance of output coupler at 976 nm is 99%. 1.06W output power at 976 nm is measured from one output direction when blue output is
more than 1.3 W. This means that in the cavity the circulating power of 976 nm
fundamental beam is about 100 W and the SHG conversion efficiency is ~1.3%.

Power of blue (488 nm) (mW)
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FIGURE 5.6. The total blue-green (at 488 nm) cw power generated by LBO vs. 808 nm
net pump power.
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FIGURE 5.8. Tunable blue-green linearly polarized VECSEL output with 5 nm tuning
range around 488 nm.
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FIGURE 5.9. Several spectra of intra-cavity SHG within 5 nm tuning range.

Figure 5.7 shows the spectra of the fundamental at around 976 nm and the SHG at
488 nm when the ouput of intracavity is over 1 W. The shape of spectrum of the
fundamental beam is similar to that of the SHG. The FWHM of fundamental signal is
around 0.5 nm and the total optical length of cavity is about 24 cm, suggesting that there
are more than 250 longitudinal modes in the spectral envelope. This extreme multi-mode
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operation prevents severe output fluctuation caused by the nonlinear interaction of the
longitudinal modes, namely the “green problem” of intra-cavity SHG.
The tunability of the blue-green VECSEL with the Z-shaped cavity and the BF is
shown in Figure 5.8. In the measurement, the pump power (35 W) and the heat sink
temperature (10oC) are fixed. Without the LBO in the cavity, the tuning range of
fundamental lasing signal is about 20 nm. With the LBO crystal in the cavity, the tuning
range of fundamental signal decreases to about 10 nm due to the losses introduced by
intracavity SHG, the roughness of two LBO crystal facets (measured flatness and
wavefront distortion on both facets: λ/8 at 633 nm), and the absorption of LBO crystal.
Linearly polarized tunable blue-green VECSEL with 5 nm tuning range is demonstrated.
Figure 5.9 shows the lasing spectra of the blue-green VECSEL at several points along the
tuning range. Within a 5 nm wavelength tuning range the envelope of the SHG spectra
can be continuously tuned with a narrow linewidth.

5.5 Discussion and Conclusion
In conclusion, we developed and demonstrated a compact tunable watt-level linearly
polarized blue-green VECSEL with a Z-shaped cavity and a birefringent filter by intracavity SHG using the LBO crystal. Although the coating of the cavity mirrors is not
optimized, over 1.3 W cw SHG at 488 nm is generated and a 5-nm tuning range around
488 nm with a narrow linewidth is demonstrated near room temperature. This tunable
blue-green VECSEL provides a desirable wavelength range for biotechnology and should
be useful for spectroscopic applications.
However, the optical (808 nm pump) to optical (SHG) conversion is very low (1.3/35
~ 4 %) in this experiment. In section 5.2.2, we have already shown that the output of the
SHG is very sensitive to the cavity loss at the fundamental wavelength. In this
experiment, since the price of coating the output coupler of the SHG (AR at SHG
wavelength and HR >99.9 % at 980 nm) is fairly high (~$3000 for customer run), we
replace it by one which has a reflectance of 98.9 % at 980 nm and 70 % at 488 nm. Since

138

it serves as a folding mirror in the Z-shaped cavity, actually it introduces over 2 %
transmission for the 980 nm fundamental signal. This significantly lowers the Q factor of
the cavity. Also the surface quality of the LBO crystal is not optimal and the measured
flatness and wavefront distortion on both facets are λ/8 at 633 nm or λ/12 at 980 nm (this
data is from the vendor). In a round trip the fundamental beam is scattered four times by
such a rough surface, resulting in somewhat high diffraction loss. Due to poor heat
dissipation in the LBO crystal and beam heating [118], it is difficult to achieve perfect
phase matching in the crystal for whole fundamental beam. If the coating of each mirror
is optimized and the temperature of the LBO crystal is maintained constantly by the TE
cooler, the blue-green output power should reach multi-watts level and the tunability
should be close to 10 nm.
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CHAPTER 6

APPLICATIONS OF TUNABLE HIGH-POWER
HIGH-BRIGHTNESS VECSELS
In Chapter 4, we have shown that the tunable high-power high-brightness VECSEL
has control over its lasing wavelength, spectral linewidth and polarization. These
properties endow the tunable VECSEL with a much larger application range than the
VECSEL. In this chapter, some applications of tunable high-power high-brightness
VECSELs are introduced. In section 6.1, the VECSEL works as a high efficiency pump
laser for ultra-short Er/Yb codoped single-mode fiber lasers. In the section 6.2, we
investigate the spectra beam combination of VECSELs by using photo-thermo-refractive
(PTR) volume Bragg grating (VBG) [119].

6.1

VECSEL Core-Pumped Ultra-Short Er/Yb Codoped Single-Mode
Fiber Lasers
Generation of a high-power, coherent, diffraction-limited beam around 1550 nm from

a compact single-mode fiber laser source is of great interest because of its applications in
telecommunications, interferometers, sensing, and medical instruments. Compared to
long-length fiber lasers, the ultra-short Er/Yb-codoped single-mode fiber lasers are very
attractive to achieve compact high-power single-longitudinal-mode lasing [120]. They
also have advantages of reduced nonlinear optical effects for high-power continuous
wave or pulsed output. However, this constitutes a considerable challenge for a fiber laser
with a length of only several centimeters: (1) High doping levels of active ions are
needed to increase the absorption of the pump, but this could cause detrimental effects
such as Er ion clustering in the gain medium; (2) to achieve highly efficient absorption of
the multimode pump emission generated from high-power diode bars, the cladding
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pumping scheme with a special fiber geometry such as an off-center core in D-shaped
cladding is needed [121], making the fabrication of fiber difficult.
Two pump schemes are usually used for fiber lasers: multimode cladding-pumping
and single mode core-pumping schemes. The core-pumping scheme leads to significantly
improved pump absorption and pump efficiency compared to the cladding-pumping
schemes [122]. Especially for an ultra-short single-mode fiber laser, a high-power
VECSEL with diffraction-limited circular beam can be an efficient pump source since it
is efficiently coupled into the single-mode core by an objective lens. We used a VECSEL
operating at 976 nm to pump the core of an ultra-short highly Er/Yb-codoped singlemode phosphate fiber laser. The fiber length is only 3 cm, and the bare fiber is installed
in a low index glass tube having an inner hole diameter of 135 µm without any cooling.
This single-mode phosphate fiber has a core diameter of 13 µm and supports the
fundamental mode at 1535 nm. Since the phosphate glass has high solubility of rare-earth
ions and low clustering effects, the core is highly doped with 1.1 x 1026 ions/m3 of Er+3
and 8.6 x 1026 ions/m3 of Yb+3 to optimize pump absorption and energy transfer from
Yb+3 to Er+3 and to achieve high gain.
Figure 6.1 shows the experimental setup of the VECSEL core-pumped Er/Yb
codoped single-mode fiber laser. Two dielectric coated mirrors are used to form laser
cavity. On the pump side, the mirror, which is directly coated on the one end of the
phosphate fiber, has the reflectivity of R1 (λs = 1535 nm) > 98% at the signal wavelength
and R1 ( λp = 976 nm ) < 5% at the pump wavelength. The output mirror has a high
reflectivity of R2 ( λp ) > 96 % at the pump wavelength and R2 ( λs ) = 30% at the signal
wavelength. A simple and efficient pumping is achieved by directly coupling the circular
beam of the VECSEL into the single-mode core of the fiber using a conventional
objective lens. Figure 6.2 shows the single-mode fiber laser output power as a function
of 975 nm VECSEL pump power. A threshold of 80 mW and slope efficiency (SE) of
29% relative to the launched pump power is achieved. An output power in excess of 250
mW at 1535 nm is obtained without any cooling. The output power is saturated when the
pump power is over 900 mW due to temperature and pump wavelength offset.
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FIGURE 6.1. The experimental setup of VECSEL core-pumped Er/Yb codoped singlemode fiber laser.
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FIGURE 6.2. Single-mode fiber CW output power at 1535 nm vs. the VECSEL
launching power at 975 nm.

In comparison with above cladding-pumping single mode fiber lasers that are built by
the same kind of fiber and similar cavity, with the slope efficiency of 10 % at low pump
power for 3 cm long [123], a significant improvement of the slope efficiency is achieved
by using the VECSEL core pumping.
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FIGURE 6.3. The experimental setup of the tunable VECSEL core-pumped Er/Yb
codoped single-mode fiber laser. The insert is the locked lasing wavelength (~975 nm) of
the tunable VECSEL at different output power.
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FIGURE 6.4. The output power of Er/Yb-codoped single-mode phosphate fiber laser at
0oC vs. launched pump power.
The VECSEL core-pumping scheme gives much higher pump efficiency for an ultrashort highly Er/Yb-codoped single mode phosphate fiber laser than multimode cladding-
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pumping scheme does when the pump wavelength is in the Er/Yb absorption band.
However, due to the thermally induced wavelength shift of the VECSEL, the VECSEL
wavelength can be off the absorption band of Er/Yb when pump power increases,
resulting in low pump efficiency. To avoid the instability of pump wavelength, we can
use a tunable VECSEL to lock its wavelength at around 975 nm, maintaining high pump
efficiency. Also, the active fiber is mounted on the thermoelectric cooler for temperature
control.
Figure 6.3 shows the experimental setup of the tunable VECSEL core-pumped Er/Yb
codoped single-mode fiber laser. The fiber is the same as the previous one except the
length of the fiber. The length of fiber laser is only 3.6 cm. This bare fiber is placed on a
Si wafer with V-groove, which is mounted on a thermoelectric cooler at 0oC. In the
experiment, TEM00 output of the tunable VECSEL is directly coupled into a single mode
fiber (as a pump fiber) by an objective lens, and then the pump power delivered by the
pump fiber is butt coupled into the active fiber. Two dielectric coating mirrors are used to
form the laser cavity. On the pump side, the mirror, which is directly coated on the end of
the pump fiber, has the reflectivity of R1 (λs = 1535 nm) > 98% at the signal wavelength
and R1 ( λp = 975 nm ) < 5% at the pump wavelength. The output mirror, which is aligned
very close to the end of the active fiber, has a high reflectivity of R2 ( λp ) > 96 % at the
pump wavelength and R2 ( λs ) = 50% at the signal wavelength. Figure 6.4 shows the
single-mode fiber laser output power as a function of launched pump power. A threshold
of 300 mW and slope efficiency (SE) of 20 % relative to the launched pump power is
achieved. An output power in excess of 800 mW at 1535 nm is obtained at 0oC.
Compared to the previous experiment, because of the coupling losses between cavity
mirrors and the active fiber, the threshold is higher and the slope is lower .
In conclusion, since the tunable VECSEL has a high-power and diffraction-limited
beam with locked output wavelength around 975 nm, the tunable VECSEL core-pumping
scheme provides much higher pump efficiency than the cladding-pumping scheme,
therefore the special geometry of the fiber for the cladding pump, such as double
claddings and the off-center core, is not necessary.
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6.2

Spectral Beam Combining of VECSELs Using Volume Bragg Grating
Laser beam combining is an effective way to achieve power scaling of the laser.

Several beam-combining concepts are possible. The simplest one is spatial incoherent
beam combining, such as coupling the power from a diode laser bar into a large core fiber,
but diffraction-limited beam quality is not possible in this case. For coherent beam
combining (CBC), as the power is increased by the number of laser emitters placed side
by side, N, the far field spot diameter decreases as the number of emitters grows because
the aperture is increasing with each additional laser emitter combined. The result is the
well-known N2 increase in far field intensity. However, CBC requires that each laser
emitter be forced to operate at the same wavelength and be phase locked together.
Spectral beam combining (SBC) is a technique that spatially overlaps the outputs of
several laser emitters operating at a slightly different wavelength into a single beam. In
this case one or more diffractive elements, such as a grating, are used to combine all the
beams in both the near and far fields. Both the power and brightness increase with the
number of laser emitters, N, but near-diffraction-limited beam quality is still maintained.
The combining efficiency is determined by the diffraction efficiency of the diffractive
elements.
High-efficiency SBC which uses transmitting volume Bragg grating (VBG) made in
photo-thermo-refractive (PTR) glass for a spatial combination of two spectrally separated
beams of fiber lasers was reported recently [108]. VBG in PTR glass, which is a silicate
glass doped with silver, cerium and fluorine, exhibit diffraction efficiency of over 95 %
as well as perfect thermal, optical and mechanical stability in high power beam [124,
125]. This kind of VBG will be used to combine two VECSEL beams.

6.2.1

Principle of Spectral Beam Combining by Transmitting VBG

Three important quantities of transmitting VBG, the Bragg angle at fixed wavelength,
VBG spectral and angular selectivity, are determined by four independent VBG
parameters: spatial frequency f , thickness t , average refractive index nav and refractive
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FIGURE 6.5. Spectral beam combining by transmitting volume Bragg grating. 1combined beam, 2-residue beam. (After Glebov [119])
index modulation δn [125]. For simplicity, let us consider two plane monochromatic
waves (beams) with wave-length λ1 and λ1 + ∆λ incident to the VBG at + θ i and - θ i ,
respectively, as illustrated in Figure 6.5.
From Kogelnik’s coupled wave theory for thick hologram grating [126], the
diffraction efficiency η of VBG shown in Figure 6.5 is

(

sin 2 P 2 + p 2
η=
1+ p2 P2

)

1

2

,

(6.1)

where P is a phase incursion at the Bragg condition
P=

πtδn
,
λ1 cos θ m

(6.2)

And p is a dephasing parameter which denotes a detuning from the Bragg condition. For
small spectral deviation ∆λ from the central wavelength λ1 ,
p=

πf 2 t∆λ
.
2nav cos θ m

(6.3)
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The Bragg angle in the PTR glass θ m is determined by the Bragg condition
sin θ m =

λ1 f
2n av

.

(6.4)

To achieve the highest combining efficiency, the diffraction efficiency for the beam 1
(wavelength λ1 ) and beam 2 (wavelength λ1 + ∆λ ) should be 100 % (complete Bragg
reflection) and 0 % (complete transmission), respectively. According to Equation (6.1),
complete Bragg reflection (η = 1 ) for beam 1 gives
p1 = 0
P1 = π

2

+ kπ

,

(6.5)

and complete transmission (η = 0 ) for beam 2 occurs at

(P

1

2

+ p2

2

)

1

2

= kπ ,

(6.6)

where k = 0, 1, 2, 3, …. Therefore, substituting Equation (6.5) at k = 0 and (6.4) to
Equation (6.2) gives

δn =

 λ1 f
 2nav

λ1 cos arcsin
2t



 (for complete Bragg reflection),

(6.7)

and similarly substituting Equation (6.5) at at k = 0, (6.6), (6.4) and (6.7) to the Equation
(6.3), we obtain

∆λ =

2nav 4k − 1
f 2 λ1
2

 λ1 f
 2nav

λ1 cos arcsin
2t



 (for complete transmission). (6.8)

If the Equation (6.7) and (6.8) are satisfied simultaneously, 100 % combining
efficiency will be achieved. These results are valid only for the ideal case. In actuality,
large spectral linewidth and divergence angle of the incident laser beam decrease the
diffraction efficiency, thus lowering the combining efficiency.
When everything is fixed except the angle θ m , η (∆θ m ) is given. The angular
selectivity inside the VBG medium is defined as the angle between the central maximum
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and the first minimum in the anglular distribution of the diffraction efficiency. It is also
called δθ mHWFZ , the angle difference at the Half Width at the First Zero (HWFZ), given by
[125]

δθ mHWFZ =

3 1
≈ .
2 ft ft

(6.9)

By the same way as it was described for the angular selectivity, the spectral selectivity is
defined as a distance between the central maximum and the first zero in the spectral
distribution of the diffraction efficiency, given by [125]
3nav

δλ

HWFZ

=

λ f
1 −  1
 2nav
f 2t





2

.

(6.10)

Fortunately, according to the modeling of VBG in PTR glass [125], the parameters f ,
t , and δn of the VBG can be adjusted for a large tolerance to the divergence angle and
spectral linewidth of the incident beams at high diffraction efficiency.
Center for Research and Education in Optics and Lasers

6.2.2

Experimental Setup and Results

Figure 6.6 shows the experimental setup of the spectral beam combining of two
VECSELs by transmitting VBG in PTR glass, which was fabricated by Dr. Leonid B.
Glebov’s group in Center for Research and Education in Optics and Lasers, University of
Central Florida. The grating vector is parallel to the surface of the grating. The
parameters of the VBG are: f = 690 mm-1, t =0.776 mm, nav =1.498, δn =660 ppm. Then
the angle selectivity is 1.8 mrad and the spectral selectivity is 5.1 nm. To control the
wavelength and the linewidth of each beam, the tunable VECSELs are employed, giving
0.5 nm spectral linewidth smaller than the tolerance of the spectral linewidth of the VBG.
To decease the beam divergence angle ( θ ~ λ

D

, where λ is the wavelength and D is

the diameter of the beam), the beam has to be expanded and collimated. After the beam
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VECSEL #1(tunable)
BF

Volume
Bragg
Grating

Combined beam

Beam expander and collimator
BF

VECSEL #2 (tunable)

Beam expander and collimator

FIGURE 6.6. Experimental setup of spectral beam combining of two VECSELs by
transmitting volume Bragg grating in photo-thermo-refractive glass.

expander, the diameter of each beam is about 5 mm, providing a divergence angle of ~0.2
mrad. Since the spectral linewidth and divergence angle of beam are much less than the
tolerance of the VBG, once we find the correct wavelengths for diffraction and
transmission, a high combining efficiency should be achieved.
To find the Bragg angle and wavelength which give the maximum diffraction
efficiency, the incident angle and wavelength are scanned. Also, the homogeneity of the
VBG is evaluated and the best area of the VBG is chosen. After finding them, we fix the
VBG and the incident beam and tune the tunable VECSEL to find the wavelength for the
maximum transmission. Measured transmission and diffraction efficiency as a function of
wavelength is plotted in Figure 6.7, which shows that the maximum transmission and
diffraction efficiency occur at about 975 nm and 982 nm, respectively. The transmission
almost compliments the diffraction, exhibiting ~90% transmission at diffraction
minimum. Since there is no AR coating on the surface of VBG, after the 3.5-4% of
Fresnel reflection per surface is taken into account, the sum of diffraction residue,
material loss and surface scattering loss do not exceed 2%. Therefore, a device with
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FIGURE 6.7. Characterization of the diffraction and transmission efficiency as a
function of wavelength at the Bragg angle.

VECSEL #1: 982 nm, 2 W,
M2~1.68

VECSEL #2: 975 nm, 2.1 W,
M2~1.35

Combined beam: 3.7 W,
M2~1.9

FIGURE 6.8. Parameters of two incident beams and combined beam. 90 % spectral
beam combining efficiency is achieved.
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proper AR coating will perform with transmission and diffraction efficiencies 98-99% at
the optimum wavelengths.
In the spectral beam combining experiment, VECSEL 1 tuned at 982 nm is diffracted
by the VBG and VECSEL 2 tuned at 975 nm is transmitted by VBG. Before the VBG,
VECSEL 1 has 2 W power with M2~1.68 and VECSEL 2 has 2.1 W power with M2~1.35.
After spectral beam combining by VBG, the power is 3.7 W and M2~1.90. 90 %
combining efficiency is demonstrated. Slight increase in the M2 value for VECSELs
could be attributed to the small mismatch of collimation of the two input beams. The
beam patterns of the individual VECSELs and the combined beam are shown in Figure
6.8.
In summary, spectral beam combination of two VECSELs emitting at 982 nm and
975 nm using PTR volume Bragg grating is demonstrated. The combination efficiency
was 90%, giving 3.7 W output from source lasers having 2 W and 2.1 W. The efficiency
is limited mainly by the reflection at the uncoated surfaces of the VBG. The quality of
the combined beam is similar to that of each laser, only suffering a very small increase in
the M2 value. The slight increase in the M2 value of the combined beam may be
attributed to the mismatch in collimation. This beam combining concept can be
generalized to combine tens of VECSELs, producing kilowatt power in a 50 nm spectral
window [127].
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CHAPTER 7

CONCLUSION
The goal of this dissertation was to develop high-power high-brightness 975 nm
VECSELs with spectral and polarization control. The VECSEL structures were designed
by Dr. Jerome V. Moloney’s group with their modeling tool, which is based on rigorous
microscopic many-body theory. The designed structures were grown by Dr. Wolfgang
Stolz’s group. The fabrication of VECSEL chip and experimental demonstration was
performed by Dr. Mahmoud Fallahi’s group.
In this dissertation, over 12 W TEM00 cw VECSEL output with 43 % slope efficiency
was demonstrated. The spectral control was solved by using the V-shaped cavity with an
intracavity birefringent filter. Multi-watt TEEM00 linearly polarized output with 20~30
nm tuning range and a narrow linewidth was first demonstrated.

7.1

Contribution of the V-shaped Cavity and the Brifringent Filter
The V-shaped cavity, in which the VECSEL chip serves as a folding mirror is a

breakthrough in device concept. Since VECSELs or VCSELs are low-gain lasers, they
have to take the advantage of RPG structure to achieve lasing. This results in a sort of
misleading—the VECSEL chip must be an end mirror in the cavity.
In this dissertation, the VECSEL chip serving as a folding mirror in the cavity can
provide higher gain if the folding angle is small. This is an efficient way to overcome the
low gain in traditional VECSELs. In the section 7.3, a multi-chip VECSEL will be
proposed to achieve coherent power scaling.
Intracavity birefringent filter is a loss filter for the tuned wavelength. Since it is
inserted in the cavity at Brewster’s angle, it works as a Brewster window to produce
linearly polarized laser beam. This is extremely important in intracavity SHG experiment.
The longitudinal discrimination introduced intracavity birefringent filter narrows the
VECSEL linewidth.
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7.2 Limitations
The major limitation for high power VECSEL is thermal. Although the VECSEL has
good thermal management, the thermal rollover and shutoff of the output power are still
observed. In the experiment, after shutoff the quantum well relaxation (dark line in the
pump area) is also observed by PL image. The reason for the quantum well relaxation is
that non-radiative recombination occurs in the defect of the epi-structure, locally heating
the material and triggering the relaxation.
So far the reliability of the VECSEL has not been characterized. However, after long
time high power operation, the degradation of the VECSEL is observed. The scattered
light around the laser beam shows the degradation of the chip surface. The surface
degradation results in the performance degradation.

7.3 Future Work
7.3.1 Improvement of Thermal Management
As discussed in Chapter 3, thin-device and heatspreader approaches are two major
techniques used in VECSELs to extract the waste heat from the active region. Usually
only one of them is applied to the VECSEL. If these two approaches are used
simultaneously, the best thermal management will be achieved. The top-emitter wafer is
grown for this case. First, the epi-side of wafer is mounted on the single crystal diamond
by capillary bonding; then the substrate is removed by chemical etching; and finally the
chip is solder bonded on a CVD diamond. In this way, the VECSEL epi-structure is
sandwiched by the single crystal diamond and the CVD diamond. The waste heat is
extracted by both. Of course, the whole subcavity has to optimize by taking this
intracavity diamond into account. The challenge is in the processing of the VECSEL
chip.

7.3.2 Multi-chip VECSELs
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Since the VECSEL chip can serve as a folding mirror in the cavity, the similar cavity
configuration for multi-disk diode-pumped solid-state laser proposed by Giesen [22] can
be applied to the multi-chip VECSEL. To take the advantage of the RPG, the folding
angle should be as small as possible. A Multi-chip VECSEL provides much higher small
signal gain than a single chip VECSEL. Employing lower reflectivity output coupler
provides the high slope efficiency to compensate its high threshold. The advantage is that
the heating is distributed on several chips, instead on one chip. So the thermal rollover
will be delayed even the total pump power is very high. But the trade-off is more
scattering loss introduced by chips. Also the re-absorption of laser signal and two photon
absorption should be investigated.

7.3.3 UV VECSELs
Based on the blue-green VECSEL presented in Chapter 5, the resonator-enhanced
SHG, a mature approach in solid-state lasers, makes it possible to generate UV (~244 nm)
laser. In this technology, the frequency matching between laser frequency and resonate
frequency is extremely important. So the frequency locking technology, such as HänschCouillaud locking and Pound-Drever-Hall locking, is needed [90].

7.3.4 Yellow VECSELs
The yellow laser is relatively rare. InGaAs strained quantum well laser can emit at
around 1178 nm, using the frequency doubling, the yellow laser emitting at around 589
nm can be demonstrated. This frequency doubled yellow laser can be used as a guidestar
laser for very large telescope [128].

7.3.5 Modulation of VECSELs
In this dissertation, the research was focused on cw operation of VECSELs. To apply
VECSELs to the free space communication, the modulation of the VECSEL should be
investigated.
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APPENDIX A

QUANTUM MECHANICS OF THE SEMICONDUCTOR MEDIUM
A.1. Second Quantization in “Electron-hole” Representation
In this appendix, we follow Chow and Koch [59] to formulate second quantization
with “electron-hole representation”. For the system with a large number of identical
particles, since the particles are indistinguishable, the many-particle wavefunction must
be symmetric for Bosons (s=nħ, n=integer) or anti-symmetric for Fermions (s=(n+1/2)ħ,
n=integer) under the interchange of any two particles. Also, the number of the identical
particles may not be conserved when the system interacts with applied electromagnetic
field. It is obvious that elementary quantum mechanics is very clumsy to deal with such a
system. A more elegant formulation, the so-called second quantization, is usually used to
treat the system with a large number of identical particles. In the second quantization,
since we can introduce creation operator and annihilation operator to formulate other
operators, and occupation number states as a basis to span a Hilbert space that contains
states of varying numbers of particles-the Fock space or Fock representation, it is
convenient to deal with such a system. The following are the formula of second
quantization in electron-hole representation used in semiconductor physics.
First, we introduce the electron field operator

Sz

(t )φ * λ

( ),

SZ

r

k

where φλ

SZ

SZ

k

λ

k

ψ ( , t ) = ∑∑∑ a † λ

(t )φ λ

k

SZ

k

r

∧ †

sz

k

k

λ

r

r

∧

ψ ( , t ) = ∑∑∑ aλ

( ) ,

(A.1)

sz

(r ) is the single-particle eigenfunction for an electron in the semiconductor,
k

say, the eigenfunction of the Hamiltonian of a electron or a hole, and a λ

Sz

(t ) is the

annihilation operator for the electron in that eigenstate, where we specify by the band

index λ = c or v, momentum k, and z-component of spin Sz. Its Hermitean adjoint a†λkSz
creates an electron in the same state.
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As Fermion operators, the electron creation and annihilation operators obey
anticommutation relations (i.e. [A, B]+≡AB+BA). These relations are a consequence of
the Pauli exclusion principle, which states that at most on Fermion can occupy any given
state. The electron creation and annihilation operators satisfy the following
anticommutation relations.
[a λkS Z , a λ' k ' S ' ] + = 0, [a λ† kS Z , a λ†' k ' S ' ] + = 0 , [a λ kS Z , a λ†' k ' S ' ] = δ λ ,λ' δ k ,k ' δ S
Z

Z

Z

Z

, S Z'

.

(A.2)

The operator a λ† kS Z a λkS Z is the number operator for an electron in band λ , with
momentum k and spin Sz. The eigenstates for a λ† kS Z a λkS Z are 0λkS Z
a λ† kS Z a λkS Z 0λkS Z

= 0, a λ† kS Z a λkS Z 1λkS Z
aλ† kS Z 1λkS Z

a λ kS z (t ) 0 λkS Z = 0,
a λ kS z (t ) 1λkS Z

= 0λkS Z ,

and 1λkS Z .

= 1λkS Z ,

= 0,

aλ† kS Z 0λkS Z

= 1λkSZ .

(A.3)

In the electron-hole representation for a two-band model, we define the hole creation
operator
k

k

b−† , − SZ = av

SZ

.

(A.4)

This equation indicates that the annihilation of a valence-band electron with a given
momentum and z-component of spin corresponds to the creation of a hole with the
opposite momentum and z-component of spin. Similarly the hole annihilation operator is
given by
,− SZ

= a v† S Z .

(A.5)

k
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The hole operator also obeys anticommutation relationships. We have
= 1 − b−†

,− SZ
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,− SZ

,

(A.6)

so that the probability of finding a particular valence-band electron becomes
= 1 − b−†

,− SZ

b−

k

SZ

k

k

k

av† S Z a v

,− SZ

,

(A.7)

where the brackets ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ denotes an expectation (or quantum mechanics average) value.
As expected, the probability of finding a valence electron is one minus the probability of
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finding a hole. In the electron-hole representation, the term elelctrons refer to conductionband electrons and the term holes refer to valence-band holes. The electron annihilation
and creation operator are
and a †S Z = ac† S Z .

SZ

(A.8)

k

= ac

k

SZ

k

k

a

The Fock representation allows one to formulate the operators of the system (such as the
system Hamiltonian) in terms of creation and annihilation operators. The lengthy
derivation for these rules can be found in various quantum mechanics textbook or some
works on many-particle physics. We give here only the rules on how the one-particle
∧

N ∧

operator A 1 = ∑ a 1 (n) , which depends on the coordinates of only one particle, and twon =1

∧

N ∧

particle operator A 2 = ∑ a 2 (m, n) , which depends on the coordinates of only two
m< n

particles, have to be rewritten as:
∧

∧

r

r

∧ †
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∧
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(A.9)
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(A.10)

where i, j, k and l are floppy indices to express a group of indices ( λ k Sz), the upper
index (1) and (2) in the matrix element of the two-particle operator indicates the pairs of
wave functions which have the same coordinates when integrating in position
representation.

A.2. Expectation Value
To compute expectation value for an N-particle system, we need to take quantum
mechanical average and statistical ensemble average into account. For the former, we
need choose a basis set. Usually a convenient basis is one made of the eigenstates of
electron number operator and hole number operator. These are the products
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(A.11)

Any state of the semiconductor system can be expanded by the above basis

ψ = ∑ c{n } {ni } ,
{ni }

(A.12)

i

where the summation is over all permutations of ni’s and c{ni } = {ni } ψ is the probability
amplitude of finding the semiconductor in the eigenstate {ni } . If we know the state
vector for the semiconductor, which is a pure state, then the expectation value of an
operator O is
O = ψ Oψ .

(A.13)

If the state of the semiconductor is a mixture state, then the expectation value is
O = ∑ Pj ψ j O ψ j = tr ( ρO ) ,

(A.14)

j

where Pj is the probability that the semiconductor is described by the pure state ψ j
and ρ is the density operator (also called the statistical operator)

ρ = ∑ Pj ψ j ψ j .

(A.15)

j

This statistical operator is useful for describing semiconductor lasers because collisions,
recombination, and randomness (incoherence) in the pumping process creating the
inversion prohibit a precise knowledge of the state vector of the system. The diagonal
matrix element of ρ
{ni } ρ {ni } = ∑ Pj {ni } ψ j ψ j {ni } = ∑ Pj c{ni } ,
2

j

(A.16)

j

Give the probability of finding the system in the eigenstate {ni } . The off-diagonal
elements of the statistical operator

{ni } ρ {n j } = ∑ Pl {ni } ψ l ψ l {n j } = ∑ Pl c{ni }c{*n j } ,
l

l

(A.17)
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contain information concerning the relative phases (coherence) between probability
amplitudes.
The statistical average over possible state vectors tends to destroy the coherence in
the system, so that whenever collisions or pump effects dominate, we are likely to have a
diagonal statistical operator. In the semiconductor lasers, the rapid intraband collisions
usually dominate the dynamics within each band. These collisions tend to drive the
carrier distributions into quasi-equilibrium distributions. As a result, the electron and hole
statistical operators are often to a very good approximation
∧

ρ=

∧

exp[− β ( H − µ N )]
∧

∧

tr exp[− β ( H − µ N )]

where β = 1

∧

KT

,

(A.18)

∧

, µ , H and N are the chemical potential, the Hamiltonian and the

particle number operator of the system. This equation defines the statistical operator for
a grand-canonical ensemble with a variable number of particles.
In the Heisenberg picture, the operator of a physical observable, O(t ) , defined by

O(t ) = exp(iHt / h)O exp(−iHt / h) ,

(A.19)

obeys the equation of motion
ih

d
O(t ) = [O(t ), H ] ,
dt

(A.20)

where H is the total Hamiltonian. In the Schrödinger picture, the equation of motion of
the density operator, namely statistical operator, obeys the equation
ih

d
ρ = −[ ρ , H ] .
dt

(A.21)

The medium equations of motion are usually involved in the framework of semiclassical
laser theory. They are from the Heisenberg equation of motion and consist of coupled
differential equations.
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APPENDIX B

SEMICONDUCTOR BLOCH EQUATIONS
The density matrix theory, like any quantum-mechanical theory, is independent of a
particular representation. So for convenience we choose the electron-hole representation
with multi-subband. Because we are treating a many-body system where the number of
electrons, holes and phonons is not conserved, it is convenient to use the language of
second quantization. Here, in space representation, the electronic system is described by
field creation and annihilation operators ψ † (r ) and ψ (r ) . Using the mode representation
for multi-subband model in the electron-hole picture, the annihilation operator can be
expanded according to

ψ (r ) = ∑ e ikρφie,k ( z )u e (r )c ki + ∑ e ikρφ jh,k ( z )u h (r )d -jk ,
†

i ,k

(B.1)

j ,k

where c ki ( d kj ) denotes the annihilation of an electron (hole) in state i (conduction
†

†

subband index), k (j (valence subband index), k), c ki ( d -jk ) are the corresponding
creation operators. u e / h (r ) are lattice-periodic Bloch functions of conduction/valence
e/h

band. φi ,k ( z ) denote the electron/hole envelope functions in the confined direction of the
quantum well. All the single energies and wavefunctions are employed to set up the
semiconductor Bloch equations here will be calculated with k·p theory in the next section.
The absorption of light in the semiconductor excites an electron from a valence band into
a conduction band. Thereby it creates a positively charged hole in the valence band and
an electron in the conduction band. In second quantization, this process is represented by
†

the product of a creation operator for an electron in momentum state k and subband i, c ki ,
†

and that of a creation operator for a hole in momentum state –k and subband j, d -jk .
Here, we employ the dipole approximation where the momentum of the photon is
neglected. The statistical average of this operator pair is the microscopic polarization,
*

†

Pkji = cki d -jk

†

. The electron-hole recombination is described by the statistical average
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of the product of an annihilation operator for an electron and a hole, Pkji = d -jk cki . The
†

occupation probability for electron in state (i, k) is f ke, i = c ki c ki , and for hole,
†

f kh , j = d kj d kj . The values of these functions vary between 0 and 1 since electrons and

holes are fermions.
In order to calculate the macroscopic polarization, we use the Heisenberg equations
for the electron-hole creation and annihilation operators. From these we obtain the
equation of motion for the single-particle density matrix
1 − f

Pkji 
,
f ke, i 

h, j

k
ρ k = 
ji *
 Pk

(B.2)

The diagonal elements are the distribution function of electron on conduction subband i
and valence subband j. The off-diagonal elements are the interband microscopic
polarization. To obtain the equations of motion for the density matrix elements, here we
give the general form of the Hamiltonian of the system H:
H = ∑ ε ke,i cki †cki + ∑ ε kh, j d kj † d kj + ∑ hωq bq†bq
i ,k

j ,k

(

q

− ∑ µ kij c ki † d -jk† E + (t ) + µ kij d -jk c ki E − (t )
ij , k

*
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d kj1 † bq d kj-2q + g qj2 j1 d kj-2q† bq† d kj1 .

(B.3)
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In the above equation, the first line contains the kinetic energies of electrons and holes in
the quantum well and the phonon modes. The second line is the dipole interaction
between carriers and the light field E (t ) = E + (t ) + E − (t ) = E0 (t )eiω Lt + E0 (t )e − iωLt for
which the rotating wave approximation is used. ωL is the central frequency of the light.
The third line describes the Coulomb interaction of electrons in the conduction band and
holes in the valence band. The fifth line is the Coulomb interaction between electrons and
holes. The last two lines are the interaction between phonons and electrons (holes). ε ki
and ε kj are single electron and hole subband energies. hωq are the phonon energies. bq† /
bq are phonon creation/annihilation operators at momentum state q. µ kij are dipole matrix

elements. Vq are the Coulomb matrix elements of the multi-band quantum well. g q are
electron-phonon interaction potential. For the electron-phonon interaction in direct
semiconductors, it is usually sufficient to take into account just the Fröhlich interaction
with one dispersionless branch of longitudinal optical phonons ( hωq = hω0 for all q). The
derivation of each term in H can be found in Ref [61].
Using the Heisenberg equation
ih

d
O(t ) = [O(t ), H ] ,
dt

(B.4)
†

the equations of motion of the operator pair d -jk cki , cki cki , and

†

d kj d kj are derived

respectively. The derivation requires simple but lengthy operator algebra to reduce the
commutators in the Heisenberg equations (see Ref [61, 62] for the details of the
derivation.). Upon taking the statistical average, one obtains a set of coupled equations of
motion for the interband microscopic polarization and the carrier populations. The
Hamiltonian of the Coulomb interaction is a two-particle operator and its inclusion leads
to the hierarchy problem [59, 61]. The Coulomb interaction to the semiconductor Bloch
equations is described by statistical average values of containing four carrier Bloch
operators. Without further approximation, there is no closed equation for the singleparticle density matrix elements, since the equation of motion for an expectation value
with n carrier Bloch operators contains expectation values of n+2 carrier Bloch operators.

162

In order to approximately deal with this many-body hierarchy, we have to use suitable
truncation procedures. We separate the equations of motion into the Hartree-Fock and
correlation (or collision) parts.
∂
∂
A =
A
∂t
∂t

HF

+

∂
A
∂t

corr

,

(B.5)

where A denotes any combination of creation and annihilation operations. In the HartreeFock (mean-field, first-order) approximation, the carriers are treated as independent
particles and a factorization of the expectation values of four carrier Bloch operators in
the equation of motion for the single-particle density-matrix elements is [62],
aki11† aki22† aki33 aki44 ≈ aki11† aki44 aki22† aki33 δ k1 ,k 4 δ k2 ,k3 − aki11† aki33 aki22† aki44 δ k1 ,k3 δ k 2 ,k4 .

(B.6)

The physical effects involved in the Hartree-Fock approximation are excitons and band
renormalization of the energies of the subbands. The correlation terms are simply defined
as the difference between the full and the Hartree-Fock terms so that the decomposition is
formally exact, comprising all higher order correlations due to the electron-electron
Coulomb interaction and electron-phonon interactions. The second-order approximation
can explain the screening of the Coulomb interaction and the dephasing of the
polarization, i.e. the decay of the polarization, due to electron-electron scattering and
electron-phonon scattering. The third-order approximation explains the collisional
broadening [62].
In order to obtain a closed set of equations one has to truncate this many-body
hierarchy at some level. The simplest consistent approximation is treating the incoherent
processes that lead to the dephasing of the macroscopic polarization and the carrier
dynamics, electron-electron and electron-phonon scattering, on the level of quantumkinetic theory in second Born approximation [61] and the Markov approximation (where
one ignores coulombic memory effects in the collision term [59, 61, 62]). Under these
approximations, for the Hamiltonian given by Equation (B.3) the semiconductor Bloch
equations are given by Hader et al [63]
 d
d ij 1 
Pk = ∑ Ε hjj′,k δ ii′ + Εiei′,k δ jj′ Pkj′i′ + 1 − f ke, i − f kh , j U ij ,k  + Pkij
dt
ih  i′j ′
 dt

(

)

(

)

corr

, (B.7)
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where
Εiei′,k ≡ ε ke,i δ ii′ − ∑ Vkii-′q′i′i′′ f qe, i′′ ,

(B.8)

Ε hjj′,k ≡ ε kh,iδ jj′ − ∑ Vkj-′qj′′jj′′ f qh, j′′ ,

(B.9)
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φn ( z ′)φn ( z ) ,
3

(B.14)

4

here i, i′, i′′( j , j ′, j ′′) are subband (SB) indices for electrons (holes) and n runs over all
electron and hole SBs. k , k ′, q are quantum well in-plane wavevectors. ε ke,i (ε kh, j ) express
the single particle (electron in the ith SB or hole in the jth SB) energies. µ kij are the
interband dipole matrix elements. f ke, i

(f )
h, j
k

are the electron (hole) distribution

functions. In Equations (B.7)~(B.10), V denote the Coulomb matrix elements, E are the
~
renormalized energies and U is the renormalized field. V are the screened Coulomb
is calculated by using the static Lindhard formula [61].
occupation

[

number

and

]

energy.

For

the

n

matrix elements and g are the electron-phonon coupling matrix elements. The Screening
q

and hωq denote the phonon

energy

conserving

function

D( x ) = 2 Re x /( x 2 + iη 2 ) we use η = 0.1Ry [62] where Ry is the excitonic Rydberg

energy.
The correlation term in Equation (B.7) represents the microscopic electron-electron
and electron-phonon scattering which are responsible for the dephasing of the
macroscopic polarization. It results in the correct lineshapes as well as the correct density
dependence of the amplitude and spectral positions.
Here we are not interested in discussing the equations of motion of f ke, i

( f ) in the
h, j
k

general case. We try to restrict the most general form of the equations of motion of f ke, i

( f ) to two special cases. The first one is the quasi-Fermi-Dirac distribution. When the
h, j
k

gain/absorption and corresponding PL spectra are calculated, the optical probe pulse is
assumed very weak such that the created population is small and causes negligible
changes in the carrier distributions. Thus, the carriers can be assumed to be in quasi-
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equilibrium,

d e(h), i ( j )
fk
= 0 , and the distribution functions are still Fermi-Dirac functions.
dt

The second one is completely incoherent carrier dynamics, Pkij =0 as in the absence of a
light field. In this case, the equations of motion of f ke, i

( f ) given below [63] are
h, j
k

generalized quantum-Bolzmann equations, which are usually used to calculate the carrier
capture by quantum well,
d e(h), i ( j ) d e(h), i ( j )
fk
=
fk
dt
dt
d e, i
fk
dt

ee

=

ee

+

(

d e(h), i ( j )
fk
dt

ep
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i1, q

The equations for the hole distribution functions f kh , j are completely analogous.
The single particle energies and wavefunction used to set up the semiconductor Bloch
equations (creation and annihilation operator, matrix elements) are calculated with k·p
theory. In Appendix C, we will introduce the fully coupled 8 × 8 k·p model for (strained)
quantum well, which is the most realistic description available for the band-structure
effects of zinc-blend III-V compound semiconductor quantum wells in the relevant k
range [64].
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APPENDIX C

k·p THEORY FOR STRAINED QUANTUM WELL
In this appendix we follow Chang [65] to give the framework for 8 × 8 k·p theory of
III-V compound semiconductor strained quantum well with zinc-blende structure. This
theory is considered to be the most realistic description available for the band-structure
effects of zinc-blend III-V compound semiconductor quantum wells in the relevant k
range. To obtain an 8 × 8 k·p theory of III-V compound semiconductor strained quantum
well, we first give the 8 × 8 k·p theory of III-V compound bulk semiconductor (from the
Kane’s model to the Luttinger-Kohn’s model). Next, we introduce the strain effect to
bulk semiconductor by adding the Pikus-Bir Hamiltonian [65], and finally, under the
envelope-function approximation [59], give the 8 × 8 k·p theory of III-V compound
semiconductor strained quantum well with zinc-blende structure. More details of k·p
theory can be found in Ref [65, 66, 59].
Kane’s Model for Band Structure: the k·p theory with the Spin-Orbit Interaction

The III-V compound bulk semiconductors are crystal with zinc-blende structure. As
an typical example, the diagram of the band structure of GaAs at the first Brillouin zone
is shown in Figure C.1. The band structure we are interested in is Γ6(CB), Γ7(SO) and
Γ8(hh and lh) around Γ-point. For an electron in a periodic potential V (r ) = V (r + R) ,
where R = n1a1 + n2 a 2 + n3a3 , and a1 , a 2 , a3 are the lattice vectors and n1 , n2 , n3 are
integers. The single electron wavefunction satisfies the Schrödinger equation

k

p

k

k

k

 h2 2

h
(σ × ∇V ) ⋅ φ n (r ) = E n ( )φ n (r ) ,
Hφ n (r ) = −
∇ + V (r ) +
2 2
4m0 c
 2m0


(C.1)

where n is band index, k is the wave vector of electron, the third tern in Hamiltonian is
the spin-orbit interaction and σ is the Pauli spin matrix (vector).
The Bloch theorem requires that the general solution of the above equation be
k

k

k

φ n ( r ) = e i ⋅r u n ( r ) ,

(C.2)
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(a)

(b)

FIGURE C.1. Diagram of the band structure in the vicinity of the Γ-point (energy band
gap) of bulk GaAs (zinc-blende structure): (a) throughout the first Brillouin zone, (b) a
magnified view near the zone center (After Ref [67]).

where
(C.3)

k

k

u n ( r ) = u n (r + R) ,

is a periodic function. Inserting Equation (C.2) into (C.1) gives
h
(∇V ×
4m02 c 2

k

k


h 2k 2 
=  En ( ) −
u n (r ) ,
2m0 


)⋅ σ +


h2
(σ × ∇V ) ⋅ u n (r )
2 2
4m0 c

k

+

k

⋅

p

p
k

 h2 2
h
∇ + V (r ) +
−
m0
 2m0

(C.4)

which is the starting point for the k·p theory. The last term on the left-hand side is a k-

k

dependent spin-orbit interaction, which is small compared to the other terms because the
crystal momentum h is very small compared with the atomic momentum p in the far
interior of the atom where most of the spin-orbit interaction occurs. So the Equation
reduces to
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h 2k 2 
( r ) =  En ( ) −
un (r ) , (C.5)
2m0 

k



) ⋅ σ u n

k

h
(∇V ×
4m02 c 2

k

⋅ +

p

p
k

 h2 2
h
∇ + V (r ) +
−
m0
 2m0

k

which is the Kane’s model for band structure.
= 0 and we ignore the spin-orbit interaction, the above equation reduces to

If

H 0un 0 (r ) = En (0)un 0 (r ) ,

(C.6a)

h2 2
H0 = −
∇ + V (r ) .
2m0

(C.6b)

The band-edge wavefunction un 0 (r ) can be given by the group theory of zinc-blende
crystals:
Conduction band: S ↑ , S ↓ with corresponding eigenergy Es.
Valence band:

X − iY
X − iY
X + iY
X + iY
↑ ,
↓ , −
↑ , −
↓ , Z↑ , Z↓
2
2
2
2

k

with corresponding eigenenergy Ep.
= 0 consists of an s-like state and the valence band states

at

k

The conduction band state at

= 0 are made up of three degenerate p-like states. Since the un 0 (r ) form a complete
k

set, the lattice periodic function un (r ) can be expressed in terms of the function un′ 0 (r )
8

u n ( r ) = ∑ a nn′ u n ′ 0 ( r ) .
k

(C.7)

n′ =1

It is convenient to order the orthogonal basis functions in following
iS ↓ ,

X − iY
X + iY
X + iY
X − iY
↑ , Z↓ , −
↑ , iS ↑ , −
↓ , Z↑ ,
↓ .
2
2
2
2

Inserting Equation (2.39) into (2.38) gives

or

k

H′





) ⋅ σ  ∑ a n′ u n′ 0 ( r ) =  E n (


n′

H ′∑ an′un′ 0 (r ) = En′ ( )∑ an′un′ 0 (r ) .
n′

Form Equation (C.8) we have

n′
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(C.8)
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∑H′
n′

nn ′

k

8

a n′ = E n′ ( )a n , (n=1, 2, 3, …,8),

(C.9)

where H n′n′ = u n′ 0 (r ) H ′ u n′ 0 (r ) . So the 8 × 8 interaction matrix is

H
H′ = 
0

0
 Es

∆
 0 Ep −
3

0
2∆
 , and H = 
H
kP
3

0
0


kP
2∆
3
Ep

0



0 

 ,
0 
∆
Ep + 
3

0

(C.10)

and the Kane’s parameter P and the spin-orbit split-off energy ∆ are defined as
3hi
∂V
∂V
h2
px Y .
py −
X
P ≡ −i
S p z Z and ∆ ≡
2 2
∂x
4m0 c
∂y
m0
Defining the reference energy such that Es = E g and E p = −
kP

2∆
3
∆
3
0

∆
simplifies the matrix H
3

0

0
 .

0

0

(C.12)
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Eg

 0 − 2∆
3
H =

2∆
 kP
3

0
0


(C.11)

k

Solving Equation (C.9), we obtain un (r ) and En ( )
Conduction band

k

h 2 k 2 k 2 P (3E g + 2∆ )
h 2k 2
Ec ( ) = E g +
+
= Eg +
2m0
3 E g (E g + ∆ )
2me*

φc ,α = iS ↓
φc , β = iS ↑
Valence band
Heavy hole

(C.13)
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k

h 2k 2
h 2k 2
≡− *
2m0
2m hh

Ehh ( ) =

1

φ hh ,α = −

2

1

φ hh , β =

( X + iY ) ↑

( X − iY ) ↓

2

≡

≡

3 3
,
2 2

3 3
,−
2 2

(C.14)

Light hole

k

h 2 k 2 2k 2 P 2
h 2k 2
Elh ( ) =
−
≡−
2m0
2Eg
2m*lh

φlh ,α =

[ ( X − iY ) ↑
6

1

[ ( X + iY ) ↓
6

1

φlh , β = −

]

+2Z ↓ ≡

]

3 1
,−
2 2

+2Z ↑ ≡

3 1
,
2 2

(C.15)

Spin-orbit split-off band

k

ESO ( ) = −∆ +

k 2P2
h 2k 2
h 2k 2
+
≡ −∆ −
*
2m0 3(E g + ∆ )
2mSO

[ ( X − iY ) ↑
3

− Z↓ ≡

[ ( X + iY ) ↓
3

+ Z↑ ≡

φ SO ,α =

1

φ SO , β =

1

]

1 1
,−
2 2

]

1 1
,
2 2

(C.16)

Luttinger-Kohn’s Model: the k·p theory for Degenerate Bands

The Kane’s model is a first-order perturbation theory. For the narrow band-gap zincblende bulk semiconductor, where the other bands are far from Γ6~ Γ7 (see Figure 2.3),
above eight bands are strongly coupled together and higher order perturbation is needed.
Based on the Löwdin’s perturbation method [65, 66], the Luttinger-Kohn’s model
reaches the second-order perturbation and achieves more accurate results. For zincblende bulk semiconductor we consider these eight bands solved in the Kane’s model

171

(Equation (C.13)~(C.16)) and listed in Table C.1 as the basis ( un 0 (r ) and En) of the
Luttinger-Kohn’s model. The starting point is still Equation (2.36) and it is rewritten as.

p
k

p

h
m0

)⋅ σ +

⋅[ +


h
(σ × ∇V )]u n (r )
2
4m0 c

k

 h2 2
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4
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c
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k
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and the third term in H is the perturbation term

]=

h
m0

Π

h
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H(

k

The basis un′ 0 (r ) is given by Equation (C.8)
= 0)u n′ 0 (r ) = H ′u n′ 0 (r )


) ⋅ σ u n′ 0 (r ) = E n′′ (

k

p

 h2 2
h
(∇V ×
= −
∇ + V (r ) +
4m02 c 2
 2m0

= 0)u n′ 0 (r )



k

With the Löwdin’s perturbation method, we expand un (r ) by un 0 (r ) in class A

( j ∈ A) and B (γ ∈ B ) , which form a orthogonal and complete set,
A

B

j′

γ

u n (r ) = ∑ a nj′ u j′ 0 (r ) + ∑ a nγ u γ 0 (r ) ,
k

(C.20)

where class A consists of eight strong coupled states listed in Table 2.1.
AU B
n′

nn′

k

∑ [H

k

The eigenequation

− E ( )δ nn′ ]a n′ ( ) = 0 (here we drop the band index n for

comvenience) is rewritten as

k

) − H mm ]am ( ) = ∑ H mn an ( ) + ∑ H mγ aγ ( ) ,
A
n

or

k
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[E (

B

γ ≠m
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TABLE C.1. Lattice-symmetric functions un 0 (r ) , which are the basis of the irreducible
representations Γ6 , Γ7 ,and Γ8 of the Γ-point double group in the zinc-blende structure.
They have the symmetry of angular momentum eigenstates j , m, ( j1 = l , j2 = s ) . The
conduction band (CB) states possesses Γ6 , heavy-(hh) and light-hole (lh) Γ8 , and split-off
(SO) hole Γ7 symmetry. (After Ref [64])
Representation

Bands

Γ6

CB

Γ7

Γ8

SO

Angular momentum eigenstates
1 2,1 2(0,1 2)

S↑

1 2, − 1 2(0,1 2)

S↓
−

1 2, − 1 2(1,1 2)

−

3 2, 3 2(1,1 2)

−

hh

3 2,1 2(1,1 2)

6
1
6

[ ( X + iY ) ↓ − 2 Z ↑ ]
[ ( X − iY ) ↑ + 2 Z ↓ ]

k

k

k

n

( X − iY ) ↑

B
H mγ
H mn
an ( ) + ∑
aγ ( ) ,
E ( ) − H mm
γ ≠ m E ( ) − H mm

k

k

A

1
( X + iY ) ↑
2

2
1

3 2, − 1 2(1,1 2)

am ( ) = ∑

3
1

1

3 2, − 3 2(1,1 2)

lh

[ ( X + iY ) ↓ + Z ↑ ]
[ ( X − iY ) ↑ − Z ↓ ]
3

1

1 2,1 2(1,1 2)

(C.21)

k

where the first sum on the right-hand side is over the states in class A only, while the
second sum is over the states in class B. Since we are interested in the coefficients am ( )
for m in class A, we eliminate those in class B by an iteration procedure and obtain

and

k

n

A
U mn
− H mnδ mn
an ( ) ,
E ( ) − H mm

k

k

A

am ( ) = ∑

(C.22)
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≠ m ,n

E ( ) − H γγ

+

B

∑ (E (
β γ

) − H γγ )(E ( ) − H ββ )

+ ⋅⋅⋅ .

(C.23)

k

, ≠ m ,n
β ≠γ

H mγ H γβ H βn

k

H mγ H γn

k

B

∑
γ

k

A
= H mn +
U mn

Or, equivalently, we solve the eigenvalue problems for an ( ) , ( n ∈ A ):

k

A
mn

k

∑ (U
A

)

− E ( )δ mn an ( ) = 0 ,

(m ∈ A)

(C.24)

n

k

k

Here we just take the first two terms on the right-hand side in Equation (C.23)
~ ~
B
B
H mγ H γn
H mγ H γn
A
U mn = H mn + ∑
,
=H mn + ∑
γ ≠ m , n E ( ) − H γγ
γ ≠ m , n E ( ) − H γγ

h 2k 2
H mn = u m 0 (r ) H u n 0 (r ) =  E m′ (0) +
2m0


=0 for m, m′ ∈ A and

Π

k

mm′

⋅

uγ 0 (r ) ≅ ∑
α

Π

where

Π

h
~
~
H mγ = um 0 (r ) H uγ 0 (r ) = um 0 (r )
m0


δ mn ,


(m, n ∈ A)

(C.25a)

(C.25b)

hkα α
pm , (m ∈ A, γ ∈ B) . (C.25c)
m0 γ

≈ pmα γ for m ∈ A and γ ∈ B , α = x, y, z . Since

α

mγ

~
m ≠ γ , H mγ = H mγ . We thus obtain the Luttinger-Kohn Hamiltonian matrix elements
LK
A
H mn
defined as U mn
A
LK
αβ
H mn
≡ U mn
= Em′ (0)δ mn + ∑ Dmn
kα kβ ,

(C.26)

α ,β

αβ
where the coefficient Dmn
are defined as
αβ

Dmn

B pα p β + p β pα 
h2 
mγ γn
mγ γn
≡
.
δ mnδ αβ + ∑
2m0 
γ ≠ m E (0) − E γ′ (0) 


(C.27)

Thus the explicit 8 × 8 Luttinger-Kohn Hamiltonian H LK can be calculated and given by
αβ
. Luttinger introduced
Cardona et al [68, 64]. Actually, we do not have to calculate Dmn

three material-dependent parameters γ 1 , γ 2 , γ 3 , called the Luttinger parameters, which give
αβ
. Once the Luttinger-Kohn Hamiltonian is given, we can solve the following
all of Dmn

eigenequation to obtain band structure and single particle wavefunction by
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)

− E ( )δ mn a n ( ) = 0
k

k

φn ( r ) = e i

⋅r

8

∑a

nj

(C.28)

u j 0 (r )

k

j

k

En (

k

n =1

LK
mn

k

∑ (H
8

) = En ( )

Strained Semiconductor and the Pikus-Bir Hamiltonian
If the stain is introduced into the bulk semiconductor material, according to the
deformation potential theory, the Pikus-Bir Hamiltonian H ε [69, 66, 65] will add to the
Luttinger-Kohn Hamiltonian H LK . For a single electron in strained zinc-blende
semiconductor, The 8 × 8 Luttinger-Kohn Hamiltonian with uniform strain H εLK is
H εLK = H LK + H ε .

(C.29)

The matrix element of the Pikus-Bir Hamiltonian H ε is

(H ε )mn =

αβ
um 0 (r ) H ε u n 0 (r ) = ∑ Dˆ mn
ε αβ .

(C.30)

α ,β

1 α β ∂V
Dˆ αβ ≡ −
p p +
∂ε αβ
m0

(C.31)
ε αβ →0

αβ
where ε αβ is the component of the symmetric second-rand strain tensor. Actually D̂mn
is

given by the material deformation potentials and the strain tensor [65]. After replacing
H LK in Equation (C.28) with H εLK in Equation (C.29), we solve Equation (C.28)
LK

mn

n =1

⋅r

8

∑a
j

nj

u j 0 (r )

k

k

En (

− E ( )δ mn a n ( ) = 0

k

k

φn ( r ) = e i

]

k

k

∑ [(H ε )
8

) = En ( )

to find the band structure of strain zinc-blende semiconductor.

(C.28)'
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8 × 8 k·p theory of III-V Compound Semiconductor Strained Quantum Well
In the semiconductor heterostructure, the band offset between different layers is
introduced. For the quantum well, a confinement potential forms a 1-dimentional well,
Vcon. So in the Schrödinger equation, the total potential is the sum of the periodic crystal
potential and the confinement potential. To solve the Schrödinger equation for a single
electron in the quantum well heterostruction, the envelope-function approximation is
employed. Supposing the epitaxial growth direction is along the z axis, the wavefunction
is expressed as
A

φ QW = ∑ ξ mn (k x , k y , z )e
m ,k

n

i( k x x + k y y )

B

u n ,0 (r ) + ∑ ξ mγ (k x , k y , z )e

i( k x x + k y y )

γ

uγ ,0 (r ) ,

(C.32)

where un ,0 (r ) ∈ A (n =1, 2, 3,…8) are used in the Luttinger-Kohn’s model and listed in
Table 2.1, uγ ,0 (r ) ∈ B , and ξ mn (k x , k y , z ) are envelope functions. Repeating the
mathematical treatment in the Luttinger-Kohn’s model and considering the strain in the
quantum well, we obtained similar eigenequation as Equation (C.28)'.
ξ1 (k x , k y , z ) 
ξ1 (k x , k y , z ) 




ξ 2 (k x , k y , z )
ξ 2 (k x , k y , z )
ξ (k , k , z ) 
ξ (k , k , z ) 
 3 x y 
 3 x y 
ξ 4 (k x , k y , z )
 LK 
 ξ 4 (k x , k y , z )
∂ 
I
E
H
k
k
k
V
=
=
−
+
,
,
i
,





x
y
z
com 
 ε
∂z 

ξ 5 (k x , k y , z ) 

 ξ 5 (k x , k y , z ) 
ξ (k , k , z ) 
ξ (k , k , z ) 
 6 x y 
 6 x y 
ξ 7 (k x , k y , z )
ξ 7 (k x , k y , z )




ξ8 (k x , k y , z ) 
ξ8 (k x , k y , z ) 

(C.33)

∂ 

where the Luttinger-Kohn’s Hamiltonian with strain H εLK  k x , k y , k z = −i  keeps the
∂z 

same form as in Equation (2.61) except that k z is replaced by − i

∂
. However, we cannot
∂z

simply separate the solution to the quantum well confinement part and a free plane wave
in quantum well plane. The reason for this is that there are some off-diagnal matrix
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∂ 
∂

elements in H εLK  k x , k y , k z = −i  which consist of nonlinear term of − i
. After
∂z 
∂z

solving this 8 × 8 k·p model of strained quantum well, i.e. Equation (C.33), we obtain
the band structure and single electron wavefunctions of the strained quantum well. We
can calculate all of matrix elements in the semiconductor Bloch equations. Solving them
gives the macroscopic optical properties of the semiconductor medium (see section 2.2.5).
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APPENDIX D

RIGROD ANALYSIS OF THE VECSEL PERFORMANCE
D.1 Rigrod Analysis
Rigrod analysis [76] is used to calculate the output power of the VECSEL. Figure B.1
shows the schematic diagram of the VECSEL. The gain medium is between interface a,
DBR/MQW, and interface b, semiconductor/air. The semiconductor quantum well is
usually considered to be a homogeneously broadened medium and saturated gain is.

γ0
1 dI
.
=
I dz 1 + I / I s

(D.1)

where I s is saturation intensity and γ 0 is the small signal gain coefficient. In the active
region, the small signal gain coefficient ( γ 0 ) is a function of z,

γ 0 = gΓi (Inside the ith quantum well),
γ0= 0

(Outside the quantum well),

where g is quantum well gain and Γi is the relative confinement factor for the ith
quantum well. Within the active region, the rate of change of the forward intensity ( I + )
and reverse intensity ( I − ) with z is given by
γ0
1 dI +
1 dI − .
=
=
−
I + dz 1 + ( I + + I − ) / I s
I − dz

(D.2)

where the minus sign acknowledges the fact that the reverse wave is amplified as it
propagates in the negative z direction. We normalize the intensities to the saturation
intensity I s ,
f ≡

−
I+
and r ≡ I .
Is
Is

(D.3)

Thus Equation (D.1) becomes
γ0
1 df
1 dr
.
=
=−
f dz 1 + f + r
r dz

(D.4)
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MQW
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b

Z

FIGURE D.1. Schematic diagram of the VECSEL cavity.

Equation (D.4) gives a very important relationship between f and r ,
f ⋅ r = k 2 = Unknown positive constant.

(D.5)

This unknown constant can be evaluated from the boundary conditions at interface a and
b. At interface a, the boundary condition is
f (a ) = R1 r (a ) .

(D.6)

where the a in parentheses refer to the interface a and R1 is the radiant reflectance of
DBR at the laser wavelength. The boundary condition at interface b is complicated since
the superposition of the multiple bounces of laser field between the surface of the
VECSEL chip and the output coupler is introduced. The linewidth of the continuous
wave VECSEL TEM00 mode is usually much larger than 1 Å [27, 30] thus its coherence
length ( l c = λ

2

∆λ

) is far less than 1 cm for λ ~1 µm. The external cavity is usually 5~10

cm in length, which is much longer than the coherence length of VECSEL; the
superposition of intensity (instead of amplitude), therefore, is taken into account to find
the boundary condition at interface b.
r (b) = f (b) Rb+ + f (b)Tb+ R2Tb− + f (b)Tb+ R2 Rb− R2Tb− + f (b)Tb+ R2 Rb− R2 Rb− R2Tb− + L
= f (b)[ Rb+ +

= Rb′ f (b) ,

Tb+ Tb− R2
]
1 − Rb− R2

(D.7)
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Where Rb′ ≡ [ Rb+ +

Tb+ Tb− R2
+
] , Rb is the specular reflectance at interface b if the incident
−
1 − Rb R2

medium is semiconductor; Rb− is the specular reflectance at interface b if incident
medium is air; Tb+ and Tb− are the specular transmittance at interface b along +z and -z,
and R2 is the power reflectivity of the external cavity mirror.
Substituting r = k

for the left side of Equation (D.4) and integrating between

2

f

interface a and b obtains
ln[

f (b )
1
1
] + [ f ( b ) − f ( a )] + k 2 [
−
]
f (a )
f (a )
f (b )
= gd

N

w

∑Γ
i =1

i

= gd w N Γ r

(D.8)

if all of Γi are the same and equal to Γr , where N is the number of quantum wells and
d w is the thickness of quantum well. From Equation (D.5), (D.6) and (D.7),
k 2 = f (a )r (a ) = f (b)r (b) =

f 2 (a)
= Rb′ f 2 (b) .
R1

(D.9)

Putting k 2 = Rb′ f 2 (b) and f (a) = R1Rb′ f (b) into Equation (D.8) gives
1
1
gΓr N w d w − ln(
)
2 R1 Rb′ .
I (b)
= f (b) =
Is
Rb′
(1 − R1 Rb′ )(1 +
)
R1
+

(D.10)

Thus the VECSEL output power is given by
+
+
−
−
I output = I + (b)Tb+ T2 + I + (b)Tb+ R2 Rb− T2 + I (b)Tb R2 Rb R2 Rb T2 + L

=

=

I + (b)Tb+ T2
1 − Rb− R2
+
b

T T2
1 − Rb− R2

1
1
gΓr N w d w − ln(
)
2 R1 Rb′
Is ,
Rb′
(1 − R1 Rb′ )(1 +
)
R1

(D.11)
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where T2 =(1- R2 ) is the transmittance of output coupler mirror. From Equation (D.12),
1
1
the threshold is determined by gΓr N w d w − ln(
) =0 and the slope efficiency is
2 R1 Rb′

proportional to the factor, SE,
SE ≡

Tb+ T2
1 − Rb− R2

Γr
(1 − R1 Rb′ )(1 +

Rb′
)
R1

,

(D.12)

which is the primary result of this section.

D.2 Scattering Loss on the chip surface (Interface b)
Since wet chemical etching is employed to remove the substrate, there is a residual
roughness left on the surface of the VECSEL chip after the substrate removal. After the
substrate removal, a peak to valley height of less than 40 nm (or the rms roughness below
4 nm) is achieved in an area of 0.5 mm × 0.5 mm on the surface of VECSEL chip. This
surface roughness causes scattering loss (i.e. diffraction loss) since a rough surface
profile results in a phase aberration.
For a single interface, if the laser beam is normally incident on the interface, the
radiant specular reflectance and specular transmittance of the interface is given by [129,
130]
Rs ≅ R0 [1 − (
Ts ≅ T0 − T0 [

4πn1σ

λ

)2 ] ,

2π (n1 − n 2 )σ

λ

= (1 − R0 ){1 − [

(D.13)
]2

2π (n1 − n2 )σ

λ

]2 } ,

(D.14)

where n1 is the index of refraction in incident medium, n 2 is the index of refraction in
transmitted medium, T0 (=1- R0 ) is the radiant transmittance of the interface in the
absence of roughness,

R0 (= [

n1 − n2 2
] ) is the radiant reflectance of the interface in the
n1 + n2
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absence of roughness, σ is the rms roughness of the interface, and λ is the vacuum
wavelength.
For multilayer coating with completely correlated (identically rough) surfaces,
Equations (D.13) and (D.14) still hold for the specular reflectance and transmittance of
multiple layers, but the meaning of R0 and T0 changes to reflectance and transmittance
of multiple layer structure in the absence of roughness [129,130]. In this way,
Rb− = R0 [1 − (
Rb+ = R0 [1 − (

4πσ

λ

)2 ]

4πnσ

λ

Tb− ≅ (1 − R0 ){1 − [
Tb+ ≅ (1 − R0 ){1 − [

(D.15)

)2 ]

(D.16)

2π (1 − n)σ

λ
2π (n − 1)σ

λ

]2 }

(D.17)

]2 }

(D.18)

where n (~3.2) is the refractive index of semiconductor.
Inserting Equation (D.15)~(D.18) into equation (D.12), we obtain the slope efficiency
factor (SE factor) as an explicit function of Γr , R0 , R1 , R2 , σ , λ and n .

SE =

Γr (1 − R0 ){1 − [

2π (1 − n )σ

] 2 }(1 − R 2 )

λ
4πσ 2
1 − R0 [1 − (
) ]R2
λ

×

1
2π(1− n)σ 2 2 

(1− R0)2{1−[
] } R2 

4πnσ 2
λ
1+ R0[1− (
) ]+
 R1
4πσ
λ


1− R0[1− ( )2 ]R2


λ
1
2π (1− n)σ 2 2 

(1− R0 )2{1− [
] } R2 

4πnσ 2
λ
1− R1 R0[1 − (
) ]+

4πσ 2
λ


1− R0[1− (
) ]R2


λ

×

.

(B.19)

Figure D.2 shows the SE factor as a function of the rms roughness (σ) and reflectance
(R0) of the surface of VECSEL chip when Γr=2, R2=0.96, R1=0.999 and n=3.2. If the rms

SE factor
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FIGURE D.2. SE factor as a function of rms roughness (σ) and power reflectivity of
surface of the VECSEL chip (R0), where Γr=2, R2=0.96, R1=0.999 and n=3.2.
roughness is zero, changing the reflectivity of the surface does not change the slope
efficiency of VECSEL. However, when the rms roughness is introduced and fixed,
decreasing the reflectivity of semiconductor/air interface increases the slope efficiency
due to the reduction of scattering loss. Figure D.2 also shows the sensitivity of the
scattering loss to the slope efficiency. From this theoretical analysis, we reach the
conclusion that an AR (even an LR) coating on the VECSEL surface can improve the
slope efficiency.
Coating is a way to lower the reflectivity. The LR coating is easy to be obtained by a
single dielectric λ/4 layer. The single dielectric λ/4 layer with completely correlated
(identically profile) surfaces may not be a real case. What we are concerned with is how a
single dielectric λ/4 layer changes the scattering loss of the VECSEL chip. Amra et al
[131, 132] theoretically and experimentally studied the scattering–reduction effect with a
single dielectric λ/4 layer, and they reached the conclusion that a single dielectric λ/4
coating layer allows reduction of the amount of scattered light if the ratio of σ0/ σ1 <2 in
which σ0 and σ1 are the rms roughness of the upper surface (coated surface) and of the
lower surface (bare surface), respectively. Therefore, a single layer dielectric λ/4 coating
with σ0/ σ1 <2 on the surface of the VECSEL chip can improve the slope efficiency since
this layer reduce the reflectivity of the surface and the surface scattering loss.
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D.3 Relative confinement factor change with R0
Equation (B.12) shows that the relative confinement factor is proportional to the slope
efficiency of the VECSEL. To achieve high slope efficiency, the relative confinement
factor should be close to its maximum. A single dielectric LR λ/4 coating can also
increase the relative confinement factor when the growth variation, process control, and
the thermally induced refractive index changes are introduced into the chip. Since the
couple cavity effect is introduced to the VECSEL, longitudinal lasing mode of the
VECSELs must be supported by both a several centimeters long external cavity and a few
micrometers long semiconductor microcavity. However, it is dominantly controlled by
the microcavity since the external cavity is a few centimeters long and results in highly
dense longitudinal modes.
Once a single dielectric LR λ/4 coating layer is deposited on the surface of the
VECSEL chip, it significantly reduces the finesse of the microcavity. This reduces the
coupling (hence interference) between the external cavity and microcavity modes;
thereby allowing the longitudinal modes to freely tune to optimize the overlap with the
resonant periodic gain (RPG) structure to make relative confinement factor as close to its
maximum as possible.
Based on the above theoretical analysis, we predict that a single dielectric λ/4 coating
layer with σ0/ σ1 <2 can improve the slope efficiency of the VECSEL.
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