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We review the recent advances in the development of semiconductor disk lasers (SDLs) producing yellow-orange and mid-IR
radiation. In particular, we focus on presenting the fabrication challenges and characteristics of high-power GaInNAs- and GaSbbased gain mirrors. These two material systems have recently sparked a new wave of interest in developing SDLs for high-impact
applications in medicine, spectroscopy, or astronomy. The dilute nitride (GaInNAs) gain mirrors enable emission of more than
11 W of output power at a wavelength range of 1180–1200 nm and subsequent intracavity frequency doubling to generate yelloworange radiation with power exceeding 7 W. The GaSb gain mirrors have been used to leverage the advantages oﬀered by SDLs to
the 2–3 μm wavelength range. Most recently, GaSb-based SDLs incorporating semiconductor saturable absorber mirrors were used
to generate optical pulses as short as 384 fs at 2 μm, the shortest pulses obtained from a semiconductor laser at this wavelength
range.

1. Introduction
Conceptually, the idea of an optically pumped semiconductor disk laser (OP-SDLs) was suggested already in 1966 by
Basov et al. in a paper describing lasers with radiating mirrors
[1]. However, it was not until the 1990s that the concept was
acknowledged and the first working devices were reported
[2–6]. In its essence, the concept of an OP-SDL is based
on using an optically pumped semiconductor gain structure
(i.e., gain mirror) with vertical emission. We note here that
in addition to OP-SDL, also acronyms like OP-VECSEL
(optically pumped vertical external-cavity surface-emitting
laser) and OPSL (optically pumped semiconductor laser) are
commonly used in literature to describe the same type of
laser. The laser resonator is typically formed between the gain
mirror and one or more external-cavity mirrors. In many
ways, this laser architecture is similar to that of traditional
solid state disk lasers. An essential diﬀerence is that in traditional solid state lasers the emission wavelength is dependent
on certain fixed atomic transitions in a host material, whereas
in an SDL the wavelength can be specifically tailored in a wide
range by engineering the composition of the semiconductor

material. This added wavelength versatility is one of the key
factors that have made SDLs successful also commercially.
Technically speaking, the OP-SDL can be considered as a
brightness and wavelength converter; it converts low brightness light from multimode diode pump lasers into a high
brightness single mode beam at a wavelength that is longer
than the pump wavelength. Compared to edge emitting diode lasers and vertical-cavity surface-emitting lasers
(VCSELs), the external cavity and optical pumping make the
SDLs more complicated but they also bring several benefits.
First of all they enable upscaling of the mode area on the gain
while still maintaining single transversal mode operation;
consequently the output power can be increased to multiwatt
levels without risk of catastrophic optical damage due to
excessively high optical intensities. In addition, the external
cavity allows for cascading multiple gain mirrors thus increasing even more the power scaling capability. The SDL
cavity has a high Q-factor and therefore it stores optical
energy allowing eﬃcient nonlinear intracavity frequency
conversion to visible wavelengths. Another benefit of the
external cavity is that it enables incorporation of nonlinear
components to initiate ultrashort pulse operation. We should
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also note that lately, the cost of broad stripe edge emitting
pump diodes at 790–980 nm wavelengths has decreased
significantly, while at the same time the available power from
both single emitters and diode bars has increased markedly.
More recently, also high-power pump diodes at other important wavelengths, including 635–690 nm, 1480–1550 nm,
and 2000 nm, have been commercialized more actively. These
advances in the availability, cost, and performance of pump
diodes have made the optical pumping concept even more
attractive.
1.1. Cavity Designs. Structurally the SDL gain mirror resembles a half-VCSEL design that comprises a high reflectivity
mirror and a semiconductor gain region. The gain region
usually includes several quantum-well (QW) or quantumdot (QD) layers separated by spacer/barrier layers. A typical
mirror structure consists of a stack of quarter-wavelength
semiconductor layers, forming a distributed Bragg reflector
(DBR), although metallic, dielectric, or hybrid [7] mirror
structures can be used in some cases as well. While in VCSELs
the single transverse mode operation is achieved by confining
the laser mode to a very small gain area, in SDLs the same
functionality is achieved by controlling the fundamental
mode size via cavity design to have it match with the pumped
area on the gain. Figure 1 shows various cavity configurations
of SDLs.
The simplest conventional SDL cavity has an I-shape that
is formed between the gain mirror and a single external
output coupler (OC) mirror. However, in practice it is often
easier to use a V-shaped cavity formed between the gain mirror, one curved folding mirror, and a planar output coupler.
The advantage of the V-cavity is that planar output couplers
with various coupling ratios are often cheaper and more
widely available on stock than equivalent curved couplers.
Another practical advantage of the V-shaped cavity is related
to the alignment of the laser; if the final alignment is done
by monitoring the output of a photodiode placed behind
the output coupler, the folding mirror in a V-shaped cavity
collects the light eﬃciently to the photodiode enhancing the
available signal while in I-shaped cavity the spontaneous
emission from the gain is rapidly dispersed to all direction. More complex cavity configurations are often used
for frequency conversion and mode-locking. For eﬃcient
frequency conversion the nonlinear crystal is often placed at a
location near or at the mode waist. This is usually easier to do
in a V-shaped or Z-shaped cavity than in an I-shaped cavity.
More complicated Z-shaped cavities are typically used in
mode-locking SDLs to accommodate also a semiconductor
saturable absorber mirrors (SESAMs); the challenge here is
to produce suﬃciently small mode diameter on the absorber
mirror, while at the same time maintaining reasonably large
mode diameter on the gain [8]. One should notice though
that the overall cavity length increases for more complex
designs and the mode-locked pulse repetition rate is reduced.
This in turn would reduce the eﬃciency; if the interval of
consequent pulses is longer than the carrier-lifetime, which
is typically in the ns-range or slightly below, there will be loss
of pump energy in time. In other words, the gain element can
store energy only for a limited time, and if it is not exploited
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Figure 1: Typical SDL cavities. (a) I-shaped cavity; (b) V-shaped
cavity; (c) Z-shaped cavity. OC: output coupler.

in that time window by an incoming pulse, a portion of that
energy will be lost to spontaneous emission between the consequent pulses. This feature sets a practical upper limit for
the cavity length in mode-locked laser with continuous wave
pumping.
To scale up the power of an SDL, it is possible to deploy
multiple gain elements in single cavity [9–11]. SDLs can also
employ ring cavities [12], but probably due to the added
complexity such lasers have not gained much popularity. In
addition to diﬀerent external cavity configurations, one can
also produce an SDL with a semimonolithic cavity that may
include a plane-plane design stabilized by a thermal lens [13,
14]. Such laser may be more limited in power and brightness
but does possess an extremely rugged design. Furthermore,
the semimonolithic cavity can be processed to have curved
surfaces with mirror structures, thus avoiding the need for
cavity stabilization by a thermal lens [15].
1.2. Thermal Management of SDLs. Eﬃcient thermal management is a very important aspect required for high-power
operation of SDLs. Although heroic in many ways, the early
SDL experiments required the use of very low temperatures
for high-power operation making the devices unpractical for
use outside the laboratory. To large extent this was caused by
a lack of adequate heat dissipation techniques. Excess heating
reduces the emission eﬃciency via increased nonraditive
recombination and carrier leakage and red-shifts the emission wavelength, which in a resonant periodic gain structure [16] leads also to a mismatch between the emission
wavelength and the resonant wavelength further reducing
the gain. Eﬀectively, such heat-induced processes create a
positive feedback loop with very negative impact on the laser
performance. Consequently, the output power of the laser
exhibits a roll-over characteristic when the pump power is
increased beyond a critical point. For high-power operation,
one should implement adequate ways of thermal management. Heating of the gain mirror originates from pump
energy, which is converted to useful photons only partially
while another part of the pump energy is transferred to
phonons due to nonradiative recombination and the quantum defect (i.e., the photon energy diﬀerence between the
pump photon and the laser photon). As a general strategy,
one should try to minimize the heat generation and at the
same time maximize the heat transfer from the gain.
Typically the pump photon has markedly higher photon
energy than the emitted laser photon; for example, for a
1060 nm laser pumped with 808 nm radiation, the quantum
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Figure 2: Description of two heat extraction strategies. (a) Laser equipped with intracavity heat spreader. (b) Flip-chip mounted thin-device
from which the semiconductor substrate is removed.

defect is about 24% of the pump photon energy. In other
words, the optical-to-optical conversion eﬃciency of such
laser cannot exceed 76% even under theoretically perfect
conditions. Usually, the laser is designed to absorb the pump
radiation in the spacer/barrier layers separating the QWs
because in this way the interaction length of light in matter
is long enough to absorb suﬃcient amount of pump energy
in a single pass. On the other hand, there must be a notable
bandgap contrast between the spacer layers and the QWs
in order to ensure a good carrier confinement and hence
eﬃcient operation at elevated temperatures. In most spacer
pumped SDLs, the quantum defect is between 15% and
50% of the pump photon energy. An alternative for spacer
pumping is direct “in-well” pumping [17–19] where the
spacers are transparent to the pump radiation and the pump
wavelength closely matches the QW emission wavelength.
This approach minimizes the quantum defect but another
technical diﬃculty arises from a short light-matter interaction length; the thickness of one QW is typically some
nanometers and the total absorptive path length is rather
small, as a gain mirror would typically include 5–15 QWs.
To some extent, the pump absorption can be improved by
adding more QWs to the structure but usually either a resonant pumping scheme or external pump recirculation optics
is required for eﬃcient pump absorption. We should note
that an in-well pumped gain mirror provides by default a
high reflection for the unabsorbed pump light, thus avoiding
pump absorption in the DBR, and providing double-pass of
pump radiation through the gain region. The selection of the
pump laser for in-well pumping is more critical (and possibly
more expensive) than in a spacer pumped laser where lowcost 808 nm diodes can be used for pumping 920 nm SDLs
as well as 2000 nm SDLs. This is particularly true in the case
of resonant in-well pumping. Nevertheless, in-well pumping
oﬀers an interesting option for reducing the quantum defect
and the heating related to it. One should notice that quantum
defect optimization makes sense only if the quantum eﬃciency of the laser is already high. If a significant majority of

pump photons are anyway lost to nonradiative processes, the
benefits of quantum defect optimization become marginal
to the overall performance of the system. Therefore, highquality gain materials and proper structural designs are
prerequisites for eﬃcient operation of SDLs.
It is also very important to conduct the heat away from
the gain region with minimal thermal resistance between the
heat sink and the active region. Generally speaking, thermal
resistance is dependent on the thermal conductance of the
materials used and on the distance that heat needs to be
transferred. In short, one should aim to minimize the distance between the heat sink and the gain and at the same time
use materials that have high thermal conductance. Using a
planar gain mirror geometry, the pumping is concentrated
on an area that has typically a diameter of some tens or
hundreds of micrometers, whereas the overall thickness of
the semiconductor layer structure is only a few microns
(e.g., 5–6 μm). In other words, the heated area is very large
compared to the thickness of the layers. Thermal simulations
show that in such a structure the heat flow is essentially one
dimensional and is directed normal to the sample surface
[21]. We should point out that the epitaxial layers are grown
on a semiconductor substrate that is typically some 200–
600 μm thick and presents a major obstacle for the heat flow.
Two assembling techniques of the gain mirror to the heat sink
are typically employed to overcome this issue. The so-called
“intracavity heat spreader” method, is conceptually simple
and involves contacting a transparent heat spreader element
onto the gain mirror [22] (see Figure 2 for general description). This method does not require substrate removal and
the heat spreader is located right next to the gain region.
The practical limitations arise from the fact that the heat
spreader is located inside the laser cavity and that the number
of transparent materials with high thermal conductance is
limited; their cost may also be a limiting factor. By far
the best material for this purpose is diamond due to its
extremely high thermal conductance (up to ∼2000 W/m·K)
and wide transmission window. Other suitable materials
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include, for example, silicon carbide (SiC) [23] and sapphire
(crystalline Al2 O3 ) [22]. A common technique for contacting
the heat spreader and the semiconductor sample is based on
capillary bonding [24] with deionized water or other suitable
liquid. In this technique, two smooth and flat surfaces (here
the gain mirror and heat spreader) are pulled together by
surface tension of a liquid, and as the liquid evaporates, the
two surfaces are brought to close optical contact and held
together by surface forces. Simple mechanical clamping can
be also used for optical contacting as long as the surfaces
are suﬃciently smooth, flat, and free from particles or other
contaminants. However, capillary bonding is a good way to
make sure that the surfaces meet these requirements and can
be brought to close optical and thermal contact. The success
of the bonding process can be simply monitored by observing
the disappearance of the Newton’s interference rings as the
surfaces are brought together.
Another option for eﬃcient heat dissipation was presented already in Kuznetsov’s paper [25] and it involves
growing the mirror and gain structures in reversed order
(gain first, then the mirror) and bonding the component
“upside-down” on a heat sink after which the substrate is
removed by etching. Eﬀectively this method transfers the epitaxial layers from a semiconductor substrate onto a substrate
with higher thermal conductance. The process leaves only the
Bragg reflector layers between the heated active region and
the heat sink, which greatly reduces the thermal resistance
in comparison to the situation where the semiconductor
substrate would be located between the gain mirror and
the heat sink. This process is often referred to as the “flipchip” process or the “thin-device” process. Sometimes these
components are also called bottom emitters, a term that is
commonly used in VCSEL processing. From processing point
of view, the flip-chip process requires longer overall time
but can be done in batches of many devices. The major
challenge of the flip-chip approach relates to the fact that
without the support of the original substrate the epitaxial
layers are mechanically very fragile. The bonding process
requires usually the use of temperatures exceeding 150◦ C.
Therefore, any diﬀerences in the coeﬃcients of thermal
expansion between the epitaxial layers and the heat sink may
translate to mechanical stress as the sample cools down and
the solder hardens. This is particularly critical issue with
large samples bonded with hard solders such as AuSn that
have high melting point. To alleviate the mechanical stress,
one can resort to soft solders such as indium. However, it
is a well-known fact that in high-power diode lasers indium
solder tends to fail due to thermal diﬀusion and other
eﬀects. Such eﬀects should be considered in connection with
lifetime of high-power SDLs as the gain region is operated at
relatively high temperatures. There are also many alternative
bonding methods, such as InAu bonding [7, 26], that can
be used instead. An important aspect related to soldering
concerns the presence of voids within the solder; any voids
in the solder will likely result in physical damage to the gain
mirror under pumping. The voids can be monitored prior
to substrate removal using a scanning acoustic microscope,
for example. To further improve the heat dissipation, one
can use a heat spreader, such as diamond, between the
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sample and the metallic heat sink; the thermal energy is
thus rapidly spread from a point source to a larger area over
which it is conducted to the actual heat sink. The cost of
the heat spreader is also markedly reduced when there is
no need for optical quality surface polishing. In addition
to soldering the substrate removal is an important step in
the flip-chip process. To some extent the substrate can be
thinned by lapping, prior to bonding, but in any case tens
or hundreds of microns of semiconductor substrate must
be removed by etching. This is done usually by wet etching
employing an etch stop layer. It is important for the success of
the process that the selectiveness of the etching is suﬃciently
high and that the process can be carried out in reasonable
time. For GaAs removal one can use, for example, InGaP
or Al(Ga)As etch stop layers and NH4 OH : H2 O2 -based
etchants. InP etchants are often based on HCl [27], which
may limit or hinder the use of indium as a solder for
sample bonding. For GaSb-based compounds, good etchantetch stop combinations are less developed; successful flipchip SDLs based on this material system were just recently
reported [26].
When compared to the flip-chip design, the intracavity
heat spreader approach has proved to be very quick and
simple to do in laboratory conditions. The heat spreaders can
be also recycled almost endlessly, which overcomes their high
initial cost at least for research use. The intrinsic disadvantage of the intracavity heat spreader is that it introduces a loss
element in the cavity that can also act as an etalon. The etalon
eﬀect modulates the optical spectrum aﬀecting the modelocking mechanisms and making continuous wavelength
tuning diﬃcult. The etalon eﬀect can be suppressed by using
a wedged heat spreader with an antireflective coating [28].
The wedge angle usually increases the reflection losses despite
the AR layer and hence decreases the output power. One
should notice that inside the laser resonator, etalon eﬀects
may arise also from unexpected sources such as double-side
polished semiconductor wafers onto which the gain mirror
or the saturable absorber mirror may have been grown.
Although the reflectivity of the gain mirror DBR is usually
over 99.5%, the small transmitted portion of light may
penetrate to the substrate (if transparent) and can be reflected back from its second surface, in which case an etalon
is established in the system and the spectrum of the laser
is aﬀected. Both heat management strategies have been
successfully used to achieve over 10 W output from standard
InGaAs/GaAs gain structures, though the highest output
powers have been achieved with the flip-chip components
[29, 30]. However, if the thickness of the DBR stack increases
(due to longer operation wavelength or poor index contrast
of the materials), or if the DBR layers have very poor thermal
conductance, it may be more advantageous to use the
intracavity heat spreader technique. This is particularly true
for InP- and GaSb-based SDLs. The thermal issues of SDLs
have been discussed in detail in a number of papers reporting
simulations and experimental results on the subject [21, 31–
34].
To summarize, eﬃcient heat removal is highly important
for high-power operation of SDLs. Use of high thermal
conductance heat spreader materials, such as diamond,
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Figure 3: Selection of SDL results showing the maximum average power reached at diﬀerent wavelengths. InGaAs(N)-based gain materials
dominate the results up to 1.3 μm above which InP-based and GaSb-based QWs are used. Only SDLs incorporating single gain chips are
included. Pulse durations related to mode-locked results are given in picoseconds.

greatly improves the heat extraction from the point source.
The distance from the gain region to the heat spreader
can be minimized by optically contacting the heat spreader
onto the sample or by flip-chip bonding the component
on a heat spreader/heat sink. The application and the
type of gain material determine which process is more
suitable. Flip-chip processing suits well for mode-locking,
continuous spectral tuning, and single-frequency operation
since the laser spectrum is not aﬀected by the intracavity heat
spreader element. The intracavity heat spreader approach
suits particularly well for long wavelength (GaSb and InP)
lasers and applications that are not spectrally sensitive.
1.3. Wavelength Coverage. During the last decade, the SDL
research has been largely channelized along three major
directions, namely, (i) power scaling, (ii) extending the wavelength coverage, and (iii) generation of ultrashort pulses.
Along the way, many demonstrations concerned widely
tunable [35–38] and narrow band lasers [39–41]. In terms
of available output power, the 10 W level has been reached
and exceeded using both single and multiple gain elements
[29, 30, 42, 43]. Excellent results have been obtained lately in
ultrashort pulse generation [44, 45], as well as in generation
of pulses with high average output power [46, 47] and high
repetition rate [48]. The spectral coverage of mode-locked
[49] SDLs has also extended [50–53] outside the common
InGaAs wavelengths near 1 μm. Interestingly, the spectral
coverage of continuous wave SDLs (fundamental and frequency converted emission) spans today from 244 nm to
5000 nm [18, 20, 22, 23, 37, 54–76], although not without

gaps. Figure 3 gives an overview of maximum output powers
achieved as a function of wavelength for both continuouswave (CW) and mode-locking operation regimes. It also provides a correspondence to main classes of material systems
used to reach a certain wavelength region.
In terms of more recent eﬀorts and development
directions, the 580–630 nm wavelength range is particularly
interesting as it cannot be reached via direct emission from
semiconductors. Nevertheless, it can be covered conveniently
by frequency doubled 1160–1260 nm infrared lasers. We
should note that it is also diﬃcult to find suitable solid state
materials for these visible and IR ranges. Because of these
reasons, there has been a lot of scientific and commercial
interest in extending the SDL technology to this particular
wavelength range. In the following we will review diﬀerent
options for reaching emission at ∼1150–1300 nm with
semiconductors. First, it is important to understand the main
features of the semiconductor structures we are considering
for fabricating SDL mirrors. The gain mirror is essentially a
stack of epitaxially grown semiconductor thin-films, fabricated on a GaAs, InP, GaSb, or other suitable semiconductor
substrate by epitaxial growth. It is quite essential that one is
able to grow high-quality gain material (QW, QD, or bulk)
with desired bandgap energy, while keeping the material
strain within reasonable limits. Secondly, the DBR should
provide suﬃcient reflectance with a reasonable stack thickness and level of strain. Excessive material strain, arising from
the diﬀerence between the lattice constants of the semiconductor layers, can lead to formation of crystalline defects
and ultimately to relaxation of the layered structure. The
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Table 1: Diﬀerent technologies used for fabricating SDLs with emission at 1150–1300 nm.

Strategies for wavelength extension to 1150–1300 nm
GaAsSb/GaAs QW gain material [81]
InP-based gain with InP-based Bragg reflector [64]
Hybrid mirrors with InP-based gain [7]
Wafer fusion of diﬀerent gain and active regions [82]
InAs/GaAs QDs [83, 84]
Strain compensated high indium content InGaAs QWs [85]
Dilute nitride GaInNAs/GaAs QWs [20, 62]

1150–1300 nm wavelength range has previously been very
challenging for the growth of SDLs for two main reasons.
First, for conventional InGaAs/GaAs QW material a relatively
large content of indium must be used to reduce the bandgap
energy to the desired value and the high indium content
increases the lattice constant of the material causing buildup
of strain in the layer structure. Alternatively, one could
also resort to the use of InP-based QWs which work at
1.2 μm–1.6 μm, but unlike with GaAs, the DBR materials
lattice matched to InP have very low index contrast [77–
80]. Therefore, the thickness of the Bragg reflector must be
increased significantly in order to achieve high reflectance.
A number of techniques have been proposed to extend the
emission wavelength of GaAs-based structures beyond the
typical InGaAs spectral window near 1 μm or to enable the
use of InP-based gain regions in surface normal lasers; the
main techniques have been listed in Table 1 with related challenges.
In the next sections, we will review the basic technological aspects regarding the development of dilute nitrides
gain mirrors and the recent achievements concerning dilutenitride SDLs with yellow-orange emission. GaSb-based SDL
emitting at around 2 μm will be discussed in Section 3.

2. High-Power Yellow-Orange SDLs Based on
Dilute Nitride Gain Mirrors
2.1. Dilute Nitrides: Band-Gap Engineering and Gain Mirror
Technology. To produce yellow emission by second harmonic emission, the indium content of the conventional
InGaAs/GaAs QWs needs to be relatively high (x > 35%). The
high indium content increases the compressive lattice strain
close to the point where misfit dislocations start to appear.
The high lattice strain, together with high operation temperatures, can strongly deteriorate the lifetime of a device based
on such QWs [86]. By adding a small amount of N (typically
less than 3%) to InGaAs, one can reduce at the same time
the lattice constant and the band-gap of the material. This
opens up great opportunities for GaAs-based technology. For
example, the compressive strain of InGaAs/GaAs material
system can be compensated by N incorporation enabling
emission at wavelengths up to 1.55 μm [87]. These dilute
nitride compounds can be in fact lattice matched to GaAs;

Challenges
Low confinement of carriers in the QWs.
Poor temperature behavior
Compromised reflectivity,
Increased stack thickness, low thermal conductance of the DBR
Compromised thermal conductance
More expensive processing.
Two growths required for one component
Reduced design flexibility and low modal gain
Strain-related lifetime issues
Formation of nitrogen-related defects

Ga1−x Inx N y As1− y with x ≈ 2.8 y is lattice matched to GaAs
whereas compositions with x > 2.8 y and x < 2.8 y lead to
compressively and tensile strained compounds, respectively.
Furthermore, GaNAs layers exhibit a tensile strain that can be
used for balancing the compressive strain of GaInAs layers.
The dramatic eﬀect of nitrogen on the band gap is
generally explained as being caused by the small size and
large electronegativity of N atoms (radius ∼0.068 Å, electronegativity ∼3.04 in units of Pauling scale) as compared
to As atoms (radius ∼0.121 Å, electronegativity ∼2.18) of
the host crystal. Such impurity atoms create localized energy
levels close to the conduction band edge and, as a result,
modify the conduction band structure of the alloy. The
interaction between the localized states and the conduction
band is usually modeled using a so-called band anticrossing
model (BAC). BAC has been very successful in explaining
anomalous properties of the dilute nitrides, especially the
conduction band structure and the related electron eﬀective
mass [88–91]. The theoretical dependence of the GaInNAs
band-gap as a function of N and In composition is shown
in Figure 4 (the material parameters used for calculation
are taken from [91]). The band gap decreases strongly
by incorporating only a few percent of nitrogen and the
1200 nm wavelength range is readily achievable by using
GaInNAs with relatively low N content. We should also note
that nitrogen incorporation is associated with an increase of
the nonradiative recombination centers [92]. Incorporation
of higher amounts of nitrogen can cause clustering and phase
separation [93] having a detrimental eﬀect on the optical
quality of the material. To some extent, this eﬀect can be
alleviated by rapid thermal annealing (RTA) which, however,
leads to a considerable blue shift of the PL wavelength [94],
an eﬀect that should be taken into account in order to achieve
the desired laser performance.
In general, the control and understanding of epitaxial processes used to fabricate dilute nitrides is rather
challenging. For example, the range of suitable growth
temperatures for fabricating high-quality dilute nitrides is
narrower than that for growing GaInAs. The typical growth
temperature for GaInNAs is in the range of ∼460◦ C, while
GaInAs QWs are grown typically at ∼520◦ C. The highest
performance InGaAsN-based heterostructures are routinely
fabricated by molecular beam epitaxy [95]. The standard
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Figure 5: Typical structure of the quantum well region of a
GaInNAs gain mirror [20].

technique used to incorporate N is dissociation of atomic
nitrogen from molecular nitrogen using a radio-frequency
(RF) plasma source attached to the MBE growth chamber
[96]. Optimization of the plasma operation is one of the
key issues that need to be addressed in order to fabricate
high-quality dilute nitride heterostructures. The state of the
nitrogen plasma depends on the RF power, the flow of
N2 , and pressure. The main constituents of the plasma are
the molecular nitrogen, atomic nitrogen, and nitrogen ions,
each of them having a specific spectral signature that can
be used for optimizing the plasma operation [97]. Although
the energy of the ions is small, they can cause significant
degradation of the optical quality as they impinge on the
semiconductor structure during the formation of the QWs
[94]. Another important growth parameter aﬀecting the
quality of dilute nitrides is the As pressure [98].
Figure 5 displays the structure of a typical dilute nitride
gain mirror comprising 10 Ga0.33 In0.67 N0.006 As0.994 QWs
placed in five pairs. The GaN0.006 As0.994 layers surrounding
the QWs shift their ground state to lower energy and compensate for the compressive strain. For achieving lasing at
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Figure 6: Reflectance and photoluminescence spectra of the
1180 nm GaInNAs gain mirror measured at diﬀerent temperatures.

around 1180 nm, the room temperature emission wavelength
of the QWs was designed to be ∼1145 nm. The first four QW
pairs were equally spaced at one half wavelength distance
apart from each other. The last QW pair was located a full
wavelength distance apart from the fourth pair in order
to compensate for the pump intensity drop along the gain
structure. A 0.75-λ Al0.25 Ga0.75 As window layer was grown
on top of the active region. The active region was grown
on top of a 25.5-pair AlAs/GaAs DBR. The growth rate was
0.95 μm/hour and the As/III beam equivalent ratio was 25.
After the growth, the sample was kept in the growth chamber
under As pressure for a 7 min in situ anneal at 680◦ C to
improve the luminescence properties.
The reflectance and photoluminescence (PL) spectra
measured for diﬀerent temperatures of the gain mirror are
displayed in Figure 6. The PL graph reveals a temperature
dependent red-shift of about 0.3 nm/K. The reason for the
decrease in the PL intensity is the increase in the nonradiative
recombination rate with increasing temperature resulting in
a quantum eﬃciency drop. The DBR exhibits a temperature
red-shift of about 0.06 nm/K. The reflectance spectra were
recorded from an as-grown sample, and the photoluminescence spectra were recorded from a sample with diamond
heat spreader having an anti-reflective coating on it.
2.2. Operation at Fundamental Wavelength. The gain mirror
wafer was cut into 2.5 × 2.5 mm2 chips, which were then
capillary-bonded to synthetic diamond heat spreaders with a
wedge angle of about 2◦ to alleviate the spectral modulation
caused by the etalon eﬀect. In addition, we applied a 2-layer
TiO2 /SiO2 antireflective coating on top of the diamond. The
laser chip was clamped onto a copper heat sink having small
water cooling channels. Despite the flow of cooling water
within the heat sink, the heat load generated by pumping the
gain mirror led to a slight increase in the mount temperature
(Tmount ). The dependence of Tmount on the pump power is
shown in Figure 7 for three diﬀerent pump spot diameters
(φpump ) and two diﬀerent temperatures of the cooling water
(Twater ). For laser characterization, the gain chips were tested
in a V-shaped SDL cavity shown in Figure 8. The distance
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Figure 7: (a) The dependence of the mount temperature on the pump power for three diameters of the pump spot and two temperatures of
the cooling water. (b) Drawing of the water-cooled mount.
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Figure 8: Description of the setup used for the spectrum and beam shape measurements.

between M1 and M2 was adjusted to match the size of the
TEM00 mode to the pump spot on the gain chip, while
monitoring the intensity of the output beam to resemble
as close as possible a circular Gaussian geometry. In the
experiments presented here the gain mirror was pumped by
an 808 nm diode bar coupled to a 200 μm multimode fiber.
The incidence angle of the pump beam was about 27◦ .
The SDL output characteristics for diﬀerent output
couplers are shown in Figure 9. Here the water temperature
was set to 16◦ C and the diameter of the pump spot to 320 μm.
The maximum output power before thermal roll-over was
achieved with 1.5% transmissive output coupler. The highest
slope eﬃciency, of 27%, corresponded to a coupling ratio of
3%. The threshold pump power varied in the range of 3–7 W
when the output coupling ratio was varied from 0.1 to 3%.
Next, in order to optimize the pump spot for reaching
highest possible power, Twater was set to 1◦ C. The results
shown in Figure 10 reveal that the maximum output power
increased when φpump was increased from 320 μm to 390 μm.

Also the pump power at which the thermal roll-over was
observed was increased from 45 W to 63 W. An output power
of slightly more than 11 W was reached with a pump spot
of φpump = 390 μm; the eﬀective mount temperature was
10◦ C. When φpump was increased from 390 μm to 460 μm, the
thermal roll-over point increased slightly to 70 W. However,
the slope eﬃciency dropped and the output power stayed
below 11 W, allegedly because of nonideal heat extraction
from the gain mirror [99] or overlapping of the larger pump
beam with defects on the gain mirror.
2.3. Frequency Doubling. To generate yellow-orange radiation via frequency doubling, we have used V-shape cavity as
shown in Figure 11. The nonlinear conversion experiments
were performed in free-running mode, that is, without any
wavelength control. Compared to the cavity used for fundamental wavelength, the output coupler has been replaced by
a mirror that was highly reflective for both IR and visible,
whereas the folding mirror reflects infrared but transmits
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Figure 9: Output characteristics of the 1.18 μm SDL for diﬀerent output couplers. The temperature of the cooling water was set to 16◦ C and
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Figure 10: Output characteristic (a) and typical spectrum for an output power of 5 W (b). The temperature of the cooling water was set to
1◦ C and the transmission of output coupler was 1.5% [20].

visible light. The frequency conversion was achieved using
a 4 mm long type-I critically phase-matched BBO crystal.
Figure 12 shows a power transfer graph comparison between
the SDL emitting at fundamental infrared wavelength of
∼1180 nm and frequency-doubled light at 590 nm. For a
pump power of 41.5 W, we demonstrated a maximum

conversion eﬃciency (absorbed pump light to frequencyconverted light) of 17%, which to our knowledge is the
highest eﬃciency reported for a yellow SDL. The ratio of
absorbed light to incident pump power was estimated to
be ∼0.94. At this pump power level, the output power of
frequency-doubled light was about 77% of that obtained at
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Figure 12: Power transfer graphs of an SDL emitting fundamental
1180 nm light (black) and of a frequency doubled SDL (orange).
The inset shows the output spectrum of the frequency-doubled
SDL. The photograph at right shows an SDL in operation.

the fundamental wavelength with similar lasing conditions.
The inset of Figure 12 shows the emission spectrum of the
frequency-doubled radiation at 7 W of output.
Based on the result discussed previously we can conclude that GaInNAs gain mirror technology is the leading

Another commercially and scientifically very interesting
spectral domain is that located between 2 and 3 μm. This
spectral range can be accessed using GaSb material system.
GaSb-based SDLs with high-power (>1 W) and widely
tunable (up to ∼160 nm) operations have been reported
by several groups [19, 37, 65, 100, 101]. In addition to
continuous wave lasers also ultrashort pulse SDLs in this
wavelength range are of interest, as they could be used as
seed sources for mid-IR supercontinuum sources [102] or for
pumping of mid-IR optical parametric oscillators. However,
because of limited availability of some essential components,
such as like semiconductor saturable absorber mirrors
(SESAMs), the first passively mode-locked 2 μm GaSb-based
SDLs were reported only very recently [103, 104].
The development of GaSb-based (AlGaIn)(AsSb) heterostructures designed for 2–3 μm wavelength range has
struggled with many obstacles, such as increased Auger
recombination, typical in narrow bandgap semiconductors,
and reduced carrier confinement leading to type-II band
alignment in QWs instead of preferred type-I. Regardless,
electrically pumped, edge-emitting lasers based on GaSb
epitaxy have demonstrated CW operation even beyond 3 μm
[105, 106] with careful band-gap engineering and utilization
of quinternary AlGaInAsSb waveguides. For optical pumping, the decreased thermal properties of GaSb compared
to conventional GaAs make thermal management more
demanding for mid-IR SDLs. Typically, the optical pumping
is based on commercially available diode pumps at 780–
980 nm wavelength range, causing excessive heating due to a
large quantum defect. The power scalability of GaSb-based
SDLs is therefore limited by the eﬀectiveness of thermal
management [21]. To reduce the thermal load, diﬀerent
methods have been investigated, such as in-well pumping
[19], a flip-chip process with GaSb substrate removal [26],
and the use of high thermal conductivity substrate, such as Si
or GaAs, in combination with metamorphic growth [107].
The benefits brought by GaSb-based material system
to SDLs are the high index contrast (Δn ∼ 0.6) of latticematched AlAs0.08 Sb0.92 /GaSb DBR layers, which enables
to achieve high reflectivity in exceptionally broad band
(∼300 nm [100]) with a relatively small number of layer
pairs. This makes GaSb SDLs very attractive for spectroscopic application where broad tunability of the laser is
needed. High-quality AlAsSb/GaSb DBR can also be used
for SESAMs [108]. GaAs-based 1-μm SESAMs have been
exploited extensively and their properties can be nowadays tailored to produce ultrashort pulses in various laser
types. However, investigation of GaSb-based SESAMs has
received far less attention [109, 110]. SESAMs operating
at wavelengths around 2 μm and above would have a significant impact on the development of practical ultrafast
lasers required in medical applications and time-resolved
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3.1. Continuous Wave GaSb Disk Laser. Our 2 μm range SDLs
employed a V-shaped laser cavity. The output characteristics
obtained with 99–97% reflective couplers are shown in
Figure 13. Here the cooling water temperature was set to
3.5◦ C and the pump spot diameter was about 350 μm. The
emission wavelength was about 1990 nm (Figure 13), slightly
depending on the power and output coupler. We observed
a general tendency for a spectrum shift towards longer
wavelengths with increased coupler reflectance, which could
be caused by diﬀerent heat loads on the gain.
The output characteristics were also measured as a
function of the cooling water temperature (Figure 14) using
a 98% reflective coupler. The available maximum power was
reduced with increasing temperature but it is worth noting
that for a coolant temperature of 45◦ C the laser still produced
nearly 1 W of output power. In order to further increase
the output power, the pump spot diameter was increased
from 350 μm to 440 μm which enabled a maximum power
of 5.75 W to be achieved at a water temperature of 3.5◦ C.
While the power from a single gain chip was limited to
less than 6 W, we studied also the possibility to increase the
laser output by cascading 2 gain chips in one laser cavity. A
W-shaped laser cavity was set up as shown in Figure 15. The
pump spot diameter was further increased to 500 μm and
the temperature was reduced to −2.5◦ C. For this purpose a
mixture of water and alcohol had to be used as coolant and
a flow of nitrogen was provided to the samples to prevent
condensation of water from the surrounding air. Eventually
we were able to increase the power to 8.6 W (Figure 15)
but could not achieve linear power scaling that should have
theoretically resulted in more than 11 W of power with these
two particular chips. Reasons for this can be many. One
important contributing factor may be the output coupler
that was 94.6% reflective; out of all available output couplers
it enabled the highest output power but might not have been
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molecular spectroscopy, or as seeders for optical amplifiers
and mid-IR supercontinuum lasers.
To our knowledge the first diode-pumped GaSb-based
SDL was demonstrated by Cerutti et al. [111] in 2004; the
2.3 μm laser reached lasing at temperatures up to 350 K
with quite moderate output powers. Currently, the emission
wavelengths of GaSb SDLs cover the 1.96–2.8 μm spectral
range [66, 100]. At 2–2.35 μm the CW power levels have
reached multiple watts [37, 112] for near room temperature
operation. The achieved output powers of 0.6 W at 2.5 μm
and 0.1 W at 2.8 μm [66, 72] have not yet reclaimed the
position as such SDLs as high-power lasers. Here, our work
had two primary targets: (1) obtain as high CW power as
possible at 2 μm and (2) produce ultrashort pulses by passive
mode locking at 2 μm. We have developed a gain mirror
structure grown on GaSb substrate by solid source MBE. The
design included an 18.5-pair DBR made of lattice matched
AlAsSb/GaSb layers, and a gain region with 15 InGaSb
QWs. For continuous wave experiments, the SDL mirrors
were bonded to a planar intracavity diamond heat spreader
in a similar manner as the GaInNAs samples described
previously. Details of the fabrication process are provided in
[37].
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Figure 13: (a) Laser output for diﬀerent output couplers. T = 3.5◦ C
(cooling water temperature). Pump spot ∅ = 350 μm. R : output
coupler reflectivity. (b) Laser spectrum for a pump power of 35.2 W.

optimal for this particular laser configuration. The coolant
mixture had also lower specific heat than pure water and
therefore the cooling may not be as eﬀective as the coolant
temperature could suggest. The 2-gain laser alignment is
also somewhat more complicated than a single chip laser
which may hinder power scaling. Despite these diﬃculties,
reasonable results were obtained in terms of output power at
2 μm wavelength.
3.2. Femtosecond Pulse Generation. As discussed earlier,
ultrashort optical pulses have been generated in GaAs- and
InP-based disk lasers in various configurations using both
active and passive mode-locking schemes [2, 4, 6, 44, 45, 113,
114]. On the contrast, the development of ultrafast GaSb
disk lasers has been much slower, possibly due to lack of
SESAMs and more demanding SESAM characterization. We
have shown only very recently that also GaSb-based disk
laser can generate sub-picoseconds pulses at 2 μm [104]. The
development of low-nonlinearity GaSb-based SESAMs was
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Figure 14: (a) Laser output characteristics at diﬀerent cooling water temperatures. Output coupler R is 98%, and pump spot diameter is
350 μm. (b) Laser output characteristics with 440 μm pump spot diameter. Output coupler R is 98%.
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Figure 15: (a) Photograph of the W-shaped 2-gain laser cavity. (b) 2-gain laser output characteristics with 500 μm pump spot diameter.
Output coupler R is 94.6%. Inset: profile of the output beam.

instrumental for demonstrating ultrafast 2 μm SDLs. The
right combination of the dynamic properties of the SESAM
(saturation fluence, absorption recovery time, nonlinear
reflectivity, and nonsaturable losses) is quite essential for
achieving stable mode-locking. An interesting finding was
made that as-grown 2 μm GaSb saturable absorber mirrors
had much faster recovery time than typical as-grown GaAsbased components operating in the 1 μm regime. Fabrication
details of the SESAMs we have used are provided in reference
[110]. The GaSb absorber mirrors were studied with pump
probe measurements. The growth temperature and amount
of strain were used as controlled variables. For the modelocking experiments, we used a Z-shaped cavity (Figure 16)

that allowed convenient alignment of the SESAM and gain
mirror.
The gain chip was cooled in a similar manner as the
continuous wave 2 μm laser, but the heat spreader diamond
had a 2◦ wedge and AR coating to suppress the etalon
eﬀect arising from it. The gain mirror was pumped with
a fiber-coupled 980 nm diode laser and the output coupler
had a reflectivity of R = 99% at the operation wavelength.
Simulated mode diameter was ∼230 μm on the gain and
∼25 μm on the SESAM. The pulse repetition rate, defined
by the cavity length, was in the order of 890 MHz. The
output of the laser was monitored with an optical spectrum
analyzer and a 2.5 GHz photodiode from which the signal
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was coupled to an RF-analyzer and oscilloscope. The laser
beam profile could be monitored with a pyroelectric camera
for proper alignment. The pulses were characterized with an
interferometric autocorrelator that was based on two-photon
absorption in a silicon detector. Depending on the laser
alignment, we were able to measure pulses with duration
varying from slightly less than 400 fs to slightly more than
400 fs, with the shortest measured pulse being 384 fs. A
typical autocorrelation trace is shown in Figure 17 with the
optical spectrum, RF-spectrum, and retrieved pulse shape.
Quite surprisingly the output power level of the modelocked laser was only some tens of milliwatts despite many
watts of pump power. In continuous wave mode over 5 W of
power was obtained from other devices having similar gain
material. To some extent the diﬀerences can be explained
by variations between individual chips, nonoptimal output
coupling ratio, lossy cavity, and smaller pump spot diameter
but clearly the average power in mode-locked operation
should have been markedly higher. In order to study the
potential of the laser, we replaced the SESAM with a high
reflective mirror and then we measured the output power
in continuous wave mode. As shown in Figure 18, for an
incident pump power of 7.6 W, the power was ∼23 mW with
the SESAM, and slightly over 40 mW with the HR mirror.
The precise position of the mirror could be determined
from the RF-spectrum, which helped to monitor the output
power as a function of the mirror position in regard to the
original position of the SESAM. When the HR mirror was
repositioned about 60 μm closer to the curved mirror than
the original SESAM position, the power increased from ∼
40 mW to 130 mW (see Figure 19 for details). The position
of the HR/absorber mirror changes the mode diameter also
on the gain and therefore it has an impact on the eﬃciency
of the laser. The study revealed that the mirror position that
was optimal for mode-locking may not have been optimal
for achieving the highest average power. The result suggests
that with further optimization of the cavity geometry and
adjustments of the pump spot diameter and output coupling
ratio, it should be possible to increase the average power to
>100 mW also in mode-locked operation.
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Figure 17: (a) Interferometric autocorrelation trace. (b) Intensity
autocorrelation retrieved from the interferometric data. shown
together with calculated Fourier limit. (c) Optical spectrum and a
fitting. (d) Measured RF-spectrum.
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reflective mirror, given as a function of the HR mirror’s position
in regard to the original SESAM’s position (point of optimal modelocking).

To summarize, we have shown that nearly transform limited femtosecond pulses can be obtained from SESAM modelocked GaSb disk lasers without use of additional dispersion
compensating elements. So far the power levels are modest
but there is reason to believe that the average power could
be increased beyond 100 mW with further optimization of
the laser.

4. Future Outlook
SDLs (or VECSELs, or OPSLs) combine a small footprint,
multiwatt output power capability, high beam quality, and
the capability to fill spectral gaps that cannot be reached by
traditional solid state disk lasers. In terms of semiconductor
technology, OP-SDLs are in many aspects simpler than
VCSELs; they do not require doping of the mirrors, usually
make use of only one semiconductor mirror, and their processing is simpler. Owing to these advantageous features and
intense developments eﬀorts in the last decade, SDLs have
reached a development stage that makes them very attractive
for application deployments. While SDLs with emission at

green or blue have been commercialized for several years
by Coherent Inc., there are other wavelength regions where
SDLs could have a tremendous impact on the development
of new applications. Leveraging the advantages of SDLs
technology to broader wavelength domains is inherently
linked to the development of new semiconductor structures
enabling wavelength tailoring and increased functionality.
In this paper, we reviewed the main advances in the development of SDLs producing yellow-orange and 2 μm radiation, which are required in medicine, astronomy, life science research, sensing, or infrared countermeasures. GaInNAs/GaAs gain mirrors are now a reliable approach for the
development of SDLs with fundamental emission of more
than 11 W at around 1180–1200 nm. This material system
has enabled generation of yellow-orange laser radiation with
excellent beam quality and output power exceeding 7 W (the
highest power obtained from a semiconductor-based laser at
this wavelength range). The GaSb gain mirrors have been
used to leverage the advantages oﬀered by SDLs to the 2–
3 μm wavelength range. This material system is very robust
in terms of reliability and life-time, enabling one to reach
output powers in excess of several watts at wavelengths of 2–
2.3 μm. Most recently, we have demonstrated that GaSb SDLs
are suitable for generation of femtosecond pulses at 2-μm, a
wavelength range that is particularly attractive for surgery,
infrared counter measures, or LIDAR, and where there is a
lack of compact high-power ultrashort pulse sources. Despite
these achievements, there are certainly several development
steps that are required for reaching new functionality and for
advancing the technology to levels suitable for application
deployment. The main development directions we undertake
for the advances of dilute-nitride and GaSb-based SDLs are
briefly discussed as follows.
Development of flip-chip technology for dilute nitride
SDLs, would enable further improvements of the spectral
and power characteristics. The main limitation of using
intracavity heat spreader is related to spectral modulation
caused by spurious etalon eﬀects, which have a detrimental
eﬀect on wavelength tuning and mode-locking. Allegedly, the
flip-chip technology would also enable a more predictable
power scaling with increasing the area of the pump region
on the gain mirror. The main diﬃculty related to the
use of flip-chip technology for dilute-nitrides is apparently
related to the high level of residual strain corresponding to
the GaInNAs active region; the strain leads to occurrence
of structural defects due to mechanical deformation once
the substrate is removed. Advanced strain compensation
techniques are expected to alleviate this problem.
Flip-chip technology could provide advantages to GaSbbased SDLs for increased functionality and development of a
process that is more suitable for volume production. In particular, we should note that wavelength-tuning capability is
very important for mid-IR SDLs as many of the applications
could be related to spectroscopy. The main diﬃculty related
to the use of flip-chip technology for GaSb is related to the
fact that this material system is less developed from processing point of view. Successful steps in GaSb SDL flip-chip
processing and development of adequate etch stop layers for
substrate removal have been already made [26]. Very recently
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we have also demonstrated that InPSb can be used eﬀectively
as an etch stop layer for the GaSb substrate removal; we
have achieved an etch selectivity of GaSb substrate as high
as 244 and excellent substrate removal rate of 32.4 μm/min
[115]. The flip-chip GaSb gain mirrors would be beneficial for ultrashort pulse operation and could ultimately
enable to take full advantage of the broad gain bandwidth
of GaSb.
Development of electrically pumped GaSb SDLs. While
optically pumped SDLs can produce multiple watts of output
power, they require a separate pump source that adds to the
cost and complexity of the device. Direct electrical-pumping
oﬀers an interesting alternative that simplifies the overall
laser scheme. If the power level is not the main target, electrically pumping of SDLs, more often termed as EP-VECSELs,
can be realized conveniently [116]. The essential challenges
of electrical pumping relate to nonuniform current spreading and optical losses in doped semiconductor material
[117–119]. Doping is necessary for achieving low electrical
resistance, but at the same time it does increase absorption.
On the other hand, the current spreading problems limit the
size of usable gain area and therefore hinder power scaling.
Despite several technical challenges, EP-VECSELs have been
studied actively and there have been also serious attempts to
commercialize this type of laser [120, 121]. Using standard
GaAs gain mirrors output power levels in excess of 400 mW
have been reported [122]. On the contrary GaSb-based
EP-VECSELs have been demonstrated only recently [123].
For this preliminary demonstration, we have used a (1/2)VCSEL gain mirror (λ ∼ 2.3 μm) that was fabricated at the
Walter Schottky Institute in Germany. An I-shaped cavity
was formed between the gain mirror and a curved output
coupler. In a first study we tested 7 diﬀerent components with
diameters of 30–90 μm. Lasing was obtained from all components at 15◦ C mount temperature using pulsed current with
1 μs pulse width and 3% duty cycle. A maximum peak power
of 1.5 mW was obtained from the 60 μm component. Thermal issues seemed to be the major factor limiting the power.
We should note here that electrical pumping is particularly
attractive for mid-IR GaSb VECSELs, as the requirements for
deployment in spectroscopic applications are mainly related
to compactness, tunability, single-frequency lasers, and less
to the power level. An EP-VECSEL would be compact but at
the same time would enable to include intracavity elements
for wavelength tuning in a broad wavelength range or would
enable the use of intracavity spectroscopy in compact and
eﬃcient laser architectures.
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T. Südmeyer, and U. Keller, “On the design of electrically
pumped vertical-external-cavity surface-emitting lasers,” Applied Physics B, vol. 91, no. 2, pp. 257–264, 2008.
[118] J. R. Orchard, D. T.D. Childs, L. C. Lin, B. J. Stevens, D. M.
Williams, and R. A. Hogg, “Design rules and characterisation
of electrically pumped vertical external cavity surface emitting lasers,” Japanese Journal of Applied Physics, vol. 50, no. 4,
Article ID 04DG05, 2011.
[119] W. Schwarz, “Cavity optimization of electrically pumped
VECSELs,” II Annual Report, Institute of Optoelectronics,
Ulm University, 2006.

19
[120] M. Jansen, B. D. Cantos, G. P. Carey et al., “Visible laser and
laser array sources for projection displays,” in Liquid Crystal
Materials, Devices, and Applications XI, vol. 6135 of Proceedings of SPIE, 2006.
[121] A. Mooradian, S. Antikichev, B. Cantos et al., “High power
extended vertical cavity surface emitting diode lasers and
arrays and their applications,” in Proceedings of the MicroOptics Conference, pp. 1–4, 2005.
[122] J. G. McInerney, A. Mooradian, A. Lewis et al., “High-power
surface emitting semiconductor laser with extended vertical
compound cavity,” Electronics Letters, vol. 39, no. 6, pp. 523–
525, 2003.
[123] A. Härkönen, A. Bachmann, S. Arafin et al., “2.34 μm electrically-pumped VECSEL with buried tunnel junction,” in
Semiconductor Lasers and Laser Dynamics IV, vol. 7720 of
Proceedings of SPIE, 2010.

International Journal of

Rotating
Machinery

Engineering
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

The Scientific
World Journal
Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

International Journal of

Distributed
Sensor Networks

Journal of

Sensors
Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Journal of

Control Science
and Engineering

Advances in

Civil Engineering
Hindawi Publishing Corporation
http://www.hindawi.com

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Volume 2014

Submit your manuscripts at
http://www.hindawi.com
Journal of

Journal of

Electrical and Computer
Engineering

Robotics
Hindawi Publishing Corporation
http://www.hindawi.com

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Volume 2014

VLSI Design
Advances in
OptoElectronics

International Journal of

Navigation and
Observation
Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com

Hindawi Publishing Corporation
http://www.hindawi.com

Chemical Engineering
Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Volume 2014

Active and Passive
Electronic Components

Antennas and
Propagation
Hindawi Publishing Corporation
http://www.hindawi.com

Aerospace
Engineering

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2010

Volume 2014

International Journal of

International Journal of

International Journal of

Modelling &
Simulation
in Engineering

Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Shock and Vibration
Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Advances in

Acoustics and Vibration
Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

