


lasers use a waveguide to con� ne light to the plane of the semiconductor chip and
emit light from the edge of the chip (Figure 1.1a). Output beam cross section is
typically about one by several microns, with the wider dimension in the plane of the
chip. Such small waveguide dimensions are required for single-transverse mode
operation, but result in the asymmetric and strong angular divergence of the laser
beam. Laser output power is typically limited by the required excess heat dissipation
from the chip active region or catastrophic optical damage at the semiconductor
surface [9, 12]. Scaling up laser output power requires wider waveguides with larger
area beams: this improves heat dissipation by reducing active stripe thermal
impedance and avoids catastrophic optical damage by decreasing beam optical
intensity. In this way, up to several hundred milliwatts of output power is achievable
in a single-transverse mode waveguide con� guration [9, 12]. For still wider wave-
guides, of the order of a 100 mm, single-stripe edge-emitting lasers can emit tens of
watts of output power, but the waveguide is then highly multimoded in the plane of
the chip, and output beam is very elongated with a very large, 100: 1, aspect ratio.
Multiple stripe semiconductor laser bars can emit hundreds of watts, but againwith a
highly multimoded output beam [9, 12].

In contrast, vertical-cavity surface-emitting lasers [10, 11] have laser cavity axis and
emit light perpendicular to the plane of the laser chip (Figure 1.1b). Such lasers can
emit circular fundamental transverse mode beam with powers up to several milli-
watts and beam diameter of several microns. With circular cross section and larger
beam size, the laser output beam is also symmetrical and has much smaller
divergence than for edge-emitting lasers. Again, the required heat dissipation limits
the output power and the scaling to higher powers demands larger active areas. But
for output beam diameters greater than about 10 mm, laser output beam quickly
becomesmultimoded, anduniform current injection over such large areas is dif� cult
with edge injection through transparent contact layers. Arrays of semiconductor
lasers have been a typical path to high output power [12, 25]. In short, surface-
emitting lasers have good fundamental mode circular beams, but at powers of
only a few milliwatts, while edge-emitting lasers can emit up to several hundred
milliwatts but with elliptical beam pro� le. For still higher powers, both laser types

Figure 1.1 (a) Semiconductor edge-emitting laser. (b) Semiconductor vertical-cavity surface-
emitting laser (VCSEL).
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emit highly transverse multimoded output beams. In short, high power and good
beam quality cannot be achieved simultaneously with conventional edge- or surface-
emitting semiconductor lasers.

Two things become clear from the above description of semiconductor lasers.
First, scaling up optical power to watt and higher levels with circular output beams
requires beam diameters of tens and possibly hundreds of microns, which can be
satis� ed only by surface-emitting laser geometry. Second, good beam quality with
fundamental transverse mode operation requires strong transverse mode control
of the laser cavity. Such transverse mode control can be provided by optical cavity
elements external to the laser chip, which assure that fundamental transverse mode
of the laser cavity, the desired operating laser mode, has diameter approximately
equal to the gain region diameter. In this way we arrive to the concept of vertical-
external-cavity surface-emitting laser.

When the beamdiameter of a surface-emitting laser becomes tens ofmicrons large
and the laser cavity is extended by an external optical element, the issue of laser
excitation acquires additional importance. Injecting carriers uniformly across a wide
area is dif� cult in the traditional diode current injection [10]; this requires a thick
doped semiconductor current spreading layer. Such a doped layer has strong free
carrier absorption inside the extended laser cavity, which can degrade laser threshold
and ef� ciency. One possible solution to this problem is the use of optical pumping,
which can inject excitation carriers uniformly across a wide area without using
intracavity lossy doped regions. Simple and ef� cient semiconductor diode pump
lasers with multimode beams and very high powers have been developed and are
available for pumping solid-state and � ber lasers. VECSEL lasers have been made
with both types of excitation, optical pumping and diode current injection.
To emphasize their distinction from the common semiconductor diode lasers that
use electrical pumping, optically pumped VECSELs are frequently referred to as
OPSLs or optically pumped semiconductor lasers.

External optical cavity elements had been used previously with semiconductor
lasers. For edge-emitting lasers, external re� ectors provide a longer laser cavity for
pulse repetition rate control in mode locking [27] and for inserting intracavity optical
elements, such as spectral-� ltering gratings [27]. There had also been attempts to
stabilize transverse modes of surface-emitting lasers using external spherical
mirrors [28].

Optical pumping of semiconductor lasers has a long history, where optical
pumping had been used not only for characterization of novel semiconductor laser
structures but also for generation of higher output powers or for short pulse
generation. As early as in 1973, pulsed operation was demonstrated with optically
pumped edge-emitting GaAs semiconductor lasers [29]. Later, surface-emitting thin-
� lm InGaAsP lasers [30] were used to generate gain-switched picosecond pulses in
the 0.83–1.59 mm wavelength range using dye laser pumping. Using an external
optical cavity for pulse repetition rate and transversemode control, optically pumped
mode locking was demonstrated with a CdS platelet laser [31]. High peak power was
observed in an external-cavity GaAs platelet laser pumped by a Ti:sapphire laser [32].

4j 1 VECSEL Semiconductor Lasers: A Path to High-Power, Quality Beam and UV



Using diode laser pumping, low-power 10mW CW operation was demonstrated
with GaAs VCSEL lasers [33]; in external cavity, however, such lasers emitted only
20 mW [34]. A diode-laser-pumped surface-emitting optical ampli� er was demon-
strated at 1.5mmusing InGaAs–InGaAlAsmultiquantumwell structures [35]. Using
77K low temperature operation and a Nd:YAG pump laser, 190mW continuous
output power was obtained from an external-cavity InGaAs–InP surface emitting
laser [36]. In a similar con� guration, an external-cavity GaAs VCSEL laser at 77 K has
demonstrated CW output power of 700mW using a 1.8W krypton–ion pump
laser [37]. To obtain high power from a diode-laser-pumped semiconductor laser,
specially designed edge-emitting InGaAs–GaAs laser structures were used to gen-
erate as much as 4W average power [38, 39], however the beams were strongly
elongated with aspect ratios between 10 and 50 to 1. These works had demonstrated
the potential capabilities of the optically pumped semiconductor lasers; however, the
goal of a high-power compact and ef� cient diode-pumped room-temperature laser
with circular diffraction-limited beam pro� le had remained elusive prior to OPS-
VECSEL demonstration in 1997 [17]. What enabled the appearance of the modern
VECSEL lasers is the availability of sophisticated custom-designed multilayered
bandgap-engineered semiconductor structures, modern high-power multimode
semiconductor pump lasers, and thermal designs for ef� cient heat dissipation from
the active semiconductor chip.

Figure 1.2 shows basic con� guration of an optically pumpedVECSEL. A thin active
semiconductor chip, containing gain region and multilayer high-re� ectivity mirror,
is placed on a heat sink and is excited by an incident optical pump beam. Laser cavity
consists of the on-chip mirror and an external spherical mirror, which de� nes the
laser transverse mode and also serves as the output coupler. Typical laser beam
diameters on the gain chip range between 50 and 500 mm; VECSELs have beenmade

Figure 1.2 Optically pumped semiconductor vertical-external-cavity surface-emitting laser
(VECSEL).
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with output powers ranging from 20mW to 20W and higher. Optically pumped
VECSEL can be thought of as a brightness or mode converter, converting a high-
power low-qualitymultimode pump beamwith poor spatial and spectral brightness
into a high-power high-quality fundamental transverse mode laser output beam
with the desired spatial and spectral properties. In this way an optically pumped
VECSEL is similar to solid-state and � ber lasers [13–15], which similarly act as
brightness or mode converters. Indeed, an optically pumped VECSEL can be
thought of as a solid-state laser, where the gain medium, instead of the traditional
active ions in a transparent hostmaterial, uses bandgap-engineered semiconductor
structures to achieve the desired laser absorption and emission properties. Just as
evolution of semiconductor lasers to high power and good beam operation has
arrived at the VECSEL laser con� guration, diode pumped solid-state DPSS lasers
have arrived at the very similar solid-state disk laser con� guration [40, 41], which
has demonstrated kilowatt-level output powers. In such a solid-state disk laser, with
a geometry similar to that in Figure 1.2, a thin solid-state gain medium, such as a
Yb:YAG crystal, with a thin-� lmhigh-re� ectivitymirror coating is placed directly on
a heat sinkwith external sphericalmirror stabilizing the cavity transversemode and
diode optical pumping providing laser excitation. An important bene� t of using
semiconductors, in contrast to other solid-state gain media, is that the on-chip
multilayermirror can bemade of alternating different composition semiconductor
layers and can be grown in the same epitaxial growth step as the gain region itself.
Externally deposited mirror on the semiconductor laser chip can also be used.
Because of their similarity to the solid-state disk lasers, VECSELs have also been
referred to as semiconductor disk lasers or SDLs. Optically pumpedVECSELs form
a hybrid between traditional semiconductor and solid-state lasers, hence the
interest in these lasers has come from both of these laser communities. For
high-power good beam quality operation with wavelength versatility, such optically
pumped VECSEL lasers have many signi� cant advantages compared to both the
traditional semiconductor diode lasers and the traditional solid-state lasers, in-
cluding disk lasers.

1.2.2
Basic Principles of Operation: VECSEL Structure and Function

Basic operating principles of VECSEL lasers are illustrated in Figure 1.3. The key
element of the laser is the semiconductor chip, which contains both a multilayer
laser mirror and a gain region; Figure 1.3 shows the conduction and valence band
energy levels across the semiconductor layers and explains the functions of the
various layers. For optically pumped operation, incident pumpphotons with higher
photon energy are absorbed in separate pump-absorbing layers that also serve as
the quantumwell barriers. The excited carriers, electrons and holes, then diffuse to
the smaller bandgap quantum wells that provide gain to the optical wave, emitting
lasing photons with lower photon energy. These separate pump absorption and
quantum well laser emission layers allow independent optimization of the pump
absorption and laser gain properties. For optically pumped VECSEL operation,
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1.2.3
Basic Properties of VECSEL Lasers: Power Scaling, Beam Quality, and Intracavity
Optical Elements

Basic con� guration of VECSEL lasers enables their many key advantageous prop-
erties, such as power scaling, beam quality, and laser functional versatility; in this
section, we describe these connections between VECSEL laser structure and device
functionality.

1.2.3.1 Power Scaling
One of the key important properties of VECSEL lasers is their output power
scalability: ef� cient research and commercial optically pumped devices have been
demonstrated with power levels between 10mW and 60W, a range of almost four
orders of magnitude, while maintaining good beam quality. Such ef� cient power
scalability is enabled by the laser mode and pump spot-size scalability on the
VECSEL semiconductor laser chip. Since output power of semiconductor lasers is
typically limited by heat dissipation and optical intensity-induced damage, increas-
ing beam diameter in a VECSEL helps on both accounts, distributing heat and
optical power over larger beam area. For well-designed heat sinking with thin
semiconductor chips, heat � ow from the laser active region into heat sink is
essentially one-dimensional. Therefore, increasing beam area is essentially equiv-
alent to operatingmultiple lasing elements in parallel, without changing thermal or
optical intensity regime of the individual lasing elements. In this scenario, both
output laser power and pump power scale linearly with the active area. VECSELs
have been operated with on-chip beam diameters between 30 and 900 mm, which
scale the beam area and potentially output power by a factor of 900. For such power
scaling, the same semiconductor wafer and chip structure can be used, adjusting
only the laser cavity optics and pump laser arrangement. Optical pumping
allows simple uniform excitation of such widely scalable mode areas. In contrast,
with electrical pumping, uniform carrier injection over hundreds of microns wide
area is extremely dif� cult, typically leaving a weakly pumped region in the center of
the active area and making power scaling of electrically pumped devices very
challenging. Direct optical coupling of pump diode chips into the VECSEL chip
is possible with relatively simple pump lens arrangements; alternatively, multi-
mode � ber-coupled pump diode sources can also be used. If pump power available
from a single pump diode is limited, multiple pump diodes can be used with
multiple pump beams incident on a single VECSEL chip from different angles.
When heat dissipation from a single semiconductor chip becomes the limiting
factor, further scaling of optical power is possible by arranging multiple semicon-
ductor gain chips within a single VECSEL laser cavity and re� ecting the laser beam
sequentially from these re� ecting vertical ampli� er chips [22, 49–52]. All of
these factors combined make it possible to scale optically pumped VECSEL
power by the demonstrated four orders of magnitude, and potentially more in
the future.
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1.2.3.2 Beam Quality
Another critically important property of VECSEL lasers is their beam quality:
VECSELs operate with a circular beam, fundamental transverse TEM00 mode, and
essentially diffraction-limited low beam divergence with M2 � 1.0–1.3. Here, beam
spatial quality parameter M2 [9] indicates how much faster a laser beam diverges
angularly in the two transverse directions as comparedwith a single-transversemode
diffraction-limited beam, which has M2 ¼1. Several factors contribute to this beam
quality in VECSELs.Most important, VECSEL laser external-cavity optics de� nes and
stabilizes the circular fundamental laser transverse mode; such optical elements and
their stabilization effect are not available with the more conventional edge-
and surface-emitting semiconductor lasers. Using pump and laser cavity optics,
VECSELs have independent control allowingmatching of the pump spot size and the
laser fundamental transverse mode size. If the pump spot is too small, compared to
the fundamental mode size, laser threshold will be high because of the lossy
unpumped regions encountered by the laser mode. If the pump spot is too large,
higher order transverse laser modes with a larger transverse extent will be excited,
causing multimode laser operation and thus degraded beam quality. Optimally
adjusted pump spot size gives preferentially higher gain to the fundamental laser
mode, while giving excess loss from the unpumped regions to the spatially wider
higher order transverse modes; this stabilizes the fundamental transverse mode
operation. Large VECSEL laser beam and pump spot sizes on the chip, tens to
hundreds of microns, as compared with just a few microns for edge-emitting
semiconductor lasers, contribute to the ease of alignment and thus to themechanical
stability of the VECSEL laser cavity, and thus also to the stability of its fundamental
transverse mode operation. Such a large VECSEL beam diameter also conveniently
has very low divergence angles, as compared with extremely fast divergence of
micron-sized beams of the edge-emitting, and even surface-emitting, lasers.

The second important factor contributing to spatial beam quality and stability of
VECSEL lasers is the negligible thermal lensing in the thin, 2–8 mm, VECSEL
semiconductor chip [22] when proper heat spreading/heat sinking is used. Thermal
lensing and other beam phase pro� le distortions are caused by thermally induced
refractive index gradients in the laser gainmaterial. InVECSELs, thin semiconductor
active region with good heat sinking implies that optical path length thermal
distortions and hence beam pro� le changes and distortions are negligible. In
contrast, such thermal lensing is much stronger in solid-state lasers that require
much longer, hundreds of microns, gain path length. As a result, thermal lensing
typically forces optimal solid-state laser operation only within a narrow range of
pump and output powers where the thermal gradients and the resulting thermal
intracavity lens produce laser mode size consistent with the pumping pro� le.
VECSEL semiconductor lasers operate ef� ciently and with excellent beam quality
across a wide range of operating power regimes from near to high above threshold.
There is some trade-off between output power and beam quality in VECSELs: a
multimode laser beam can better overlap the pump spot and thus produce somewhat
higher output power. Thus, when a few transverse modes can be tolerated with a
somewhat degraded M2 � 3–4 beam parameter, VECSELs have been operated in
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thermal impedance of 21� KW� 1 for a 100 � 100mm2 laser spot size [18]. VECSEL
semiconductor wafer structures require very good epitaxial growth control of the
layer compositions, thicknesses and strains; such control is available with the
modernmetal-organic vapor-phase epitaxy (MOVPE) [18, 57, 125, 126] andmolecular
beam epitaxy (MBE) [127–129] semiconductor growth techniques.

Optically pumped VECSELs require very little processing after wafer growth; no
lithographic processing is required. To use such semiconductor chip in a laser, it is
� rst metallized, thinned, and soldered mirror side down onto a diamond heat
spreader; subsequently, the thinned GaAs substrate is removed by selective wet
chemical etching [18, 130] and the exposed window surface is antire� ection (AR)
coated. This AR coating serves to eliminate pump re� ection loss at the OPS chip
surface. It also strongly reduces chip surface intracavity re� ection at the laser
wavelengths, thus weakening the subcavity etalon formed by the on-chip mirror
and the surface re� ection, which otherwise can limit tuning bandwidth of the laser.
This AR coating can also be made with semiconductor layers grown epitaxially on
the semiconductor wafer together with the other structure layers [107]. Diamond
heat spreader with the soldered OPS chip is in turn soldered onto a thermoelec-
trically temperature-controlled heat sink. Copper heat sink is typically used;
however, using diamond in place of copper heat sink [107] can further decrease
the chip thermal impedance, limit its temperature rise, and produce higher output
powers.

The VECSEL window-on-substrate wafer layer arrangement leaves no extraneous
substrate material, with its excess thermal impedance, between the mirror and heat
spreader and gives excellent high-power laser operation. An alternative is themirror-
on-substrate wafer structure, where mirror layers are grown � rst on the substrate,

Figure 1.5 Semiconductor wafer structure of a 980 nm InGaAs/GaAs VECSEL laser.
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followed by the active region and the output window [18]. Such mirror-on-substrate
structures require back side substrate thinning, metallization, and soldering to heat
sink. Handling thin semiconductor chips is very dif� cult; as a result, the residual
substrate thickness is 15–30 mm with the corresponding thermal impedance and
severe limitation to high-power laser operation [18]. Using front side transparent
heat sinks with such structures, using materials such as sapphire [65], silicon
carbide SiC [66], or single-crystal diamond [67], is very effective in addressing the
thermal impedance problem and has demonstrated high-power laser operation
(Chapter 2) [131].

1.3.2
Optical Cavity: Geometry, Mode Control, and Intracavity Elements

We next outline external optical cavity con� gurations used for VECSEL lasers; other
than on-chip laser mirror, optical elements forming these cavities are external to the
laser chip. VECSEL optical cavities allow control of the laser fundamental transverse
mode operation as well as the insertion of various intracavity elements: saturable
absorbers for laser passivemode locking, optical � lters for laser wavelength selection
and tuning, nonlinear optical crystals for intracavity second harmonic generation,
and so on. Such optical cavities also allow combining of multiple gain elements in
series for higher-power laser operation.

VECSEL lasers were � rst demonstrated with simple twomirror cavities [18, 65], as
illustrated in Figures 1.2 and 1.6a. Later, as additional optical functional elements
were added to the lasers, more complex three-mirror V-shaped cavities emerged.
In one version of the V-shaped cavity, as illustrated in Figure 1.6b, the OPS gain chip
serves as one end mirror of the cavity [57, 66, 97, 132], with the laser output taken
variously either through the other end mirror [66, 97] or through the folding
mirror [57, 132] of the cavity. In another version of the V-shaped cavity, as illustrated
in Figure 1.6c, the OPS gain chip serves as the folding mirror in the middle of the
cavity [20, 62, 133]. Four-mirror Z-shaped cavities, as shown in Figure 1.6d, give even
more � exibility in placing intracavity functional elements and manipulating laser
beam size at these elements [53, 131, 134]. Even more complex multimirror cavities
have been usedwith two (Figure 1.6e) [49, 50] and three (Figure 1.6f) [135] active OPS
gain chips in the cavity. Going beyond the above linear cavity con� gurations, a planar
ring cavity has been used for a passivelymode-locked VECSEL [136], and a nonplanar
ring laser cavity has been used for a VECSEL-based ring laser gyro [137]. A diffractive
unstable optical resonator has also been used with VECSELs where Gaussian beam
output was extracted from a hard-edged outcoupling aperture [138].

A two-mirror, stable, plane–curved optical cavity (Figure 1.6a) [139] of length Lc
and with curved mirror radius Rc has fundamental TEM00 laser mode beam 1/e2

diametersw1 on the planar semiconductor chip andw2 on the output sphericalmirror
given by

w2
1 ¼

4llaserLc

p

������������������������
ðRc� LcÞ=Lc

p
; ð1:12Þ
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Figures 1.7a and b illustrate variation of the lasermode diameters on the two cavity
end mirrors as a function of the cavity length. Mode diameters on the chip between
100 and 200 mmcan be easily achieved in this simple cavity for cavity lengths less than

Figure 1.6 VECSEL laser cavities. (a) Two-
mirror linear cavity. (b) Three-mirror V-shaped
cavity for second harmonic generation (SHG).
(c) Three-mirror V-shaped cavity for

passive mode locking. (d) Four-mirror
Z-shaped cavity. (e) VECSEL cavity with two gain
chips. (f) VECSEL cavity with three gain chips.
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Open multimirror cavities allow convenient insertion of intracavity optical ele-
ments. As shown in Figure 1.6c, for second harmonic generation [57], an intracavity
birefringent � lter is used for longitudinal mode, or wavelength, control and an
intracavity nonlinear optical crystal is used for second harmonic generation. Several
types of intracavity frequency-selective � lters have been used for VECSEL laser
frequency control, such as etalons [146], birefringent � lters [104], volume Bragg
gratings (Chapter 6) [59], and high-re� ectivity gratings [60]. Such frequency-con-
trolled VECSELs have demonstrated single-frequency laser operation with linewidth
below 5 kHz [104].

Scaling VECSELs to very high output power levels can be accomplished by
overcoming some of their thermal limitations with the use ofmultiple gain elements
in series inside amore complex laser cavity, as � rst proposed inRef. [18]. Two optically
pumped semiconductor gain elements have been connected in series in the � ve-
mirror VECSEL cavity illustrated in Figure 1.6e [50], producing 19W CWat 970 nm.
Two gain chips have been used in a four-mirror cavity for high-power generation
in Refs [49, 147]. Scalable optically pumped two-, three-, and four-chip cavities of the
type shown in Figure 1.6f have been used to generate as much as 66W CW at the
fundamental wavelength of 1064 nm and as much as 30W CW at the second
harmonic 532 nm green wavelength [135]. In order for such multielement VECSEL
optical cavities to be practical, they must be stable to component and alignment
perturbations as well as to long-term aging and drift; design of such dynamically
stable cavities has been described in Ref. [52].

Power scaling ofVECSELs typically requires largemodediameters on the gain chip
to reduce device thermal impedance. A simple two-mirror cavity would need to be
very long to achieve such large mode diameters, while a compact laser cavity is
desirable. The design of such compact miniaturized cavities using Keplerian or
Galilean telescopes to expand lasermode size has been described in Ref. [52]. A large
480 mm diameter mode size has been demonstrated in a small 8 cm footprint
Keplerian telescope folded cavity, with 531 nm green laser TEM00 output power in
the 10–20W CW range [52]. A Galilean telescope folded cavity also demonstrated
a large 480 mm diameter spot size in a miniature footprint of only � 1.5 cm, with
486 nm blue laser TEM00 output power of 7.3W CW [52]. Such compact cavities are
possible because of the thin disk nature of the optically pumped semiconductor
medium with very short pump absorption depths and gain lengths. As a result, high
power VECSEL lasers can be made with a footprint an order of magnitude smaller
than conventional diode-pumped solid-state lasers [52].

Electrically pumped VECSELs use a modi� ed version of the two-mirror cavity of
Figure 1.6a; here a third �intracavity� partially transmitting mirror is added on the
semiconductor chip such that the quantum well gain region is sandwiched between
two planar on-chip mirrors (Chapter 7). This additional mirror helps reduce laser
intensity and optical absorption in the lossy intracavity doped semiconductor
substrate that serves as the current spreading layer and lies outside the �sandwiched�
gain layer (Chapter 7). In this scenario, the low-loss laser cavity is predominantly
de� ned by the high-re� ectivity planar on-chip mirrors; relatively weak external
spherical re� ector serves only to stabilize the fundamental spatial transverse mode.
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Another version of electrically pumped VECSELs with intracavity second harmonic
generation uses a similar cavity con� guration but with all planar mirrors and a
volume Bragg grating serving as the output coupling mirror at the second harmonic
(Chapter 7). Here, a thermal lens is used to stabilize the fundamental transverse
mode of the laser.

VECSEL optical cavities acquire different dimensions when they are used for
intracavity laser absorption spectroscopy [73, 75, 148, 149]. For ICLAS applications,
one arm of the three-mirror resonator in Figure 1.6b, the one without the OPS gain
chip, ismade about 1m long and an � 50 cm gas absorption cell is inserted inside the
laser cavity. Equivalent intracavity absorption path lengths of greater than 100 km
have been obtained with this technique, making ICLAS-VECSELs an extremely
sensitive tool for absorption spectroscopy.

Note that OPS chip is sometimes used at normal re� ection as an endmirror of the
laser cavity, such as in cavity con� gurations shown in Figure 1.6a, b, and d. In these
cases, laser optical wave on a single round-trip in the cavity passes the OPS gain
medium twice. On the other hand, at other times, OPS chip is used as a cavity folding
mirror re� ecting laser optical beam at an angle, such as in cavity con� gurations
shown in Figure 1.6c, e, and f, the last two being multichip cavity con� gurations.
In these cases, laser optical wave on a single round-trip in the cavity passes the
re� ection folding OPS gain medium four times. Thus, the folding-mirror OPS chip
provides twice the gain per round-trip in the laser, as compared with the end-mirror
OPS chip con� gurations; this has to be taken properly into account when designing
the laser.

As we have illustrated here, VECSELs use a rich variety of optical cavities [139] that
have been originally developed for other types of lasers, such as diode-pumped solid-
state DPSS lasers [13, 14]. Many of these cavities have been specialized for VECSEL
lasers to allow compact size, when needed, and, using intracavity elements, a wide
range of optical functions, such as single-frequency operation, short pulse gener-
ation, second harmonic generation, and ultrasensitive intracavity absorption spec-
troscopy. Such functional richness simply would not be possible in an integrated
semiconductor device without external optical cavity.

1.3.3
Optical and Electrical Pumping

VECSEL lasers have been made with two types of excitation: optical [18, 22] and
electrical (Chapter 7) [92, 93, 141, 150–153]. Electrical excitation of the laser by a diode
current injection across a p–n junction is very appealing, as it requires only a simple
low-voltage current source to drive the laser, rather than separate pump lasers with
their pump optics and power supplies. For VECSEL lasers, however, electrical
pumping has signi� cant limitations. First, intracavity laser absorption in doped
semiconductor regions required for current injection degrades laser threshold and
ef� ciency. The second major problem is the dif� culty of uniform current injection
across the several hundred microns wide emission areas required for high-power
operation. Pump current is injected from the perimeter of the light-emitting laser
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aperture; thick current spreading doped semiconductor layers attempt to provide a
more uniform current distribution across this aperture; however, intracavity free-
carrier absorption in these doped layers is detrimental to the laser. This problem is
somewhat mitigated by the three-mirror laser cavity that places current spreading
absorbing regions in the lower light intensity section of the cavity (Chapter 7). Carrier
transport across the multiple quantum wells and nonuniform electron and hole
distributions across the wells also have to be considered. Signi� cantly, as compared
with optically pumped OPS wafers, electrically pumped VECSELs require a much
more complex semiconductor wafer growth process with complex layer doping
pro� les, as well as post-growth lithographic processing (Chapter 7).

Optical pumping approach divides the functions of laser pumping and laser light
emission between separate devices. While the � nal device requires multiple com-
ponents and is more complex than the integrated electrically pumped approach, the
individual components of an optically pumped VECSEL can be independently
optimized, avoiding painful, or impossible, compromises inherent in an integrated
device. Thus, a pump laser can be optimized separately for ef� cient high-power
light generation without regard to beam spatial quality. OPS VECSEL structure is
optimized for ef� cient pump power conversion to a high spatial quality beam, with
wide output wavelength access and rich functionality, such as short pulse generation.
As a result of such separate optimizations, optically pumped VECSELs have dem-
onstrated more than an order of magnitude higher output power levels than their
electrically pumped counterparts. In a hybrid approach, separate edge-emitting
pump lasers have been integrated on the same substrate for optical pumping of a
VECSEL structure [154].

What are the main advantages of the optical pumping of VECSELs? Optical
pumping allows simple uniform transverse carrier excitation across very wide range
of VECSEL emission apertures from 50 to 1000 mm in diameter. Also, no carrier
transport from the surfaces through the multiple quantum wells across the device
thickness is required, as pump light propagates throughout the device thickness to
deliver the excitation. OPS wafer structures are undoped, which is easier to grow and
produces no free-carrier absorption; also, no lithographic wafer processing is
required. Multiple pump beams incident on a single pump spot from different
directions can be used to excite a VECSEL. In an analogy with diode-pumped solid-
state lasers [13, 14], an optical end-pumping scheme has also been used with
VECSELs [155–158]. In this con� guration, pump light enters through a transparent
heat sink on one side of the OPS chip, and laser output is taken from the other side of
the chip. In addition to single-stripe multimode semiconductor pump diode lasers,
high-power multiple stripe diode arrays can also be used for direct VECSEL pump-
ing [52]. The use of such poor beam quality pumps is made possible by the short
absorption depth of semiconductors and is not possible with diode-pumped solid-
state lasers that typically have absorption lengths on the scale of millimeters.

Pump diodes can be directly coupled to the OPS chip bymeans of relatively simple
pump optics; alternatively, � ber-coupled pumps can be used. Pump optics should
deliver a pump spot on the OPS chip that is approximately matched in diameter
and serves as the gain aperture to the laser fundamental TEM00 transverse spatial
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high thermal impedance laser mirrors; nevertheless, VECSEL output powers as
high as 0.8W have been demonstrated [80, 121]. Using wafer fusion with GaAs-
substrate-based mirrors, the InGaAlAs/InP active region has demonstrated still
higher VECSEL powers of 2.6W [97, 98]. Electrically pumped VECSELs have also
been fabricated with 1550 nm emission wavelengths using InP-based material
system [92, 93, 152].

The 2000–2400 nm emission wavelength mid-IR region is covered by the
GaInAsSb/GaSb material system. Output power as high as 5W has been demon-
strated at 1980 nmusing standard 980 nmdiode pump [103]. More than 3Woutput
has been achieved at 2250 nmusing 980 nmdiode pumpwith a single-chip [81] and
dual-chip [184] con� gurations, and at 2350 nmusing 1960 nm thulium-doped � ber
laser for in-well pumping [48, 185]. Even longer wavelength VECSELs with
emission wavelength near 4.5 and 5 mm have been demonstrated using IV–VI
lead–chalcogenide semiconductor material systems of PbTe (PbSe)/PbEuTe on
both BaF2 and Si substrates [82–85]. The long-wavelength VECSELs are discussed
in more detail in Chapter 4.

Another approach to extend VECSEL emission to themid-IR and THzwavelength
region is to use difference frequency generation [186], for example, with a dual-
wavelength VECSEL [109–111]. Such nonlinear optical difference frequency gener-
ation has been analyzed in Ref. [187], where dual emission VECSEL wavelengths at
984 and 1042 nm are considered for 17.7 mm wavelength generation.

VECSEL lasers have also been used for generation of even longer wavelength
broadband terahertz radiation in the 0.1–0.8THz frequency range [115], which
corresponds to 0.4–3.0mmwavelength range. In this terahertz spectrometer arrange-
ment, 480 fs pulses froma passivelymode-lockedVECSEL laser at 1044nmwere used
to illuminate both the emitter and the receiver photoconductive terahertz anten-
nas [115].The accessible terahertz spectral range in this technique is givenby thebroad
spectral bandwidth of the short pulses from a passively mode-locked VECSEL.

Broad gain bandwidth of semiconductor materials allows appreciable amount of
wavelength tuning from VECSELs, which has indeed been demonstrated inmany of
the above material systems, as indicated in Tables 1.2 and 1.3. For example, 80 nm
tuning range has been demonstrated near 1980 nmemissionwavelength in theGaSb
material system [103]. Even higher tuning range of 156 nm from 1924 to 2080 nm is
reported in Ref. [188]. A tuning range of 33 nm has been demonstrated near 972 nm
emission wavelength in a two-gain-chip VECSEL laser in the InGaAs/GaAsmaterial
system [51]. Intracavity frequency-doubled VECSELs typically exhibit half the tuning
range at the second harmonicwavelength as the laser is capable of at the fundamental
wavelength. Thus, for example, frequency-doubled yellow laser at 587 nm wave-
length exhibits 15 nm of tuning, as compared to the 30 nm tuning range at the
fundamental 1174 nm wavelength [58].

To summarize, in the short time since VECSELs were � rst developed, their
demonstrated wavelengths span from 244, 338, and 355 nm in the UV; to the violet,
blue, green, yellow, orange, and red wavelengths in the visible 390–675 nm range; to
the 850–1570 nm NIR wavelength range; to the 2.0–2.35mm mid-IR range; to the
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requirements and where there is simply no other laser that can do the job as
effectively.

1.4.3
Current and Future Research Directions

Future research directions and applications of VECSELs will surely re� ect the
already demonstrated versatility of the VECSEL laser platform. Output power
scaling of VECSELs will continue to be a topic of interest. Power scaling can
utilize a number of approaches, such as increasing mode area and pump spot size
while controlling and limiting the in-plane ampli� ed spontaneous emission that
can deplete the gain [159]. Further improvements in ef� cient heat removal
(Chapter 2) will help, such as using the highest thermal conductivity diamond
heat spreaders and heat sinks [107], front and back side heat removal from the
OPS chip, design and fabrication of low thermal impedance semiconductor
structures, and so on. Further power scaling will be achieved by using multiple
gain chips [22, 49, 50, 52, 184], with larger mode area per chip, from the current
maximum � 0.9mm diameter, and a larger number of OPS gain chips, from the
presently demonstrated maximum of three chips. Still further power scaling is
possible by spectrally combining multiple laser beams at different wavelengths, as
demonstrated by combining two VECSEL lasers preserving excellent beam quality
using a volume Bragg grating [211]. VECSEL output powers of several hundred
watts, at the fundamental or the second harmonic, should be achievable with
excellent beam quality using some combination of the above techniques. At
the same time, demonstrating compact and ef� cient, low-cost, manufacturable
VECSELs with modest milliwatt- to watt-level output powers will also be impor-
tant for many applications, such as mobile projection displays [207].

Wavelength scaling of VECSELs will likely proceed along two paths: one will be
application-driven demonstrations of new wavelengths using the existing semi-
conductormaterial systems and techniques; the otherwill explore newwavelengths
by using novelmaterial systems or novel nonlinear optical techniques to expand the
versatility of the VECSEL approach. In addition to novel semiconductor material
systems, � nding suitable pump lasers and ef� cient pumping schemes for new
VECSEL wavelength regions will also be important. For example, direct blue
emission in the GaN material system [95, 96] with high powers and good beams
would be very useful; however, suitable pump diode lasers are not readily available
at the required wavelengths. Perhaps amultistage cascade of intracavity frequency-
doubled VECSELs can be demonstrated, where output of one stage of such cascade
is used to pump the next stage of the cascade. A variety of nonlinear optical
frequency conversion schemes should expand the range of accessible wavelengths:
intracavity frequency doubling, tripling, and quadrupling; sum frequency gener-
ation; difference frequency generation from dual wavelength lasers for accessing
new mid-IR wavelengths [109, 111], such as 17.7 mm [187]; a combination of laser
intracavity and extracavity nonlinear conversions [77]; and using single and
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multiple lasers for nonlinear optical conversions. VECSELs can become an im-
portant compact source of broadband terahertz radiation by using ultrashort pulse
mode-locked VECSELs in combination with photoconductive antennas [115]. To
summarize, VECSELs wavelength coverage range will extend deeper into the UV
and further intomid-IR, as well as start � lling in the gaps in the existing wavelength
coverage.

Tunable wavelength operation will prove important for many VECSEL applica-
tions. The target herewill be to extend the relative wavelength tuning ranges from the
currently demonstrated 3–8%, 33 nm tuning near 972 nm [51], 80 nm tuning near
1980 nm [103], and 156 nm tuning near 2000 nm [188], to the 10–15% level. Theways
to achieve this will include using broadband gain semiconductor materials, such as
quantum dots (Chapter 5); broadband OPS chip gain structures with quantum well,
or dot, layers displaced somewhat from their periodic RPG positions [18, 130];
multiple, nonidentical gain chips in the cavity [51]; and, also important, low-loss
tunable � lters. Single-frequency tuning of VECSELs [55, 140, 164] is also important
and will see further development for some applications, such as laser sources for
atomic clocks [120, 146] and spectroscopy [106].

Development of new semiconductor materials both for gain and on-chip mirror
structures will enable better performance of VECSELs and expand their operating
range in terms of power, wavelength, tuning range, and so on. New semiconductor
material systems with binary, ternary, quaternary, and quinary alloys can enable
easier materials growth with fewer defects for the gain region and better index
contrast and lower thermal impedance for theVECSELmirrors.Unstrained or strain-
compensated quantum well structures will be required in these material systems.
Further development of the quantum dot active region (Chapter 5) [99–102] will
enable VECSELs with reduced thresholds, wider gain bandwidth, and reduced
temperature dependence [101]. Bondingwafers of different semiconductormaterials
using wafer fussion [97, 98], such as for bonding separate VECSEL mirror and gain
wafers, eliminates some of the material limitations in VECSELs. Expanding the use
of this technique will enable a range of novel better performing devices, for example,
with higher powers and at new wavelengths. Wafer fusion of other VECSEL
functional blocks might also prove useful, such as bonding of gain regions at
different wavelengths, bonding of diode pump lasers to the gain region, and bonding
gain and saturable absorbers for mode locking. New materials and epitaxial growth
techniques have been driving the development of semiconductor lasers for more
than 40 years, and they will also be critical for the future VECSEL development.
Complexmultilayer semiconductor VECSEL structures require state-of-the-art semi-
conductor materials and growth techniques. In addition, � nding optimal nonlinear
optical materials, including periodically poled crystals, will boost performance of the
frequency-doubled visible emitting VECSELs.

Further development of electrically pumped VECSELs is an important topic of
future research. While optically pumped VECSELs will reach comparatively higher
output powers, electrical pumping capability will enablemore compact, ef� cient, and
simple devices for many applications of VECSELs in a variety of operating regimes:
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cw and pulsed, tunable, intracavity doubled, and so on. Electrically pumpedVECSELs
are discussed in detail in Chapter 7.

Another important future direction for VECSEL research is the integration of
multiple functional blocks on a common semiconductor substrate. For example,
integration of pump lasers with the gain-mirror VECSEL structure has already been
demonstrated [154]. Further development of such pump-integrated VECSELs can
produce highly manufacturable high-power lasers that require signi� cantly reduced
component assembly, thus reducing the device cost and expanding the potential
markets for these lasers. Another example of functional component integration is
the MIXSEL laser (Chapter 6) [160, 161], where gain and saturable absorber regions
of short-pulse mode-locked VECSELs are integrated on a common substrate. An
important direction of functional integration is the development of various forms of
VECSEL-integrated optical cavities; such integrated cavities are more compact and
better manufacturable and might prove very valuable for some applications. This
includes plane–plane microchip cavities with thermally stabilized transverse modes
[69–71, 181]; compact plane–curved cavities where the curved surface is produced
as a microlens on an optical substrate [141–144, 212, 213]; and single-transverse
mode optical resonators, for example, in the pillbox con� guration [145]. Such
functional integration, including combinations of the above schemes, can produce
simpler, more compact, easier manufacturable, and cheaper devices, as well as
enable better device performance and novel functions. Future development of
functional integration can help make VECSELs even more widely used commer-
cially, especially in low-cost and high-volume applications, such as mobile projec-
tion displays.

A variety of optical cavity con� gurations have been used with VECSELs; develop-
ment of optical cavities optimized for different applications will play an important
role in expanding VECSEL function and application.While integrated optical cavities
mentioned above are important, compact bulk optical cavities with large mode
area for high-power operation [52] will also be valuable. Optical cavity design is an
important factor in VECSELs incorporatingmultipleOPS chips [22, 49–52, 135, 184].
VECSELs using intracavity nonlinear optical crystals for harmonic generation or
saturable absorbers formode locking require optical cavities that control the absolute
and relative laser mode diameters in the gain and the nonlinear element. In contrast
with most VECSELs that use a linear laser cavity, even if with multiple cavity
elements, ring laser cavity has been used in a VECSEL-based laser gyro [137] and
a passively mode-locked VECSEL [136]. A diffractive unstable optical resonator has
been used with VECSELs where Gaussian beam output was extracted from a hard-
edged outcoupling aperture [138]. VECSELs have also been operated in unstable
resonator regime with plane–spherical resonator cavities [18]. Optimized and novel
optical cavities will enable VECSELs with enhanced performance, while making
them more compact, stable, and manufacturable.

Array operation of VECSELs has been demonstrated both with electrical
(Chapter 7) and optical [70, 143] pumping. This is a promising research direction
for producing higher output powers from multiple beam incoherent arrays
(Chapter 7) or phase-locked arrays [214]. Individually addressable VECSEL arrays
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