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Optical Properties of the Periodically Distributed AlGalnAs
Multiple-Quantum-Wells: Spontaneous Emission, Stimulated

Emission and Saturable Absorption

Student : Yi-Fan Chen Advisor : Yung-Fu Chen

Department of Electrophysics

National Chiao Tung University

ABSTRACT

Recently, the semiconductor. multiple-quantum-wells (MQWs) structure is
extensively used in the semiconductor lasers owing to the characteristics like versatile
emission wavelength, lower laser threshold and excellent performance under room
temperature operation. It is also applied as a promising saturable absorber in the
diode-pumped passively Q-switched solid-state laser. Compared to the doped crystal
saturable absorber, the MQWSs absorber has lower non-saturable loss and allows the
shorter cavity length. According to these characteristics, the MQWs structure has the
potential to be designed simultaneously as a saturable absorber and an active medium in
the intra-cavity pumped solid-state lasers. Besides, the many-body effect of the high
density electron-hole plasma (EHP) under this quasi-2D confinement structure is also an
interesting issue. Therefore, the contents of this dissertation are organized to be three
parts. At the first part we investigate the many-body effect of the high density EHP in
the quasi-2D confined MQWs structure. The room temperature spontaneous emission of
the renormalized bandgap is observed under the designation of high confinement energy
and periodically aligned gain structure. The temperature dependent luminescence
features such as photoluminescence (PL) spectrum and the integrated PL intensity are

il



discussed and the threshold excitation intensity of the luminescence of renormalized
band-edge is shown to be exponentially increased with increasing temperature. As a
result we have confirmed that the periodically aligned MQWs structure is beneficial to

the observation of room temperature many-body state emission

In the second part, an AlGalnAs MQWs structure is designed to be the gain chip of
a high repetition rate and high peak power 1220 nm optically-pumped semiconductor
laser (OPSL). By using an Yb-doped master oscillator fiber amplifier as the pump
source, the output performance could be optimized with the free controlled pump
conditions such as pump repetition rates and pulse durations. Then the same pump laser
is used to excite the high repetition rate and high peak power AlGalnAs MQW OPSL at
the communication and eye-safe spectral region of 1520 nm. By capillary bonding the
highly transparent and thermal conductive single crystal diamond heat spreader to the
gain chip, the thermal roll-over effect was eased at high average pump power under
high repetition rate operation. The optimized repetition rate was raised from 30 to 200
kHz and the maximum average output power was_.scaled to be 4.7 times higher. When
operated at as high as 500 kHz, the maximum average power of 2.32 W and peak power

of 170 W were obtained.

At the end of this dissertation an AlGalnAs MQW structure is used simultaneously
as the saturable absorber (SA) and wavelength-converted component in the Nd:GdVO4
laser. It is fabricated to accommodate the pump level of 1064 nm and the emission level
of 1530 nm in the quantum well region. The upper state is served as the nonlinear
saturable absorption device at 1064 nm and the lower state is served as the active
medium at 1530 nm with additional couple-cavity in the Nd:GdVO, laser. This
configuration combines the advantages of the self-Q-switched lasers, pulse-pumped
solid state lasers and the semiconductor MQW structures. Because there is no need of
additional electronic drivers for passively Q-switches and the shorter action lengths of
the MQWSs compared to the bulk crystal SAs and nonlinear crystals, the device
configuration could be simplified and cavity length is shortened, respectively.
According to these characteristics and the capillary bonding technique in second part,
this laser system has potential to be served as a low cost, simple and monolithic

passively Q-switched microchip laser with broad achievable spectral range.
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Chapter One

Introduction

1.1 Semiconductor gain materials

Semiconductor materials are extensively used in electronics due to its specific
electrical conductivity between conductors and insulators. It is also promising to be
used in the optoelectronics such as the photo-detectors, light emitting diodes and
semiconductor lasers. The development of semiconductor lasers is nearly as old as the
advent of lasers. Compared to other laser sources, the semiconductor lasers have
several advantages like good electrical-to-optical efficiency, compact and monolithic
in fabrication and widely controlled emission .spectral range. Mostly the gain
mediums of the semiconductor lasers are direct bandgap semiconductor materials of
III-V compounds. The light- amplification is achieved by recombination of the
electron-hole pairs in conduction band and valence band of active layers in
semiconductor gain device induced by the propagating optical fields. The simplest
form of semiconductor gain devices is p-n junction diodes in which the population
inversion is brought about around junction area by a sufficiently large forward bias.
To reduce pump threshold current and improve laser efficiency, the double
heterostructure semiconductor laser diodes have been demonstrated with better carrier
and photon confinement. More recently, a novel structure of multiple quantum wells
(MQWs) has been demonstrated via advanced semiconductor growth techniques with
the precision up to single atomic layer. They exhibit numerous excellent
characteristics like lower optical loss, lower threshold current injection, batter carrier
confinement, superior room-temperature performance and the flexible tuning

parameters in comparison to double heterostructure semiconductor lasers [1]. The



number of wells can be selected to fit the required gain or absorption coefficient and
the emission wavelength can be adjusted by varying the bandgap of well layer, barrier

height and well thickness.

Different types of semiconductor lasers could be classified as edge-emitting and
surface-emitting lasers which will be mentioned in section 1.3. The optical cavity of
edge-emitting semiconductor lasers is formed by the cleaved facets perpendicular to
plane of active layer structure. Therefore, the emitted photon is propagating in path
normal to the epitaxial direction guided by the interfaces between active and confined
layers. Schematic description of the edge-emitting lasers or the so-called Fabry-Pérot
lasers is shown in Fig. 1.1-1. Because of the long active region length L, the cavity
gain of edge-emitting laser is pretty high-and the output power is much higher than
surface-emitting laser. But the active region height H, which is equivalent to active
layer thickness, is typically two orders smaller than the width W and the output beam
is elliptically shaped with poor beam quality. Alternatively, the surface-emitting lasers
are developed with output light direction parallel to the epitaxial direction. The laser
cavity is conventionally formed by two distributed Bragg mirror (DBR) structures
which are parallel to the epitaxial layer on top and bottom side of semiconductor gain
chip. A simplified schematic illustration of surface-emitting lasers is shown in Fig.
1.1-2. Because there is no restriction of lateral dimensions and the cavity has circular
cross-section geometry, the output laser beam could be a single transverse mode
non-diffraction limit beam. But the low optical gain due to short active length and the
small current injection aperture due to the ultra-short linear-linear cavity limited the
output power to just several milli-watts. Therefore, the optical pumping instead of
current injection is used in external-cavity surface-emitting lasers which has been

developed to obtain high power and good beam quality semiconductor laser source.
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The detailed evolution of surface emitting lasers will be further discussed in section

1.3.

The material system is important to the emission spectral range of semiconductor
lasers which could be tuned from 400 nm in the ultraviolet by GaN-based system, to
2.3 um by AlGaAsSb-based system. To select suitable substrate and semiconductor
alloy epitaxial layers, the use of a lattice constant versus bandgap energy diagram is
needed [2]. The chosen semiconductor materials in active layer should have direct
bandgap matched to the objective emission photon energy. Besides, the lattice
constant should be lattice-matched to the substrate and prevent the generation of large
amount of defects. In using the approximation of Vegard’s law, the lattice constant and
bandgap shift could be continuously tuned via the mixed ternary of quaternary alloys
instead of using binary compounds/[3]. The mostly mature and used material system
is the compounds composed by AlAs/GaAs/InAs alloys lattice-matched to the GaAs
substrate. The wavelength range of Al,Ga;As with mole fraction x could be varied
from 780 nm to 900 nm with direct bandgap and nearly perfect lattice-matching to
GaAs substrate. With the indium-doping in place of aluminum-doping, the
compressive strain of the InGaAs on the GaAs substrate will make the bandgap
shifted to around 1 pm. Although the more doping fraction of indium could alter the
emission wavelength to be longer than 1 pum, the more serious strain effect will
introduce more defects which will result in much scattering loss and lower the
semiconductor laser efficiency. But this restriction could be eased by low temperature
growth or by alternating growth of large and small lattice constant material to cancel
the built-in energy of the MQWs which is called “strain compensation” [4]. The high
refractive index difference and high thermal conductivity of the AlAs/GaAs

distributed Bragg reflectors (DBRs) for GaAs-based system is also beneficial to the



development in surface-emitting lasers.

Semiconductor lasers at 1.3 and 1.55 pm are of great importance in remote
sensing, laser ranging and optical communication. The InGaAsP and AlGalnAs
quaternary compounds based on InP substrate and InGaNAs quaternary compound
based on GaAs substrate are typically used in this spectral region. Although the
InGaAsP/InP system is developed earlier than AlGalnAs/InP system, the conduction
band offset of the former is smaller than the latter. This means that the carrier
confinement and thermal stability under room temperature operation of InGaAsP/InP
system is worse than AlGalnAs/InP system. Therefore, in this thesis we choose
AlGalnAs/InP system as our MQWSs material and a series of characteristics of
photoluminescence, stimulated emission and saturable absorption in the surface-
emitting scheme have been investigated in the following three chapters. But the DBRs
lattice matched to the InP-based systems suffer from low refractive index contrast,
low thermal conductivity and ‘high complexity of growth to realize the
surface-emitting laser. Alternatively, Fe-doped InP with good transparency at 1-2 pm
is chosen as the substrate in our MQW sample instead of the conventionally used
S-doped InP. Consequently, the transmitted AlGalnAs MQW chip is achieved and the
function of DBRs could be replaced by an external mirror in the surface-emitting laser.
Recently, a new GaAs-based nitride quaternary compound is applied in the
semiconductor lasers in the spectral range of 1.1-1.6 um. By introducing a few
fraction of nitride to InGaAs the emission wavelength of this quaternary compound
has potential shifted to longer wavelengths and the lattice-mismatching to GaAs can
be reduced. However, because the nitrogen ion is smaller than the elements in the
InGaAs material, the more doping concentration of nitride will result in the more

defect in the alloys. It will give rise to strong scattering loss which is unfavorable to



the semiconductor lasers. So far, several InGaNAs vertical-external-cavity
surface-emitting lasers have been demonstrated at wavelength range at 1.2, 1.3 and
1.55 um. Moreover, the wafer fusion technique which allows combining different
semiconductor materials with variant lattice constant is used in the AlGalnAs/GaAs
OPSLs and average output power of 2.6 W is obtained at 1.57 um. Table 1.1-1 shows
the performances and material systems of the OPSLs from visible to mid-infrared
spectral region to date [5-27]. Because of the absence of efficient and mature
commercial pump diode laser module, the semiconductor lasers at the spectral range
below 640 nm are mostly realized by frequency-doubling of the infrared

semiconductor lasers [28].

1.2 Spontaneous emission of multiple-quantum-wells

In the last section we have mentioned that the multiple-quantum-well (MQW)
heterostructures have potential applications in the semiconductor lasers owing to the
characteristics like versatile emission wavelength, lower laser threshold and excellent
performance under room temperature ‘operation [1,29,30]. The luminescence,
absorption and carrier relaxation time of MQWs are the most important optical
properties which are strongly related to material systems and epitaxial structures used
in MQW samples. From the experimental point of view, MQW structures are
extensively investigated by means of luminescence, absorption spectrum and optical
transmittance under pump-and-probe configuration. Several characteristic features
including band-edge energy, peak emission wavelength, emission linewidth,
integrated luminescence intensity, and carrier lifetime as functions of temperature or
excitation intensity have been studied in a variety of MQW materials [31-36]. From
the theoretical aspect, the inter-band transition energy can be determined by a

one-dimension Schrodinger-like equation with the envelope function approximation



Gain material Substrate A Jasing A pumping P max Ref.
InGaN/GaN QW Sapphire 337nm 397nm | --------- [5]

AlGalnP QD GaAs 655nm 532nm 1.39W [6]

AlGalnP QW GaAs 665nm 532nm 1.2W [7]

AlGaAs QW GaAs 850nm 660nm 0.5W [8]

InGaAs QW GaAs 960nm 808nm 20W [9]
InGaAs QW GaAs 1000nm 808nm SW [10]
InGaAs QD GaAs 1032nm 808nm 4.35W | [11]
InGaAs QW GaAs 1040nm 808nm 23.8W | [12]
InGaAs QW GaAs 1170nm 808nm TW [13]

GalnNAs QW GaAs 1180nm 808nm 11W [14]
InGaAs QD GaAs 1180nm 808nm 4W [15]

GalnNAs QW GaAs 1220nm 808nm 5W [16]
InGaAs QD GaAs 1250nm 808nm 3w [17]

AlGalnAs QW GaAs 1300nm 980nm 6.6W [18]

(wafer fused)

GalnNAs QW GaAs 1320nm 810nm 0.6W [19]

AlGalnAs QW GaAs 1480nm 980nm 4.8W [20]
(wafer fused)

InGaAsP QW InP 1549nm. | 1250nm | 170mW | [21]
AlGalnAs QW InP 1550nm 980nm 7TmW | [22]
AlGalnAs QW GaAs 1580nm 980nm 4.6W [23]

(wafer fused)
GalnSb QW GaSb 2 um 790nm 1w [24]
GalnSb QW GaSb 2um 980nm 5W [25]
GalnAsSb QW GaSb 225um | 980nm 1.6W [26]
GalnAsSb QW GaSb 235um | 1.96 um 2W [27]

Table 1.1-1 Overview of the single-chip optical-pumped semiconductor lasers
performance at different wavelength region and material systems under

room-temperature operation.



method as follows [37],

hZ
- 2m

i "”"1(2)+V(z>¢ ()= E,ui(2), (1)

rnl

where the subscript n denotes subband levels of QWs and r is corresponding to
electrons (conduction band) or holes (valence band), subscript / represents heavy or
light holes, m*rl is the effective mass to 7/ value, z is the epitaxial direction, V,(z) is
the potential height at position z, ¢,(z) is the wave function of confined carrier and
E, 1s the quantized energy to the nr/ value. The first inter-band electron-heave hole

transition energy can then be obtained as,

lh E (0)+E1Vh +E1Ch (2)

Despite of the fundamental band-to-band transition of quantized energy of MQWs,
the luminescence and absorption features of exciton state which is characterized by
bound electron-hole pairs have been investigated with high quality epitaxial films and
under ultra-low temperature operation. However, above experiments are mostly
focusing on small number of QWs below fifteen periods and low-level excitation

intensity.

To further understand the behaviors of distinct luminescence features of the
MQW structure under high intensity photo-excitation, much effort has been devoted
to optical nonlinearities. One part of these effects is focusing on the exciton state like
the phase-space filling of excitons due to the Pauli exclusion principle and the
dissociation of high density excitons into the electron-hole pairs [38-40]. The other
sorts of the nonlinear effects are mainly ascribed to the many-body interaction of the
high density electron-hole plasma (EHP). These features include the progressive

filling of higher quantized states and the band-gap renormalization [41-43]. Under



high excitation intensity, the exchange effects of the electrons and holes and the
screening of Coulomb interaction will result in the band-gap reduction at no matter
the occupied or vacant states [44,45]. The band-gap renormalization effects of the
bulk semiconductor heterostructures have been studied experimentally and
theoretically as the universal behavior independent of the band structure of materials
but only in relation with the Bohr radius [46,47]. In contrast, the quasi-2D
confinement of the MQW structure enhances the screening and exchange effects and
strengthens the phenomenon of band-gap shrinkage [48,49]. A series of investigations
have put attention on the carrier density dependence of the band-gap renormalization
via the means of luminescence, absorption and line-shape analysis [48,50-53] and the
optical transmission measurements by .the. pump-and-probe experiments [43,54,55]
with high density EHP. In these investigations, the band-gap renormalization is just
characterized by the slightly red-shifted band-edge below the lowest quantized state.
But another typical luminescence phenomenon. in several researches in use of a large
number of MQWs is demonstrated in.-which a-sharp emission band emanating below
the lowest heavy-hole exciton state has been observed under high photo-excitation
intensity [43,45,56,57]. This emanation mode is ascribed to be the high density EHP
many-body state luminescence in which the peak intensity grows much faster with
increasing excitation intensity and the linewidth are narrower than the fundamental
band-to-band transition. The requirement of large number of quantum well pairs
which is confirmed to be vital to the appearance of the EHP many-body state emission
[57] elucidates that the strong optical confinement and amplified spontaneous
emission effect play an important role in this particular radiative recombination
process. So far, these observations are all limited to operate at cryogenic temperatures
below 15 K in which the exciton single-particle state and the EHP many-body state

are coexisted. This hinders the employment in practical applications such as lasers and
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light emitting diodes which require high stability and thermal resistivity at room

temperature.

1.3 Optically-pumped semiconductor lasers

High power and good beam quality all-solid-state lasers with circularly
symmetric single transverse mode are in demand in a variety of applications like
nonlinear optics and the optical communications. The diode-pumped, doped-
dielectrics bulk solid-state or fiber lasers are developed to be a promising light source
in these fields. However, the discrete energy level of the doped ions of these lasers
limits the output wavelength coverage. In contrast, the semiconductor lasers enable
the potential broad spectral range from ultra-violet to mid-infrared via the bandgap
engineering. The traditional edge-emitting semiconductor lasers with high output
power suffer from low beam-quality which is mainly due to the extraction of light
perpendicular to the growth direction. Alternatively, the surface-emitting scheme is
applied in the well-known vertical-cavity surface-emitting lasers (VCSELSs) to realize
the single transverse mode output. The VCSELs are conventionally composed by a
quantum-well (QW) active region clamped by two distributed Bragg mirrors (DBRs)
with current-injection pumping. To obtain the single mode output beams the current
aperture need to be smaller than 10 pm because of the short and flat-flat linear cavity.
As a result, the maximum output power of the VCSELSs is restricted to be lower than

15 mW.

In 1993, a new type of surface-emitting semiconductor laser in which one of the
DBRs fabrication is replaced by a curved external output mirror is first reported by
Hadley et al [58]. The single mode pulsed 100 mW output power of this laser whish is
also called the vertical-external-cavity surface-emitting laser (VECSEL) was obtained

with an enlarged carrier injection aperture of 100 um diameter in the InGaAs gain
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region. In analogy to the diode-pumped solid-state lasers, the optically-pumped
VECSELs, or named as optically-pumped semiconductor lasers (OPSLs), are
demonstrated by Kuznetsov et a/ with further scaled output power greater than 0.5 W
under single mode continuous-wave operation [59]. Nowadays, the OPSLs are
confirmed to allow high power single mode operation in a wide spectral range via
reliable semiconductor epitaxy design and growth and efficient thermal management

[60-62].

The gain chips of the OPSLs are fabricated with QW structures grown on the
latticed-matched substrate via the metal-organic chemical-vapor-deposition or
molecular beam epitaxy. Several epitaxial growth configurations are presented
depending on the ways of thermal management [63-65] which will be further
discussed in section 3.1. In this section, a typical schematic of the OPSLs is shown in
Fig. 1.3-1. The DBRs structure with 25-30 periods is first grown on the substrate with
high reflection to the pump and lasing wavelengths to serve as the front mirror. Then
the active region consisted of the QWs and the barrier structure is deposited on the top
of DBRs. The designation that the QWs are separated by the pump absorption barriers
with half lasing wavelength interval is the resonant periodic gain (RPG) structure.
Under this frame the QWs active region is located at the anti-node of the lasing
standing waves to enlarge the gain exploitation [66,67]. Finally, a cap layer which is
transparent to the pump and lasing wavelengths is integrated on the top of QWs to
avoid the surface recombination and the oxidation. Besides, the thickness of the cap
layer could be tuned to control the sub-cavity resonance due to the Fabry-Perot
interference between the semiconductor-air interface and the DBRs. Then the total
assembly, which is called the gain mirror, is mounted on a heat sink with substrate

side to activate the heat dissipation. The gain chips are usually pumped by the
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commercial laser diode array in pairs with the focusing optics with an angle of 45° to
the surface normal [64,68]. But the oblique incidence makes the pump spot to be
elliptical shaped. This is unfavorable to obtain single transverse mode output and will
decrease the degree of mode matching. Alternatively, the end-pump schemes of
OPSLs have been demonstrated in use of the modified DBR or high transmittance

substrate under CW and pulsed operation [69,70].

To complete the laser cavity, an external curved mirror is added as the output
coupler to ensure the high power single transverse mode output as shown in Fig. 1.3-1.
The radius of curvature and the distance to the gain mirror of the external mirror are
assigned to let the laser cavity mode correspond to the pump mode. Because of the
short active length, the semiconductor gain mitror is inherently a low gain device in
comparison to the doped-crystals in the solid-state lasers. Consequently, the
reflectivity of the output mirrors in the OPSLs is typically higher than 97% under
CW-operation [64,71] and the RPG structure, as mentioned above, is applied to
enhance the MQW gain. As an exception, the output reflectivity could be lowered to
be 92-96% or even 70% under quasi-CW and pulsed pumping [72,73]. Using the
separated external mirror makes the OPSLs capable of inserting various intra-cavity

components such as the nonlinear elements, spectral filters and saturable absorbers.

Although many materials as the direct emitters at visible region like the AlinGaP
and GaN based systems are presented, the absence of high power and high photon
energy pump source hindered the developments of the OPSLs in this field. Therefore,
the second harmonics generation of the mature and efficient NIR OPSLs draws lots of
interests in producing visible OPSLs. So far, a variety of the frequency doubled
OPSLs with blue, green and yellow-orange light emission [74-78] are realized with

fundamental emission of 920-940 nm, 960-1100 nm and 1140-1250 nm, respectively.
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Fig. 1.3-1 The typical gain mirror configuration of the OPSLs.
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To improve the wavelength conversion efficiency and enlarge the spectrum coverage,
single frequency operation [79,80] and wavelength tunable OPSLs [81,82] have also
been preceded. The large gain-bandwidth and gain cross-section of the semiconductor
QW gain mirror are helpful in producing high-repetition rate and ultra-short passively
mode-locked pulsed laser. Several passively mode-locked OPSLs with semiconductor
saturable absorber mirrors (SESAMs) have demonstrated and supply giga-Hertz
repetition rate and pico- to femto-seconds output pulses [83,84]. With these additional
intra-cavity elements the 3- or 4- mirror SDL cavity in contrast to the traditional linear
cavity as shown in Fig. 1.3-1 are applied [61] to provide intensive and focusing beam

spots on these components.

1.4 Semiconductor saturable absorbers

Compact, rugged and all-solid-state high peak power pulsed laser source is of
great interests in many applications such as micro-processing, laser lidar, range
finding and communication. To-achieve the high peak power, high repetition rate and
sub-nanosecond laser pulses, two intracavity modulation techniques have been
extensively used. One way is using mode-locked laser in which the axial modes in the
laser cavity are forced to be superimposed with a fixed phase. Consequently, the laser
output will be forced to form a nearly delta function shaped pulse. The shortest
duration of pulse is decided by the gain-bandwidth of the laser gain medium. The
pulse-to-pulse period is equivalent to the cavity round-trip time. The other method is
using the Q-switching techniques in which the population inversion density in cavity
is accumulated by introducing additional loss and then release when the cavity Q
value is restored to the usual large value at a suitable time interval. In general, the
result of this process is the generation of a single short laser pulse with pulse duration

typically several to a few tens of nanosecond long. Moreover, the practical modulation
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methods of these two pulse formation techniques can be classified to active and
passive modulation. The passive modulation technique is simple and no need of any
electrical drivers and heat dissipation devices of the modulator. The primary method
for passively Q-switched or mode-locked operation is to place a saturable absorber
element inside the cavity to serve as a Q-switcher or phase modulator. The saturable
absorber could be any materials with absorption band corresponding to the laser
emission and has strong nonlinear saturable absorption properties. Although the
organic dye solution is mostly used saturable absorber in the early stage due to its
broad gain-bandwidth, the doped crystal and semiconductor saturable absorbers have
taken place of it owing to the high toxicity and severely degradation under high power

operation.

Mode locked laser is a promising method to produce high repetition rate and
ultra-short laser pulse. But the pulse period of mode-locked laser which is equal to
cavity round-trip time is too ‘short and, as a result, the large number of pulse per
second reduce the single pulse energy and could not produce pulses with high peak
power even with high average output power [85,86]. Besides, the complexity and high
expense and maintenance of the device configuration hinder the use in practical
utilizations. Therefore, passive Q-switching of solid-state lasers which could provide
high pulse energies with repetition rates in the kilo-Hz regime and nanosecond pulse
width is a good alternation to produce high peak power pulsed lasers. The pulse
formation process is depicted in Fig. 1.4-1. Although the pulse stabilities and periods
are easy to control for the actively Q-switched lasers, the simple, low cost and
monolithic fabrication and no need of high voltage electro- or acoustical-optical
drivers and heat dissipation devices of passively Q-switches technique is more

promising in applications requiring high peak power laser sources. Nowadays, the
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bulk crystal saturable absorbers are extensively used in the passively Q-switched
solid-state lasers such as Cr*":YAG at 0.9-1.2 pm, V>*:YAG and C02+:MgAle4 at 1.3
um and Er’":CaF and Co*":ZnSe at 1.5 pm [87-90]. But the discrete energy level of
the doped ion limited the applications of the bulk crystal saturable absorber in the
more versatile spectral region. In 1996, the Nd:LSB microchip laser is firstly
passively Q-switched by an antiresonant Febry-Perot SA (A-FPSA), or the so called
semiconductor saturable absorber mirror (SESAM), by Braun et al. [91] with output
pulse width shorter than 200 ps. In comparison to the bulk crystal saturable absorber,
the advantage of SESAM is that high density of states makes the short absorption
length and, therefore, the shorter cavity length even in several hundreds of microns.
The Q-switching efficiency is also better because of the lower nonsaturable loss due
to the shorter action length. The most important is that the absorption band of the
SESAM which is decided by the bandgap of the semiconductor materials could be
adapted to the gain medium at variant lasing wavelengths. Finally, there is enough
design freedom of the saturable absorber parameters such as saturation fluence,
modulation depth and recombination lifetime to adjust independently. Typical device
structure of A-FPSAs is demonstrated in Fig. 1.4-2. In section 1.1 we have mentioned
that the InP-based material system is conventionally used in the 1.3 and 1.5 pm
semiconductor lasers. Because the absorption and emission wavelengths are all related
to the bandgap of the semiconductors, the InGaAsP/InP and AlGalnAs/InP
multiple-quantum-wells are also suitable to be fabricated as SESAMs at spectral
region between 1.2-1.6 pm. But the distributed Bragg mirrors (DBRs) of InP-based
semiconductor systems suffer from low refractive index contrast, low thermal
conductivity or complexity in fabrication. As an alternative, semiconductor saturable
absorbers (SESAs) have been developed by using an external mirror to replace the

functions of DBRs. So far, numerous passively Q-switched solid-state lasers in use of
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18



Doped crystal
gain chip

Output laser beam

Output coupler ?
|
|

|

&
<

Pump laser beam

Dichroic beam splitter

Top reflectors

Copper A-FPSA - !

- High reflection at pump wavelength &

heat sink partial reflection at lasing wavelength
/V

Z

DBRs /

High reflection at MQW absorber layer
lasing wavelength

Fig. 1.4-2 Typical device structure of A-FPSA used in the passively Q-switched

microchip laser.

19



SESAs with or without the DBRs have been demonstrated in the near-infrared

spectral region [90-99].

Because the minimum pulse durations of the Q-switched lasers are inherently
proportional to the resonator length [86,100,101], the microchip actively and
passively Q-switched lasers have been developed with cavity length below 1 mm and,
as a result, sub-nanosecond pulses output is obtained [86,102,103]. The ultra-short
cavity length is beneficial to the single frequency operation in which the axial mode
spacing is larger than the gain-banwidth. In the early stage, the Nd>":YAG bonded to
thin piece of Cr*":YAG saturable absorber [102] and Nd, Cr-codoped YAG crystal
[104,105]are applied in the passively Q-switched microchip lasers with output pulse
durations of 337 and 290 ps around '1-pm, respectively. However, the limited doped
concentration of bulk crystal SAs enlarged the cavity length and the restricted choices
of the laser spectral region 1mpede the further development as mentioned above.
Therefore, high peak power and short pulse duration single frequency microchip
lasers passively Q-switched by SESAM with divergent wavelength at 1 pm and at the
communication region of 1.34 and 1.5 um have beet demonstrated [90-95]. By tuning
reflectivity of the top reflector, the pulse width could be varied from tens of ps to
several ns range and the repetition rate from kilo- to mega-Hz with changed
modulation depth and saturation intensity. Recently, the passively Q-switched
microchip lasers in use of SESAMs with shortest pulse duration of 22 ps [94] and
peak power up to 20 kilo-watt [106] have been reported. However, the emission
wavelengths of these lasers are mainly determined by the gain mediums which are

limited to the discrete energy level of doped ions.
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Chapter Two
Spontaneous Emission of AlGalnAs Multiple-

Quantum-Wells under High Level Excitation

2.1 Device fabrication of AlIGalnAs multiple-quantum-wells

In section 1.2, we have mentioned that the high density electron-hole plasma
(EHP) will give rise to the band-gap renormalization due to the many-body effect
[1,2]. Despite the investigations of carrier density dependence of the band-gap
reduction via the photo-luminescence (PL) and absorption spectrum [3-6], the
prominent luminescence features of the high density EHP many-body state have been
observed in the large number of quasi-2D confined multiple-quantum-wells (MQWs)
under cryogenic temperature~[7-10].-This emanation mode is appeared with the
linewidth much narrower than the fundamental n=1state transition and the peak
intensity grows super-linearly with the increase of excitation intensity [9]. However,
the requirement of operation temperature below 15 K in which the exciton
single-particle state and the EHP many-body state are coexisted hinders the
employment in practical applications such as lasers and light emitting diodes which
require high stability and thermal resistivity at room temperature. Besides, the
evolution of spectral features and the integrated PL intensity of the EHP many-body
state luminescence have not been studied as the function of temperature up to now.

Nowadays, the semiconductor surface-emitting lasers in use of the MQWs
structure as the active medium have been developed to be a promising laser source
providing the high power, versatile wavelength, low divergence and high quality
single transverse mode beams [11-13]. The resonant-periodical-gain (RPG) structure

extensively applied in these lasers is not only used to improve the wavelength
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selection and optical gain but also to avoid the amplified spontaneous emission in the
lateral direction via the better spatial overlap of the MQWs gain region and the
anti-node of the lasing standing waves [14,15]. The requirement of large number of
quantum well pairs which is confirmed to be vital to the appearance of the EHP
many-body state emission [9] elucidates that the strong optical confinement and
amplified spontaneous emission effect play an important role in this particular
emanation process. Based on these reasons, the designation of RPG structure to the
MQWs sample in which the effective number of the QWs is significantly increased
should be contributive to the observation of this many-body state luminescence.
Therefore, the reduction of the luminescence intensity due to the thermally-induced
non-radiative recombination could beeased.in virtue of the enhanced light-QWs
interaction.

The previous investigations of the prominent luminescence features below the
band-edge induced by the many-body interaction in the quasi 2-D EHP systems are
mainly focusing on the AlGaAs/GaAs MQWs-[7-10]. The GaAs QWs are spaced by
the AlGaAs barrier regions with thickness nearly comparable to the QWs width. In
this composition, the coupling between the emitted photons and the excited carriers is
weak. The effective number of QWs for the formation of EHP emission is lower than
the actual configuration. Therefore, the large amounts of QWs and ultra-low sample
temperature below 15 K are needed to exhibit the EHP many-body state emission. In
this chapter, we use 30 groups of the AlGalnAs triple QWs pairs which were grown
on the Fe-doped InP and each pairs of the MQWs were spaced with A/2 interval by the
cladding layers via metalorganic chemical-vapor deposition. The cladding layers with
half wavelength distributions are assigned to separate the MQWs and locate the gain

region at the anti-node of the emission light standing wave to realize the RPG
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structure. Therefore, the light-QWs interaction is strengthened and all of the MQWs
are activated under this periodical aligned gain configuration. The schematic
comparisons of above two arrangements are depicted in Fig. 2.1-1 (a) and (b)

respectively.

In the following contents, an AlGalnAs/InP MQWs chip with A/2 interval spaced
gain region is used to investigate the specific radiative recombination phenomenon of
the high density EHP many-body state under the quasi-2D confined system. Each
pairs of the MQWs contained three 8§ nm InGaAs QWs layers and two 6 nm InAlAs
barrier layers. The total confinement energy of the electron-hole pairs is assigned to
be 0.717 eV which is much higher than in the AlGaAs/GaAs systems specified in
literature with confinement energy -around 0.15 to 0.22 eV [7-10]. The higher
confined energy will prevent the carrier leakage from the QWs to barrier region and
the thermal induced nonradiative recombination could be strongly reduced. Although
the evolution of the electron-hole pairs band-to-band luminescence with respect to the
temperature in MQWs structure has'been investigated for a long time, the temperature
dependence of the many-body state luminescence has not been studied so far. In this
chapter, we first demonstrate the intensity dependent PL spectra of the AlGalnAs
MQWs with excitation intensity veried from 23 to 384 kW/cm® at 253 K. The
luminescence features of the EHP many-body state beneath the typical quantized state
emission of the MQWs is observed with threshold intensity of 80 kW/cm?® and the
schematics of integrated PL intensity as the function of excitation intensity are also
shown at different temperatures. Then the evolution of this emission mode is verified
to be a strong function of the temperature via the temperature-dependent PL spectra
from 123 to 313 K at excitation intensity of 407 kW/cm®. The peak wavelength of the

many-body state emission is also shown to be linearly shifted with
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Fig. 2.1-1 The diagrams of the MQWs structures with (a) weak and (b) strong
coupling of the light-QWs interaction.
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increasing temperature from 93 to 313 K. At the end the integrated PL intensity and
threshold excitation intensity are presented at a broad temperature range and, via the
analytical model using three-level Boltzmann distribution, the effectiveness of the
periodically aligned MQWs structure is confirmed contributing to the enhancement of
the EHP many-body state emission at high temperature. To our knowledge, this is the
first demonstration of high density EHP many-body state luminescence of AlGalnAs

MQWs under room temperature.

2.2 Experimental setup

In contrast to the conventional barrier pump scheme, the MQWs sample used in
our experiment is fabricated to be in-well pumped at the second quantized state (n=2)
of QWs to prevent the carrier capture time from barrier to the QWs region [16,17].
Then the excited carriers relax to the ground state (n=1) and the intrinsic PL is
radiated. The schematic demonstration of the radiative recombination processes is
shown in Fig. 2.2-1 in use of a.simplified single QW configuration. The room
temperature transmission spectrum of the AlGalnAs MQWs chip is shown in Fig.
2.2-2 under low power excitation. The first and second quantum states can be
recognized obviously due to the step-like density of state structure. But there is a deep
valley of transmittance spectrum near the band-edge. Therefore, we performed
reflectance spectrum measurement of MQW chip to fully understand this specific
feature. In Fig. 2.2-3, the reflectance spectrum depicted by solid curve reveals that the
relatively low transmission at 1500 nm is mainly resulted from the strong reflectance
peak. This phenomenon could be explained by the interference of multi-reflected
wave from periodic layers. In Fig. 2.2-4 we illustrated three stacks of MQW layers
with propagating optical waves A, B and C which are reflected by three MQW

interface units. Because the lengths of MQW stacks are much shorter than space
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Fig. 2.2-1 Schematic diagram of the radiative recombination mechanisms of the

AlGalnAs MQWs in the simplified single QW configuration.
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Fig. 2.2-2 Room temperature transmittance spectrum of the AlGalnAs MQWs chip

excited at low intensity.
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Fig. 2.2-3 Room temperature reflectence spectrum of the AlGalnAs MQWs chip

excited at low intensity.
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layers, phase difference of single unit of MQW interface give rise to phase change of
a@. Consequently, the three reflected wave A, B and C are all in-phase at the incident
surface and the constructive interference will result in the reflectance peak as seen in
Fig. 2.2-3. This characteristic reflection band due to periodically distributed
semiconductor structure can be modeled in use of the transfer matrix method [18].
When a light wave with wavelength A is incident to the periodically layered MQW
structure from air, the scattering matrix T; at (j-1)- to j-th semiconductor material
interface and propagation matrix P; for wave traveling in the j-th semiconductor

material element could be expressed as follows,

1 K 1 K
+—2 1-— ‘
1 ki, ki, AL 0
T =— ; Ph=— ‘ , (D
2 1 k ; 1 kj 7 2 0 elkidf
——L 1+
L krl J-1

where k;=2n/J; and d; denote the wave-vector and thickness at j-th element,
respectively. Consequently, the total-equivalent transfer matrix Q is obtained by
multiplying the scattering and propagation matrices the incident light passing through.

The square value of reflection coefficient R at wavelength A is calculated to be,

R:|r|2:@ . )

2
0|

The fitted curve of reflection spectrum with incident light wavelength from 950 to
1700 nm is shown in Fig. 2.2-3 and in good agreement with the experimentally
measured data. Finally, the absorption spectrum can be obtained using reflection and
transmission spectrum and is shown in Fig. 2.2-5. The band-edge of n=1 quantized

state is indicated to be located around 1500 nm at room temperature.
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excited at low intensity.
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In the proceeding experiments, excitation was performed by an Yb-doped master
oscillator fiber amplifier (SPI redENERGY G3) with emission wavelength at 1.06 pm
which is beyond the band-edge of n=2 quantized state. This pulsed fiber laser source
supplies 12-200 ns pulses and the pulse repetition rates could be ranged from 10-500
kHz. The following experimental results are obtained under the pulse repetition rate of
20 kHz and pulse duration of 30 ns. The experimental configuration of the PL
measurement is shown in Fig. 2.2-6. A focusing lens with 95% coupling efficiency
was used to reimage the output beam of the pump fiber laser. The incident pump light
was normal to the surface of the MQWwafer at a spot radius of 420 pm and the
maximum pump intensity is | MW/cm®. To investigate the luminescence spectrum of
MQW sample at the broad temperature:range from 93 to 313 K, the MQW chip was
cooled down by the cryogenic system (Janis VPF-100) in which the temperature could
be ranged from 77 to 500 K and the stability is = 50 mK. The epitaxial side of MQW
chip was bonded to a single-ctrystal diamond plate with thickness of 450 um via the
liquid capillary bonding [19] to imptrove the heat dissipation in the lateral direction.
The entire composite was clamped by the copper blocks with 2 mm diameter aperture
in each side. The MQW sample was excited at the epitaxial side which is directly in
contact with the diamond heat spreader to decrease the thermal resistance. The
spectral information is recorded by an optical spectrum analyzer (Advantest Q8381A)
with the diffraction monochromator which can be used to perform the high speed
measurement of pulsed light with 0.1 nm resolution. The luminescence light of the
MQW sample was collected from the substrate side by a multimode fiber with 75 pm
core size and an angle of 50° to the surface normal. The size of aperture on the copper
heat sinks and transparent windows on the vacuum chamber are large enough to

prevent sheltering the luminescence light from the sample surface. Thus the
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collected light is composed of the radiation emanating from the entire excited region.
The Fe-doped InP substrate is transparent at the wavelength region longer than 950
nm and polished to 300 um. This means that the substrate will not alter the emission

light from the MQW region except for a little scattering loss.

2.3 Experimental results and discussions

Figure 2.3-1 shows the intensity-dependent PL spectra of the AlGalnAs MQWs from
23 to 384 kW/cm® at 253 K. At the lowest excitation intensity of 23 kW/cm? only the
emission line of fundamental n=1 transition exists. The peak wavelength of this
emission line is located at around 1500 nm and with linewidth of 58 nm. However,
above the threshold excitation intensity of 80 kW/cm®, a new and relatively sharp
luminescence spectral feature appears at the low energy side of the n=1 transition with
the full width at half maximum (FWHM) around 5.6-8.4 nm. This emanation mode is
attributed to the many-body- state 'luminescence of the renormalized band-edge
induced by the high density” EHP under high intensity photo-excitation. With
increasing excitation intensity, the many-body state emission line grows superlinearly
and, in contrast, the n=1 transition varies slowly with linear tendency. The integrated
PL intensities of many-body state emission line as the functions of excitation intensity
are shown in Fig. 2.3-2 at various temperatures of 253, 193 and 123 K. In this plot the
integrated intensities of three curves are all increased rapidly at low excitation
intensity and become saturated at relatively high excitation intensity. This means that
when the excitation intensity is high enough the many-body states will be all filled
and the luminescence intensity will be held unchanged with increasing pump intensity.
In addition, this plot also indicates that the saturated luminescence intensity could be
raised via the reduction of temperature which will be mentioned in the

following.
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To further investigate the temperature dependence of the many-body state
luminescence, Fig. 2.3-3 shows the PL spectra of the AlGalnAs MQWs with the
setting temperatures of 123, 193, 253 and 313 K at a fixed excitation intensity of 407
kW/cm?. The peak of fundamental n=1 transition line is red-shifted from 1422 to 1510
nm due to the thermally induced band-gap shrinkage. When the temperature is
decreased, the bandwidths of the n=1 transition line are narrowed significantly as the
peak intensities hold unchanged. Because the excitation intensity of 407 kW/cm® is far
from the threshold at temperature range up to 253 K which has been shown in Fig.
2.2-2, the emission line of many-body state could be observed clearly at 123, 193 and
253 K. The tendency of decreasing luminescence intensity with arising temperature is
also corresponding to the results demonstrated in Fig. 2.3-2. Besides, the many-body
state emission line still exists even at the temperature which is scaled up to 313 K as
shown in Fig. 2.3-3. To our knowledge, this is the first demonstration of high density
EHP many-body state luminescence of AlGalnAs MQWs under room temperature
operation. The peak wavelength of .many-body state emission line follows the
reduction of band-edge of the fundamental ground state in MQWs and shifts to the
low energy side as the temperature arising. Figure 2.3-4 depicts the variance of
many-body state peak wavelength as the function of temperature from 93 to 313 K.
The peak wavelength shift rate of 0.59 nm/K with diamond heat spreader is nearly the
same with respect to the framework without diamond heat spreader. Therefore, the
peak wavelength offset of 10.7 nm between these two schemes at the identical setting
temperatures indicates that the sample temperature in use of the diamond heat
spreader was 18 K lower than the case without diamond heat spreader. This suggests
that the use of diamond heat spreader is not to promote the heat dissipation but to

lessen the difference between the sample temperature and setting
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temperature. Besides, the peak wavelength shift rate of 0.59 nm/K also elucidates that
this specific emission line is not resulted from the particular reflection band depicted

in Fig. 2.2-3 which has thermal induced shift rates about 0.1 nm/K.

In Fig. 2.3-2 we have revealed that the luminescence intensity of the many-body
state is strongly related to the temperature. To obtain more information about this
topic, the integrated PL intensity of many-body state emission line is depicted as a
function of temperature from 93 to 313 K as in Fig. 2.3-5. It could be seen that the
integrated PL intensity of the many-body state emission line exhibits three variant
trends in the different portion of temperature regimes. At low temperature, the
integrated PL intensity held unchanged up to 173 K. As the temperature operated
above 253 K, a strong luminescence quenching was appeared with exponentially
decay of the integrated intensity. In-addition, the transition stage of the integrated
intensity dropped slowly with increasing temperature between 173 to 253 K. This PL
quenching phenomenon could  be attributed to the presence of two nonradiative
recombination mechanisms which ‘are characterized by two different activation
energies in variant temperature regions. To determine the activation energies a simple
model using the three-level Boltzmann distribution is developed by Bimberg et al. [20]

as follows,

I=1,1+C exp(-E, / k,T)+C, exp(-E, / k,T)]" , (D

where [ is the integrated PL intensity at particular temperature, /, is the saturated
integrated PL intensity at low temperature limit, kp is the Boltzmann constant, 7"is the
sample temperature, £; and E, are the specific activation energies for different
nonradiative recombination centers, and C; and C; are the corresponding constants in

connection with the density of states of £; and E,. The best fit to the integrated
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intensity of the many-body state emission line is shown in Fig. 2.3-5 as the solid
curve. By fitting the experimental data the value of activation energies £; and E, are
yielded to be 0.19 and 0.52 eV, corresponding to the integrated PL intensity drop at
intermediate and high temperature region, respectively. Similar behaviors are reported
with exciton state or electron-hole pair luminescence in various MQWs samples
[21,22]. Because E is much larger than the possible inter-particle interaction energies,
the luminescence quenching above 253 K is inferred to be resulted from the
strengthened nonradiative recombination processes due to thermally induced carrier
leakage from the renormalized band to barrier region [23]. The activation energy of
the thermal emission of excited carriers under high excitation intensity has been
reported to be equal to half of the .confined energy of the electron-hole pairs
theoretically and experimentally. for the single quantum well [23,24]. However, one
half of the energy gap between the barrier layer and renormalized band in our
experiment was found to be 0.33 eV which 1s two-thirds of the fitted activation energy.
This result bears that the periodically.aligned gain structure is contributive to the
existence of many-body state luminescence under high temperature. Although the
fitted value of C; is six-order smaller than C,, the insertion of E; is necessary in
matching the fit curve to experimental data at the intermediate temperature regime
from 173 to 253 K. The origin of activation energy E; is still not clear at this time but
we believe that it may be connected to the dissociation of the many-body state
interaction. At the end, the integrated luminescence intensity of the n=1 transition line
stayed nearly invariant in comparison to the many-body state luminescence in the
entire temperature range. This suggests that the carriers tend to be trapped by the
renormalized band due to the reabsorption and reemission processes and the relatively

low radiative recombination lifetime.
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In Fig. 2.3-2 and 2.3-5 we have examined that the saturation luminescence
intensity is a strong function of temperature. However, the threshold excitation
intensity is also depending on the temperature as observed in Fig. 2.3-2. To further
understand this phenomenon, the threshold excitation intensity versus temperature
from 123 to 293 K is shown in Fig. 2.3-6 quantitatively. The solid curve is the
exponential fit of the experimental results. The excitation threshold intensity grew
exponentially with the increasing temperature. It is because the higher excitation
intensity produces more heat which will result in the more serious carrier leakage.
However, the enhanced luminescence by using the periodically-aligned gain structure
compensates the thermally induced emanation gain reduction as the temperature
raised. Consequently, the observation of the spontaneous EHP renormalized state
emission is obtained even at the sample temperature as high as 313 K. The relatively
low excitation threshold intensity of 198 kW/cm” is achieved under room temperature

of 293 K.

2.4 Conclusions

In this chapter, we demonstrated the first observation of room-temperature
many-body state luminescence in a quasi-2D confined system via the stronger
confined energy and resonant periodical gain enhancement. The temperature
dependence of the many-body state luminescence features have also been shown to
investigate the nonradiative recombination effect. The evolution of the integrated PL
intensity at different temperature segments exhibit same PL quenching phenomenon
as in the exciton or electron-hole pair luminescence of other MQW structures. The
reduction of radiation intensity at distinct potion could be characterized by two
activation energies related to different nonradiative recombination mechanisms.

Although the origin of the activation energy at the intermediate temperature region
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which may related to the dissociation of many-body state is still unclear, the
decreasing PL intensity at high temperature is caused by thermally activated carrier
leakage to the barrier state and, as a result, the nonradiative recombination process is
strengthened. Because the activation energy of the thermal carrier emission has been
reported to be equal to half of the total confined energy of electron and hole states, the
half confined energy in our MQW sample found to be two thirds of the fitted
activation energy confirms the gain enhancement of the periodically aligned MQW
structure. At the end the excitation threshold of renormalized state is shown to be
exponentially increased with increasing temperature. This result reveals the
importance of the RPG structure in the MQW fabrication to the observation of the

room-temperature spontaneous renormalized state emission.
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Chapter Three
High-Peak-Power and High-Repetition-Rate
1.2-1.6 pm Optically-Pumped Semiconductor

Lasers

3.1 Thermal management of the optically-pumped semiconductor

lasers

The optically-pumped semiconductor lasers (OPSLs) introduced in section 1.3
are capable of producing the high power, diffraction limited and single transverse
mode beam output with the wide wavelength diversity. To achieve power scalability,
the thermal management of the OPSLs should be efficient to prevent thermal
degradation of the output performance under high pump power. The origin of thermal
roll-over effect in OPSLs is mainly resulted from two factors. First, the cavity gain of
the OPSLs is decided by the peak-of the photo-luminescence (PL), micro-cavity
resonance formed by the air-DBRs and air-cap layer interfaces and the
resonant-periodic-gain structure. Under high power excitation, the quantum-wells
(QWs) emission peak will red-shift at the rate three or four times faster than the later
two issues in which the offset rates are determined by the optical thickness [1].
Consequently, the PL peak will deviate from the sub-cavity resonance and the
assigned periodic gain structure and the output power will be lowered with increasing
pump power. Second, the thermally-activated carriers in the QWs region will acquire
additional kinetic energy to overcome the confined potential and escape away from
the wells to barrier region. As a result, the nonradiative recombination process such as
surface recombination or the Auger recombination will be enhanced under the large

amount of thermal load. To prevent these thermal degradation mechanisms, the
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efficient thermal management is required which will be elucidated in detail in the

following.

The conventional pump approach of the OPSLs is exciting the carriers from the
barrier regions and the excited carriers will relax to the QW region to provide the
emission gain. The inherent quantum defect between the energy difference of the
barrier and QW area is inevitable and leads to a large amount of heat. Recently, a
novel optical pumping method in which the carriers are directly excited at the QW
region and the thermal load resulted from the quantum defect is significantly lowered
is demonstrated by Schmid et al [2]. This in-well pump scheme is of practical
importance in the long wavelength OPSLs which have a large energy difference
between the barrier potential height and the. QW ground state confined energy [3.,4].
The comparison between the barriet and in-well pump scheme under the same MQW
fabrication but different pump absorption photon energy is also presented [3,5] and

the schematic illustrations are shown in Fig. 3.:1-1 (a) and (b).

Despite the reduction of the inherent heat generation, the effective heat
dissipation method is more vital for power scalable OPSLs. There are two mostly
used heat removal methods which are deployed in a variety of OPSLs successfully to
date. One is the “substrate removal” technique in which the MQW gain mirror is
fabricated in reverse order in comparison to the configuration depicted in Fig. 1.3-1.
Under this so called “thin-device” method, an etch-stop layer is first grown on the
substrate then the cap layer and the periodically aligned MQW structure are deposited
in turn. At the end the top of the gain mirror is finished by packaging pairs of
distributed Bragg reflector (DBR) structure on it. After the epitaxial growth, the gain
chip is soldered on the diamond heat sink at the DBR side and substrate of the total

composite is removed by chemical etching process to reduce the intra-cavity loss. The
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total configuration is shown in Fig. 3.1-2 (a). Under this framework, the heat
generated at the active region could be transmitted to the heat sink via the DBR stack
with thickness of several of microns. As a comparison, the mirror-on-substrate
configuration depicted in Fig. 1.3-1 with thickness of several tens to hundreds of
microns contributes tremendous thermal impedance to the OPSLs. Several efficient
OPSLs with output power higher than 5 W have been presented under substrate
removal method [6-9]. But these lasers are concentrated on the spectral region around
1 um with GaAs-based substrate system. It is because the mostly used GaAs/AlAs
DBRs in GaAs-based system have good thermal conductivity and high refractive
index difference. The DBRs at spectral range longer than 1 um based on the InP
substrate system suffers from low thermal conductivity and large number of pairs of
DBR layers due to low refractive index-difference and longer A/4 length. This
situation will give rise to high ‘thermal impedance and pretty low heat dissipated
efficiency. To conquer this dilemma, the so called “intracavity heat spreader” method
has been demonstrated in < optically-pumped edge-emitting [10,11] and
surface-emitting [12-18] lasers. In this approach the gain chip is fabricated in the
same direction as shown in Fig. 1.3-1 and an intra-cavity transparent plate with high
thermal conductivity is liquid capillary bonded on the epitaxial side of MQWs. This
intra-cavity element need to be transparent with low absorption and scattering and
polarization loss to the pump and lasing emission and should have high thermal
conductivity to bypass the heat from the substrate region [1,19-21]. Beside, the
thickness of the heat spreader could be adjusted to complete single frequency
operation or turning spectral range of the OPSLs [22,23]. Several materials such as
sapphire, silicon carbide and diamond are applied as the heat spreader in the OPSLs
[2,12-18,24]. However, the single crystal CVD diamond with thermal conductivity as

high as 2000 Wm™'K™" and controlled birefringence is mostly used to be the heat
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spreader to date. Many experimental and theoretical investigations have compared the
performance of these two methods under different thermal conditions and pump-spot
radius [1,20,25,26]. Although the highest output power record of the OPSLs is
achieved using the thin device method at around 1 pm, the heat spreader method
without post-processing and independent of the construction of DBRs is suitable for
the heat dissipation in the OPSLs operated beyond 1 pm. The typical configuration of

this heat dissipation method is depicted in Fig. 3.1-2 (b).

3.2 1220 nm AlGalnAs multiple-quantum-wells lasers

High-peak-power all-solid-state lasers operating at 1.14-1.25 um are desirable
for producing yellow-orange lights for many applications such as astronomy
community, biomedical optics .and laser absorption spectroscopy [27,28]. Light
sources in this spectral range could be realized by Raman-shifted Nd- (Yb-) doped
solid-state lasers or directly using the Yb-(Bi-) doped fiber lasers [29-31]. However,
the performance of solid-state 1asers is limited by the discrete energy level of the
doped ions of the dielectrics. Alternatively, OPSLs have been developed to provide
flexible choice of emission wavelength via bandgap engineering with scalable output
power as mentioned in second 1.3 and also offer a variety of advantages like broad
gain curves and a low-divergence, circular and high quality nearly-diffraction-limited
output beam [6-9,12-18,32,33]. So far, the lasers based on the quantum confined
structure with GaAs material systems including InGaAs/GaAs and GalnNAs/GaAs
have been demonstrated in the 1.14-1.25 um spectral range under continuous-wave
operation [15,16,34,35]. But these lasers are pumped by exciting the electrons from
the barrier region and the quantum defect between pump and lasing photons leads to a
large amount of heat. Recently, a novel method based on the in-well pumping scheme

has been demonstrated to reduce the heat as described in section 3.1. However, the
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OPSLs at 1.14-1.25 pm based on the in-well pumping scheme have not been explored

until now.

The quaternary alloys lattice matched to InP such as AlGalnAs and InGaAsP are
employed in the semiconductor lasers in the near-infrared (NIR) spectral region. The
AlGalnAs systems have been verified to have higher conduction band offset and
better carrier confinement than the InGaAsP systems. This means that the resistance to
heat of AlGalnAs based materials is stronger than InGaAsP. Several high-peak-power
AlGalnAs OPSLs have been demonstrated in the NIR region driven by the actively
Q-switched (AQS) solid-state lasers [5,36,37]. With the pulsed pumping operation,
not only the heat generation is significantly reduced but the high-peak-power output is
obtained. Because the pulse width of conventional AQS solid-state lasers depends on
the pulse repetition rate and the average pump power. Consequently, it is difficult to
optimize the output performance of the semiconductor disk lasers. Therefore, a light
source with fixed pulse duration under various repetition rates can be a more suitable
pump source for optimizing the performance of OPSLs. High-power pulsed fiber

amplifiers are a light source to satisfy this requirement [38].

In this section, we present a high-peak-power AlGalnAs multiple-quantum-well
(MQW) semiconductor laser grown on a Fe-doped InP transparent substrate and
pumped by a 1.06 pm Yb-doped pulsed fiber amplifier. With in-well pumping, the
thermal and roll-over effect could be reduced by lowering the quantum defect. We
obtained an average output power of 810 mW at 1225 nm with slope efficiency up to
46.7 % to the average absorbed power in the single-chip scheme. The pump
conditions of 60 kHz pulse repetition rate and 28 ns pulse width are used. To increase
the average absorbed power, the double-chips scheme is used under the same pump

conditions. The maximum average output power could be scaled up to 1.28 W with
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slope efficiency of 37.5% at 1225 nm lasing wavelength. The maximum peak output

power of 0.76 kW is obtained with 2.37 kW peak pump power.

3.2.1 Device fabrication and experimental setup

Figure 3.2-1 shows the experimental configuration of the AlGalnAs MQW 1220
nm semiconductor disk laser pumped by a SPI 1.06 um Yb-doped master oscillator
fiber amplifier. This pump source provides 9-200 ns pulse with repetition rate ranged
from 10-500 kHz. Compared to the AQS solid-state laser, this laser module can
provide fixed pulse width of output pulse even when the output power is changed. We
controlled pump spot diameter to be about 800 um to have efficient spatial overlap
with the lasing mode. The gain region is composed of an AlGalnAs QW/barrier
structure grown on a Fe-doped InP transparent substrate by metalorganic
chemical-vapor deposition. It consisted: of 30 groups of triple QWs spaced at
half-wavelength intervals by AlGalnAs barrier layers as shown in the inset of Fig.
3.2-1. This is a resonant-periodic-gain structure that barrier layers are used to locate
the quantum well region at the anti-node of the lasing field standing wave as
discussed in section 1.3. Under this framework, the wavelength and optical gain are
enhanced and the amplified spontaneous emission in the lateral direction and spatial
hole burning effect are inhibited. A window layer of InP was deposited on the gain
structure to prevent surface recombination and oxidation. In contrast to the
conventional barrier pumping scheme, our gain medium is in-well pumped by a 1.06
um Yb-doped pulsed fiber amplifier. This pumping scheme results in the low
absorption (58%) but high conversion efficiency due to the short active region and the

small quantum defect, respectively.

The InP based systems suffer from the lack of good distributed-Bragg-reflector

(DBR) and have been challenging to transfer from edge-emitting lasers to
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Fig. 3.2-1 Experimental configuration of AlGalnAs/InP semiconductor laser at
1220 nm pumped by a 1.06 pm Yb-doped pulsed fiber amplifier in the single chip

scheme.
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surface-emitting lasers. A number of lattice-matched DBRs such as AlGalnAs/AllnAs,
AlGalnAs/InP, GalnAsP/InP, AlGaAsSb/AlAsSb and AlGaAsSb/InP have been
demonstrated [39,40]. Unfortunately, these DBR systems suffer from the low
refractive index contrast, low thermal conductivity or high complexity of growth.
Therefore, Fe-doped InP with good transparency in the lasing wavelength is chosen as
the substrate system instead of conventional S-doped InP with large absorption in the
1.0-2.0 um spectral region. As a result, the function of DBRs could be replaced by an
external mirror. In this configuration, the problem of fabrication of good DBRs has
been resolved and the heat dissipation is improved by reducing the length of thermal

conduction.

The laser gain medium is fabricated with dielectric coated mirror on the cap layer
which is acted as a front mirror to simplify the device configuration. This forms high
transmittance at 1.06 um (T>90%) and high reflectance between 1.18-1.25 pum
(R>99.8%) on the entrance face. We use an external mirror with radius of curvature of
250 mm and partial reflectance at 1.22 pm (R=89%) as output coupler. The overall
cavity length is about 3 mm. With this plano-concave linear cavity, we could modulate
the laser mode volume to have better efficiency. The gain medium is attached on a
cooper heat sink with substrate side and is cooled down by water with temperature

controlled to be 15 °C.

3.2.2 Experimental results and discussions

Figure 3.2-2 shows the room temperature spontaneous-emission spectrum of
AlGalnAs MQWs with dielectric coated mirror excited by the 1.06 um Yb-doped
pulsed fiber amplifier with average absorbed power of 0.38 W. The pump repetition
rate is 60 kHz and the pump pulse width is 28 ns. This surface emitting

photoluminescence (PL) spectrum is captured with the pump beam incident on the
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dielectric coated side, and the emitted light is collected into the multi-mode fiber on
the other side. The spectral information was monitored by an optical spectrum
analyzer (Advantest Q8381A) with a diffraction monochromator which can be used
for high-speed measurement of pulsed light with a resolution of 0.1 nm. The PL peak
is located at 1215 nm. The expanded lasing spectrum is shown in the inset of Fig.
3.2-2 at the average absorbed power of 0.85 W. The bandwidth of lasing spectrum is
about 9 nm, and it comprises dense longitudinal modes due to the multiple
interferences between the air-substrate interface and cavity mirrors. With increasing
average pump power, the lasing spectrum will redshift due to the temperature induced
shift of cavity resonance and MQW emission peak. In Fig. 3.2-3 the degree of redshift
of peak lasing wavelength is shown as a function of average absorbed power. It will
be shifted to 1225 nm at average absorbed power of 2.2 W as the roll-over effect

happened.

Figure 3.2-4 shows the laser output performances with fixed pump pulse width of
28 ns and different pump repetition rates varied from 40-80 kHz. Under 40 kHz pump
repetition rate, the average output power begins to saturate with absorbed power
exceeded 2 W, i.e., the maximum allowed pump intensity is approximately 0.35
MW/cm®. Since the saturation intensity of the MQW absorption was measured to be
approximately 0.4 MW/cm?® the power roll-over phenomenon at 40 kHz was
attributed to the pump-saturation effect. On the other hand, the average output power
at 80 kHz is also limited when the average absorbed power increased up to 2 W. This
is mainly due to the local heating effect which is resulted from the high pump
repetition rate. Consequently, the output performance at fixed pump pulse width of 28
ns can be optimized under 60 kHz pump repetition rate. The maximum average output

power of 810 mW at 1225 nm is generated by the average absorbed power of 2 W.
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The slope efficiency to the average absorbed power is calculated to be 46.7%. The

overall beam quality M? was found to be better than 1.3.

Figure 3.2-5 shows the laser output performance with fixed pump repetition rate
of 60 kHz and different pump pulse width varied from 22-89 ns. For the given cavity
and average absorbed power, the maximum average output power was limited using
short pulse width which resulted in the pump-saturation effect [37]. When the pulse
duration is long, the roll-over effect appealed due to the thermally induced carrier
leakage. As a result, the best performance is obtained under 28 ns pump pulse width.
The absorbed saturation intensity of 22 ns and 28 ns pump pulse width is calculated to
be 0.3 MW/cm® and 0.24 MW/cm®, respectively. The slightly lower saturation
intensity of 28 ns pump pulse width iis due to the larger amount of heat. By contrast,
the maximum absorbed intensity of 89 ns pump. pulse width is 0.07 MW/cm®. This
shows that the roll-over is mainly arisen from the considerable heat production with
long pump pulse width. Moreover, the conversion efficiency is strongly affected by
the thermal load before roll-over effect happens. Hence the slope efficiency is higher

for lower pump pulse width under low average absorbed power.

With a LeCrory digital oscilloscope (Wave pro 7100, 10 G samples/s, 1 GHz
bandwidth), the typical input and output pulse train as well as the extended pulse
shape of single pulse are shown in Fig. 3.2-6. It can be seen that the output pulse
shape tracked the input pulses with barely delayed turn-on time due to the in-well
pump scheme [5]. And the pulse-to-pulse fluctuation was found to be within £5 %,
which is mainly attributed to the instability of the pump beam. To increase the average
absorbed power of gain medium without the fabrication of more MQW, we insert
another gain chip with the same MQW structure but without the dielectric coating and

keep the same experimental setup as shown in Fig. 3.2-1. The absorption of

72



1000 T T T T T
f, =60 kHz {pumy =28 18

3

800 - -
g
St
=
o 600 -
(oF
+~
=
5
3 400 | -
O
an
<
5
> 200 -
<

0 1 1 1 1 1
0.0 0.4 0.8 1.2 1.6 2.0 2.4

Average absorbed pump power (W)

Fig. 3.2-5 Laser output performances under 60 kHz pump repetition rate with

varied pump pulse width.

73



(a) Pump(1.06 12 m)

20 y s/Div Lasing(1.2 ¢ m)

(b) Pump(1.06 2 m)

20ns/Div Lasing(1.2 # m)

Fig. 3.2-6 (a) Typical oscilloscope trace of a train of pump and output pulses and
(b) expanded shapes of a single pulse.
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double-chips scheme (82%) is 1.41 times higher than the single-chip scheme (58%).
The highest average absorbed power is increased to 4 W before the roll-over effect
appeared. In this setup, the thermal load is distributed to the two chips. Figure 3.2-7
shows the output characteristic of double-chips scheme operated under 60 kHz pump
repetition rate and 28 ns pump pulse width. The average output power could be scaled
to 1.28 W with 4 W average absorbed power at 1225 nm. Although this method
enhanced the absorption and dispersed the generated heat, the asynchronous PL
emission due to the inhomogeneous heat distribution and the additional loss make the
slope efficiency to be 37.5% which is lower than the single-chip scheme. With this
setup, the peak output power is up to 0.76 kW at a peak pump power of 2.37 kW

under the same pump conditions.

In summary, a high-peak-power. semiconductor disk laser at 1.2 pm
optically-pumped by the Yb-doped pulsed fiber amplifier has been presented. The
gain medium is an AlGalnAs MQW structure grown on a Fe-doped InP substrate by
metalorganic chemical-vapor deposition. With in-well pumping we could reduce the
thermal and roll-over effect by lowering the quantum defect. The average output
power of 810 mW at 1225 nm lasing wavelength is generated at an average absorbed
power of 2 W under 60 kHz pump repetition rate and 28 ns pump pulse width in the
single-chip scheme. With the double gain chips, the average output power could be
scaled up to 1.28 W at an average absorbed power of 4 W. The peak output power of

0.76 kW is obtained with 2.37 kW peak pump power.

3.3 1520 nm AlGalnAs multiple-quantum-wells lasers

High-peak-power and high-repetition-rate laser sources have been in demand for
the applications in the eye-safe wavelength regime beyond 1.44 um such as free-space

communication, gas sensing, spectroscopy, and medical treatment. The eye-safe laser
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sources can be realized in several ways including stimulated Raman scattering or
optical parametric oscillation pumped by the high-peak-power Nd-doped lasers [41-47]
and the solid state lasers directly use the Er’-doped or Cr*"-doped gain media [48-51].
However, the spectral diversity of these lasers is restricted by the quantized energy

level of the doped-dielectrics and the suitable nonlinear crystals.

Optically-pumped multiple-quantum-wells (MQWs) semiconductor disk lasers
have been developed to provide low-divergence, circular and high quality
nearly-diffraction-limited output beams with flexible choices of emission wavelengths
via bandgap engineering as mentioned in section 1.3. The quaternary alloys lattice
matched to InP including InGaAsP and AlGalnAs are developed in the quantum
confined structure of the semiconductor lasers for generating the radiation at the NIR
region. Although the InGaAsP  systems were commonly employed in the
semiconductor lasers of the NIR region in the early stage, the AlGalnAs systems have
been verified to have higher conduction band offsets and better carrier confinements.
So far, the maximum average output power ever reported for the eye-safe laser based
on the AlGalnAs material was found to be 2.6 W at the continuous-wave operation

[52].

Recently, the AlGalnAs eye-safe pulsed laser was realized with an actively
Q-switched 1.06-pum laser as a pump source [5,37] even under barrier or in-well pump
scheme. However, the average output power and the pulse repetition rate were
restricted to 0.52 W and 20 kHz, respectively, due to the poor heat dissipation from
the pump area. Here we demonstrate, for the first time to our knowledge, on a
high-repetition-rate (100-500 kHz) high-power optically pumped AlGalnAs nano-
second eye-safe laser at 1525 nm with an intracavity diamond heat spreader to

enhance the heat removal. We employ an Yb-doped pulsed fiber amplifier to be a
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pump source for providing various pulse repetition rates with the same reason as in
Section 3.2. With a pump width of 28-ns at a repetition rate of 200 kHz, the average
output power and peak output power under an average pump power of 13.3 W are
found to be up to 3.12 W and 560 W, respectively. The maximum average power and
peak power at a repetition rate 500 kHz are found to be 2.32 W and 170 W,
respectively. The overall slope efficiency is maintained as high as 27.3% at a pulse

repetition rate between 100 and 500 kHz.

3.3.1 Device fabrication and experimental setup

Figure 3.3-1 shows the experimental configuration of the AlGalnAs MQW laser
at the eye-safe region driven by a 1.06 um Yb-doped pulsed fiber amplifier (SPI
redENERGY G3). The pump source could be operated to provide consecutive pulses
with the pulse duration in the'range of 9-200 ns-and the repetition rate ranging from
10-500 kHz. The pump spot diameter was controlled to be approximately 700+20 um
to have a good spatial overlap with.the lasing mode. The laser resonator was designed
to be a linear plane-plane cavity which was stabilized by the thermally induced lens of
the gain material. The flat mirror at the pump side was coated with anti-reflection
coating at 1.06 um (R<0.2%) at the entrance face and with high-reflection coating
(R>99.8%) at 1.53 pm and high-transmission (T>95%) at 1.06 pum at the other face.
The reflectivity of the flat output coupler was 70% at 1.53 um. The overall cavity

length is approximately 15 mm.

The gain structure is composed of 30 groups of triple QWs spaced at
half-wavelength intervals by AlGalnAs barrier layers as shown in the inset of Fig.
3.3-1. The thickness of the quantum wells are designed to be 8 nm. The
resonant-periodic-gain (RPG) structure was designed to locate the QWs at the

anti-nodes of the lasing field standing wave as discussed in section 1.3. The periodic
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Fig. 3.3-1 Experimental setup of AlGalnAs eye-safe laser at 1525 nm with an
intra-cavity diamond heat spreader and using an Yb-doped pulsed fiber amplifier

as a pump source.
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AlGalnAs QW/barrier layers were grown on a Fe-doped InP transparent substrate by
metalorganic chemical-vapor deposition. The Fe-doped InP transparent substrate with
high transmission at the pump and lasing wavelength is used to solve the problem of
the lack of good distributed Bragg reflectors (DBRs) for the InP-based systems. The
function of conventional DBRs was replaced with an external reflective mirror. A
window layer of InP was deposited on the gain structure to prevent surface
recombination and oxidation. In contrast to the conventional barrier pumping scheme,
the present gain medium was designed to be suitable for in-well pumping to enhance
the quantum efficiency as mentioned in section 3.1. It has been confirmed that the
slope efficiency with the in-well pumping scheme was significantly higher than that
with the barrier pumping scheme [5]. In the experiment, the single-pass absorption of
this gain chip is 81-84% for repetition rate ranged from 30-500 kHz under 28 ns pump

pulse width.

Based on the intra-cavity heat spreader method discussed in section 3.1, a
4.5-mm square, 0.5-mm thick piece of uncoated single crystal diamond heat spreader
was bonded to the MQW side of the cleaved 2.5-mm square piece of the gain chip to
improve the heat removal. Although the heat spreader approach has been used in a
variety of high power optically pumped semiconductor lasers [12-18], to the best of
our knowledge, the diamond heat spreader is for the first time to be applied to the
transparent semiconductor gain medium. The other side of the diamond was in contact
with a copper heat sink which was cooled by a thermal-electric cooler (TEC), where
the temperature was maintained at 15 °C. The substrate side of the gain chip was
attached tightly to a copper plate with a hole of 2-mm diameter, where an indium foil
was employed to be the contact interface. The contact uniformity was further

confirmed by inspecting the interference fringe coming from the minute gap between
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the gain chip and the diamond heat spreader. The package configuration of the gain

medium can be seen in Fig. 3.3-1.

3.3.2 Experimental results and discussions

We fixed the duration of pump pulses to be 28 ns for making a detailed
comparison at different pulse repetition rates. The spectral information was monitored
by an optical spectrum analyzer (Advantest Q8381A) with a diffraction
monochromator which could be used for the high-speed measurement of pulsed light
with a resolution of 0.1 nm. Figure 3.3-2 shows the room temperature spontaneous-
emission spectrum of AlGalnAs MQWs pumped with an average absorbed power of
0.8 W at a pulse repetition rate of 100 kHz. It can be seen that the photoluminescence

peak at a low pump power was approximately at 1500 nm.

To investigate the losses.introduced by the intracavity diamond heat spreader, we
make a comparison between the petformance of the AlGalnAs eye-safe laser without
and with the diamond at the repetition rate of 30 kHz, as shown in Fig. 3.3-3. Note
that the thermal effect at the repetition rate of 30 kHz is not significant for the
absorbed pump power less than 2 W. It can be seen that the output power without the
heat spreader displays a thermally induced roll-over effect for the average absorbed
power higher than 2.3 W. In contrast, the slope efficiency obtained with the heat
spreader can remain nearly constant for the absorbed pump power up to the maximum
pump power of 3.3 W, where the maximum pump power is just limited by the pump
source at the repetition rate of 30 kHz. This result confirms the improvement of the
power scalability by use of the diamond heat spreader. On the other hand, the slope
efficiencies obtained without and with the heat spreader can be found to be 33% and
28%, respectively. With these slope efficiencies and the output reflectivity of 70%, the

losses introduced by the heat spreader can be estimated to be 7.5%. Even though there
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is a room for improving the introduced losses, the diamond heat spreader can extend

the operation frequency up to 500 kHz, as shown in the following results.

Figures 3.3-4 (a) and (b) show the output performances without and with the
diamond heat spreader, respectively, for the repetition rate in the range of 100- to
500-kHz. The maximum average output powers without the heat spreader can be seen
to decrease from 0.45 W down to 0.11 W for the repetition rate increasing from 100
kHz to 500 kHz. On the other hand, the average output powers with the heat spreader
can be almost maintained linear for the absorbed pump power reaching the maximum
value of 13.3 W at the repetition rate within the range of 200-500 kHz. The overall
beam quality M*> was found to be better than 1.3. The maximum average output
powers can be found to be up to 3:12 W-and 2:32 W for the repetition rates of 200
kHz and 500 kHz, respectively. The roll-over phenomenon observed in Fig. 3.3-4 (b)
for the case of 100 kHz was attributed to the pump-saturation effect. With an absorbed
pump power of 10 W and a pump diameter of 700.pum, the pump intensity for the
pump duration of 28 ns at 100 kHz could be calculated to be 0.93 MW/cm®. Since the
saturation intensity of the MQW absorption was measured to be approximately within
0.8-1.0 MW/cm?, the power roll-over phenomenon at 100 kHz was considered to

come from the pump-saturation effect.

Figure 3.3-5 (a) depicts the lasing spectrum with the heat spreader under an
average absorbed power of 2.5 W at a repetition rate of 100 kHz. The lasing spectrum
can be seen to comprise dense longitudinal modes with the bandwidth to be
approximately 10 nm and the center wavelength to be located at 1515 nm. With
increasing the average absorbed power, the center wavelength has significant redshifts
due to the pump power induced the local heating on the gain medium. Figure 3.3-5 (b)

shows the dependence of the red-shift on the absorbed pump power for the laser

84



0.5

04| -
—
g
e
]
2 03} -
®}
2,
=
=
‘g 0.2
o T
0]
en
[+
e
4
01} -
<
0.0 1 1 1 1 1
0.0 05 1.0 15 2.0 25 3.0
Average absorbed power (W)
35 T T T T T T T
f =200kHz
ren
t =28ns
30| pump f =300kHz
rep
—_ f p=400kH2
= 25} .
N
-
z
o 20 f =500kHz -
a, rep
=
2
45 15 | E
]
&
s 10 - i
e
[
Z
05 - -
(b)
0.0 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16

Average absorbed power (W)

Fig. 3.3-4 Output performances without (a) and with (b) the diamond heat spreader
for repetition rates in the range of 100-500 kHz.

85



12 T T T T T
(@
1.0 | .
08 .
o
=
S
0.6 .
2
(2}
=
8
S 04} .
=
02 .
0.0 L A Al
1500 1505 1510 1515 1520 1525 1530
Wavelength (nm)
1532 T T T T T
1528 | 4
~—~
H 3/
= 1524 | without diamond heat spreader D
Bo
=
(5}
©
1520 | 4
3
S
e
3
= 1516 4
8 with diamond heat spreader
i ]
Q
8 1512 4
—
O
1508 1 1 1 1 1
0 2 4 6 8 10 12

Average absorbed power (W)

Fig. 3.3-5 (a) Lasing spectrum with the heat spreader under an average absorbed
power of 2.5 W at a repetition rate of 100 kHz. (b) Dependence of the red-shift on
the absorbed pump power for the laser operation without and with the heat

spreader at a repetition rate of 100 kHz.

86



operation without and with the heat spreader at a repetition rate of 100 kHz. It can be
seen that the redshift measured for the laser without using the heat spreader is
considerably larger than the result with the heat spreader. This substantial difference
also confirms the local heating to be considerably improved by use of the diamond

heat spreader.

The temporal behavior of the laser output was recorded with a LeCrory digital
oscilloscope (Wave pro 7100, 10 G samples/s, 1 GHz bandwidth). Figure 3.3-6 shows
the input and output pulse trains as well as the extended pulse shape of the single
pulse for the result obtained with an average absorbed power of 2.5 W at a repetition
rate of 200 kHz. It can be seen that the time delay of the output pulse with respect to
the input pulse is generally less than a few nanoseconds. The characteristics of the
small delay comes from the advantage of the in-well pumping scheme. The
peak-to-peak instability was experimentally found to arise from the instability of the

pump beam. On the whole, the peak-to-peak fluctuation was generally within 5 %.

In summary, we have demonstrated a high-repetition-rate (>100 kHz)
nanosecond eye-safe AlGalnAs laser at 1525 nm with an Yb-doped pulsed fiber
amplifier as a pump source. A diamond heat spreader bonded to the gain chip was
employed to reach an efficient heat removal. With a pump power of 13.3 W, the
maximum average output powers at the repetition rates of 200 kHz and 500 kHz were
found to be up to 3.12 W and 2.32 W, respectively. Correspondingly, the maximum
peak powers at the repetition rates of 200 kHz and 500 kHz are 560 W and 170 W,
respectively. To the best of our knowledge, this is the highest frequency achieved in

the pulsed eye-safe lasers with the average output powers higher than 2 W.
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3.4 Conclusions

In this chapter, an AlGalnAs multiple quantum well structure is first presented as
an effective gain medium of the in-well pumped high-peak-power semiconductor disk
laser at 1220 nm. This spectral region is in demand as the pump source in the
nonlinear frequency conversion to produce yellow-orange light. We use an Yb-doped
pulsed fiber amplifier as the pump source to effectively optimize the output
characteristics. The maximum average output power of 1.28 W and peak output power
of 0.76 kW is obtained at 1225 nm lasing wavelength under 60 kHz pump repetition
rate and 28 ns pump pulse width in use of the double gain chip. In the second part we
report on a compact efficient high-repetition-rate (>100 kHz) optically pumped
AlGalnAs nano- second eye-safe laser at 1525 nm. A diamond heat spreader bonded
to the gain chip is employed to improve the heat removal. At a pump power of 13.3 W,
the average output power at a repetition rate 200 kHz 1s up to 3.12 W, corresponding
to a peak output power of 560°W. At a repetition rate. 500 kHz, the maximum average
power and peak power are found to be 2:32 W and 170 W, respectively.
Demonstration of these high peak power and high repetition rate OPSLs confirms the
efficiency of the realization of gain-switched lasers with the semiconductor MQWs as
the gain-switched medium. The detailed introductions of the gain-switched lasers will

be brought up in section 3.1.
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Chapter Four

Simultaneous Q-switching and Wavelength
Conversion of the AlGalnAs Multiple-Quantum-
Wells

4.1 Simultaneously passively Q-switched and frequency-switched

behaviors of the multiple-quantum-wells

The realization of compact, rugged, all-solid-state pulsed laser systems at the
near-infrared (NIR) region is of great importance in numerous applications such as
remote sensing, range finding, medical treatment, industrial processing and optical
communication [1-5]. Nowadays, there are different approaches to obtain suitable
laser sources in these fields such as the actively or passively Q-switched solid-state
lasers (SSLs) with a variety of‘doped crystals-as the gain medium [6-11]. To achieve
more diverse wavelengths, the collocation of Q-switched SSLs and the nonlinear
frequency conversion methods including the optical-parametric-oscillation (OPO) or
the stimulated-Raman-scattering (SRS) are developed vigorously [12-15]. Even so,
the emission wavelengths are still strongly limited by the discrete energy level of the
doped ions in the host crystals and the adequate nonlinear crystals. Besides, the high
voltage RF drivers used to activate the active Q-switches which need additional heat
dissipated apparatus and the insertion of saturable absorbers in the passively
Q-switched lasers are all increasing the complexity and enlarging the device

dimension of laser systems.

Another way using the composition of an efficient pulsed pump laser module and

a frequency down-converted doped crystal laser cavity have been presented as the
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pulse-pumped frequency-switched laser [16,17]. As an example, a signal laser cavity
with frequency-switched medium of Cr*":YAG could be inter-cavity pumped by a
1.06 pm pulsed Nd:YAG laser and 1.44 pum pulsed laser output is obtained. But the
drawback of these lasers are the restriction of emission wavelengths of the
gain-switched materials and the requirement of a promising pump laser module with
emission spectrum exactly at the absorption band of the frequency-switched medium.
Moreover, these lasers are mostly inter-cavity pumped by a harmonically
up-converted pulsed Nd-doped laser module to obtain the ultra-violet to visible laser
emission. So far, the pulse-pumped frequency-switched lasers at NIR spectral region
with the intra-cavity pump configuration have not been presented and the
semiconductor materials also have. never rbeen used as the frequency-switched

mediums yet.

Recently, as mentioned  in section 1.4, the multiple-quantum-well (MQW)
structure with flexible choices -of modulation wavelength via bandgap engineering is
developed to be an efficient saturable absorber in the simple, compact passively
Q-switched solid-state lasers [7-11]. Compared to the bulk crystal saturable absorbers
the MQW absorber allows the shorter cavity length and has lower nonsaturable loss
which are beneficial to the shorter pulse formation and promotion of the Q-switching
efficiency, respectively [11,18,19]. The MQW structure is also applied in the
optically-pumped semiconductor lasers (OPSLs) as an active medium to provide the
high power, low divergence and nearly-diffraction-limited beams with potential
spectral range from the ultraviolet to mid-infrared as noted in section 1.3. Numerous
OPSLs with inter-cavity quasi-CW or pulsed pumping similar to the pulse-pumped
frequency-switched lasers have been presented [20-22]. In Chapter three the

semiconductor MQW gain-switched lasers inter-cavity pumped by the Yb-doped fiber
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amplifier have been demonstrated. In according to these characteristics we brought up
an idea that the MQWs structure has the potential to be designed simultaneously as a
saturable absorber and a frequency-switched medium in the intra-cavity pumped
solid-state lasers. The dual functionalities of the MQWSs not only simplify the
fabrication but also have inherently shorter cavity length by decreasing the
intra-cavity elements and, the most important, make the realization of the wavelength
versatile miniature passively Q-switched laser via the use of semiconductor saturable
absorber to be possible. In comparison to the pulse-pumped frequency-switched lasers,
the intra-cavity pumping scheme could reserve more energy of the pump light and the
synchronous Q-switched behavior of the MQWs also simplifies the composition of
pump laser module. Although the .Cr; Nd:YAG co-doped crystals have been
demonstrated to act as the gain.medium and the saturable absorber at the same time in
the self Q-switched lasers [23-25], the semiconductor MQW structure has not been

applied in this aspect up to now.

In this chapter an AlGalnAs MQW saturable absorber intra-cavity pumped by a
diode-pumped Nd:GdVOy laser at 1064 nm to produce the passively Q-switched and
frequency-switched 1530 nm laser output is presented. Conventionally, the MQW
active mediums of OPSLs are pumped by exciting the electrons in the barrier region
and the lasing photons are generated by the recombination process of relaxed
electrons in the quantum-well region. But the strong absorption of the barrier region
leads to the high transparency threshold intensity of the MQWs. This means that the
saturable absorption may not happened unless an ultra-high average power of the
pump emission is applied. Alternatively, the MQW structure was grown to be in-well
pumped at the higher energy level of the quantum-well region in which the activation

length is rather short to realize the saturable absorption of pump light in the
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Nd:GdVOy laser. Under this scheme, the pulsed 1530 nm laser output with maximum
average output power of 530 mW at a diode pump power of 21.6 W was obtained with
357 kHz repetition rate and 27 ns pulse duration. The conversion efficiency of the
average output power to the pump power was 2.4% and the slope efficiency was 5.6%.
To the author’s knowledge, it is the first demonstration of the simultaneous
Q-switching and wavelength conversion of the AlGalnAs MQWs intra-cavity pumped

by a diode-pumped Nd-doped solid-state laser.

4.2 Device fabrication and experimental setup

The MQW structure with emission spectral region at 1.1-1.6 um is traditionally
based on the InGaAsP and AlGalnAs systems. Since the conduction band offset of
InGaAsP system is lower, the AlGalnAs system has better carrier confinement. This
means that the AlGalnAs MQW structure has better stability and thermal resistance
under room temperature operation. Therefore, 30 pairs of AlGalnAs triple
quantum-wells were grown on the Fe-doped InP as the 1530 nm active medium via
metalorganic chemical-vapor deposition. Each pairs of the MQWs consist of three
8-nm-thick quantum wells and two 10-nm-thick barriers and are spaced at the
half-wavelength intervals by the cladding layers to locate the MQWs at the anti-node
of the lasing mode. The frequency-switched behavior could be significantly enhanced
under this framework which is called the resonant-periodic-gain structure [26,27].
Unlike the typical gain mirrors of the OPSLs and the semiconductor saturable
absorber mirrors, the distributed Bragg reflector (DBR) structure in our MQW sample
is removed since the lattice-matched DBRs of the InP-based materials to date suffer
from the low refractive index contrast, low thermal conductivity or high complexity of
growth [28,29]. Alternatively, the Fe-doped InP with higher transmittance than the

conventionally used S-doped InP at spectral region over 1 um is applied as the
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substrate to diminish the intracavity loss. As a result, the function of DBRs could be
replaced by an external reflective mirror. To prevent the surface recombination and
the oxidation an InP window layer was deposited on the top surface of the MQWs.
Both sides of the MQW chip were mechanically polished and anti-reflection (AR)

coated at the pump and lasing wavelength to reduce the loss and couple-cavity effect.

To solve the problem that the strong absorption in barrier region leads to the high
transparency threshold intensity of the MQWs in the passive Q-switching process.
The quantum-well region is fabricated to accommodate the pump energy level of
1064 nm and the emission level of 1530 nm. The upper state is served as the nonlinear
saturable absorption device at 1064 nm and the lower state is served as the active
medium at 1530 nm with additional couple-cavity in the Nd:GdVO, laser. The
room-temperature absorption ‘spectrum of -the AlGalnAs MQW wafer under low
power excitation is the same_as in Fig. 2.2-5. The lasing wavelength at 1530 nm is
located at the first quantum state (n=1) and the pump wavelength at 1064 nm is
included in the second state (n=2). The schematic illustration of saturable absorption
and frequency-switching processes are the same as in Fig. 2.2-1 with the operation (1)
to be nonlinear saturable absorption, (2) to be noradiative relaxation and (3) to be
frequency-switched emission. The hardly transmitted light below 950 nm is due to the
strong absorption of the Fe-doped InP substrate. Because the thermal load of the
MQW gain chip will result in the red-shift of the emission spectrum and increase the
carrier leakage under high power excitation [30,31], to obtain the better performance
of semiconductor lasers the thermal management is fairly significant as described in
section 3.1. In our experiment, we use the intra-cavity heat spreader method which is
mostly applied at spectral range longer than 1 pum to improve the heat dissipation

[30,32-37]. The epitaxial side of the cleaved 2.5-mm square piece of MQWs chip was
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in contact with a 4.5-mm square, 0.5-mm thick piece of single crystal diamond heat
spreader via liquid capillary bonding [38]. Then the whole specimen was clipped by
the copper blocks with the indium foil between the interfaces as specified in the
section 3.3. The copper heat sinks were hollowed out with a hole of 2-mm diameter
and cooled by a thermal-electric cooler with the temperature maintained at 10 °C. The
contact uniformity was further confirmed by the interference fringe formed from the

minute gap between the MQWs surface and diamond heat spreader.

Figure 4.2-1 shows the experimental configuration of the diode-pumped 1530 nm
passively Q-switched Nd:GdV Oy laser by the use of an AlGalnAs/InP MQW structure
which is simultaneously acting the saturable absorption and wavelength conversion.
This setup is pumped by a 21.6 W, 808 nm fiber-coupled laser diode with a core
diameter of 800 um and a numerical-aperture of 0.16. A focusing lens system was
used to reimage the pump light from laser diode into-a 0.3 at. % Nd’*, 6 mm long
Nd:GdVOy4 crystal with 1:2 magnification by a pair of plane-convex lens. The
Nd:GdVOy crystal was wrapped with indrum foil and mounted in a air-cooling copper
block. The 1064 nm emission light of the Nd:GdVOy, crystal is incident on the heat
spreader side of the entire gain-switched composite to bypass the thermal load from
the diamond in the lateral direction effectively. The surfaces of lens are AR-coated at
808 nm and the coupling efficiency of the pump light is higher than 90%. The rear
side of the focusing lens system is flat and high-reflection (HR) coated at 1064 nm
(R>99.8%) to served as the front mirror of the Nd:GdVO, laser cavity. The flat
external reflector of the fundamental cavity is coated with partial-reflection (PR) at
1064 nm (R=93%) on the inner facet and the transmission at 1530 nm is 85%. To
simplify the cavity alignment, the front mirror of the 1530 nm cavity is formed by the

high-reflection and high-transmission coating at 1530 nm (R>99.8%) and 1064 nm
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Fig. 4.2-1 Experimental configuration of the diode-pumped Nd:GdVOy laser

simultaneously passively Q-switched and frequency-switched by the AlGalnAs/
InP MQWs.
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(T=95%) on the pump surface of the diamond heat spreader, respectively. The output
coupler is dichroic coated to be partially reflective at 1530 nm (R=49%) and highly
transmissive at 1064 nm (T=95%). The overall length of Nd:GdVOy laser resonator is
85 mm and the gain-switched cavity length was 2 mm. The location of the AlGalnAs
MQW structure was near the external mirror of the pump cavity as compact as

possible to lower the Q-switching threshold.

4.3 Experimental results and discussions

In this section the pulsed 1530 nm solid-state laser is presented in use of a
simultaneously passively Q-switched and frequency-switched AlGalnAs MQWs
structure which is pumped by the Nd:GdVO, laser. The laser source with output
wavelength beyond 1.44-um is called the eye-safe laser in which the incident light at
this spectral region into the human eyes is strongly absorbed by the ocular fluid of the
eye. As a result, the incident light could not reach the sensitive retina and the damage
threshold of the eyes is greatly increased. The high repetition rate, high peak power
eye-safe lasers are therefore of great interest in the applications like gas sensing, range
finding, laser radars, active imaging, and medical treatment [39-41]. At the beginning,
a relatively high reflection mirror with R=93% at 1064 nm is used as the external
mirror of the Nd:GdVOy laser cavity and, as a result, the dual wavelength exportation
was obtained. The average output powers of 1064 nm and 1530 nm versus the pump
power at 808 nm are shown in Fig. 4.3-1. It is obvious that the constituent of 1064 nm
output is much lower than 1530 nm because most of the photons at 1064 nm are
sealed inside the resonator. The threshold pump power is about 12.3 W and the slope
efficiency is 5.6% at 1530 nm. Under continuous-wave operation (in which the
AlGalnAs MQWs and the couple-cavity are removed) the threshold pump power and

the slope efficiency of 1064 nm Nd:GdVO, laser output were 5.1 W and 53.5%,
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respectively. The rather high threshold and low transition efficiency of the 1530 nm
laser output are mainly due to the large non-saturable loss when the excited electrons

are relaxed from the n=2 to n=1 quantum state.

Furthermore, to investigate the influence of the fundamental pump light to the
frequency-switched emission we changed the reflectivity of the 1064 nm external
mirror from 93% to 30%. The constituent of 1064 nm is increased and 1530 nm is
decreased when the reflection of the pump light is lowered. Fig. 4.3-2 depicts the
output power characteristics to the pump power at 808 nm with the 30% reflectivity
1064 nm external mirror. The power transition efficiency of 1064 nm exceeded the
frequency-switched light of 1530 nm apparently. However, the total average output
power of the 93% and 30% output coupler were maintained around a constant value
of 630 mW. This indicates that the ratio of the total dual wavelength output could be
tuned by varying the reflection of fundamental pump light. Fig. 4.3-3 (a) and (b) show
the dual wavelength output spectra of the diode-pumped simultaneously passively
Q-switched and frequency-switched Nd:GdVOj laser at an incident pump power of
15 W. The spectral information was recorded by an optical spectrum analyzer
(Advantest Q8381A) which is using a diffraction monochromator to perform high
speed measurement of the pulsed light with resolution of 0.1 nm. The emission
spectrum of the Nd:GdVOy laser in Fig. 4.3-3 (a) is located at 1064 nm with the
bandwidth of 0.2 nm. The lasing spectrum of the frequency-switched light in Fig.
4.3-3 (b) is centered at 1530 nm with 4.8 nm bandwidth and comprises dense
longitudinal modes due to the multiple interferences characterized by the interfaces
between the MQWs surfaces and the air. The slight red-shift of 8§ nm of the 1530 nm

lasing spectrum in the whole pump range means that the heating effect is controlled to
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be insignificant.

The pulse temporal behavior of the dual wavelength laser output was measured
by a LeCrory digital oscilloscope (Wave pro 7100, 10 G samples/s, | GHz bandwidth)
with a fast p-i-n photodiode. When the 93% external reflector of the Nd:GdVO4 laser
cavity was used, the pulse repetition rate was increased from 86 kHz to 357 kHz at the
incident pump power ranged from 13.5 W to 21.6 W. The frequency-switched output
pulse traced the 1064 nm pump light with a little delay build-up time. Therefore,
almost fixed pulse duration of 30 ns at 1064 nm and 27 ns at 1530 nm was produced
in the whole pumping range. The typical oscilloscope trace of a train of output pulses
and the expanded single pulse shape are shown in Fig. 4.3-4 (a) and (b) at the pump
power of 15.2 W. Obviously, the peak-to-peak- fluctuation and the pulse-to-pulse
timing jitter are very large which-may mainly attributed to the inhomogeneous
saturation of the large number of MQW pairs. 'We: have also found that if the
reflectivity of the external mirror. of the 1064 nm resonator is lowered the status of
output pulses became fairly stable. The temporal dynamics and the expanded single
pulse shape under the identical pump power of 15.2 W by use of the 30% output
coupler are shown in Fig. 4.3-5 (a) and (b) for comparison. It is apparent that the pulse
amplitude fluctuation and the timing jitter are highly diminished although the
constituent ratio of 1530 nm output is reduced. However, the mechanisms of the

improvement of temporal behavior are still under further investigations.

In this section, we present what is believed to be the first use of AlGalnAs/InP
MQWs structure simultaneously as the saturable absorber and gain medium in a
pulsed 1530 nm diode-pumped Nd-doped crystal laser. The 1064 nm emission of the
Nd-doped crystal was passively Q-switched by the AlGalnAs/InP MQWs and acted as

the pump source of the MQWs in the meantime. As a result, the pulsed 1530 nm laser
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output at the lowest emission state of the MQWs was obtained with the additional
coupled-cavity. The maximum average output power of 530 mW was produced at a
diode pump power of 21.6 W, and the pulse repetition rate and the pulse duration were

operated at 357 kHz and 27 ns, respectively.

4.4 Conclusions

In summary, a diode-pumped Nd:GdVOy, laser is passively Q-switched and
frequency-switched by the AlGalnAs/InP MQWs with the intra-cavity pump scheme
to produce a pulsed eye-safe laser output. This laser system combines the advantages
of the pulse-pumped solid-state lasers, self-Q-switched lasers and the wavelength
versatility of semiconductor heterostructures. The broad potential spectral range via
band-gap engineering overcomes the drawbacks in non-linear frequency conversion
techniques such as the restriction of emission wavelength due to the limited
doped-dielectrics, the suitable nonlinear crystals, the requirement of high-speed,
high-voltage electronics and the complexity in fabrication. With the external mirror of
93% reflectivity at 1064 nm, the maximum average output power of 530 mW at 1530
nm was obtained under 357 kHz repetition rate and 27 ns pulse duration. The residual
1064 nm pump light was also exported with relatively lower average output power of
87 mW. By using the 30% reflectivity output coupler the composition ratio of the
1064 nm and 1530 nm output were turned to be nearly equal with invariant total
average output power. In addition, the peak-to-peak fluctuation and pulse-to-pulse

timing jitter were also highly reduced.
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Chapter Five

Summary and Future Works

51 Summary

In summary, we have introduced the luminescence features of MQWs under low
and high level excitation, development of MQWs as gain mediums in optically-
pumped semiconductor lasers (OPSLs) and semiconductor saturable absorbers in
passively Q-switched lasers in Chapter 1. In Chapter 2, an AlGalnAs MQWs structure
is fabricated with resonant-periodic-gain configuration to promote the light-QWs
interaction. Under this framework, we demonstrate the first observation of room
temperature spontaneous emission of the many-body state luminescence induced by
the high density electron-hole-plasma in the AlGalnAs MQWs. Furthermore, the
temperature-dependent luminescence features of this emanation mode with photon
energy below the band-edge of ground state has been investigated from 93 to 313 K
and the excitation threshold intensity is-obtained as low as 198 kW/cm® at room

temperature of 293 K.

In Chapter 3, an AlGalnAs multiple quantum wells (MQWs) structure is used as
an effective gain medium of the in-well pumped high peak power OPSLs with 1220
nm output. The laser is excited by an Yb-doped pulsed fiber amplifier to effectively
optimize the output characteristics. The maximum average output power of 1.28 W
and peak output power of 0.76 kW is obtained at 1220 nm lasing wavelength under 60
kHz pump repetition rate and 28 ns pump pulse width via the double gain chip regime.
Moreover, we further demonstrated a compact efficient high-repetition- rate (>100
kHz) optically pumped AlGalnAs nanosecond eye-safe laser at 1520 nm. A diamond

heat spreader bonded to the gain chip is employed to improve the heat removal. At a
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pump power of 13.3 W, the average output power at a repetition rate 200 kHz is up to
3.12 W, corresponding to a peak output power of 560 W. At a repetition rate 500 kHz,
the maximum average power and peak power are found to be 2.32 W and 170 W,
respectively. The realization of these OPSLs confirms that the MQWs structure is
suitable as the active medium of the inter-cavity frequency- switched laser which is

recommended in section 4.1.

At the end, we present what is believed to be the first use of AlGalnAs/InP
MQW structure simultaneously as the saturable absorber and the gain medium in a
pulsed 1530 nm diode-pumped Nd-doped crystal laser in Chapter 4. The 1064 nm
emission of the Nd-doped crystal was passively Q-switched by the AlGalnAs/InP
MQW:s and acted as the pump source of the MQWs in the meantime. As a result, the
pulsed 1530 nm laser output at the Towest emission state of the MQWs was obtained
with the additional coupled-cavity. The maximum average output power of 530 mW
was produced at a diode pump power of 21.6 W, and the pulse repetition rate and the

pulse duration were operated at 357 kHz and 27 ns, respectively.

5.2 Future works

Compact, simple, economical and high peak power solid-state laser source with
sub-nanosecond pulses is of practical importance in many fields such as range finding
and 3D imaging in use of the time-of-flight methods, micro-processing and optical
communication. Because the pulse energy of mode-locked lasers is limited by the
short inter-pulse periods and the device configuration is complex in fabrication, a
better way to obtain high peak power laser output is the passively Q-switched (PQS)
microchip lasers discussed in section 1.4. Compared to the actively Q-switched
microchip lasers, the PQS microchip lasers is simple, low cost and no need of any

external high speed and high power consumption drivers and temperature control of
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the electro- or acousto-optic Q-switches. But the choices of gain mediums and
saturable absorbers are restricted to the suitable doped bulk crystals with matched
emission and absorption spectrum. Even though the use of antiresonant Fabry-Perot
saturable absorbers (A-FPSAs) or the so-called semiconductor saturable absorber
mirrors (SESAMs) with adjustable wavelengths via bandgap engineering in PQS
microchip lasers is demonstrated by Braun et al. in the spectral region of 1.06-pum,
1.34-um and 1.5-um [1-3], the operation wavelengths of these lasers are still mainly
limited by the discrete energy levels of the doped ions of gain medium. Alternatively,
the passively Q-switched lasers in combination with nonlinear frequency conversion
techniques such as the harmonic generation, optical parametric oscillation and
stimulated Raman scattering are developed: to. be the promising pulsed laser sources
[4-6]. But the long active length of the nonlinear crystal hinders the application of
intra-cavity pumping in which the cavity length should be short enough to afford

sub-nanosecond operation.

Based on the contents of this‘thesis, if we combine simultaneous Q-switching
and frequency-switching device and the heat spreader method discussed in Chapter 4
and section 3.3, a compact thin disk PQS microchip laser with intra-cavity wavelength
conversion could be achieved via capillary bonding technique. The effectiveness of
the use of diamond in contact with the Yb:YAG crystal with 1 mm thickness has been
realized in our lab with continuous wave and PQS operation [7]. But the Cr*":YAG
crystal is separated from the gain chip and is just functioning as a nonlinear saturable
absorber. Therefore, the emission wavelength is restricted to the Yb:YAG gain chip of
1030 nm and the cavity length is as long as 8.4 mm. If we take the AlGalnAs MQWs

chip as shown in Chapter 4 instead of the Cr*":YAG and construct a suppositional
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laser configuration as demonstrated in Fig. 5.2-1, we could obtain the 1530 nm pulsed
output and the cavity length could be shortened well below 2.5 mm under the nearly
equivalent experimental setup. In this framework, the two diamonds are bonded to the
Yb:YAG crystal and AlGalnAs MQWs chip with thickness of 0.5 mm to enhance heat
dissipation from the pump spot. The diamond wafer in contact with the gain chip is
high-reflection (HR) coated at 1030 and 1530 nm and high-transmittance (HT) coated
at 970 nm at the entrance side to serve as the front mirror. The other diamond wafer in
contact with the AlGalnAs MQWs chip is HR coated at 970 and 1030 nm and partial
reflection coated at 1530 nm at the output face to serve as the external mirror.
Compared to the PQS laser in combination with the nonlinear wavelength conversion,
this laser setup offers several advantages. First, it is capable of intracavity pumping
without significantly lengthening the cavity. Second, the fundamental laser emission
is no need to be linear polarization. Third, the wavelength conversion efficiency is not
strongly depending on the intracavity photon-intensity. Four, there is no requirement
of phase matching. Therefore, it is-a simple, compact, monolithic and low cost
potential laser configuration to produce sub-nanosecond near-infrared laser pulses and

we are interested in realizing this laser module in the future.
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Abstract We report on a compact efficient high-repetition-
rate (>100 kHz) optically pumped AlGalnAs nanosecond
eye-safe laser at 1525 nm. A diamond heat spreader bonded
to the gain chip is employed to improve the heat removal.
At a pump power of 13.3 W, the average output power at a
repetition rate 200 kHz is up to 3.12 W, corresponding to a
peak output power of 560 W. At a repetition rate 500 kHz,
the maximum average power and peak power are found to
be 2.32 W and 170 W, respectively.

1 Introduction

High-peak-power high-repetition-rate laser sources have
been in demand for the applications in the eye-safe wave-
length regime near 1.55-pm such as free-space communica-
tion, gas sensing, spectroscopy, and medical treatment. The
eye-safe laser sources can be realized in several ways in-
cluding stimulated Raman scattering (SRS) or optical para-
metric oscillation (OPO) pumped by the high-peak-power
Nd-doped lasers [1-7] and the solid state lasers directly use
the Er’*-doped or Cr**-doped gain media [8—11].
Optically-pumped multiple-quantum-wells (MQWs)
semiconductor disk lasers have been developed to pro-
vide low-divergence, circular, and high quality nearly-
diffraction-limited output beams with flexible choices of
emission wavelengths via bandgap engineering [12, 13]. The
quaternary alloys lattice matched to InP including InGaAsP
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and AlGalnAs are developed in the quantum confined struc-
ture of the semiconductor lasers for generating the radiation
at the NIR region [14—18]. Although the InGaAsP systems
were commonly employed in the semiconductor lasers of
the NIR region in the early stage [19, 20], the AlGalnAs
systems have been verified to have higher conduction band
offsets and better carrier confinements. So far, the maximum
average output power ever reported for the eye-safe laser
based on the AlGalnAs material was found to be 2.6 W at
the continuous-wave operation [21].

Recently, the AlGalnAs eye-safe pulsed laser was real-
ized with an actively Q-switched 1.06-um laser as a pump
source [22, 23]. However, the average output power and the
pulse repetition rate were restricted to 0.52 W and 20 kHz,
respectively, due to the poor heat dissipation from the pump
area. Here we report, for the first time to our knowledge, on
a high-repetition-rate (100-500 kHz) high-power optically
pumped AlGalnAs nanosecond eye-safe laser at 1525 nm
with an intracavity diamond heat spreader to enhance the
heat removal. We employ an Yb-doped pulsed fiber ampli-
fier to be a pump source for providing various pulse repeti-
tion rates. With a pump width of 28-ns at a repetition rate of
200 kHz, the average output power and peak output power
under an average pump power of 13.3 W are found to be up
to 3.12 W and 560 W, respectively. The maximum average
power and peak power at a repetition rate 500 kHz are found
to be 2.32 W and 170 W, respectively. The overall slope ef-
ficiency is maintained as high as 27.3 % at a pulse repetition
rate between 100 and 500 kHz.

2 Experimental setup

Figure 1 shows the experimental configuration of the Al-
GalnAs MQWs laser at the eye-safe region driven by a
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Fig. 1 Experimental setup of
AlGalnAs eye-safe laser at 1525
nm with an intracavity diamond
heat spreader and using an
Yb-doped pulsed fiber amplifier
as a pump source

Collimator, isolator and

beam expander

1.06 pm Yb-doped pulsed fiber amplifier (SPI redEN-
ERGY G3). The pump source could be operated to provide
consecutive pulses with the pulse duration in the range of
9-200 ns and the repetition rate ranging from 10-500 kHz.
The pump spot diameter was controlled to be approximately
700 + 20 pm to have a good spatial overlap with the las-
ing mode. The laser resonator was designed to be a linear
plane-plane cavity which was stabilized by the thermally
induced lens of the gain material. The flat mirror at the
pump side was coated with antireflection coating at 1.06 pm
(R < 0.2 %) at the entrance face and with high-reflection
coating (R > 99.8 %) at 1.53 um and high-transmission
(T > 95 %) at 1.06 um at the other face. The reflectivity
of the flat output coupler was 70 % at 1.53 um. The overall
cavity length is approximately 15 mm.

The gain structure is composed of 30 groups of triple
QWs spaced at half-wavelength intervals by AlGalnAs bar-
rier layers as shown in the inset of Fig. 1. The thickness
of the quantum wells are designed to be 8 nm. The Al-
GalnAs barriers are only used to separate the QWs not used
as strain compensation layers. The resonant-periodic-gain
(RPG) structure was designed to locate the QWs at the antin-
odes of the lasing field standing wave [24, 25]. The periodic
AlGalnAs QW/barrier layers were grown on a Fe-doped InP
transparent substrate by metalorganic chemical-vapor depo-
sition. The Fe-doped InP transparent substrate with high
transmission at the pump and lasing wavelength is used to
solve the problem of the lack of good distributed Bragg re-
flectors (DBRs) for the InP-based systems. The function of
conventional DBRs was replaced with an external reflective
mirror. A window layer of InP was deposited on the gain
structure to prevent surface recombination and oxidation.
In contrast to the conventional barrier pumping scheme, the
present gain medium was designed to be suitable for in-well
pumping to enhance the quantum efficiency [26]. It has been
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confirmed that the slope efficiency with the in-well pump-
ing scheme was significantly higher than that with the bar-
rier pumping scheme [23]. In the experiment, the single-pass
absorption of this gain chip is 81-84 % for repetition rate
ranged from 30-500 kHz under 28 ns pump pulse width.

A 4.5-mm square, 0.5-mm thick piece of uncoated sin-
gle crystal diamond heat spreader was bonded to the MQWs
side of the cleaved 2.5-mm square piece of the gain chip to
improve the heat removal. Although the heat spreader ap-
proach has been used in a variety of high power optically
pumped semiconductor lasers [27-29], to the best of our
knowledge, the diamond heat spreader is for the first time to
be applied to the transparent semiconductor gain medium.
The other side of the diamond was in contact with a cop-
per heat sink which was cooled by a thermal-electric cooler
(TEC), where the temperature was maintained at 15 °C. The
substrate side of the gain chip was attached tightly to a cop-
per plate with a hole of 2-mm diameter, where an indium
foil was employed to be the contact interface. The contact
uniformity was further confirmed by inspecting the interfer-
ence fringe coming from the minute gap between the gain
chip and the diamond heat spreader. The package configura-
tion of the gain medium can be seen in Fig. 1.

3 Experimental results and discussion

We fixed the duration of pump pulses to be 28 ns for making
a detailed comparison at different pulse repetition rates. The
spectral information was monitored by an optical spectrum
analyzer (Advantest Q8381A) with a diffraction monochro-
mator which could be used for the high-speed measurement
of pulsed light with a resolution of 0.1 nm. Figure 2 shows
the room temperature spontaneous-emission spectrum of
AlGalnAs MQWs pumped with an average absorbed power
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Fig. 2 Room temperature surface emitting spontaneous emission
spectrum under a 100-kHz pump repetition rate at an average absorbed
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Fig. 3 Output performances of the eye-safe laser without and with the
diamond heat spreader at a 30-kHz repetition rate

of 0.8 W at a pulse repetition rate of 100 kHz. It can be seen
that the photoluminescence peak at a low pump power was
approximately at 1500 nm.

The pump source is a standard commercial product and
its maximum output power is dependent on the pulse repeti-
tion rate. The maximum output powers of the pump source
are approximately 5 W and 20 W for the repetition rates of
30 kHz and 100-500 kHz, respectively. Consequently, we
present the experimental results for the laser performance
in different figures for the conditions of 30 kHz and 100-
500 kHz, respectively. To investigate the losses introduced
by the intracavity diamond heat spreader, we make a com-
parison between the performance of the AlGalnAs eye-safe
laser without and with the diamond at the repetition rate
of 30 kHz, as shown in Fig. 3. Note that the thermal ef-

fect at the repetition rate of 30 kHz is not significant for
the absorbed pump power less than 2 W. It can be seen
that the output power without the heat spreader displays a
thermally induced roll-over effect for the average absorbed
power higher than 2.3 W. In contrast, the slope efficiency ob-
tained with the heat spreader can remain nearly constant for
the absorbed pump power up to the maximum pump power
of 3.3 W, where the maximum pump power is just limited by
the pump source at the repetition rate of 30 kHz. This result
confirms the improvement of the power scalability by use of
the diamond heat spreader. On the other hand, the slope effi-
ciencies obtained without and with the heat spreader can be
found to be 33 % and 28 %, respectively. With these slope
efficiencies and the output reflectivity of 70 %, the losses in-
troduced by the heat spreader can be estimated to be 7.5 %.
Even though there is a room for improving the introduced
losses, the diamond heat spreader can extend the operation
frequency up to 500 kHz, as shown in the following results.

Figures 4(a) and (b) show the output performances with-
out and with the diamond heat spreader, respectively, for the
repetition rate in the range of 100500 kHz. The maximum
average output powers without the heat spreader can be seen
to decrease from 0.45 W down to 0.11 W for the repeti-
tion rate increasing from 100 kHz to 500 kHz. On the other
hand, the average output powers with the heat spreader can
be almost maintained linear for the absorbed pump power
reaching the maximum value of 13.3 W at the repetition
rate within the range of 200-500 kHz. Since the diamond
can effectively reduce the thermal effects, the overall beam
quality M2 was found to be better than 1.3 for all the pump
powers. The maximum average output powers can be found
to be up to 3.12 W and 2.32 W for the repetition rates
of 200 kHz and 500 kHz, respectively. The roll-over phe-
nomenon observed in Fig. 4(b) for the case of 100 kHz was
attributed to the pump-saturation effect. With an absorbed
pump power of 10 W and a pump diameter of 700 um, the
pump intensity for the pump duration of 28 ns at 100 kHz
could be calculated to be 0.93 MW /cm?. Since the satura-
tion intensity of the MQW absorption was measured to be
approximately within 0.8—1.0 MW /cm?, the power roll-over
phenomenon at 100 kHz was considered to come from the
pump-saturation effect.

Figure 5(a) depicts the lasing spectrum with the heat
spreader under an average absorbed power of 2.5 W at a
repetition rate of 100 kHz. The lasing spectrum can be seen
to comprise dense longitudinal modes with the bandwidth
to be approximately 10 nm and the center wavelength to be
located at 1515 nm. With increasing the average absorbed
power, the center wavelength has significant redshifts due
to the pump power induced the local heating on the gain
medium. Figure 5(b) shows the dependence of the red-shift
on the absorbed pump power for the laser operation without
and with the heat spreader at a repetition rate of 100 kHz. It

@ Springer



322

Y.-F. Chen et al.

05 T T T T T

t =28ns

pump

f,,=100kHz
04

f=200kHz
03}

f,=300KkHz
02t

01

Average output power (W)

00 1 1 1 1 1
0.0 0.5 1.0 1.5 20 25 3.0

a Average absorbed power (W)

Fig. 4

12 T T T T T

1.0} .

0.8+ .

041 4

Intensity (a.u.)

0.2+ .

Lo A A 1

0.0
1500 1505 1510 1515 1520 1525
a Wavelength (nm)

1530

3'5 T T T T T T
fmp=200kHz
t =28ns
30 pump fmp=300kHz
f ep=400kl-lz

25} E

20+

Average output power (W)
&
T

00 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16

b Average absorbed power (W)

Output performances without (a) and with (b) the diamond heat spreader for repetition rates in the range of 100-500 kHz

1532 T T T T T

~ 1528 |- —
g

g

= . .

5 1524 | without diamond heat spreader O
5

2

= 1520 - —
=

=

|5}

= 1516 - —
8 with diamond heat spreader

O

B

2 1512 —
—

(@]
1 508 1 1 1 1 1
0 2 4 6 8 10 12

b Average absorbed power (W)

Fig. 5 (a) Lasing spectrum with the heat spreader under an average absorbed power of 2.5 W at a repetition rate of 100 kHz. (b) Dependence of
the red-shift on the absorbed pump power for the laser operation without and with the heat spreader at a repetition rate of 100 kHz

can be seen that the redshift measured for the laser without
using the heat spreader is considerably larger than the result
with the heat spreader. This substantial difference also con-
firms the local heating to be considerably improved by use
of the diamond heat spreader.

The temporal behavior of the laser output was recorded
with a LeCrory digital oscilloscope (Wave pro 7100, 10 G
samples/s, 1 GHz bandwidth). Figure 6 shows the input and
output pulse trains as well as the extended pulse shape of
the single pulse for the result obtained with an average ab-
sorbed power of 2.5 W at a repetition rate of 200 kHz. It can
be seen that the time delay of the output pulse with respect to
the input pulse is generally less than a few nanoseconds. The
characteristics of the small delay comes from the advantage
of the in-well pumping scheme. The peak-to-peak instability
was experimentally found to arise from the instability of the
pump beam. On the whole, the peak-to-peak fluctuation was

@ Springer

generally within +5 %. Finally it is worthwhile to mention
that the present gain chip was designed for the high-peak-
power operation and could not be used in the CW regime.
We currently undertake a design for the gain chip to be ap-
plicable for the high-peak-power and CW operations.

4 Summary

In summary, we have demonstrated a high-repetition-rate
(>100 kHz) nanosecond eye-safe AlGalnAs laser at
1525 nm with an Yb-doped pulsed fiber amplifier as a pump
source. A diamond heat spreader bonded to the gain chip
was employed to reach an efficient heat removal. With a
pump power of 13.3 W, the maximum average output pow-
ers at the repetition rates of 200 kHz and 500 kHz were
found to be up to 3.12 W and 2.32 W, respectively. Cor-
respondingly, the maximum peak powers at the repetition
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Fig. 6 (a) Oscilloscope trace of a train of pump and output pulses obtained with an average absorbed power of 2.5 W at a repetition rate of

200 kHz. (b) Expanded shapes of a single pulse

rates of 200 kHz and 500 kHz are 560 W and 170 W, re-
spectively. To the best of our knowledge, this is the highest
frequency achieved in the pulsed eye-safe lasers with the
average output powers higher than 2 W.
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Abstract An AlGalnAs multiple quantum well structure is
reported as an effective gain medium of the in-well pumped
high-peak-power semiconductor disk laser at 1.2 um. We
use an Yb-doped pulsed fiber amplifier as the pump source
to effectively optimize the output characteristics. The max-
imum average output power of 1.28 W and peak output
power of 0.76 kW is obtained at 1225 nm lasing wavelength
under 60 kHz pump repetition rate and 28 ns pump pulse
width.

1 Introduction

High-peak-power all-solid-state lasers operating at 1.14—
1.25 pm are desirable for producing yellow-orange lights for
many applications such as astronomy community, biomed-
ical optics, and laser absorption spectroscopy [1-3]. Light
sources in this spectral range could be realized by Raman-
shifted Nd- (Yb-) doped solid-state lasers or Yb- (Bi-) doped
fiber lasers [4-6]. However, the performance of solid-state
lasers is limited by the discrete energy level of the doped
ions. Alternatively, optically pumped semiconductor lasers
(OPSLs) have been developed to provide flexible choice of
emission wavelength via bandgap engineering [7, 8]. OP-
SLs also offer a variety of advantages like broad gain curves
and a low-divergence, circular, and high quality nearly-
diffraction-limited output beam [7-9]. So far, the lasers
based on the quantum confined structure with GaAs material
systems including InGaAs/GaAs and GalnNAs/GaAs have

Y.-F. Chen - Y.C. Lee - S.C. Huang - K.F. Huang - Y.F. Chen ()
Department of Electrophysics, National Chiao Tung University,
Hsinchu, Taiwan
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been demonstrated in the 1.14—1.25 um spectral range under
continuous-wave operation [10-13]. However, these lasers
are pumped by exciting the electrons from the barrier region
and the quantum defect between pump and lasing photons
leads to a large amount of heat. Recently, a novel method
based on the in-well pumping scheme has been demon-
strated to reduce the heat effectively [14, 15]. For the in-well
pumping scheme, the electrons are directly excited from the
ground state to the excited state in the quantum-well (QW)
region. As a result, the thermal load is reduced by lowering
the quantum defect. However, OPSLs at 1.14-1.25 um based
on the in-well pumping scheme have not been explored until
now.

The quaternary alloys lattice matched to InP such as Al-
GalnAs and InGaAsP are employed in the semiconductor
lasers in the near-infrared (NIR) spectral region. The Al-
GalnAs systems have been verified to have higher conduc-
tion band offset and better carrier confinement than the In-
GaAsP systems. Several high-peak-power AlGalnAs semi-
conductor disk lasers have been demonstrated in the NIR
region driven by the actively Q-switched (AQS) solid-state
lasers [16—18]. However, the pulse width of conventional
AQS solid-state lasers depends on the pulse repetition rate
and the average pump power. Consequently, it is difficult to
optimize the output performance of the semiconductor disk
lasers. Therefore, a light source with fixed pulse duration
under various repetition rates can be a more suitable pump
source for optimizing the performance of OPSLs. High-
power pulsed fiber amplifiers are a light source to satisfy
this requirement [19].

In this work, we report on a high-peak-power AlGalnAs
multiple-quantum-well (MQW) semiconductor laser grown
on a Fe-doped InP transparent substrate and pumped by
a 1.06 um Yb-doped pulsed fiber amplifier. With in-well
pumping, the thermal and roll-over effect could be reduced
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Fig. 1 Experimental setup of
AlGalnAs/InP semiconductor
disk laser at 1.2 ym pumped by
a 1.06 um Yb-doped pulsed
fiber amplifier in the single chip
scheme
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by lowering the quantum defect. We obtained an average
output power of 810 mW at 1225 nm with slope efficiency
up to 46.7% to the average absorbed power in the single-chip
scheme. The pump conditions of 60 kHz pulse repetition
rate and 28 ns pulse width are used. To increase the aver-
age absorbed power, the double-chips scheme is used under
the same pump conditions. The maximum average output
power could be scaled up to 1.28 W with slope efficiency of
37.5% at 1225 nm lasing wavelength. The maximum peak
output power of 0.76 kW is obtained with 2.37 kW peak
pump power.

2 Device structure and experimental setup

Figure 1 shows the experimental configuration of the
AlGalnAs MQW 1.2 pm semiconductor disk laser pumped
by a SPI 1.06 um Yb-doped master oscillator fiber amplifier.
This pump source provides 9-200 ns pulse with repetition
rate ranged from 10-500 kHz. Compared to the AQS solid-
state laser, this laser module can provide fixed pulse width
of output pulse even when the output power is changed.
We controlled pump spot diameter to be about 800 um to
have efficient spatial overlap with the lasing mode. The
gain region is composed of an AlGalnAs QW/barrier struc-
ture grown on a Fe-doped InP transparent substrate by
metalorganic chemical-vapor deposition. It consisted of 30
groups of triple QWs spaced at half-wavelength intervals by
AlGalnAs barrier layers as shown in the inset of Fig. 1. This
is a resonant-periodic-gain structure that barrier layers are
used to locate the quantum well region at the antinode of the
lasing field standing wave. In this structure, the wavelength
selection is enhanced [20, 21]. A window layer of InP was
deposited on the gain structure to prevent surface recombi-
nation and oxidation. In contrast to the conventional barrier
pumping scheme, our gain medium is in-well pumped by
a 1.06 um Yb-doped pulsed fiber amplifier. This pumping
scheme results in the low absorption (58%) but high con-
version efficiency due to the short active region and the
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small quantum defect, respectively. In our previous work,
we have also verified that the in-well pumping scheme has
better slope efficiency than the barrier pumping scheme at
equivalent absorbed pump power [18].

The InP based systems suffer from the lack of good
distributed-Bragg-reflector (DBR) and have been chal-
lenging to transfer from edge-emitting lasers to surface-
emitting lasers. A number of lattice-matched DBRs such as
AlGalnAs/AllnAs, AlGalnAs/InP, GalnAsP/InP,
AlGaAsSb/AlAsSb, and AlIGaAsSb/InP have been demon-
strated [22, 23]. Unfortunately, these DBR systems suffer
from the low refractive index contrast, low thermal conduc-
tivity or high complexity of growth. Therefore, Fe-doped
InP with good transparency in the lasing wavelength is cho-
sen as the substrate system instead of conventional S-doped
InP with large absorption in the 1.0-2.0 um spectral region.
As a result, the function of DBRs could be replaced by an
external mirror. In this configuration, the problem of fabri-
cation of good DBRs has been resolved and the heat dissi-
pation is improved by reducing the length of thermal con-
duction.

The laser gain medium is fabricated with dielectric
coated mirror on the cap layer served as a front mirror. This
forms high transmittance at 1.06 pym (7 > 90%) and high
reflectance between 1.18-1.25 pm (R > 99.8%) on the en-
trance face. We use an external mirror with radius of curva-
ture of 250 mm and partial reflectance at 1.22 ym (R = 89%)
as output coupler. The overall cavity length is about 3 mm.
With this plano-concave linear cavity, we could modulate
the laser mode volume to have better efficiency. The gain
medium is attached on a cooper heat sink with substrate side
and is cooled down by water with temperature controlled to
be 15°C.

3 Experimental results and discussion

Figure 2(a) shows the room temperature spontaneous-
emission spectrum of AlGalnAs MQW with dielectric
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coated mirror excited by the 1.06 um Yb-doped pulsed fiber
amplifier with average absorbed power of 0.38 W. The pump
repetition rate is 60 kHz and the pump pulse width is 28
ns. This surface emitting photoluminescence (PL) spectrum
is captured with the pump beam incident on the dielec-
tric coated side, and the emitted light is collected into the
multimode fiber on the other side. The spectral information
was monitored by an optical spectrum analyzer (Advantest
Q8381A) with a diffraction monochromator which can be
used for high-speed measurement of pulsed light with a res-
olution of 0.1 nm. The PL peak is located at 1215 nm. The
expanded lasing spectrum is shown in the inset of Fig. 2(a)
at the average absorbed power of 0.85 W. The bandwidth of
lasing spectrum is about 9 nm, and it comprises dense lon-
gitudinal modes due to the multiple interferences between
the cavity mirrors. With increasing average pump power,
the lasing spectrum will redshift due to the temperature in-
duced shift of cavity resonance and MQW emission peak. In
Fig. 2(b), the degree of redshift of peak lasing wavelength
is shown as a function of average absorbed power. It will be

Average absorbed pump power (W)

shifted to 1225 nm at average absorbed power of 2.2 W as
the roll-over effect happened.

Figure 3 shows the laser output performances with fixed
pump pulse width of 28 ns and different pump repetition
rates varied from 40-80 kHz. Under 40 kHz pump repeti-
tion rate, the average output power begins to saturate with
absorbed power exceeded 2 W, i.e., the maximum allowed
pump intensity is approximately 0.35 MW/cm?. Since the
saturation intensity of the MQW absorption was measured
to be approximately 0.4 MW/cm?2, the power roll-over phe-
nomenon at 40 kHz was attributed to the pump-saturation ef-
fect. On the other hand, the average output power at 80 kHz
is also limited when the average absorbed power increased
up to 2 W. This is mainly due to the local heating effect
which is resulted from the high pump repetition rate. Conse-
quently, the output performance at fixed pump pulse width
of 28 ns can be optimized under 60 kHz pump repetition
rate. The maximum average output power of 810 mW at
1225 nm is generated by the average absorbed power of 2 W.
The slope efficiency to the average absorbed power is calcu-
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Fig. 3 Laser output 900
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lated to be 46.7%. The overall beam quality M2 was found
to be better than 1.3.

Figure 4 shows the laser output performance with fixed
pump repetition rate of 60 kHz and different pump pulse
width varied from 22-89 ns. For the given cavity and av-
erage absorbed power, the maximum average output power
was limited using short pulse width which resulted in the
pump-saturation effect [17]. When the pulse duration is
long, the roll-over effect appealed due to the thermally in-
duced carrier leakage. As a result, the best performance is
obtained under 28 ns pump pulse width. The absorbed satu-
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ration intensity of 22 ns and 28 ns pump pulse width is cal-
culated to be 0.3 MW/cm? and 0.24 MW/cm?, respectively.
The slightly lower saturation intensity of 28 ns pump pulse
width is due to the larger amount of heat. By contrast, the
maximum absorbed intensity of 89 ns pump pulse width is
0.07 MW/cm?. This shows that the roll-over is mainly arisen
from the considerable heat production with long pump pulse
width. Moreover, the conversion efficiency is strongly af-
fected by the thermal load before roll-over effect happens.
Hence, the slope efficiency is higher for lower pump pulse
width under low average absorbed power.
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Fig. 5 (a) Typical oscilloscope
trace of a train of pump and
output pulses and (b) expanded
shapes of a single pulse
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Fig. 6 Output performance with double chips at 60 kHz pump repeti-
tion rate and 28 ns pump pulse width

With a LeCrory digital oscilloscope (Wave pro 7100,
10 G samples/s, 1 GHz bandwidth), the typical input and
output pulse train as well as the extended pulse shape of
single pulse are shown in Fig. 5. It can be seen that the
output pulse shape tracked the input pulses with barely de-
layed turn-on time due to the in-well pump scheme [18].
And the pulse-to-pulse fluctuation was found to be within
+5%, which is mainly attributed to the instability of the
pump beam.

To increase the average absorbed power of gain medium
without the fabrication of more MQW, we insert another
gain chip with the same MQW structure but without the di-
electric coating and keep the same experimental setup as
shown in Fig. 1. The absorption of double-chips scheme
(82%) is 1.41 times higher than the single-chip scheme
(58%). The highest average absorbed power is increased to
4 W before the roll-over effect appeared. In this setup, the
thermal load is distributed to the two chips. Figure 6 shows
the output characteristic of double-chips scheme operated
under 60 kHz pump repetition rate and 28 ns pump pulse
width. The average output power could be scaled to 1.28 W
with 4 W average absorbed power at 1225 nm. Although this

method enhanced the absorption and dispersed the gener-
ated heat, the asynchronous PL emission due to the inhomo-
geneous heat distribution and the additional loss make the
slope efficiency to be 37.5% which is lower than the single-
chip scheme. With this setup, the peak output power is up to
0.76 kW at a peak pump power of 2.37 kW under the same
pump conditions.

4 Conclusion

In summary, a high-peak-power semiconductor disk laser at
1.2 um optically-pumped by a Yb-doped pulsed fiber ampli-
fier has been developed. The gain medium is an AlGalnAs
MQW structure grown on a Fe-doped InP substrate by met-
alorganic chemical-vapor deposition. With in-well pumping,
we could reduce the thermal and roll-over effect by lowering
the quantum defect. The average output power of 810 mW
at 1225 nm lasing wavelength is generated at an average ab-
sorbed power of 2 W under 60 kHz pump repetition rate and
28 ns pump pulse width in the single-chip scheme. With the
double chips, the average output power could be scaled up to
1.28 W at an average absorbed power of 4 W. The peak out-
put power of 0.76 kW is obtained with 2.37 kW peak pump
power.
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Abstract: We experimentally confirm that diamond surface cooling can
significantly enhance the output performance of a sub-nanosecond diode-
end-pumped passively Q-switched Yb:YAG laser. It is found that the pulse
energy obtained with diamond cooling is approximately 1.5 times greater
than that obtained without diamond cooling, where a Cr*':YAG absorber
with the initial transmission of 84% is employed. Furthermore, the standard
deviation of the pulse amplitude peak-to-peak fluctuation is found to be
approximately 3 times lower than that measured without diamond cooling.
Under a pump power of 3.9 W, the passively Q-switched Yb:YAG laser can
generate a pulse train of 3.3 kHz repetition rate with a pulse energy of 287
pJ and with a pulse width of 650 ps.

©2012 Optical Society of America

OCIS codes: (140.3480) Lasers, diode-pumped; (140.3320) Laser cooling; (140.3540) Lasers,
Q-switched.
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1. Introduction

High-energy, compact diode-pumped passively Q-switched (PQS) solid state lasers with sub-
nanosecond pulses have a variety of applications such as nonlinear frequency conversion,
industrial processing, and remote sensing. Since Cr*":YAG crystals possess high damage
thresholds and high optical and thermal stabilities, they have been extensively ap}plied as
saturable absorbers in PQS laser systems such as Nd**-doped lasers [1-3] and Yb**-doped
lasers [4-6]. Comparing with Nd:YAG crystals, Yb:YAG crystals have longer fluorescence
lifetimes [7], smaller emission cross sections [8], low quantum defects, and broad absorption
bandwidths [8]. Therefore, the Yb:YAG microchips have been employed to construct high-
pulse-energy light sources with stability, compactness, and reliability [9-11].

The scaling of power and energy in Yb:YAG lasers are strongly impeded by the thermal
effect because the quasi-three-level property of the Yb:YAG crystal causes the population on
the lower level to significantly increase with rising temperatures. Therefore, efficient thermal
management is highly desirable for enhancing the output performance of Yb:YAG PQS
lasers. Recently, it has been demonstrated that the synthetic diamond is a promising heat
spreader for thermal management in semiconductor disk lasers [12] and Nd-doped vanadate
lasers [13—15] due to its excellent optical and mechanical properties together with high
thermal conductivity. In addition, cooling along the direction of pumping is practically useful
for reducing the thermal lensing and stress in microchip lasers [16, 17]. Even so, the
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feasibility of cooling Yb:YAG microchip PQS lasers with diamond heat spreaders has never
been explored thus far.

In this work, we explore the performance improvement of diode-end-pumped PQS
Yb:YAG lasers with diamond windows as surface heat spreaders. Comparing with the results
obtained without the diamond heat spreader, the pulse energy obtained with the diamond
cooling is found to be enhanced by 1.5 times, where a Cr*":YAG absorber with the initial
transmission of 84% is used. Furthermore, the standard deviation of the pulse amplitude peak-
to-peak fluctuation is approximately 3 times lower than that obtained without the diamond
heat spreader. Under a pump power of 3.9 W, the passively Q-switched Yb:YAG laser can
generate a pulse train of 3.3 kHz repetition rate with a pulse energy of 287 pJ and with a pulse
width of 650 ps. More importantly, the optical-to-optical efficiencies are improved up to 58%
and 25% for the continuous-wave (CW) and PQS operations, respectively.

2. Experimental setup

Figure 1 presents the schematic experimental setup. The gain medium was a 1-mm-long, 4
mm in diameter, and 11 at.% doped Yb:YAG crystal. One of the end facet of the crystal was
coated with highly reflectivity (HR, R>98%) at 1030 nm and high-transmission (HT, T>95%)
at 970 nm served as the front mirror, the other facet was with high-transmission (HT, T>95%)
at 1030 nm and highly reflectivity (HR, R>95%) at 970 nm to increase the absorption
efficiency of the pump power. The Cr*:YAG crystal with initial transmission (T) of 84%
and 1.4 mm in length was used as the saturable absorber. Both end facets of the Cr*":YAG
crystal were anti-reflection coated (AR, R<0.2%) at 1030 nm. The output coupler was a flat
mirror with partially reflection at 1030 nm (R = 30%). The total cavity length was about 8.4
mm. The uncoated, single crystal synthetic diamond of 4.5 mm square and 0.5 mm thickness
was used as the heat spreader and bounded to the front mirror side of the gain medium. The
diamond plate was polished to laser quality with flatness of A/8 at 632.8 nm and roughness of
Ra smaller than 30 nm. The other side of the diamond was in contact with a copper heat sink
cooled by a thermal-electric cooler at the temperature of 16°C. The side of the Yb:YAG
crystal with the coating of HT at 1030 nm and HR at 970 nm was attached tightly to a copper
plate with a hole of 2-mm diameter, where an indium foil was used to be the contact interface.
The contact uniformity of the bounded interface between the diamond and the Yb:YAG
crystal was further confirmed by means of inspecting the interference fringe resulting from
the minute gap between the diamond heat spreader and the gain medium. The birefringence of
the single crystal diamond was smaller than 5x10~*. The transmittance of the diamond heat
spreader was about 70% at 970 nm owing to the high refractive index contrasts of the
air/diamond and diamond/Yb:YAG interfaces (The refractive index of the single crystal
diamond is 2.432). The Cr*":YAG crystal was wrapped within indium foil and mounted in a
copper heat sink cooled by water at the temperature of 16°C. The pump source was an §-W
970-nm fiber-coupled laser diode with a core diameter of 200 pm and a numerical aperture of
0.20. Focusing lens with 25 mm focal length and 87% coupling efficiency is used to reimage
the pump beam into the laser crystal. The pump diameter is approximately 120 pm.
Considering the coupling efficiency of the focusing lens, the transmittance of the diamond,
and the effective absorption of the gain medium, the maximum available absorbed pump
power is found to be 3.9 W. Note that without using the diamond heat spreader the maximum
available absorbed pump power can be up to 5.6 W. The laser spectrum was measured by an
optical spectrum analyzer with 0.1 nm resolution (Advantest Q8381A). The pulse temporal
behavior was recorded by Agilent digital oscilloscope (infiniium DSO81204B; 40G
samples/sec; 12 GHz bandwidth) with a fast InGaAs photodiode of 12.5 GHz bandwidth.
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Fig. 1. The schematic diagram of the PQS Yb:YAG/Cr*":YAG laser experimental setup. (S;:
HT at 970 nm, HR at 1030 nm; S,: HT at 1030 nm, HR at 970 nm; HT: high transmission; HR:
high reflection).

3. Experimental results and discussion

We firstly investigate the performance of the Yb:YAG laser with the diamond heat spreader
under CW operation without the Cr*":YAG crystal in place. Here, we use the output coupler
with reflectivity of 80% at 1030 nm to maximize the output power around the wavelength of
1031 nm under CW operation. Figure 2 shows the average power with and without the
diamond heat spreader with respect to the absorbed pump power. Without the diamond heat
spreader, the output power was 1.3 W under an absorbed pump power of 3.9 W which
corresponds to the optical-to-optical efficiency of 33% and the slope efficiency of 50%. The
output power started to saturate and the slope efficiency decreased to 17% for an absorbed
pump power of 5.6 W. The thermal effects induced power degradation has been widely
observed in Yb-doped lasers [18-21] and has been theoretically confirmed [22]. Increasing
the pump power, the detrimental effects in the Yb:YAG crystal become more severe including
the decrease of the thermal conductivity [22] and the increase of the thermal expansion
coefficient [23]. Furthermore, the absorption cross section and the emission cross section of
the transitions between the manifolds *Fs/, and *F;, in the Yb:YAG crystal are significantly
decreased with the increased temperature [24, 25] which lead to the reduction of the laser
efficiency [16]. In contrast, the maximum output power was enhanced to 2.25 W under the
pump power of 3.9 W when a diamond heat spreader was employed for surface cooling. The
optical-to-optical efficiency and the slope efficiency were up to 58% and 86%, respectively.
Under the PQS operation, we change the reflectivity of the output coupler to be 30% at
1030 nm to prevent coating damages of the crystals due to the high intracavity intensity which
have been observed in PQS Yb:YAG/Cr*":YAG lasers [11]. Figure 3(a) depicts the averaged
output power versus absorbed pump power under the PQS operation. Without the diamond
heat spreader, the maximum output power was found to be limited at 0.47 W under the
absorbed pump power of 5.6 W. Like the CW operation, the averaged output power without
diamond cooling began to saturate when the absorbed pump power was greater than 4.5 W.
On the contrary, the average output power with diamond cooling was 0.96 W at an absorbed
pump power of 3.9 W, corresponding to the optical efficiency of 25% and the slope efficiency
of 60%. Lower temperature in the Yb:YAG crystal can achieve lower threshold pump power
[26] and higher optical efficiency [27] in Yb:YAG lasers. The lower threshold pump power
(2.3 W for with diamond heat spreader and 2.8 W for without diamond heat spreader) and
higher optical efficiency (25% for with diamond heat spreader and 8.3% for without diamond
heat spreader) attained in our results show the effective thermal management of the diamond
heat spreader. In comparison with the earlier results such as the self-Q-switched laser that
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uses composite Yb:YAG/Cr*':YAG ceramics [9] and the mechanical contacted
Yb:YAG/Cr*":YAG microchip lasers that adopt ceramics [10] or crystals [11], the diamond
cooling scheme is confirmed to enhance the performance significantly. The lasing spectra for
CW and PQS operations with the diamond heat spreader were quite similar with the peaks
near 1031.7 nm and bandwidths to be approximately 0.2 nm, as shown in the inset of Fig.
3(a).

30
25 —eo— With diamond heat spreader
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g 20
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Fig. 2. Dependence of the averaged output power on the absorbed pump power under the CW
operation.

Figure 3(b) shows the pulse energies obtained with and without the diamond heat spreader
with respect to the absorbed pump power. It can be seen that the maximum pulse energies
obtained without and with diamond cooling are approximately 190 pJ and 287 pJ,
respectively. The Yb:YAG crystal, as a quasi-three-level laser gain medium, certainly suffers
from the increase of the fractional thermal population on the lower laser level and the
decrease of the fractional population on the upper laser level which decrease the maximum
stored energy in the Yb:YAG crystal [28] for increasing the pump power. Furthermore, the
strong thermal lensing in the end-pumped Yb:YAG microchip laser which results from the
thermal gradients within the gain medium [17] usually leads to a smaller cavity mode size that
will reduce the output pulse energy [29]. Millar et al. [15] and our previous results [30] in
semiconductor disk lasers which use diamond heat spreader for thermal management of the
gain medium have evidence its effectualness. Smaller red-shift in wavelength when the
diamond heat spreader was in place [15, 30] confirms that the gain medium heating to be
considerably improved by using the diamond heat spreader. By using the same diamond heat
spreader and the same bounding method of the diamond/gain medium composite as in this
experiment, our previous result [30] shows that the gain medium temperature rise per unit
pump power (AT/AP) are 20.5 K/W and 3.3 K/W for without and with the diamond heat
spreader. The temperature rise in the diamond-gain medium composite is 6.2 times lower than
in the gain medium without a diamond heat spreader, emphasizing the efficiency of the
diamond heat spreader for thermal management. Besides, Millar et al. [15] theoretically
simulates that using the diamond heat spreader can effectively reduce the maximum
temperature rise together with temperature gradients and decrease the thermal stress and
distortion in Yb:YAG lasers. Our experimental results confirm that diamond cooling is truly
an efficient thermal management for the Yb:YAG microchip laser to enhance the output
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performance. To the best of our knowledge, this is the highest pulse energy obtained with
Yb:YAG/Cr*":YAG microchip laser. The overall pulse energy scaling was 1.9 times as high
as the one in Ref [9], 5.7 times as that in Ref [10], and 22 times as that in Ref [11]. The
diamond heat spreader not only reduces the maximum temperature rise in the gain medium to
enhance the laser efficiency but also decreases the thermal-induced bending and bowing of
the gain medium to improve the beam distortion [15, 16]. Furthermore, bounding the diamond
heat spreader to the pumped side of the gain medium makes the temperature distribution more
uniform [16] that reduces the thermal lens in the Yb:YAG crystal and prevents the cavity
mode size from shrinking as the result of the thermal lens effect [31, 32].
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Fig. 3. (a) Dependence of the averaged output power on the absorbed pump power under the
PQS operation, the inset: typical lasing spectrum. (b) Dependence of the pulse energy on the
absorbed pump power.

Figures 4(a) and 4(b) show the oscilloscope traces obtained with and without diamond
cooling, respectively, for the single pulse of the PQS Yb:YAG/Cr*:YAG laser at the
maximum absorbed pump powers. The pulse widths can be seen to be 650 ps and 764 ps for
the operations with and without diamond cooling, respectively. With the pulse energy shown
in Fig. 3(b), the peak powers obtained with and without diamond cooling can be calculated to
be 442 kW and 262 kW, respectively. In other words, diamond cooling enhances the peak
power by a factor of 1.7 times.

Zayhowski et al. demonstrated PQS microchip lasers constructed of diffusion-bounded
Nd:YAG/Cr*":YAG crystals [33-35]. By optically bounding a 4-mm-long Nd:YAG crystal
doped with 1.1 at.% Nd** ions and a 2.25-mm-thick Cr*":YAG, laser pulses with pulse energy
of 250 pJ and pulse width of 380 ps at the pulse repetition rate of 1 kHz were obtained under
15 W of pump power, the corresponding peak power of 565 kW was attained. Compared to
our result of Yb:YAG/Cr*':YAG laser, although the pulse width achieved by
Nd:YAG/Cr*":YAG laser was shorter than ours owing to the shorter laser resonator, the
optical-to-optical efficiency was less than 2% which was much inferior to ours of 25%.
Besides, the Nd:YAG/Cr*":YAG laser can only be pulse pumped which limited the pulse
repetition rate to be merely up to 1 kHz as the result of the thermal effects. At higher
repetition rates, the pulse energy of the Nd:YAG/Cr*":YAG laser decreased due to the cavity
mode shrinking induced by the thermal lens effect. The output pulses start to bifurcate with
varied pulse amplitudes in different longitudinal and polarization modes when the laser was
CW pumped [33]. Our results provide the solution for improved thermal management by
using a diamond heat spreader in the Yb:YAG/Cr*":YAG laser, nevertheless, this method also
can be expected to be useful in the Nd:YAG/Cr*":YAG system.

Figures 5(a) and 5(b) depict the typical oscilloscope traces measured with and without the
diamond heat spreader, respectively, for the Q-switched pulse trains at the maximum
absorbed pump powers. The standard deviations of the pulse amplitude peak-to-peak
fluctuations are analyzed to be approximately 3% and 9% for the operations with and without
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the diamond heat spreader, respectively. The pulse amplitude fluctuation with the heat
spreader is also superior to the earlier results such as 6% in Ref [9]. and 8% in Ref [10],
demonstrating an effective improvement in the PQS stability.

(@) " insidiv | | (b) | Ins/div

MWWJ I

Fig. 4. Oscilloscope traces of a single pulse of the output pulse of (a) with the diamond heat
spreader, (b) without the diamond heat spreader.

(@) "~ 500usfdiv | (b)  500ps/div

Fig. 5. Oscilloscope traces of a train of output pulses of (a) with the diamond heat spreader, (b)
without the diamond heat spreader.

4. Conclusions

We have experimentally confirmed that employing diamond windows as surface heat
spreaders can remarkably improve the performance of diode-end-pumped PQS Yb:YAG
lasers. The pulse energy obtained with the diamond cooling was found to be 1.5 times higher
than that obtained without the diamond heat spreader, where a Cr*":YAG absorber with the
initial transmission of 84% was employed in experiment. Under a pump power of 3.9 W, a
pulse train of 3.3 kHz repetition rate could be efficiently generated from the passively Q-
switched Yb:YAG laser with a pulse energy of 287 pJ and with a pulse width of 650 ps. In
addition, the optical-to-optical efficiencies were found to be improved up to 58% and 25% for
the CW and PQS operations, respectively. The standard deviations of the pulse amplitude
peak-to-peak fluctuations were measured to be approximately 3% and 9% for the operations
with and without the diamond heat spreader, respectively. This result indicates that the
amplitude fluctuation obtained with diamond cooling was approximately 3 times lower than
that obtained without diamond cooling.
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Abstract: We have demonstrated an efficient high-peak-power AlGalnAs
eye-safe wavelength disk laser at 1555 nm. The quantum defect and the
thermal load are significantly reduced by pumping the quantum well
directly. The overall conversion efficiency is enhanced over three times
compared with the barrier pumping method. With a pump peak power of 3.7
kW, an output peak power of 0.52 kW is generated at a pulse repetition rate
of 20 kHz.
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1. Introduction

High-peak-power lasers operated at the eye-safe region near 1.5-1.6 pm have been attracting
versatile interesting applications including laser radars, range finders, active imaging, and
telemetry [1-3]. The radiation within this spectral region is absorbed mainly in the ocular
fluid of the eye before the retina such that the damage threshold of the eye is greatly
increased. There are several ways in realizing eye-safe laser sources. Directly utilizing gain
materials such as Er:Yb:glass [4,5] or Cr*:YAG [6] in solid-state lasers for generating 1.54-
pwm radiation are commonly used while the poor thermal conductivity of Erbium glass restricts
their use for high power pumping. Stimulated Raman scattering (SRS) lasers pumped by
pulsed neodymium (Nd) lasers operating at the 1064 nm or 1340 nm lines [7-9], and optical
parametric oscillators (OPO) pumped by high peak power Nd lasers [10-12] are alternative
methods for generating high-peak-power eye-safe lasers.

The lasers based on semiconductor quantum-well (QW) materials including InGaAsP,
AlGalnAs, and GalnAsSb system [13—18] provide another practical method for generating the
radiation at the eye-safe region. Recently, an optically pumped high-peak-power AlGalnAs
eye-safe laser at 1.57 pm pumped by an actively-Q-switched 1064-nm laser was demonstrated
[19]. In the gain region of AlGalnAs QW/barrier, the electrons are excited from the ground
state to an excited state in the barrier region with band-gap wavelength around 1064 nm, and
emit photons with wavelength of 1.57 um in the QW region. Such a scheme could generate
high peak power of hundreds of watt with quite low lasing threshold. However, the quantum
defect between the pump photon and lasing photon would give rise to heat generation and
influence the performance for the operation of high repetition rate and high pump power.

Recently, the quantum defect and the thermal load were confirmed to be significantly
reduced by pumping the QW directly [20,21]. In this work, we employ the in-well pumping
scheme to excite AlGalnAs QWs for efficient eye-safe emission at 1.56 pm. The gain medium
is an AlGalnAs QW structure grown on a Fe-doped InP transparent substrate and is pumped
by an actively Q-switched 1342 nm laser which directly excites the electrons to an excited
state in the QW region rather than in the barrier region. As depicted in Fig. 1, electrons are
excited in the QW region and the quantum defect between pump photon and lasing photon is
reduced from 32% to 14% compared with a pump source at 1064 nm. As a result, the thermal
effect is significantly reduced. Experimental result shows that the optical conversion
efficiency is up to 30% and is enhanced over three times compared with the barrier pumping
method. A high peak output power of 0.52 kW can be generated at a pulse repetition rate of
20 kHz and a pump peak power of 3.7 kW.

2. Device fabrication and experimental setup

Figure 2 shows the experimental configuration for the AlGalnAs QWs 1555-nm laser pumped
by a diode-pumped actively Q-switched Nd:YVO, laser at 1342 nm. The pump source
provides 20~110-ns pulse width between 20 kHz and 100 kHz. For comparison, a 1064-nm Q-
switched laser was used in barrier-pumping scheme. The pump spot radius was controlled to
be 70-100 um by a focusing lens to maintain the spatial overlapping between lasing mode and
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pump mode. To simplify the cavity structure, the resonator is designed to be a flat-flat cavity
stabilized by thermal lens effect of gain medium [22,23]. Although the thermal lens is reduced
in in-well pumping, the effect is still strong enough to stabilize the cavity. For the pump
power between 0.4 W and 1.7 W, the mode to pump size was experimentally measured to be
0.6-0.9. The front mirror of resonator is a flat mirror coated with anti-reflection coating at
pumping wavelength (R<0.2%) on the entrance surface, and with high-reflection coating at
1555 nm (R>90%) as well as high-transmission coating at pumping wavelength (T>80%) on
the other surface. The output coupler is a flat mirror with partial refection of 90% at 1555nm
and 60% at pumping wavelength. The overall laser cavity length is approximately 5 mm.

QW barrier QW barrier
o -,
S e 1555 nm
1064 nm
[¢]
(@) ®
Fig. 1. Schematic explanation of energy diagrams of (a) barrier pumping and (b) in-well
pumping.
A
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Fig. 2. The schematic of the AlGalnAs/InP eye-safe laser at 1555 nm. HR: high reflection; HT:
high transmission; PR: partial reflection.

The gain medium is a structure of AlGalnAs QW/barrier grown on a Fe-doped InP
substrate by metalorganic chemical-vapor deposition. The optically active region consists of
30 pairs of AlGalnAs QW/barrier. Each pair contains two 8-nm-thick QWs and 10-nm-thick
barrier. The band-gap wavelength of barrier is around 1064 nm and of quantum well is around
1555 nm. In order to get a resonant periodic gain, each group of quantum wells is designed to
be located at the antinodes of the lasing mode, or to have intervals of half-wavelength
separated by barriers. A window layer of InP was deposited on the gain structure to prevent
surface recombination and oxidation. Both surfaces of the gain chip were coated to have anti-
reflection coating at pumping and lasing wavelength. The active gain medium was adhered to
a water-cooled copper heat sink and the temperature was controlled by water feedback. Figure
3(a) depicts the transmission spectrum of the gain medium and Fig. 3(b) shows the room-
temperature spectrum of photoluminescence (PL) obtained by pulse excitation at 1342 nm. It
can be seen that there is a high absorption at the pump wavelength of 1342 nm and the
spectrum of emission extends more than 200 nm with a peak at the wavelength of 1555 nm.

It is worthwhile to mention that due to the shorter effective thickness of quantum well, the
active gain region has lower absorption at 1342-nm pump wavelength than at 1064 nm which
has single pass absorption higher than 95%. In order to increase the absorption efficiency,
double chips were further used in the serial experiments. The advantage of directly using
multiple chips is that could reduce the difficulty of fabrication of gain medium with more
quantum wells. The experimental result shown in Fig. 3(c) reveals that the single pass
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absorption efficiency was increased from 45% to 65% when double chips were employed.
Total effective absorption efficiency in the cavity could be estimated to be 60% and 79%,
respectively. On the other hand, the effective absorption efficiency for single chip could be up
to 70% by using an output coupler with retro-reflection at pump wavelength.

100 T T T T T T T
[—o—Two Chips| |
©

(@) (b)

PL intensity (arb. unit)

Transmission(%)
3 8 8 38 3 88 8

Absorption Efficiency (%)

3
T

o . . . . . . . . . \ \ . . . . .
1000 1100 1200 1300 1400 1500 1600 1400 1450 1500 1550 1600 1650 0 250 500 750 1000 1250 1500 1750 2000
Wavelength(nm) Wavelength(um) Average Incident pump power at 1342 nm(mW)

Fig. 3. (a) The transmission spectrum of AlGalnAs QWs. (b) the room-temperature spectrum of
photoluminescence pumped by an actively Q-switched Nd:YVOy 1342-nm laser. (c) The single
pass absorption efficiency of single and double AlGalnAs QW chips.

3. Experimental results and discussions

Figure 4 shows the comparison of average output power of single gain chip with in-well and
barrier pumping for the operation of 40 kHz repetition rate and 12°C temperature. The
maximum values shown in the two curves were measured for the comparable incident
pumping power. The solid lines are forth order polynomial fitting curves. It can be seen that
employing the 1342-nm laser as a pump source exhibits good performance in conversion
efficiency. This significant improvement result is contributed from the heat reduction by
lowering the quantum defect which is diminished from 32% to 14%. However, since the
absorption efficiency of gain medium at 1342 nm is lower than at 1064 nm, the available
pump power is restricted. Double gain chips, accordingly, were investigated to improve the
absorption efficiency. The earlier onset of thermal rollover in in-well pumping shows that
further thermal management may be desired to delay the thermal rollover such as lower
operating temperature or bonding a diamond heat spreader.

180
o o in—wgll pumpilng
150 = barrier pumping

120 |

60 -

30 |

Average output power at 1555nm (mW)

L L L L L L
0 200 400 600 800 1000 1200 1400 1600
Absorbed pump power (mW)

Fig. 4. The performance of single-chip AlGalnAs 1555-nm laser for 40 kHz and 12°C
operation in the scheme of barrier and in-well pumping, respectively. The solid lines are forth
order polynomial fitting curves. The in-well pumping scheme exhibits good performance in
conversion efficiency.

Figure 5(a) shows the performance of the optically pumped AlGalnAs eye-safe laser with
double gain chips operated at 12°C for different pump repetition rate from 20 kHz to 100 kHz
in 20 kHz interval. The corresponding average pump pulse width ranges from 20 ns to 110 ns
with increasing repetition rate and therefore a decreasing peak power of pulse is
corresponded. In the process of increasing the repetition rate for the given cavity and absorbed
pump power, the conversion efficiency was limited by instantaneous high peak power which
resulted in a rapid temperature rise in low repetition rate and limited by high average power
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which resulted in an average temperature rise in high repetition rate. Therefore, there was an
optimum repetition rate for obtaining the maximum average output power. This conclusion is
coincident to the result of the experiment and the published research [19]. From the
experimental results shown in Fig. 5(a), the optimum repetition rate was between 40 kHz and
60 kHz. Figure 5(b) shows the typical lasing spectrum for the operation of 40-kHz repetition
rate with average pump power of 0.65 W. The spectral bandwidth was approximately 17 nm.
The filamented spectrum may result from multiple interferences between cavity mirrors and
chips and it could also be observed in single chip operation.
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o 2001 100kHz, 3
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Fig. 5. Performance of double chips: (a) Experimental results for the optically pumped
AlGalnAs eye-safe laser operated at 12 °C for several pulse repetition rates. The repetition rate
for optimum performance of conversion efficiency was between 40 kHz and 60 kHz. (b)
Typical lasing spectrum at repetition rate of 40 kHz and average pump power of 0.65 W

In order to further realize the influence of thermal effect, the average output power versus
pump power was measured for different operating temperature, 9°C, 15°C, 20°C, and 25°C, at
50 kHz repetition rate and the result was shown in Fig. 6. Increase of temperature leads to the
reduction of conversion efficiency and this result demonstrates the reduction of quantum
defect is a practical way to improve optical conversion efficiency. The optical conversion
efficiency could be up to 30% under the operating temperature of 9°C. Compared with barrier
pumping which shows an optimum efficiency in 30 kHz repetition rate, the optical conversion
efficiency exceeds 3 times and over 20% of enhancement was obtained.
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Fig. 6. The output characteristics of double chips in in-well pumping and of single chip in
barrier pumping were measured for the operation of different temperature. In-well pumping
was operated in 50 kHz repetition rate, while barrier pumping in 30 kHz for optimum
conversion efficiency. The result shows the influence of thermal effect on conversion
efficiency.

The operation of 20-kHz pulse repetition rate was chosen to evaluate the performance of
output peak power due to shorter pulse and available maximum pump peak power. For the
operation at the temperature of 9 °C, the output peak power from double chips at 1555 nm
versus the absorbed pump power at pulse repetition rate of 20 kHz was measured and shown
in Fig. 7. At the pump peak power of 3.7 kW, the maximum output peak power up to 0.52 kW
was generated. The typical pump and output pulse train as well as extended pulse shape of

#109046 - $15.00 USD  Received 24 Mar 2009; revised 10 May 2009; accepted 3 Jun 2009; published 23 Jun 2009
(C) 2009 OSA 6 July 2009/ Vol. 17, No. 14/ OPTICS EXPRESS 11413



single pulse was recorded by a Lecroy digital oscilloscope (Wave pro 7100, 10G samples/sec,
1 GHz bandwidth) and shown in Fig. 8. The output pulse with long tail follows in the
characteristic of pump source. But the turn-on time of output pulse is slightly different
between in-well and barrier pumping [19], where the former has a nearly 10-ns advance. The
output peak power fluctuates within 10% variation and it mainly comes from the fluctuation
of pump source. Experimental result shows that the output beam possesses an excellent beam
quality. The half divergence angle of output beam was measured by using knife-edge method
to be approximately 0.01 rad. Consequently, the M square value was estimated to be smaller
than 1.3.

0.6 T T T T
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02} -

Output peak power (kW)
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0.0 1 1 1 1
0 1 2 3 4

Pump peak power (kW)

Fig. 7. The output peak power of double-chip AlGalnAs eye-safe laser at repetition rate of 20
kHz. At the pump peak power of 3.7 kW, the output peak power is up to 0.52 kW.

Pump (1342 nm) 50 ps/div 50 ns/div

Pump (1342 nm) ,.r‘n“\\
7
‘.f" MWMM

el

e s s

output (1555 nm)

output (1555 nm)

Fig. 8. The typical pump and output pulse train and the expanded pulse shape of a single pulse.

4. Conclusions

We have demonstrated an optically pumped high-peak-power AlGalnAs/InP eye-safe laser by
using a pump method with lower quantum defect. The pump source is an actively Q-switched
1342-nm laser. With lower quantum defect, the thermal effect in gain medium decreases and
results in improvement of optical conversion efficiency. The conversion efficiency is
enhanced over three times compared with conventional pumping method. Double gain chips
were used to increase the absorption efficiency of pump laser and a high peak output power of
0.52 kW was generated at a pulse repetition rate of 20 kHz and peak pump power of 3.7 kW.

Acknowledgments

The authors gratefully acknowledge various AlGalnAs/InP gain chips from TrueLight
Corporation. The authors also thank the National Science Council for their financial support
of this research under Contract No. NSC-95-2745-M-009-001.

#109046 - $15.00 USD  Received 24 Mar 2009; revised 10 May 2009; accepted 3 Jun 2009; published 23 Jun 2009
(C) 2009 OSA 6 July 2009/ Vol. 17, No. 14/ OPTICS EXPRESS 11414



2348

OPTICS LETTERS / Vol. 34, No. 15 / August 1, 2009

Diode-pumped passively mode-locked 1342 nm
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We demonstrate what we believe to be the first use of AlGalnAs quantum wells (QWs) as a saturable ab-
sorber for a diode-pumped passively mode locked Nd:YVO, laser at 1342 nm. The QWs are grown on a Fe-
doped InP substrate that is transparent at lasing wavelength. At an incident pump power of 13.5 W an av-
erage output power of 1.05 W with a continuous mode-locked pulse duration of 26.4 ps at a repetition rate
of 152 MHz was generated. © 2009 Optical Society of America

OCIS codes: 140.4050, 140.3580, 140.3480.

Diode-pumped solid-state lasers at 1.3 um have a
wide variety of applications such as telecommunica-
tion, fiber sensing, ranging, and data storage. As a
potentiality, numerous Nd-doped crystals have been
employed for developing 1.3 um lasers at cw or
pulsed operation [1-6]. Passive mode locking with
GaAs-based semiconductor saturable absorber mir-
rors (SESAMs) has been extensively used for the gen-
eration of ultrashort pulses in the 0.8—1.1 um spec-
tral range [7,8]. However, it is rather difficult to
design InGaAs SESAMs for 1.3 um lasers, because
the required indium concentrations are beyond the
critical strain-thickness limit. So far, two new
schemes based on the GaAs substrate have been ex-
ploited to design SESAMs near 1.3 and 1.5 um. One
approach is the use of the quaternary alloy GaInNAs
quantum wells (QWs) with low nitrogen concentra-
tions in the active region [9-11]; the other technique
is the use of the InAs/GaAs quantum-dot (QD)
multilayer structures [12]. Nevertheless, the charac-
teristic of the GaInNAs QWs is subject to drastic
bandgap blueshift when exposed to annealing. On
the other hand, the epi-wafer of the InAs QDs usu-
ally suffers from the uniformity of optical character-
istics. Therefore it is highly desirable to develop a su-
perior saturable absorber for passively mode-locked
lasers in the 1.3—1.6 um spectral range.

Since the quaternary alloys of InGaAsP and
AlGalnAs can be grown epitaxially on an InP sub-
strate without lattice mismatch in the 0.84—1.65 um
spectral region, they have been confirmed to be prom-
ising materials for optoelectronic devices [13,14]. The
InGaAsP QWs have been used as saturable absorbers
in @-switched lasers at 1.34 um [15,16] and mode-
locked lasers at 1.55 um [17]. Compared with
InGaAsP materials, the AlGalnAs quaternary alloy
with a larger conduction band offset can provide a
better electron confinement covering the same wave-
length region [18,19]. Although AlGalnAs/InP QWs
have been designed to passively @-switch lasers at
1.06 um and 1.56 um [20,21], to our knowledge they
have not yet been exploited to mode lock a laser. In
this Letter we design and fabricate AlGalnAs QWs to

0146-9592/09/152348-3/$15.00

be a saturable absorber in a diode-pumped Nd:YVO,
laser at 1.34 um. With an incident pump power of
13.5 W, we obtain an average output power of 1.05 W
with a stable continuous-mode-locked pulse train at a
repetition rate of 152 MHz. The pulse duration is
found to be approximately 26.4 ps.

The AlGalnAs QWs, used as a saturable absorber
in a mode-locked 1.34 um laser, was grown on Fe-
doped InP substrate by metal-organic chemical-vapor
deposition. Instead of the conventional S-doped InP
substrate (with a carrier concentration around 5
X108 em™3), a semi-insulating Fe-doped InP sub-
strate was used, because it almost has no absorption
for the light wavelength greater than 940 nm
[22—24]. Since the Fe-doped InP substrate is trans-
parent at 1.34 um, the function of the distributed
Bragg reflector in the SESAM device can be replaced
by an external mirror. The saturable absorber is
formed by two 8 nm AlGalnAs QWs with the band-
gap wavelength near 1.34 um, spaced at quarter-
wavelength intervals by AlGalnAs barrier layers
with the bandgap wavelength around 1.07 um. The
backside of the substrate was mechanically polished
after growth. The both sides of the SESAM were
coated for antireflection (AR) at 1.34 um to reduce
the couple cavity effects. Unlike for the saturable ab-
sorber based on InAs/GaAs QDs [12], the peak wave-
length of the photoluminescence spectrum for
AlGalnAs QWs almost does not vary with the posi-
tion of the wafer. In other words, the uniformity of
the optical property of AlGalnAs QWs is significantly
superior to that of InAs/GaAs QDs. The initial trans-
mission of the SESAM device at the wavelength of
1.34 um was measured to be approximately 97.5%.
Figure 1 shows the transmittance spectrum at room
temperature for the AR-coated AlGalnAs/InP satu-
rable absorber. A @-switched Nd:YVO, laser at
1.34 um was used to measure the modulation depth
of the QW saturable absorber with the z-scan
method. The pump pulse energy and pulse width
were 40 uJ and 40 ns, respectively. The pump fluence
was varied in the range of 0.5—50 uJ/cm?. Note that

© 2009 Optical Society of America
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Fig. 1. Transmittance spectrum at room temperature for
the AR-coated AlGalnAs saturable absorber. Inset, sche-

matic diagram of the AlGalnAs QW structure, where \ is
the value of lasing wavelength.

we cannot measure the absorber recovery time be-
cause of no suitable probe beam. The total nonsat-
urable loss introduced by the SESAM was found to be
less than 0.7%. According to the experimental re-
sults, the saturation fluence is estimated to be in the
range of 20 ud/cm?, and the modulation depth is
about 1.8%.

Figure 2 depicts the experimental configuration for
a continuously mode-locked 1.34 um Nd:YVO, laser
with AlGalnAs QWs as a saturable absorber. The
gain medium was a 0.3 at. % Nd:YVO, crystal with a
length of 9 mm. Both sides of the laser crystal were
coated for AR at 1.34 um (R<0.2%) and a wedge-cut
angle 0.5°. The laser crystal was wrapped with in-
dium foil and mounted in a water-cooled copper
block, and the water temperature was maintained at
20°C. The pump source was a 16 W fiber-coupled la-
ser diode at 808 nm with a core diameter of 800 um
and an NA of 0.16. Focusing lenses with 17.5 mm fo-
cal length and 85% coupling efficiency were used to
reimage the pump beam into the laser crystal. The
pump spot radius was approximately 350 um. The la-
ser cavity consisted of one input mirror; two high-
reflection (HR) concave mirrors, M1 and M2, at las-
ing wavelength (R>99.8%); and an output coupler
with reflectivity of 94% and a wedge-cut angle of 2°.
The input mirror was a 500 mm radius of curvature
concave mirror with an AR coating at 808 nm (R
<0.2%) on the entrance face, an HR coating at the
lasing wavelength (R>99.8%), and a high-

Laser Diode

EEHH Output at 1342 nm
MZ
/

AlGalnAs

QWs output coupler

R=94%

Fig. 2. Schematic of a diode-pumped self-starting
continuous-mode-locked Nd:YVO, laser at 1342 nm.
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transmission coating at 808 nm (7>90%) on the
other face. Note that the laser crystal was placed
closed to the input mirror for spatial overlap of the
transverse mode structure and radial pump power
distribution. The radii of curvature of mirror M1 and
M2 were 500 mm and 100 mm, respectively. M1 and
M2 were separated by 600 mm; the overall cavity
length was approximately 100 cm. The laser mode
radii were 350 um inside the laser crystal and 50 um
on the QW saturable absorber.

Prior to performing the mode-locked operation, we
first studied the cw performance for the laser system
with different reflectivity of 92%, 94%, 96%, and 98%
at 1342 nm. The optimum reflectivity of the output
coupler was found to be 94%. Figure 3 depicts the av-
erage output power at 1342 nm with respect to the
incident pump power in cw operation and in cw
mode-locked operation. In the cw regime the laser
had a slope efficiency of 21.4%; the output power
reached 2.3 W at an incident pump power of 13 W.
With a AlGalnAs QWs saturable absorber, the laser
self-started the cw mode-locked operation at pump
powers greater than 4.5 W. Experimental results re-
vealed that the stable cw mode locking could be real-
ized within the range of the pump power from
4.5 W to 12.3 W. As shown in Fig. 3, the laser had a
slope efficiency of 11%; the output power reached
1.05 W at an incident pump power of 12.3 W. If the
pump power was increased beyond 12.3 W, the mode-
locked pulse train exhibited unstable behavior be-
cause of the thermal effects. It is worth noting that
we did not observe any optical damage in the Al-
GalnAs saturable absorber during the experiment.

The cw mode-locked pulse train was recorded by a
LeCroy digital oscilloscope (Wavepro 7100;
10 G sample/s, 1 GHz bandwidth) with a fast p-i-n
photodiode. Figure 4(a) shows a typical pulse train of
the cw mode-locked laser. It can be seen that the
pulse period of 6.6 ns is consistent with the round-
trip time of the cavity length. The pulse duration at
the cw mode-locked operation was measured with an
autocorrelator (APE pulse check, Angewandte physik
& Elektronik GmbH). With the Gaussian-fitted pro-
file, the pulse duration was found to be approxi-
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Fig. 3. Average output power at 1342 nm versus incident
pump power in cw and mode-locked operations.
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Fig. 4. (a) Typical oscilloscope trace of a train of mode-

locked output pulses, (b) autocorrelation trace of the output
pulses.

mately 26.4 ps, as shown in Fig. 4(b). The spectral
properties of the laser were monitored by an optical
spectrum analyzer (Advantest Q8347) with a reso-
lution of 0.005 nm. The spectral bandwidth (FWHM)
was found to be 0.12 nm. This result indicates a
time—-bandwidth product of 0.48. The narrower band-
width might arise from the etalon effect of the thin
AlGalnAs QWs device. It is expected that the etalon
effect can be effectively reduced by use of a high-
quality AR coating on the both surface of the InP wa-
fer.

In conclusion, we have designed AlGalnAs QWs
grown on the Fe-doped InP substrate to be a satu-
rable absorber for self-starting continuous-mode-
locked Nd:YVO, laser at 1342 nm. Stable mode-
locked pulses of 26.4 ps duration with a repetition
rate of 152 MHz were generated within the range of
incident pump power from 4.5 W to 12.3 W. The av-
erage output power for the cw mode-locked operation
was 1.05 W at an incident pump power of 12.3 W.
The present result confirms that the AlGalnAs QWs
structures can be utilized to be saturable absorbers
for the passively mode-locked lasers in the spectral
region near 1.3 um.

The authors gratefully acknowledge receipt of
AlGalnAs/InP QW devices from TrueLight Corpora-
tion. The authors also thank the National Science
Council for its financial support of this research un-
der contract NSC-97-2112-M-009-016-MY3.

References

1. R. Fluck, G. Zhang, U. Keller, K. J. Weingarten, and
M. Moser, Opt. Lett. 21, 1378 (1996).

10.
11.

12.

13.

14.

15.
16.

17.

18.
19.
20.
21.
22.
23.

24.

. O. Musset and J. P. Boquillon, Appl. Phys. B 64, 503
(1997).

. H. J. Zhang, J. H. Liu, J. Y. Wang, X. G. Xu, and M. H.
Jiang, Appl. Opt. 44, 7439 (2005).

. H. T. Huang, J. L. He, C. H. Zuo, H. J. Zhang, J. Y.
Wang, and H. T. Wang, Appl. Phys. B 89, 319 (2007).

. Y. F. Chen, L. J. Lee, T. M. Huang, and C. L. Wang,
Opt. Commun. 163, 198 (1999).

. R. Zhou, S. C. Ruan, C. L. Du, and J. Q. Yao, Opt.
Commun. 282, 605 (2009).

. U. Keller, D. A. B. Miller, G. D. Boyd, T. H. Chiu, J. F.
Ferguson, and M. T. Asom, Opt. Lett. 17, 505 (1992).

. U. Keller, K. J. Weingarten, F. X. Kéartner, D. Kopf, B.
Braun, I. D. Jung, R. Fluck, C. Hoénninger, N.
Matuschek, and J. Aus Der Au, IEEE J. Sel. Top.
Quantum Electron. 2, 435 (1996).

.M. Kondow, K. Uomi, A. Niwa, T. Kitatani, S.

Watahiki, and Y. Yazawa, Jpn. J. Appl. Phys. 35, 1273

(1996).

H. D. Sun, G. J. Valentine, R. Macaluso, S. Calvez, D.

Burns, and M. D. Dawson, Opt. Lett. 27, 2124 (2002).

G. J. Spiihler, L. Krainer, V. Liverini, R. Grange, M.

Haiml, S. Pawlik, B. Schmidt, S. Schon, and U. Keller,

IEEE Photon. Technol. Lett. 17, 1319 (2005).

K. W. Su, H. C. Lai, A. Li, Y. F. Chen, and K. F. Huang,

Opt. Lett. 30, 1482 (2005).

H. Temkin, D. Coblentz, R. A. Logan, J. P. van der Ziel,

T. Tanbun-Ek, R. D. Yadvish, and A. M. Sergent, Appl.

Phys. Lett. 62, 2402 (1993).

N. Nishiyama, C. Caneau, B. Hall, G. Guryanov, M. H.

Hu, X. S. Liu, M.-J. Li, R. Bhat, and C. E. Zah, IEEE J.

Sel. Top. Quantum Electron. 11, 990 (2005).

A.Li, S. C. Liu, K. W. Su, Y. L. Liao, S. C. Huang, Y. F.

Chen, and K. F. Huang, Appl. Phys. B 84, 429 (2006).

R. Fluck, B. Braun, E. Gini, H. Melchior, and U. Keller,

Opt. Lett. 22, 991 (1997).

B. C. Barnett, L. Rahman, M. N. Islam, Y. C. Chen, P.

Bhattacharya, W. Riha, K. V. Reddy, A. T. Howe, K. A.

Stair, H. Iwamura, S. R. Friberg, and T. Mukai, Opt.

Lett. 20, 471 (1995).

K. Alavi, H. Temkin, W. R. Wagner, and A. Y. Cho,

Appl. Phys. Lett. 42, 254 (1983).

W. T. Tsang and N. A. Olsson, Appl. Phys. Lett. 42, 922

(1983).

S. C. Huang, S. C. Liu, A. Li, K. W. Su, Y. F. Chen, and

K. F. Huang, Opt. Lett. 32, 1480 (2007).

J. Y. Huang, S. C. Huang, H. L. Chang, K. W. Su, Y. F.

Chen, and K. F. Huang, Opt. Express 16, 3002 (2008).

R. Fornari and J. Kumar, Appl. Phys. Lett. 56, 638

(1990).

L. P. Gonzalez, J. M. Murray, S. Krishnamurthy, and

S. Guha, Opt. Express 17, 8741 (2009).

T. Kawase, R. Shiomi, and M. Yamada, Mater. Sci.

Semicond. Process. 9, 362 (2006).



Low-temperature study of lasing characteristics for 1.3-pm
AlGalnAs quantum-well laser pumped by an actively

Q-switched Nd:YAG laser

K. W. Su, Yi-Fan Chen, S. C. Huang , A. Li, S. C. Liu, Y. F. Chen, and K.F. Huang
Department of Electrophysics, National Chiao Tung University, Hsinchu, Taiwan

ABSTRACT
We reportal ow-temperature 1.3 um Al GalnAs quantum-well 1 aser pumped by a 1. 06um activ e
Q-switched laser quenched by a l ow-temperature vacuum sy stem. An a verage power of 330mW is
achieved at tem perature as low as 233K com pared to t he ave rage power of 50mW obtaine d at
room-temperature without cooling device both at pumping repetition rate of 30 kHz. And the average

rate of gain peak shift was found to be 0.47 nm/K between 293-133 K.

Keywords: VECSEL ; AlGalnAs ; quantum well

1. INTRODUCTION

High-peak-power all-so lid-state laser sou rces in th e 1.3-1.6um spectral region are of particular
interest in remote sensing, eye-safe optical ranging, fiber sensing, and communication '™, To achieved
this, diode pum ped so lid state lasers (DPSSLs) has vantage points of relatively co mpact size, high
power, excellent b eam quality, long lifetime, and low h eat p roduction h ave b een wid ely u sed for
various ap plications i ncluding i ndustry, pure sc ience, medical diagnostics, a nd entertainm ent /.
Unfortunately, the spectral range of DPSSLs is lim ited by the properties of doped ion in crystals and
glasses. Vertical-external-cavity Surface-emitting sem iconductor lase rs (VECSELSs) which ¢ ombines
both a dvantages of DPSSLs a nd sem iconductor 1 asers al lows for f lexible ¢ hoice o fem ission

wavelength via bandgap engineering have successfully conquered this situation. Typically this structure
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consists of a highly reflecting distributed reflector (DBR) grown on a | attice-matched substrate with
resonant-periodic-gain st ructure t hat c omprises a se ries of barriers to provide the pump absorption,
quantum wells to provide gain, and cap layers to prevent surface recombination and oxidation.

The long wavelength (1.3-1.55pm) semiconductor laser occurred at s pectral range covered by
lasers based on G aAs and In P substrates. For InGaAs/GaAs system, at an operation over 1 um there
would be too m uch scatterin g lo ssto have good ef ficiency du e t o co mpressed strain. Bu tt he
introduction of st rain-compensating GaAsP 1 ayers as buffer 1 ayer co uld i mprove t he high power
operation [6]. On the other hand, laser gain structure based on InP substrate like InGaAsP solid solution

(78] suffers from poor te mperature characteristic due to their small conduction band offset. To

system
conquer this, an alternative of using AlGalnAs material system with deeper conduction band offset has
brought up . B ut th ere still h ave difficulties form ing DBRs lik e lo w refractive ind ex con trast, | ow
thermal conductivity or high complexity of growth ') Another way to achieve long wavelength range
is using GalnNAs/GaAs sy stem with high contrast GaAs/AlGaAs DBRs and | arger conduction band
offset I'). Adding a few of nitrogen will result in the redshift of absorption wavelength and a reduction
of lattice mismatch to GaAs !"*!. So we can adjust the ratio of indium and nitrogen content to reach the
wavelength we want. Because nitrogen is too small in this quaternary alloys, there is a d rawback that
too many nitrogen content will introduce large number of nonradiative defects. As a result it is difficult
to fabricate this compound for long wavelength range. In this work, we use AlGalnAs/InP MQWs as
our g ain region of optically pumped VECSEL and w ith coo ling tem perature at 283K we ob tained
140mW output power at th e repetition rate of 10kHz and 1.2W input power 'Y, Raising input power
will decrease the lasing efficiency and a roll-over effect came into existence. However, the temperature
dependent laser performance and physics have not been realized. But we believed that it mainly caused
by the diffusion of carrier from the gain region due to the heat produced by the high absorbed power.
To study the optical characteristics under low tem perature, we m ade a sim ple cavity put in a vacuum
system cool ed by liquid nitrogen an d heated by Lake Shore 331 T emperature C ontroller an d t he
temperature is controlled at the suitable degree.

In this article we presen t a lo w-temperature 1.3pum AlGaln As quantum-well laser p umped by a
1.06pm Nd: YAG active Q-switch laser quenched by liquid nitrogen. An average power of 330mW is
achieved at tem perature as low as 233K com pared to t he ave rage power of 50mW obtaine d at
room-temperature without cooling device both at pumping repetition rate of 30 kHz. And the average

rate of gain peak shift was found to be 0.47 nm/K between 293-133 K.
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Fig. 1 Experimental setup of low temperature AlGalnAs/InP semiconductor disk laser at 1.3pum
pumped by a 1.06pum A-O Q-switched laser and quenched by a low-temperature vacuum

cooling system

2. EXPERIMENTAL SETUP

Fig. 1s howst he ex perimental con figuration ofth elo w-temperature 1.3um AlGal nAs
quantum-well [ aser pum ped by a 1.06um Nd :YAG active Q-switch ed laser. Th e pumping so urce
provides 20-60 ns pulses at rep etition rate between 20 and 60 kHz. We controlled pump spot diameter
to be about 420 ym to have efficient spatial overlap with lasing mode. The gain region consist of 30
groups of two QWs spaced at half-wavelength intervals by AlGalnAs barrier layers with the bandgap
around 1070 nm. This is a R PG structure that barrier layers are used not only to absorb pumping light
but also to locate the quantum well region at the anti-node of the lasing field standing wave and it can
enhance th e wav elength selection ')

1365 nm.

,and we ob tained th e p eak lu minescence wavelength ar ound

The laser resonator is a plano-plano cavity with front mirror which has anti-reflection coating on
the entra nce face at 1064 nm (R<0.2%), high-re flection coating at 1365 nm (R>99.8%), and high
transmission coating at 1064 nm(T>90%) on the ot her face. The reflectivity of t he output coupler is
94% at 1365 nm and the overall cavity length is about Smm. This flat-flat cavity is st abilized by the
thermal induced lens in the gain medium "®'?!. It is an attractive design because it reduces complexity
and makes the system compact and rugged. The gain medium is cooled down by liquid nitrogen and the
temperature is co ntrolled by Lake Shore 331 Temperature Controller. The wh ole structure of laser

cavity is inside the Janis V PF-100 cryogenic vac uum equi pment to avoid the fog of stream on t he
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window. And the two transparency windows have high transmittance for spectral range of both lasing
and pumping wavelength.

The gain medium was composed of an AlGalnAs QW/barrier structure grown on a Fe-doped InP
transparent sub strate by m etalorganic ch emical-vapor deposition. Com pared to the conv  entional
S-doped I nP which has st rong a bsorptionin t he 1.0-2.0 s pectral region, Fe -doped In P has better
transparency at lasing wavelength . It is worth mention that In-P based systems suffer from the lack of
good DBR and has been challenging to transfer from edge-emitting lasers to surface-emitting lasers. By
the use of Fe-doped InP, we could replace DBRs in the VECSEL by an external mirror. An InP window
layer was deposited on the gain structure to avoid surface recombination and oxidation. The back side
of t he s ubstrate was m echanically polished a fter g rowth. B oth sides of't he gain c hip we re
anti-reflection coated at lasing and pumping wavelengths to reduce backreflections and coupled-cavity

effects. And the total residual reflectivity of the AR-coated sample is approximately 5%.

100

v T T T T T
80 |- % o
8

—~ £
S
=~ —— InP-S doped AR
5 wf -
[}
£ Soo T Tioo w0 w0 7e
£ Wavelength (nm)
2
© 40 -
=

20 |-

0 . 1 . 1 1 1 1 .

900 1000 1100 1200 1300 1400 1500

Wavelength(nm)

Fig. 2 Transmittance spectrum of AR-coated AlGalnAs/InP MQWs gain chip at
room temperature. Inset, room temperature transmittance spectrum of S-doped
and Fe-doped InP chip with anti-reflection coating.
Figure 2 shows the transmittance for the AR-coated AlGalnAs/InP gain chip at room temperature.
It can be seen that the strong abs orption of the barrier layers lead s to low tran smittance near 1070nm.
The total absorption efficiency of the barrier layers at 1064 nm was found to be approximately 95% for
the pulse pumping. On the other hand, an abrupt change in transmittance near 1365nm comes from the
absorption of the AlGalnAs QWs. Th e inset o f Figure 2 sh ows the tran smittance o f Fe-d oped and
S-doped InP with anti-reflection coating. We could observe th at th e tran smittance is abou t 90% for

Fe-doped InP and 60% for S-doped InP near 1365nm.
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3. RESULT AND DISCUSSION

Fig. 3 shows the performance of the optically-pumped 1.3 pm AlGalnAs MQWs laser operated
with different cooling temperature ranged from 293 K to 233 K at repetition rate of 15 kHz at low
power and 30 kHz at high power. The pulse width at repetition rate of 15 kHz and 30 kHz are ranged
from50nsto 30 nsand 120 nst o 52 ns respectively. The transverse mode was measured to be the
fundamental mode over the complete output power range. The beam quality factor was determined by
the Gaussian fit to the laser beam waist and the divergence angle which was found to be less than 1.5.
We can see that the sl ope ef ficiency is i ncreasing with decreasing temp erature, a nd t he m aximum
output power of 293 K and 233 K are 50 mW and 330 mW respectively. From the past work of our

(1420211 'ye k now that the roll-over of output power at lo w repetition rate is resu Ited from the

group
gain sat uration or t he transparency induce d by th e pumping b eam. Alth ough th e pumping en ergy
density is larger than the lasing energy density, the gain-saturation effect is more conspicuous than the
nonlinear transparency of th e barrier due to it’s long absorption length. So we could still observe the

roll-over of output power at 1.8W pumping power even at temperature as low as 293 K.

350 | |—=—T=293K
——T=283K
300 | T=273K Repetition rate = 30kHz
—— T=263K
250 ——T=253K
= [ |——T=243K
£ ——T=233K
o 200 |-
: |
[<% Repetition rate = 15kHz
+ 150 |-
=3
o
=
O 100}
50 |
0 . . 1 . 1 . . 1
0.0 0.5 1.0 1.5 2.0 25 3.0

Input power (W)

Fig. 3 Experimental results of AlGalnAs 1.3um MQWs laser pumped by an

1.06pm active Q-switched Nd:YAG laser at different cooling temperature. It

shows the output power of 15 kHz repe tition rate at low input power and

30kHz at high input power.

Fig4i sthe photoluminescence o f Al GalnAs M QWs wafer exci ted by a 1. 06 pm activ e

Q-switched laser with 1.2 W pumping power and 800 pm pumping spot size at 30 kHz and cooled
from 293 K to 133 K. There are two p eaks at abo ut 1350 nm and 124 5 nm due to the n =1 and n=2

transition at 293 K respectively. The n=1 peak wavelength shifts from 1350 nm to 1275 nm with the
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slope of 0.47 nm /K and the n= 2 pea k disappears gradually. The line-width of n= 1 peak became

narrower with decreasing temperature due to the reduction of collision broadening.
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Fig. 4 Experimental results of photoluminescence pumped at input power of

1.2W and repetition rate of 30kHz at different cooling temperature.
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