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Investigation of novel solid-state laser technologies

with AlGalnAs semiconductor materials

Student : Shin Cheng Huang Advisor: Prof. Yung-Fu Chen

Insitute and Department of Electrophysics
National Chiao Tung University

Abstract

The author demonstrates the investigation of novelisolid-state laser technologies with
AlGalnAs semiconductor.materials. A-periodic AlGalnAs quantum well / barrier
based on Fe-doped InP substrate can be a semiconductor gain chip and a semiconductor
saturable absorber. In addition‘to the introduction and the future work, the main text
were divided into three chapter. In chapter two, AlGalnAs saturable absorber with a
periodic QW/barrier structure that can be used to achieve an efficient high-peak-power
and high average- power passively 1.06 and 1.34um Q-switched lasers. In chapter three,
AlGalnAs QWs grown on the Fe-doped InP substrate was designed to be a saturable
absorber for self-starting continuous-mode-locked Nd:YVO, laser at 1342 nm. In
addition to be a saturable absorber, the periodic quantum well / barrier structure also
can be a gain medium in solid-state laser. We demonstrated an AlGalnAs QW/barrier
structure grown on an Fe-doped InP transparent substrate was developed to be a gain
medium in a room-temperature high-peak-power nanosecond laser at 1.36 and 1.57um

for optical communication and eye-safe applications.
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Introduction of solid-state technology

1.1 Diode pumped solid-state laser (DPSSL)

The solid state laser uses a solid crystalline material as the lasing medium and is
usually optically pumped. Generally speaking, the gain medium of a solid state laser
consist of a glass or crystalline host medium which is doped some rare-earth element
such as neodymium-doped (Nd:YVO, , Nd:YAG ), ytteribium-doped(Yb:YAG), and
erbium doped (Er:YAG or Er-doped glass laser). In beginning of 1980s, the progress
in the growth technology of semiconductor heterostructures allowed to develop the
high-power diode laser. A solid gain-medium pumped Wwith a laser diode (LD) is so
called diode-pumped solid-state (DPSS) lasers: The diode-pumped Nd:YAG lasers
have operated at greater‘than 10 ipercent electric to joptical efficiency in a single
spatial mode. Furthermore, the high spectral power brightness of these lasers has
allowed frequency extension by harmonic generation in nonlinear crystals, which has
led to green and blue sources of coherent radiation. Diode laser pumping has also
been used with ions other than neodymium to produce wavelengths from 946 to 2010
nanometers.

In addition, Q-switched operation with kilowatt peak powers and mode-locked
operation with picosecond pulse widths have been demonstrated in DPSS lasers. The
progress in diode pumped solid-state lasers promises all solid-state lasers for high
average power levels and at a price that is competitive with flash-lamp pumped laser
systems. Thus, the solid-state lasers have become the preferred candidates for a wide
range of applications in science and technology including spectroscopy, atmospheric

monitoring, micromachining, and precision metrology.

1



In solid-state laser physics, the lasing wavelength is determined by the doping
and the host crystal properties. The limitation of discrete atomic levels is main
drawback of crystalline gain medium. One area that demands particular attention is
the wavelength spectrum near 1.3—1.6 um, especially the “eye-safe” spectrum region
(from 1.5um-1.6um).  Extremely short and high-peak-power pulses of lasers at the
eye-safe wavelength region are practically valuable for applications such as telemetry
and range finders. The common gain medium to generate 1.3um wavelength are
Nd-doped crystals , and the methods for generating eye-safe lasers include the
solid-state lasers with Er’*-doped or Cr*"-doped media and the stimulated Raman
scattering (SRS) or optical parametric oscillators (OPO) pumped by Nd-doped lasers.
In addition, the bandgap engineetring and range o0f:semiconductor materials systems
provide potential spectral coverage from the near ultraviolet to the mid-infrared. This
is a novel class of diode-pumped laser with a few mierometers pump absorption
length. Hence, solid-state® laser can.be more .compact:by use of semiconductor
materials.

The gain medium of semiconductor laser is direct-bandgap compound
semiconductor materials. Different type semiconductor such as heterojunction,
quantum well, edge emitting and surface emitting are widely applied in industry and
scientific research. Besides, the optically pumped vertical-external cavity surface
emitting laser (OP-VECSEL) overcomes the power limitation of vertical cavity
surface emitting laser (VCSEL) and the beam quality of edge emitting laser(EEL).
Thus, the OP-VECSEL technology has in fact become one of promising candidates to
overcome the limitations of conventional semiconductor lasers. Moreover, the
external cavity configuration allows other interesting application such as broadband
laser absorption spectroscopy, single frequency operation, passive mode locking with

a saturable absorber resulting in pico-second to femto-second pulse operation and
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generating blue and green lights with intra-cavity frequency-doubling

Saturable absorber (SA) is the key element for pulse generation of solid-state
laser. The passive saturable absorbers based on saturable optical absorption are of
great interest due to their applications for Q switching and mode locking of
near-infrared solid-state lasers to obtain short pulses of high peak power. The use of
such laser pulses offers rich possibilities in material processing, optical
telecommunication, range finding, industrial process control, atmospheric pollutions
monitoring, medical diagnostics of diseases, laser surgery, and in scientific areas such
as nonlinear optics and laser spectroscopy.

It is necessary for saturable absorber to possess low saturation intensity in
conjunction with ultrafast relaxation time (or low saturation energy density together
with slow absorption recoveéry time),-high contrast of bleaching, high optical damage
threshold, as well as good heat conduction and-weak temperature dependence of the
refractive index. Generally speaking;”the 1on-doped saturable absorbers (such as
Cr*":YAG) exhibit long recovery time and larger modulation depth for Q-switching
operation. On the other hand, the"absorption recovery times of semiconductor-based
saturable absorbers are adequate both to O-switched and to mode-locked lasers. The
development of semiconductor saturable absorber mirror (SESAMs) is a novel family
of optical devices that allow for very simple, self-starting, passive mode-locking of
ultrafast solid-state and semiconductor lasers. This breakthrough device allowed the
first demonstration of a passively mode-locked Nd:YLF laser - without Q-switching

in 1992.

1.2 Guide to main text
The most important content in each chapter was sketchily pointed out here.

In chapter two, we give an overview of optically-pumped semiconductor

3



lasers. And we have demonstrated the periodic AlGalnAs QW/barrier structure grown
on an Fe-doped InP transparent substrate was developed to be a gain medium in a
room-temperature high-peak-power nanosecond laser at 1.36 um and 1.57um. In
addition, for power scaling up, we also have demonstrated an optically pumped
high-peak-power AlGalnAs/InP eye-safe laser by in-well pumping scheme. The
conversion efficiency is enhanced over three times compared with barrier pumping
scheme.

In chapter three, we demonstrate, for the first time to our knowledge, an
AlGalnAs saturable absorber with a periodic QW/barrier structure that can be used to
achieve an efficient high-peak-power and high average- power passively Q-switched
lasers. The damage to the semiiconductor saturable absorber can be ingeniously
avoided by the periodic QWr/barrier structure.  Besidess compared with InGaAsP/InP
QWs, AlGalnAs/InP QWs. has larger conduction band offset which prevents carrier
leakage at high temperature.

In chapter four, we have designed AlGalnAs QWs grown on the Fe-doped InP
substrate to be a saturable absorber™ for self-starting continuous-mode-locked
Nd:YVOglaser at 1342 nm. Compare with other semiconductor saturable absorber
(GalnNAs QWs and InAs/GaAs QD ), there is no need to anneal the AlGalnAs QWs
to tune the PL wavelength and the optical characteristics of AlGalnAs QWs is more
uniform than InAs/GaAs QDs. 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.

In chapter five, we give an overall conclusion of the entire work carried out in this
thesis. Furthermore, we discuss the works and some interesting topics that we are

going to do in the future.



Semiconductor gain medium for pulsed laser

2.1 Introduction to Optically-pumped semiconductor lasers (OPSL)

In 1997, M. Kuznetsov, F.Hakimi and A. Mooradian demonstrated for the first time a
new high-power semiconductor laser technology, the optically-pumped semiconductor
(OPS) vertical-external-cavity  surface emitting laser (VECSEL) [1-2].
Optically-pumped  semiconductor vertical-external surface emitting lasers
(OP-VECSELSs) has become one;0f promisiﬂg candidates to overcome the limitations
of conventional semiconductor lagser.-pThe OP-VECSELs combine the approaches of
diode-pumped solid-states. lasers and semiconductor quantum well vertical cavity
surface emitting lasers (VCESL) and“draw on the advantages of both. The
OP-VECSELs can generaté a multi-watt, near-diffraction-limited output beam with
good efficiency in wavelength regions which arenot covered by solid-state laser gain
materials. Figure 2.1.1 shows the schematic of an optically pumped semiconductor

disk laser [3-5].

N

outcoupling
mirror
pump
diode
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|
Fig.2.1.1: Schematic of an | gain
optically- pumped semiconductor reg ion
disk laser. L “
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A VECSEL resembles the semiconductor quantum well active layers and a
mirror structure contains a distribute Bragg reflectors (DBRs) and an external mirror.
Semiconductor disc lasers are power-scalable because the active region is cooled by a
one dimensional heat flow and the associated thermal gradient it’s along the axis of
the optical cavity, minimizing the problems associated with thermal lensing and
depolarization.

The layer structure of OP-VECSEL gain chip is shown in Fig2.1.2. In Fig2.1.2 a
Bragg mirror, typically 25-30 periods, is grown next to the substrate [4-7]. The final
layer in the design of the VECSEL is the capping layer. Its role is to prevent carrier
diffusion from the quantum wells and also reduce oxidation of the VECSEL’s surface.
The capping layer is made from.semiconductor material which has a higher energy

gap than that of the barrier région;

A

I-aser optical-standing wave

=]
M Multi-layer A2 Cap layer
Substrate pirrors (DBRs) _|—|,‘_’_|—|, ” ” _‘ ’,
\
Quantum wells
Pumping absorbing region /
Surface barrier
Semiconductor air

Fig.2.1.2 Bandgap diagram and operation principle of the OP-VECSEL
This acts as a barrier for those electrons with high energies, which can escape the
well confinement. The additional benefit from this layer is that it can be grown to

desired thicknesses. This can enhance the available gain from the laser by forming a
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resonant structure in the small micro-cavity between the DBR and air surface. The
most important feature of the RPG structure is that the position of the quantum-well
active regions is arranged periodically such that they coincide with antinodes of a
vertical standing wave pattern at the lasing wavelength. The spacer thickness
determines the resonant wavelength at which the interaction of the optical field with
the gain distribution is maximized. This structure has several advantages. First,
since the gain medium only exists at the peaks of the standing-wave optical field, the
spatial overlap integral between optical field and the gain elements is enhanced in the
vertical direction (normal to the quantum well planes) at the resonant wavelength
determined by the spatial periodicity of the gain medium. Hence, the gain in this
structure is both anisotropic and-wavelength selective. Second, charge carriers
generated or injected tendsto remain within the quantum wells and cannot at
accumulate in the spacer.regions, thus eliminating the-possibility of longitudinal
spatial hole burning. Meteover, loss of carriers through spontaneous emission is
considerably reduced because the spacer medium around the nodes of the optical field
contains no free carriers; this should resultiin a lower threshold and improved overall
power efficiency.

Compared with optical pumping of semiconductor lasers, electrical pumping, in
general, is the preferred approach. Electrically pumped VECSELs have a gain
structure similar to that of a VCSEL, where a ring electrode around the active area
injects carriers into that region. Current injection i.e. non-uniform current injection,
current crowding, localize Joule heating, and free carrier absorption with attendant
optical loss and excess heat deposition, are the major hurdles in the development of
such large diameter devices. Non-uniform injection particularly favors higher-order
transverse modes and reduces the transverse single mode wall-plug efficiency [8].

Optically pumping is particularly advantageous for high power operation, on
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account of the controlled and uniform distribution of pump power over large active
region and the absence of free carrier absorption, with attendant optical loss and
excess heat deposition in the undoped active structure. Since optical pumping
occurs via interband transition of the bulk barrier material, the pump absorption band
is broad and imposes on practical constraint on the wavelength stability of the pump
laser. The pumping absorption band is broad and absorption coefficient of the
barrier material is typically ~ 0.8 xm" such that pump radiation can be absorbed
efficiently on a single or double pass of a very thin active region. Due to the very
short absorption length of the semiconductor gain structure (at least for spacer
pumping), the beam quality of the pump light is not very important. In general, for
barrier pumping the carriers that are created by optical pumping in the barrier are
trapped subsequently in thesquantumwells. The gain*bandwidth, differential gain,
peak gain wavelength and | quantum efficiency depend sensitively on carrier
concentration and temperature. The active region is therefore affected by the pump
power level, pumping spot-size, and thermal coupling to the heat sink more strongly
than is the gain medium of a dielectric dise laser.” An external laser cavity enforces
output in a low divergence, circular, near diffraction-limited beam of high beam
quality. With this external cavity configuration allows some interesting applications
such as broadband laser absorption spectroscopy, single frequency operation, passive
mode-locking with a saturable absorber resulting in pico-second to femto-second
pulse operation and generating blue and green lights with intra-cavity
frequency-doubling [9-17]. A summary of the main features, including advantages and

disadvantages, of OPS- VECSELSs is shown in Table 2.1.1 below.



(1) Customized emission wavelength

(2) Bandgap engineering of the multi-QW semiconductors allows the design of
laser medium with the desired laser properties.

(3) Broad pump bandwidth simplifies optical pumping with diodes

Advantages | (4) Very short pump absorption length leads to efficient pump absorption

(5) No need for material doping or electric contacting

(6) Wide potential tuning range

(7) External cavity allows control of the output transverse mode and enables the
incorporation of intra-cavity elements to control the laser spectral properties.

(DIntense localized heat is created in the semiconductor amounting to thermal roll
over and limited powers. Thermal management techniques can be used to delay
the arrival of roll-over losses.

Disadvantages

(2)External cavity can make the overall size of the laser large in comparison to other
semiconductor_lasers.

Table 2.1.1. Summary of advantage and disadvantage of OPSL

Table 2.1.2 shows the recent development.of optically-pumped semiconductor
laser [18-27]. Much work en the development of OP-VECSELs has used the high
gain, compressively strained InGaAs/GaAs quantum well system. GaAs-based
substrate optically pumped vertical external cavity semiconductor lasers (VECSEL)
with high contrast GaAs/AlAs reflectors have operated in two wavelength regions:
around 850nm using lattice-matched GaAs/AlGaAs quantum wells and around
1000nm using strained InGaAs/GaAs quantum wells [28-31]. For
telecommunication application i.e. in the 1.3-1.55um wavelength region, the natural
material system is the InP-based. Unlike for GaAs-based semiconductor laser
operating in 0.78-1.0um short-wavelength range, the main obstacle for
long-wavelength InP-based with low refractive index contrast semiconductor laser is
the difficult realization of high-reflective Bragg mirrors (DBR) for 1.3-1.55um

long-wavelength region [32-36]. Moreover, this high thickness, combined with poor
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thermal conductivity of these materials and the high temperature sensitivity of the

active layers lattice matched to InP, leads to poor thermal properties of semiconductor

lasers.
Gain M lasing A pumping Max Power Reference
GaN-based
InGaN/GaN|  391nm 335nm APL 2003
GaAs-based
AlGalnP | 668-678nm 532nm 390mW Opt Express 2005
AlGaAs 830-860nm 660nm 523mW IEEE PTL 2003
AlGaAs 850nm 808nm 135mW APL 2004
InGaAs 1000nm 808nm 8W (CW) at RT APL 2003
InGaAs 1060nm 808nm 10W(CW) at RT APL 2006
GalnNAs 1320nm 810nm 0.612W at 5°C  |Electronic Lett 2004
InP-based
InGaAsP 1550nm 980nm 45mW Opt Comm 2004
InGaAsP | 1538-1545nm 1250nm 780mW IEEE PTL 2004
GaSh-based
AlGaAsSb 23um 830nm 8.5mW Cryst Growth 2004
AlGaAsSb 233 um 1064nm 0.6W at -18°C IEEE PTL 2004

Table 2.1.2 The recent development of optically-pumped semiconductor laser
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2.2 Motivation and background

2.2.1. AlGalnAs quantum well 1.36um laser

High-peak-power all-solid-state laser sources in the 1.3—1.6  m spectral region are
of particular interest in remote sensing, eye-safe optical ranging, fiber sensing, and
communication [1-4]. Diode-pumped solid-state lasers (DPSSLs) that have the
advantages of relatively compact size, high power, excellent beam quality, long
lifetime, and low heat production have been widely used for various applications,
including industry, pure science, medical diagnostics, and entertainment [5].
Nevertheless, the spectral range of diode-pumped solid-state laser systems is limited
by the properties of existing doped crystals and glasses. Recently, the optically
pumped vertical-external-cavity surface-emitting, semiconductor lasers (VECSELs)
have been proposed as a nowvel class of-all-solid-state: lasers with potential spectral
coverage from the near ultraviolet to the mid-infrared [6,7].

Typically, a VECSEL device consists of a highly reflecting distributed Bragg
reflector (DBR) and a resonant periodic gain (RPG) structure that comprises a series
of barriers to provide the pump-absorption, quantum'wells (QWs) to provide gain, and
layers to prevent oxidation. Although InP-based material could offer a gain region
with a smaller lattice mismatch for 1.3 y m wavelength, the small contrast of
refractive indices hinders the performance of the DBRs. As a consequence, until
now the InP-based material has never been used as a VECSEL device at 1.3 ¢ m.
To reach a wavelength near 1.3 z m, GaInNAs/GaAs QWs have been developed as a
gain medium[8] and a 0.6 W cw output power has been demonstrated [9]. Even so,
there has been no experimental demonstration of room-temperature high-peak-power
1.3 1 m laser sources with semiconductor QWs as gain media in an external cavity.

In this chapter, we report, for the first time to our knowledge, a

room-temperature high-peak-power nanosecond semiconductor QW laser at 1.36 um,
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using a diode-pumped actively Q-switched Nd:GdVO4 1.06 um laser as a pump
source.  With an average pump power of 1.85 W, an average output power of
340mW at a pulse repetition rate of 40 kHz was obtained corresponding to an
optical-to-optical conversion efficiency of 18.4%. At a pulse repetition rate of 10
kHz, the peak output power was found to be up to 1.2 kW at a peak pump power of

7.9 kW

2.2.2. AlGalnAs quantum well 1.57um laser

High-peak-power nanosecond pulsed lasers operating with emission at the eye-safe
wavelength region (1.5-1.6 pum) are of great interest because of their potential
applications, such as laser radar, active imaging, and remote sensing [10—12]. The
methods for generating eye-safe lasers include the solid-state lasers with Er’*-doped
or Cr*"-doped media [13—1'6] and the stimulated Raman‘scattering (SRS) [17-20] or
optical parametric oscillators (OPO) [21-23] pumped by Nd-doped lasers. The advent
of diode-pumped solid-state lasers (DPSSks)~{24-27] with high peak powers and
excellent brightness leads to a‘tenaissance of interest.ih wavelength conversions with
the SRS or OPO process

Another practical approach for eye-safe laser sources is based on semiconductor
quantum-well (QW) materials including InGaAsP and AlGalnAs systems [28-31].
Recently, a high-peak-power AlGalnAs laser at 1.36 um was designed with a
diode-pumped actively Q-switched Nd:YAG laser as a pump source [32].
Nevertheless, there has been no experimental demonstration of high-peak-power
optically pumped AlGalnAs eye-safe laser.

In this chapter, a high-peak-power nanosecond AlGalnAs eye-safe 1.57-um laser
driven by a diode-pumped actively Q-switched Nd:GdVO4 laser is presented for the

first time to our knowledge. An average output power of 135 mW with a pulse
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width of 30 ns at a pulse repetition rate of 30 kHz was obtained with an average
power of 1.5 W to pump an AlGalnAs QW/barrier structure grown on a Fe-doped InP
transparent substrate. The maximum peak power was up to 290 W at a pulse

repetition rate of 20 kHz.
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Fig.2.2.1 Schematic of barrier pumping (left) and in-well pumping (right)

On the other hand, the quantum defect, the energy difference between a pump
and a laser photon, is the main source of heat generation in active region, the in-well
pumping scheme has potential for high optical efficiency because of smaller quantum
defect [33-39]. The quantum defect and the thermal load can be reduced by
pumping the quantum well directly. Fig 2.2.1 shows a schematic diagram of
barrier pumping and in-well pumping. Optical transition in barrier pumping:
electron-hole pairs are generated in the barrier region and recombine via photon

emission from the quantum well ground state levels in the conduction band. On the
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contrary, optical transitions for quantum well pumping: electron-hole pairs are
generated inside the quantum well with energies slightly above the ground state
energy. In contrast to barrier-pumping scheme, the quantum defect is considerably
reduced by in-well pumping.

However, a problem arising for in-well pumping is the short absorption
length, since the quantum wells are only a few nanometers thick. Higher
numbers of quantum wells lead to longer total absorption lengths, but also
result in a higher laser threshold. To increase the pump efficiency, a resonant
absorption scheme was introduced. Another approach to increase the
absorption length is a multi-pass pump setup, which is a well-known concept
for dielectric solid state thin_ disk lasers [40-50]. Multi-pass pumping can also
be combined with resonant ;abserption for further improvement of the
absorption efficiency. A.decreased thermal shift of the output wavelength for
in-well pumping indicates a significantly reduced thermal load compared to
barrier pumping. Severals reports of an in-wells pumping laser have been
demonstrated with wavelength in the rangeof 800 nm to 2.35um except to 1.55um.

In this chapter, we have demonstrated an efficient high-peak-power AlGalnAs
eye-safe laser at 1570 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 20kHz.
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2.3. AlGalnAs quantum well 1.36um laser

2.3.1 Device fabrication and laser structure

The present gain medium is an AlGalnAs QW/barrier structure grown on an Fe-doped
InP substrate by metal-organic chemical-vapor deposition (MOCVD). It is
worthwhile to mention that the AlGalnAs material system has a larger conduction
band offset than the most widely used InGaAsP system [1-4]. This larger
conduction band offset has been confirmed to yield better electron confinement in the
conduction band and higher temperature stability. The AlGalnAs material has been
used as a surface-emitting optical amplifier pumped by a laser diode [5]. However,
until now there has been no experimental realization involving the VECSEL with
AlGalnAs. Here the gain region consists of 30 groups of two QWs with the
luminescence wavelength around 1365 nm, spaced at+half-wavelength intervals by
AlGalnAs barrier layers with: the bandgap wavelength around 1070 nm. The barrier
layers are used not only to“absorb,the pump light but alsoto locate the QW groups in
the antinodes of the optical field"standing wave. +An InP window layer was
deposited on the gain structure to avoid surface recombination and oxidation. The
back side of the substrate was mechanically polished after growth. Both sides of the
gain chip were antireflection (AR) coated to reduce back-reflections and
coupled-cavity effects. The total residual reflectivity of the AR-coated sample is
approximately 5%. Figure 4.3.1 shows the transmittance spectrum at room
temperature for the AR-coated AlGalnAs/InP gain chip. It can be seen that the
strong absorption of the barrier layers leads to low transmittance near 1070 nm. The
total absorption efficiency of the barrier layers at 1064 nm was found to be
approximately 95%. On the other hand, an abrupt change in transmittance near 1365
nm comes from the absorption of the AlGalnAs QWs. The room-temperature

spontaneous-emission spectrum, obtained by pulse excitation at 1064 nm, is shown in
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the inset of Fig2.3.1. As expected, the emission is quite broad, with a peak around

1365 nm, and has a long tail extending to shorter wavelengths.
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Fig 2.3.1: The transmittance spectrum at room-temperature for AR-coated AlGalnAs/InP
gain chip  Inset : Room-temperature spontaneous-emission spectrum by 0.8W pulse
excitation at 1064nm.

Figure 2.3.2 shows the experimental configuration of the room-temperature
high-peak-power AlGalnAs QWs laser at 1365 nm. The pump source is a
diode-pumped acousto-optically Q-switched Nd:GdVO4 1064 nm laser to provide
12-90 ns pulses at repetition rates between 10 and 100 kHz. The pump spot diameter
is controlled to be 380+20 p m for efficient spatial overlap with the fundamental
transverse mode. The gain chip was mounted on a copper heat sink, but no active
cooling was applied. The laser resonator is a concave—plano cavity. The input

mirror was a 500 mm radius-of-curvature concave mirror with AR coating on the
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entrance face at 1064 nm (R<0.2%), high-reflection coating at 1365 nm (R>99.8%),
and high-transmission coating at 1064 nm on the other surface (7>90%). The
reflectivity of the flat output coupler is 94% at 1365 nm. The overall laser cavity

length is approximately 10 mm.
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Fig. 2.3.2. Experiment configuration of 1.36um optically pumped semiconductor laser.

2.3.2 Experimental result

Figure 2.3.3 shows the performance of the optically pumped AlGalnAs laser at pump
repetition rates of 10, 40, and 100 kHz. The pump pulse widths for repetition rates
of 10, 40, and 100 kHz are approximately 12, 35, and 75 ns, respectively. The cavity
decay time is approximately 0.11 ns. The beam quality factor was determined by a
Gaussian fit to the laser beam waist, and the divergence angle and was found to be
less than 1.5. At a repetition of 40 kHz, the average output power could be up to 340
mW; the output power saturation beyond the average pump power of 1.8 W was due
to the thermally induced gain degradation. At a repetition of 10 kHz, the absorption

efficiency of the gain chip for the pump power higher than 0.8 W was found to be
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significantly reduced because of pump-saturation effects of the barrier layers. As a
consequence, maximum average output power at a repetition rate of 10 kHz was
saturated at around 120 mW. With the experimental data on a pump pulse energy of
80 1 J, a pump pulse width of 15 ns, and a pump area of 0.113 mm? the pump
saturation intensity was estimated to be 4.7 MW/cm®. This value was 23 orders of
magnitude higher than conventional solid-state laser crystals because of its shorter
fluorescence decay time [6]. However, the lower conversion efficiency at the 100
kHz repetition rate might be due to the longer pump pulse duration that enhanced the
local heating effect. The maximum output power at 100 kHz was found to be nearly
the same as the result obtained at 10 kHz. In other words, management of the

thermal effects is necessary to scaleup the average output power.
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Fig 2.3.3 Experimental results for the optically pumped AlGalnAs laser at pump repetition
rates of 10, 40, and 100 kHz.

Figure 2.3.4 shows a typical oscilloscope trace of a train of output and pump
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pulses and expanded shapes of a single pulse. It can be seen that the output pulses
tracked the pump pulses for each pumping case. Figure 2.3.5 shows the peak output
power as a function of peak pump power. The peak output power was up to 1.2 kW
at a peak pump power of 7.9 kW, and the slope efficiency was approximately 15.2%.
The typical lasing spectrum shown in the inset of Fig. 2.3.5 was obtained with 1.2W
of average pump power at a repetition rate of 40 kHz. The lasing spectrum was
composed of dense longitudinal modes, and its bandwidth was up to 20 nm for an
average pump power greater than 500 mW. The wide spectral range indicates the

potential for achieving ultra-short pulses in mode-locked operation.
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Fig. 2.3.4 (Color online) (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. 2.3.5. Experimental results for the peak output power as a function of peak pump
power. Inset, typical lasing spectrum obtained with 1.2W of average pump power

at a repetition rate of 40 kHz

2.3.3 Conclusion

In summary, an AlGalnAs QW/barrier structure grown on an Fe-doped InP
transparent substrate was developed to be a gain medium in a room-temperature
high-peak-power nanosecond laser at 1365 nm. Using an actively O-switched 1064
nm laser to pump the gain chip, an average output power of 340 mW was obtained at
a pulse repetition rate of 40 kHz and an average pump power of 1.9 W. At a pulse
repetition rate of 10kHz, the peak output power was found to be up to 1.2 kW at a

peak pump power of 7.9 kW

20



2.4. AlGalnAs quantum well 1.57um laser (barrier pumping)
2.4.1 Laser structure and device fabrication

Figure 2.4.1 shows the experimental configuration of the high peak-power
AlGalnAs QWs 1570-nm laser pumped by a diode actively Q-switched Nd:GdV O,
laser. The pump source provides 20—60 ns pulses at repetition rates between 20 and
60 kHz. The pump spot diameter was controlled to be 480+20 um for efficient spatial

overlap with the fundamental transverse mode.

E
<« 5 -
Q-switched Nd:GdVO, .
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Beam expander Focusing lens 38 group1AlGaInAs QWs
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HT at 1.06 ¢ m (R>80%) PR at 1.57 £ m (R=95%)

Fig. 2.4.1 Experimental configuration of the high-peak-power AlGalnAs QWs 1570-nm laser
pumped by a Q-switched Nd:GdVOj, laser; HR: high reflection, HT: high transmission,
PR: partial reflection.

The laser resonator is a linear flat—flat cavity that was stabilized by the thermally
induced lens in the gain medium. This concept was found nearly simultaneously by
Zayhowski and Mooradian [1] and by Dixon et al. [2]. A linear flat—flat cavity is an
attractive design because it reduces complexity and makes the system compact and
rugged. When the average pump power is between 0.5 and 1.5 W, the
mode-to-pump ratio is experimentally found to be in the range of 1.0-1.5. The input

mirror was a flat mirror with antireflection coating on the entrance face at 1064 nm (R
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<0.2%), high-reflection coating at 1570 nm (R > 99.8%), and high-transmission
coating at 1064 nm on the other surface (77 >90%). The reflectivity of the flat output
coupler is 95% at 1570 nm. The overall laser cavity length is approximately 10 mm.

The present gain medium is an AlGalnAs QW/barrier structure grown on a
Fe-doped InP substrate by metal-organic chemical-vapor deposition (MOCVD). Note
that the conventional S-doped InP substrate has large absorption in the 1.0-2.0 pm
spectral region, while the Fe-doped InP substrate is chosen because of its transparency
at the lasing wavelength. The gain region is made up of thirty groups of two
8-nm-thick 1570-nm AlGalnAs QWs with 10-nm-thick barriers. Each QW group is
spaced at a half-wavelength interval by an AlGalnAs barrier layer with the band-gap
wavelength approximately 1064mm to absorb the pump light as well as to locate the
QWs in the antinodes of the optical standing wave.* An InP window layer was
deposited on the gain structure to avoid surface recombination and oxidation. The
backside of the substrate was mechanically polished after'growth. The both sides of
the gain chip were antireflection-coated (AR-coated) to reduce back reflections and
the couple-cavity effects. For simplicity,;"we used a single layer of coating on the
gain medium. As a result, the total residual reflectivity of the AR-coated sample is
approximately 5%.

Figure 2.4.2 depicts the room-temperature spontaneous emission spectrum
obtained by pulse excitation at 1064 nm. It can be seen that the emission is quite
broad with a peak at around 1570 nm and has a long tail extending to shorter
wavelength. In the laser experiment, the semiconductor chip was simply mounted on a

water-cooled copper block and the water temperature was feedback maintained.
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Fig.2.4.2. Room-temperature spontaneous emission spectrum of the AlGalnAs QWs pumped by a

Q-switched Nd:GdVO4 1064-nm laser

2.4.2 Experimental results and diseussion

Figure 2.4.3 shows the performance of the optically pumped AlGalnAs laser operated
at the water temperature of 10°C at four repetition rates of 20, 30, 40, and 60 kHz.
The pump pulse widths for the repetition rates of 20, 30, 40, and 60 kHz are
approximately 20, 25, 30, and 40 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 a Gaussian fit to the laser beam waist and the divergence
angle, and was found to be less than 1.3 indicating fundamental transverse-mode
operation. Spectral information of the laser was monitored by an optical spectrum
analyzer (Advantest Q8381A). The spectrum analyzer with a diffraction
monochromator can be used for high-speed measurement of pulse light with a

resolution of 0.1 nm. It was found that the bandwidth of the lasing spectrum initially
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increases linearly with the pump power but varies slowly at the higher pump power.

The lasing spectrum has the highest peak approximately at 1570 nm with maximum

bandwidth up to 18 nm. The typical lasing spectrum shown in the inset of Fig. 2.4.3

was obtained with 1.0 W of average pump power at repetition rate of 30 kHz. The

lasing spectra generally comprised dense longitudinal modes and their bandwidth

were up to 20 nm at the average pump power greater than 200 mW. The temporal

shapes for pump and output pulses were recorded by a LeCroy digital oscilloscope

(Wave pro 7100, 10 G samples/s, I GHz bandwidth).
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Fig. 2.4.3 Experimental results for the optically pumped AlGalnAs 1570-nm laser operated at
the water temperature of 10°C at pump repetition rates of 20, 30, 40, and 60 kHz.
Inset shows typical lasing spectrum obtained with 1.0 W of average pump power at

a repetition rate of 30 kHz
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Typical oscilloscope traces of pump and output pulses are shown in Fig.
2.4.4.With the finest alignment, the pulse-to-pulse amplitude fluctuation was found to
be within +£10%, which is mainly attributed to the instability of the pump beam. As
shown in Fig. 2.4.3, the average output power at a repetition rate of 30 kHz initially
increases with the pump power and begins to saturate at 135 mW at an average pump
power greater than 1.25W. Similarly, the conversion efficiency at a repetition rate of
20 kHz is reduced significantly at the average pump power greater than 1.0W and the
maximum average output power is saturated at approximately 115mW. The reduction
of the conversion efficiency at higher pump powers mainly comes from the

gain-saturation effect.
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Figure 2.4.4 (a) Typical oscilloscope trace of a train of pump and output pulse and (b) expanded

shapes of a single pulse
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Figure 2.4.5 shows the output peak power as a function of pump peak power at a
repetition rate of 20 kHz. The maximum output peak power is found to be 290 W at
a pump peak power of 2.3 kW. With the transmission of the output coupler of 5%, the
maximum intra-cavity lasing power can be calculated to be 5.8 kW. We use the
formula A = () to calculate the lasing mode area, where oy is the lasing mode size.
Using wr, = 250 um, the lasing mode area and the saturation intensity of the gain chip
can be found to be 0.002 cm” and 2.9 MW/cm?, respectively. This value was two
orders of magnitude higher compared to conventional solid-state laser crystals
because of its shorter fluorescence decay time. To confirm the gain-saturation effect
we used a pulsed semiconductor laser at 1.57 um to measure the transmittance versus
the excitation intensity with the 'z=scan method." sThe excitation pulse energy and
pulse width were 3 pJ and*50 ns, respectively. The pump radius was varied from
0.01 to 0.1 cm. As a consequence, the excitation fluence,was in the range of 0.1-10

mJ/cm”® and was comparable to the fluenice in the.present laser cavity.
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Fig. 2.4.5 Experimental results for the peak output power as a function of peak pump power at a

repetition rate of 20 kHz
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As shown in Fig. 2.4.6, the transmittance of the gain material exceeds 85% at the
excitation intensity higher than 3.0 MW/cm®. Therefore, the number of QWs in the
gain chip needs to increase to overcome the gain-saturation effect for scaling up the
output peak power. On the other hand, the lower conversion efficiency at 60 kHz is
speculated to arise from the longer pump pulse width at this repetition rate leading to
the heavier heating effect. We examined the dependence of lasing efficiencies on

the water temperature to investigate the influence of the thermal effect.
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Fig. 2.4.6 Experimental results for the transmittance of the gain chip versus the excitation

intensity at 1.57 um

Figure 2.4.7 depicts the input—output characteristics for the water temperatures of
10, 15, 20, and 25°C at a repetition rate of 30 kHz. Increasing temperature can be
seen to lead to a certain reduction in the lasing efficiency. Compared with the
experimental results shown in Fig. 2.4.3 it can be found that the maximum output

power at 20°C at a repetition rate of 30 kHz is almost comparable with that at 10°C at
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a repetition rate of 60 kHz. As a result, we estimate the overall temperature of the
gain chip at 60 kHz to be approximately 10° higher than that at 30 kHz. However,
further investigation is required to analyze the influence of the heating dynamics on
the conversion efficiency. Finally, it is worthwhile mentioning that even though the
present slope efficiency is not better than the methods based on the nonlinear
wavelength conversion, the present pump threshold is generally lower than of the
approaches with SRS and OPO processes. Furthermore, there is some room for
optimizing the output performance. One promising way for improving the slope
efficiency is to reduce the quantum defect by using a pump laser with longer

wavelength and gain chip and with a proper absorption barrier.
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Fig. 2.4.7 Input—output characteristics for the water temperatures of 10, 15, 20, and 25°C at a

repetition rate of 30 kHz
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2.4.3 Conclusion

We have reported a high-repetition-rate high-peak-power AlGalnAs 1.57-pym TEMO0O
laser driven by a diode-end pumped actively Q-switched Nd:GdVO, 1.06-um laser.
The active region comprised 30 groups of two AlGalnAs quantum wells grown on a
Fe-doped InP substrate and each group was spaced at half-wavelength intervals by
barrier layers. With an average pump power of 1.25 W, an average output power of
135 mW was produced at a repetition rate of 30 kHz. The maximum peak power was

up to 290 W at a peak pump power of 2.3 kW and a pulse repetition rate of 20 kHz.
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2.5. AlGalnAs quantum well 1.57um laser (in-well pumping)

2.5.1 Experimental setup

Figure 2.5.1 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 pump mode.
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Fig. 2.5.1. The schematic of the AlGalnAs/InP eye-safe laser at 1555 nm. The pump source is an actively

Q-switched Nd:YVOj, laser at 1342 nm. HR: high reflection; HT: high transmission; PR:

partial reflection
To simplify the cavity structure, the resonator is designed to be a flat-flat cavity
stabilized by thermal lens effect of gain medium [1-2]. 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
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partial refection of 90% at 1555nm. The overall laser cavity length is approximately 5
mm.

However, a problem for in-well pumping scheme is the low pump absorption
efficiency, which limits the efficiency of the laser. Due to the shorter effective
thickness of quantum well, the active gain region has lower absorption at pump
wavelength. 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
[3-6]. The experimental result shows that the absorption efficiency was increased

from 45% to 65% when double chips were employed.

2.5.2 Experimental results and-discussion

Figure 2.5.2 shows th€ comparison ;of average output power of single gain chip
with in-well and barrier pumping. The maximum values shown in the two curves were
measured for the comparable incident pumping-pewer, 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.
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Fig. 2.5.2. The performance of AlGalnAs 1555-nm laser in the scheme of barrier (line
with empty-square) and in-well pumping (line empty-circle), respectively. The

in-well pumping scheme exhibits good performance in conversion efficiency.

Figure 2.5.3(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. In the process
of increasing the repetition rate for the given cavity and absorbed pump power, the
number of pump pulses increased per second, but the corresponding peak power of a
single pulse decreased. In the beginning of lower repetition rate, the instantaneous
high peak power resulted in a rapid temperature rise and the conversion efficiency
decreased. As a result, the average output power increased with increasing the
repetition rate due to decreasing the peak power. Further increasing the repetition rate,

the duty cycle of pump pulses increased and resulted in an average temperature rise as
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well as decrease of conversion efficiency. 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 [7]. However, the difference

from the published research is that the heating effect was enormously reduced in this

experiment. From the experimental result shown in figure 2.5.3 (a), the optimum

repetition rate was between 40 kHz and 60 kHz.
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Fig. 2.5.3 (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.

Figure 2.5.3(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.
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Fig. 2.5.4. The output characteristic was measured for the operation of different temperature.

The result shows the influence of thermal effect on conversion efficiency.
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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 figure 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 pumped by 1064-nm laser, the
optical conversion efficiency exceeds 3 times and over 20% of enhancement was
obtained. For the operation at the temperature of 9 °C, the output peak power at 1555
nm versus the absorbed pump power at pulse repetition rate of 20 kHz was measured

and shown in figure 2.5.5.
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Fig. 2.5.5. The output peak power of 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.
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At the pump peak power of 3.7 kW, the output peak power up to 0.52 kW was
generated. 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.

2.5.3 Conclusion

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.énhanced 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-.
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2.6. Summary

In this chapter, we give an overview of optically-pumped semiconductor lasers. The
optically-pumped semiconductor lasers (OPSLs) combine the approaches of
diode-pumped solid-states lasers and semiconductor quantum well vertical cavity
surface emitting lasers (VCESL) and draw on the advantages of both. The OPSLs
can generate a multi-watt, near-diffraction-limited output beam with good efficiency
in wavelength regions which are not covered by solid-state laser gain materials.

We have demonstrated the periodic AlGalnAs QW/barrier structure grown on an
Fe-doped InP transparent substrate was developed to be a gain medium in a
room-temperature high-peak-power nanosecond laser at 1.36 g m and 1.57 ym.
The maximum peak power was achieved 1.2kW and 290 W at 1.36 g mand 1.57 4 m,
respectively.

In addition, for power scaling up, we also have.demonstrated an optically
pumped high-peak-power=AlGalnAs/InP eye-safe laser by in-well pumping scheme.
The conversion efficiency s enhanced over three times compared with barrier
pumping scheme. Double gain chips weteused to increase the absorption efficiency
of pump laser and maximum output power and peak power was up to 300mW and

0.52kW.
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Semiconductor saturable absorber

3.1 Introduction of Q-switched laser

Q-switching is a method to generate laser pulses with short duration and high peak
power. In this method, the fast giant pulse is generated by allowing the pumping
process to build up a population inversion and gain inside the cavity without
oscillations. The Q-switching element has to be needed to introduce the losses inside
the laser cavity and alter the quality factor Q of the cavity to low values for a period
of time. Thus allowing storage of energy inside the gain medium and the population
inversion in the gain medium i increased to levels that are above threshold. When the
Q value of the cavity is switched to highvalues,a short; high peak power laser pulse
is generated.

Q switching is carried'out cither by-aetive-or-passive methods. Among the active
methods are electro-opticak,#acousto-optical and'mechanical devices. The active
Q-switches is driven by external driving sources such as Pockels cell voltage power
supply, RF oscillator nad rotating mirror, coupled with polarized optics, and are
usually expensive and bulky.

Contrary to active Q-switch method, the passive Q-switch is is a simple
optical element which utilizes the nonlinearity of the absorption at the some photo
flux. There is no need for external devices with high-voltage drivers and modulators
or polarizers. Therefore, it has several advantages: light weight, low cost, design
simplicity. It is worthy to note that the passive Q-switching process is a competition
between the saturation of the saturable absorber and the gain media. If the gain

medium saturates first, no Q-switch pulse will be developed. Cr*"YAG or Cr*-doped
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solids are attractive for passively Q-switching Nd-based lasers, mainly Nd:YAG lasers
because of its relatively large absorption cross-section and low saturation fluence of
around 1064nm.

On the other hand, with the progressing technology in epitaxial growth,
band-gaps of compound semiconductors can be engineered to cover almost the entire
range of the spectrum from visible to infrared, so that essentially all-solid-state lasers
may be Q switched by employing suitable-compound semiconductors. Semiconductor
based Q switched have the advantage that the absorption can be tuned to be so strong
that the length of the saturable absorber (SA) can be as short as several micro-meters
or even shorter. The cavity length can be few hundred micrometer to be a single
longitudinal mode microchip lasers that emit sub-nanosecond pulses with high pulse
energies and high peak powers in-adiffraction limited“output beam. Semiconductor
saturable absorber (SESA) or'SESAMs have:been widely applied in 1.06, 1.34 and

1.56pm with different semiconductor materials.

3.2 Motivation and background

3.2.1. Diode-pumped 1.06-pm passively Q-switched laser

Diode-pumped passively O-switched solid-state lasers that use saturable absorbers
have attracted significant attention because of their compactness and simplicity in
operation. Numerous saturable absorbers have been developed to replace the dyes
used in solid-state lasers, such as Cr*'-doped crystals [1-5] and semiconductor
saturable absorber mirrors (SESAMs) [6,7]. Nowadays, Cr*":YAG crystals are no
doubt the most used saturable absorbers in the 0.9—-1.2 pm spectral region. Although
InGaAs/GaAs quantum wells (QWs) have been utilized as SESAMSs, the lattice
mismatch leads to the limitation of the modulation depth that is defined as the

maximum absorption change between low and high intensities. As a consequence,
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the output pulse energies and the conversion efficiencies with InGaAs SESAMs are
generally significantly lower than those with Cr*":YAG crystals. It is, however,
commonly inconvenient to apply Cr*:YAG crystals as saturable absorbers in
conventional Nd-doped vanadate crystals because the absorption cross sections of
Cr*":YAG crystals are not large enough for the good Q-switched criterion [3,8—10].
Therefore it is highly desirable to develop a saturable absorber with a large absorption
cross section, a large modulation depth, and a high damage threshold.

The quaternary alloy of InGaAsP has been shown to be an important material for
optoelectronic device applications [11-13] because it can be grown epitaxially on an
InP substrate without lattice mismatch in the 0.84—-1.65 pum spectral region. Recently,
an InGaAsP multiple QW/barrier structure grown on a transparent InP substrate has
been successfully used as & semiconductor saturable absorber (SESA) in a 1.3 um
laser with a Q-switching efficiency (ratio of the O-switched output power to the cw
power at the maximum pump power)-of 27.6% [14].* Compared with InGaAsP
materials, the AlGalnAs quaternary alloy with a larger conduction band offset can
provide a better electron confinement covering the same wavelength region [15,16].
Although AlGalnAs/InP QWs have been used to fabricate high-performance uncooled
1.3 pum lasers [17,18], they have not yet been applied to be the saturable absorbers in
passively O-switched solid-state lasers.

In this chapter we demonstrate, for the first time to our knowledge, an AlGalnAs
saturable absorber with a periodic QW/barrier structure that can be used to achieve an
efficient high-peak-power and high average- power passively Q-switched 1.06 um
laser. With an incident pump power of 13.5 W, an average output power of 3.5 W
with a O-switched pulse width of 0.9 ns at a pulse repetition rate of 110 kHz was
obtained. The maximum peak power was greater than 36 kW. As the result of the

rather low nonsaturable loss, the overall Q-switching efficiency could be up to 80%.
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More important, damage to the absorber can be ingeniously avoided by the periodic

QW/barrier structure.

3.2.2. Diode-pumped 1.34-pum passively Q-switched laser

In recent years, the compact, diode-pumped passively Q-switched nanosecond laser
sources near 1.3 um have wide applications in many fields such as optical fiber
communication, micro machining, remote sensing, information storage. By inserting
the saturable absorber is the most efficient and easy way to realize methods for
obtaining short pulses from diode-pumped lasers. Recently, the saturable absorbers
including Co*":MgAl,,019[19], PbS-doped phosphate glasses [20,21] and V' ":YAG
[22,23] have been used as the saturable absorber in the passively Q-switched lasers at
1.3 pum.

In addition, the semiconductors hdve also-been utilized as saturable absorber
from 0.8~1.6um spectral=region in passively Q-switched and mode-locked lasers.
Up to now, the semiconductor saturable—abserber mirrors (SESAMs) have been
successfully designed for application to practical laser systems. The GaAs and InP
based substrate are two main types of materials for the SESAMs. A main advantage
of GaAs-based substrate is the availability of high-quality (Al)GaAs/AlAs distributed
Bragg reflector(DBRs) with a reasonable refractive index contrast and good thermal
properties. The semiconductor saturable absorber for 1.3um wavelength spectral
including InGaAs/GaAs quantum wells (QWs) [24], GalnNAs/GaAs QWs[25,26],
InAs/GaAs quantum dots(QDs)[27,28]. The InGaAs QWs for 1.3um SESAMs have
large insertion lose because of the high indium concentration resulting in significantly
strained layers on GaAs distributed Bragg reflectors(DBRs). The GalnNAs
SESAMs have to be postgrowth annealed to reduce nonradiative defects and to tune

the PL wavelength close to the lasing wavelength. The InAs QDs for 1.3um
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SESAMSs have lower nonsaturable loss, but the smaller modulation depth of QDs is so
difficult to scale up that the pulse energy is lower than QWs.

On the other hand, the quaternary alloy of InGaAsP and AlGalnAs have been
shown to be the important materials because they can be grown epitaxially on an InP
substrate without lattice mismatch in the 0.84-1.65um spectral region [29,30]. In
spite of lattice match with InP substrate, the overall performance of the DBRs on InP
substrates are hindered by the disadvantage of a small contrast between refractive
indices. Even though AlGaAsSb/InP and AlGalnAs/InP have been demonstrated to
be lattice-matched DBRs at 1.55 um VCSEL [31,32], it is more difficult for the 1.3
um wavelength because the choice of DBR becomes tighter. Nevertheless, the
DBRs are merely an optional structure for the cavity design of the passive O-switched
lasers. Without the use of“DBRs, the semiconductor saturable absorber (SESA) has
to be grown on a transparent: substrate. The Fe-doped IaP material is a particularly
useful substrate to grow the SESA for‘passively. O-switched Nd-doped or Yb-doped
solid-state lasers [33], since it is transparent at the:lasing spectral region. More
importantly, using an external output coupler is beneficial to the flexibility of the
cavity design and the optimization of the output coupler. The InGaAsP quantum
wells as a saturable absorber in the solid-state laser have been used in the Q-switching
and mode-locking operation in 1.3pum and 1.55pum wavelength spectrum [34-36].
Although of InGaAsP/InP QWs has been utilized as SESA, the carrier leakage from
the quantum well leads to the limitation of pulse energy and stability under high
temperature operation.

Figure 3.2.1 depicts the conduction band offset of AlGalnAs and InGaAsP
semiconductor. It can been shown that the reduced carrier leakage results from
AlxGayln].x-yAs/InP having a larger conduction band offset at the heterojunctions
compared to the smaller conduction band offset of In]_xGaxAsyP].y / InP, and this is
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very significant to prevent carrier leakage at high temperatures [37,38]. Recently,
AlGalnAs quantum wells have been successfully used as a semiconductor saturable
absorber (SESA) in 1.06um laser with high damage threshold, low nonsaturable loss
and high Q-switched efficiency [39].
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Figure. 3.2.1. Conduction band offset of AlGalnAs and InGaAsP semiconductor

In this chapter , we report., for the first time to our knowledge , the
AlGalnAs/InP QW/barrier structure grown on an Fe-doped InP substrate to be a
semiconductor saturable absorber(SESA) for a Nd:YVO, 1.34um laser .Compared
with InGaAsP/InP QWs, AlGalnAs/InP QWs has lower threshold , higher
Q-switching efficiency and higher peak power . With an incident pump power of
15W , the fifteen pairs AlGalnAs QWs has an average output power of 1.69W with a

peak power of 1.54kW and average pulse energy are 26.4 pJ .
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3.3. Diode-pumped 1.06pum passively Q-switched laser

3.3.1 Device fabrication and experiment setup

The present saturable absorber is an AlGalnAs QW/barrier structure grown on a
Fe-doped InP substrate by metal-organic chemical-vapor deposition (MOCVD).
Instead of the conventional S-doped InP substrate, a Fe-doped InP substrate is used
because it is almost transparent for light wavelengths greater than 940 nm. The
region of the saturable absorber consists of 30 groups of two QWs with the
luminescence wavelength around 1060 nm, spaced at half-wavelength intervals by
InAlAs barrier layers with the bandgap wavelength around 805 nm. It is worthwhile
to mention that, compared with a conventional SESAM structure, the missing DBR
significantly simplifies the strueture and thus growth and yield. Since the cavity
modes with lower losses always: dominate the lasing output, the lasing modes are
naturally the modes with the electric ficld -minima -along the periodic QWs.
Therefore the barrier layers are used not-only to confine the carriers but also to locate
the QW groups in the region of the nodes of the lasing standing wave.

The backside of the substrate'was mechanically polished after growth. Both sides
of the SESA were antireflection coated to reduce back reflections. Since the total
residual reflectivity of the antireflection-coated sample is approximately 5%, the
SESA device has to be aligned accurately in the tilt direction to recapture as much as
possible of the reflected light in the cavity mode. The initial transmission of the
SESA device at the wavelength of 1064 nm was measured to be approximately 70%.
With the z-scan method, the modulation depth was experimentally found to be
approximately 27% in a single pass. Furthermore, the total nonsaturable loss
introduced by the SESA was found to be lower than 2%. From the numerical
simulations of the SESA design, the saturation fluence is estimated to be in the range

of 1 mJ/cm?. The relaxation time of the SESA is of the order of 100 ns.
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Figure 3.3.1 depicts the experimental configuration for the passively O-switched

1.06 £ m Nd:YVOq laser with AlGalnAs/InP QWs used as a saturable absorber.
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Fig. 3.3.1. An experimental diagram of a diode-pumped passively Q-switched Nd:YVO, laser using a

periodic AlGalnAs QW/barrier structure as a saturable absorber. The lasing modes are

naturally to have the electric field minima along the periodic QWs.

The laser crystal is 8 mm long and doped with a 0.5% Nd** concentration. One side
of the Nd:YVO, was coated so as to be nominally highly reflecting at 1064 nm
(R>99.8%) and antireflection coated at 809 nm (7>90%). The other side was
antireflection coated at 1064 nm (R<0.2%). The pump source was a 15 W 809 nm
fiber-coupled laser diode with a core diameter of 800 m and a numerical aperture of

0.16. A focusing lens with a 16.5 mm focal length and 85% coupling efficiency was

used to reimage the pump beam into the laser crystal. The pump spot radius was
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around 350 um. The reflectivity of the output coupler is 54% at 1064 nm. The
overall Nd:YVO; laser cavity length was approximately 25 mm. The SESA device
was positioned in the middle of the cavity to enable the lasing modes spontaneously to

have their field nodes near the QWs.

3.3.2 Experimental result and discussion
Figure 3.3.2 shows the average output powers at 1064 nm with respect to the incident

pump power in cw and passively Q-switching operations.
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Fig. 3.3.2. Average output powers at 1064 nm with respect to the incident pump power in cw

and passively Q-switching operations.

The cw performance at 1064 nm provides the baseline for evaluating the
passively O-switched efficiency. Without the SESA in the cavity, the cw laser at 1064
nm had an output power of 4.4 W at an incident pump power of 13.5 W. In the
passively O-switching regime, an average output power of 3.5 W was obtained at an

incident pump power of 13.5 W. The O-switching efficiency (ratio of the Q-switched
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output power to the cw power at the maximum pump power) was found to be close to
80%. This O-switching efficiency is considerably better than the results obtained with
an InGaAs SESAM [1]. The pulse temporal behavior was recorded by a LeCroy
digital oscilloscope (Wavepro 7100, 10 G samples/s, 1 GHz bandwidth) with a fast
p-i-n photodiode. Figure 3.3.3 shows the pulse repetition rate and the pulse energy
versus the incident pump power. The pulse repetition rate increases monotonically
with the pump power up to 110 kHz. On the other hand, the pulse energy increases
with the incident pump power little by little, from 22 pJ at the threshold of 3 W to
33uJ at an incident pump power of 13.5 W. The increase of the pulse energy with
increased pump power may come from the thermal effects that induce changes of the

mode sizes on the gain medium and-the SESA device.
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Fig. 3.3.3. Experimental results for the pulse repetition rate and the pulse energy versus incident

pump power.

Figure 3.3.4 shows the peak power and the pulse width (FWHM) as a function of
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the incident pump power. A typical oscilloscope trace of a train of output pulses and
an expanded shape of a single pulse are shown in Fig. 3.3.5. Under the optimum
alignment condition, the pulse-to-pulse amplitude fluctuation was found to be within
+5%. As seen in Fig. 3.3.4, the pulse width decreases rather slowly from 1.6 ns at
the threshold of 3 W to 0.9 ns at an incident pump power of 13.5 W. As a
consequence, the peak power of the passively O-switched Nd:YVO4 laser increases
from 14 kW at the threshold of 3 W to 36 kW at an incident pump power of 13.5 W.

The overall performance can parallel the results obtained with Cr*":YAG crystals
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Fig. 3.3.4. Experimental results for the peak power and the pulse width (FWHM) as a function of the

incident pump power.
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Fig. 3.3.5. (a) typical oscilloscope trace of a train of output pulses and (b) expanded shape of

a single pulse.

3.3.3 Conclusion

In summary, a periodic AlGalnAs QWo/barrier structure grown on a Fe-doped
substrate was used as a saturable absorber for the Q-switching of a high power
diode-pumped Nd:YVO; laser operating at 1064 nm. The barrier layers play a role not
only to confine the carriers but also to locate the QW groups in the region of the
nodes of the lasing standing wave to avoid damage. Stable O-switched pulses of 0.9
ns duration with an average output power of 3.5 W and a repetition rate of 110 kHz
were obtained at an incident pump power of 13.5 W. The remarkable performance
confirms the prospect of using AlGalnAs QWs as saturable absorbers in solid-state

lasers.
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3.4. Diode-pumped 1.34pum passively Q-switched laser

3.4.1 Device fabrication and experiment setup

This AlGalnAs QW/barrier structure grown on an Fe-doped InP substrate by
metal-organic chemical-vapor deposition (MOCVD). The saturable absorber region
includes fifteen (15) groups of two QWs with bandgap wavelength around 1.34pum,
spaced at half-wavelength intervals by AlGalnAs barrier layers with the band-gap
wavelength around 1.06um. It is important that the barriers layers with strong
absorbance at 1.06pum are designed not only to confine the carriers but also to locate
the QW groups in the region of nodes of the lasing standing wave. It is worthwhile
to mention that the AlGalnAs material system has larger conduction band offset than
the most widely used InGaAsP syStem and this larger conduction band offset has been
confirmed to yield better electron confinement in the’conduction band and higher
temperature stability. The backside of the substrate was.imechanically polished after
growth. Both sides of the’ SESA were antireflection (AR) coated to reduced back
reflections and couple-cavity,effects:

Fugure3.4.1 shows the transmission spectrum of the AR-coated AlGalnAs/InP
and InGaAsP/InP saturable absorbers at room temperature. It can be seen that the
strong absorption of the barrier layers leads to low transmission near 1.06um. The
initial transmissions at 1.06um and 1.34um for AlGalnAs/InP are 0.06 and 0.67
respectively. The modulation depth of the AlGalnAs/InP semiconductor saturable
absorber (SESA) is experimentally estimated to be approximately 28% in a single
pass, so in total 56% for a cavity roundtrip. With the numerical stimulations of the
SESA design, the saturation fluence is estimated to be in the range of 32uJ/cm”.The
recovery time and optical damage threshold of the SESA are approximately 30~50ns

and 500~600MW/cm?, respectively.
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Fig3.4.1 The transmittance spectrum at room temperature for the AR-coated AlGalnAs saturable

absorber

Figure3.4.2 depicts the experimental configuration for the passively Q-switched
1.34-um Nd:YVOy laser by use of AlGalnAs/InP QWs as a saturable absorber. The
active medium was a 0.5% 3x3x7mm long Nd:YVOy crystal. Both sides of the laser
crystal were coated of antireflection at 1.34-um(R<0.2%). The pump source was a
15W 808nm fiber-coupled laser diode with a core diameter of 600pm and a numerical
aperture of 0.16. A focusing lens with a 16.5mm focal length and 90% coupling
efficiency was used to re-image the pump beam into the laser crystal. The pump
spot radius was around 320um. The input mirror was a 500mm radius-of-curvature
concave mirror with antireflection coating at the diode wavelength on the entrance
face(R<0.2%), high-reflection coating (HR) at the lasing wavelength(R>99.8%) and a
high-transmission coating at the diode wavelength on the other surface(T>90%).

Note that the laser crystal was placed near the input mirror (<Imm) for the spatial
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overlap of the transverse mode structure and pump power distribution. The
AlGalnAs/InP QWs SESA was mounted on a copper heat sink with active water
cooling. The reflectivity of the output coupler is 94% at 1342nm. The overall
Nd:YVOslaser cavity was approximately 30mm.  The cavity losses introduced by
the pump mirror and output coupler are approximately 0.48 and 0.0065 for
wavelength at 1.06pm and 1.34pm. The total non-saturable loss introduced by the
SESA is lower than 0.3.  Without the SESA in the cavity, the cavity loss can be
introduced by resonator mirrors at 1.34 um under cw operation. However, the gain
of Nd:YVOgsat 1.06 um is so larger than at 1.34 um that we use the AlGalnAs SESA

to give the extra gain suppression at 1.06pum for the Q-switching operation at 1.34um.

Laser diode System

Output coupler R=94%
at 1342 nm

HR at 1342 nm
HT at 808 nm, R=500cm

Fig.3.4.2 An experimental setup of a diode-pumped 1.34pm passively Q-switched Nd:YVO, laser.

3.4.2 Experimental results and discussions
Figure 3.4.3 shows the average output powers at 1342 nm with respect to the incident
pump power in cw and passively Q-switching operations. Without the SESA in the

cavity, the cw laser at 1342 nm had a slope efficiency of 30.7% and an output power
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of 3.95Wat an incident pump power of 14W. In the passively O-switching regime
with AlGalnAs saturable absorber an average output power of 1.53Wwas obtained at
an incident pump power of 14W. The Q-switching efficiency (ratio of the
O-switched output power to the cw power at the maximum pump power) was found to
be 45%. This O-switching efficiency is considerably higher than that obtained with

an InGaAsP SESA and the threshold is also lower than that of InGaAsP SESA.
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Fig.3.4.3 Average output power at 1342 nm with respect to the incident pump power in cw and

Q-switching operation

However, the pulse trains of InGaAsP would become unstable above 8W of
incident pump power in CW operation. In order to compare the AlGalnAs and
InGaAsP quantum well saturable absorber, we took the pulse operation with
200/800us for analysis of pulse energy and pulse peak power. Figure3.4.4 shows the
pulse energy versus the incident pump power. The pulse energy increases with the

pump power from 23 to 31uJ. Obviously, the pulse energy of AlGalnAs SESA is
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larger than that of InGaAsP SESA.

Pulse pumping 200/800 ps
- —m—2x15 /2 AlGaInAs/InP
| —e— 1x15 InGaAsP/InP
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Fig.3.4.4 Experimental result for the pulse energy with respect to the pump power under pulse

It was believed that the higher conduction band offset of AlGalnAs can prevent
carrier leakage at high temperatures and therefore have higher temperature stability
than InGaAsP. Figure 2.4.5 shows the peak output power with respect to the incident
pump power under pulse pumping operation. The pulse with of the AlGalnAs and
InGaAsP were both from 17 ns to 23ns such that the peak power can be achieved to
1.0-1.6 kW. The pulse temporal behavior was recorded by a LeCroy digital
oscilloscope (Wavepro 7100, 10 G samples/sec, | GHz bandwidth) with a fast p-i-n
photo diode. A typical oscilloscope trace of a train of output pulses and an expanded
shape of a single pulse are shown in Fig. 2.4.6. Under the optimum alignment
condition of AlGalnAs saturable absorber, the pulse-to-pulse amplitude fluctuation

was found to be within £5%. The pulse width was measured to be 19 ns.
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3.4.3 Conclusion

The AlGalnAs QW/barrier structure grown on a Fe-doped substrate was used as a
saturable absorber for the Q-switching of a diode-pumped Nd:YV Oy laser operating at
1342 nm. An average output power of 1.53W was obtained at an incident pump power
of 1.4W and Q-switching efficiency of 45% was higher than that of InGaAsP. The
present result indicates the temperature stability of AlGalnAs is better than InGaAsP
such that AlGalnAs based SESA is promising candidate to develop high-performance

Nd-doped 1.34pum passively Q-switched laser.
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3.5. Summary

In this chapter, we have demonstrated a periodic AlGalnAs QW/barrier structure
grown on a Fe-doped substrate was developed to be a saturable absorber with large
absorption cross section, large modulation depth, and high damage threshold in
diode-pumped Nd:YVOy laser operating at 1064 nm. The barrier layers play a role
not only to confine the carriers but also to locate the QW groups in the region of the
nodes of the lasing standing wave to avoid damage. Stable Q-switched pulses of 0.9
ns duration with an average output power of 3.5 W and a repetition rate of 110 kHz
were obtained at an incident pump power of 13.5 W.

On the other hand, we also have demonstrated AlGalnAs QW/barrier
structure grown on a Fe-doped substrate as a saturable absorber for the O-switching of
a diode-pumped Nd:YVOy*laserpoperating at 1342 nm. Compared with InGaAsP,
AlGalnAs have larger conduction band offset which can-reduce carrier leakage and
get higher temperature stability. . Therefore, AlGalnAs“based SESA is promising

candidate to develop high-performance Nd-doped 1.34pm passively Q-switched laser.
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Semiconductor saturable absorber (SESA) for
mode-locked laser

4.1 Introduction
Ultra-short pulses are generated using mode-locked lasers and are defined as having a
pulse duration of a few tens of picoseconds at the very most. De Maria et al. [1]
produced the first ultrashort pulses just six years after Maiman’s first laser was
demonstrated. Employing this technique, which phase-locks the longitudinal modes
of the laser, the pulse width is inyersely related to the bandwidth of the laser emission
Consider a laser cavity,with many aXial modes of distance dw = ¢/2L, where L is
the cavity length and c is the speed of light. All the modes inside the gain-bandwidth
of the laser material can ‘oscillate, given that they reach the threshold. The emitted
electrical field is a superposition of the contribution of each mode:

E(t) = HHZ_I:)/Z E, (t) exp {i[27(w, +kSw)t +®| 1} (1)

k=-(n-1)/2

Here, wy denotes the center frequency (i.e., the frequency of the central axial mode),
Ex(t) and @y refer to the amplitude and the phase of mode k, respectively. Generally,
as each mode is subject to random fluctuations, its phase @y is not correlated to that of
the adjacent modes. Both the electrical field E(t) and the intensity I(t) are statistically
varying functions of time, incoherent and without regular temporal structure. If it can
be arranged that all the modes oscillate in phase, i.e., in the case of @y — Oy | = AD =
const., then the resulting electrical field becomes a temporally well-defined periodic
function of time. When considering n oscillating axial modes with constant phase

difference A® and the same amplitude Eo, (1) yields
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E(t) +(n+l1)/2 Sin( )
—== > exp(i-@,-1)-exp(i-k-6w-1)=exp(i-a, 1) )
0 k=(nil)/2 sin ow - t)
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It can be described by a train of short pulses, temporally spaced by the cavity
roundtrip time 1, = 1/6w = 2L/c. In this way, the superposition of the electrical field of
all the phase-locked axial cavity modes can be explained by a single optical pulse,
circulating inside the cavity. After each roundtrip, i.e., after the time 1,, a certain
fraction of the circulating pulse is ejected from the cavity and a periodic signal with
repetition rate vy, = 1/1, can be detected. It can be seen from (2) that the pulse
duration Art, is getting shorter when the number of locked modes increases. From the

same equation, At, can be estimated:as

T
Ap 2o b1 3)
n

noov,,

Assuming that all axial modes inside a rectangular ‘gain profile of the laser medium

can be coupled together, the pulseiduration can finally be approximated by
Az, ; — 4)

where Aw is the line width of the laser transition, i.e., the width of the gain profile
Therefore, a laser medium with a large gain-bandwidth is required for the generation
of ultrashort laser pulses. In single axial mode operation, the laser can generate
either continuous-wave (cw) or pulsed output, in the case when Q-switching is
employed. Accordingly, phase locking of the axial modes can either lead to CW mode
locking or Q-switched mode locking, where the train of mode-locked ultrashort pulses
is additionally modulated by a superposed Q-switched process. For the generation of
ultrashort pulses of high stability, the laser is typically operated in the regime of CW

mode locking. However, depending on the actual method of mode locking applied,

59



the tendency for Q-switched mode locking cannot be eliminated completely.

The different techniques for mode locking are classified in two main categories,
active and passive mode locking. Active mode locking generally refers to the case
where the radiation in the laser cavity is actively modulated by an external signal with
a repetition rate matched to the cavity roundtrip time. In the passively mode locking,
the radiation itself in combination with an intra-cavity nonlinear device provides the
necessary modulation.

Passive mode locking generally implies the insertion of a saturable absorption
inside the cavity, which, in the most general case, is an element that generates high
losses at low intensities and low losses at high intensities. Today, most commercial
passive mode locked cw lasers issbased on the saturable absorption in semiconductors.
In these devices, multiple® quantum=well (MQW) 'stfuctures provide a resonant
nonlinear absorption at the laser wavelength. The nonlinear element comprises a thin
multilayer quantum well structure monolithically embedded between two reflective
surfaces forming a Fabry—Perot resonator. Absorbed energy from the pulse causes
carrier recombination in the quantum wells that leads eventually to absorption
bleaching. The combination of the saturable absorber and mirror surfaces causes the
reflectivity of the device to increase with increasing intensity. The advantage of a
SESAM lies in the inherent simplicity, the device essentially replaces the rear mirror
of the laser resonator.

In this chapter, we demonstrate the continuous-mode-locked Nd:Y VO, laser

at 1342 nm by using AlGalnAs semiconductor saturable absorber.
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4.2 Motivation and background

Diode-pumped solid-state lasers at 1.3um have a wide variety of applications such as
telecommunication, fiber sensing, ranging, and data storage. As a potentiality,
numerous Nd-doped crystals have been employed for developing 1.3-um lasers at
continuous-wave (cw) or pulsed operation [1-6]. Passive mode locking with
GaAs-based semiconductor saturable absorber mirrors (SESAM) has been extensively
used for the generation of ultra-short pulses in the 0.8—1.1-um spectral 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 exploited to design
SESAMSs near 1.3 um and 1.5 pm.« One approachsis the use of the quaternary alloy
GalnNAs quantum wells (QWs) with-low nitrogen coneeéntrations in the active region
[9-11]; the other technique.is the use of the InAs/GaAs quantum-dot (QD) multilayer
structures [12]. Nevertheless, the characteristic. of the GalnNAs QWs is subject to
drastic bandgap blue-shift ‘when exposed to annealing. On the other hand, the
epi-wafer of the InAs QDs usually suffers: from the uniformity of optical
characteristics. Therefore, it is highly desirable to develop a superior 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 substrate without lattice mismatch in the 0.84-1.65um spectral region, they
have been confirmed to be promising materials for optoelectronic devices [13, 14].
The InGaAsP QWs have been used as saturable absorbers in Q-switched lasers at 1.34
pum [15, 16] and mode-locked lasers at 1.55 pum [17]. Compared with InGaAsP
materials, the AlGalnAs quaternary alloy with a larger conduction band offset can
provide a better electron confinement covering the same wavelength region [18, 19].

Although AlGalnAs/InP QWs have been designed to passively Q-switch lasers at
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1.06- ym and 1.56- . m [20, 21], they have not yet been exploited to mode-lock a
laser.

In this chapter, we design and fabricate AlGalnAs QWs to be a saturable
absorber in a diode-pumped Nd:YVO, laser at 1.34 pm. With an incident pump
power of 13.5W, we obtain an average output power of 1.05W with a stable
continuous-mode-locked pulse train at a repetition rate of 152MHz. The pulse

duration is found to be approximately 26.4 ps.

4.3. Diode-pumped 1342-nm NdYVO, passively mode-locked laser
4.3.1 Device fabrication and experiment setup

The AlGalnAs QWs, used as a saturable absorber in a mode-locked 1.34um laser, was
grown on Fe-doped InP substrate by metal organic chemical-vapor deposition
(MOCVD). Instead of the conventional S-doped InP' substrate, a Fe-doped InP
substrate was used because it almost has'no absorption for the light wavelength
greater than 940 nm. Since the Fe-doped-InP-substrate is transparent at 1.34 um, the
function of the distributed Bragg reflector in the SESAMs device can be replaced by
an external mirror. The saturable absorber 1s formed by two AlGalnAs QWs with
the band-gap wavelength near 1.34 pum, spaced at quarter-wavelength intervals by
AlGalnAs barrier layers. The backside of the substrate was mechanically polished
after growth. The both sides of the SESA were coated for antireflection (AR) at 1.34
um to reduce the couple cavity effects. Unlike for the saturable absorber based on
InAs/GaAs QDs [12], the peak wavelength of the photoluminescence spectrum for
AlGalnAs QWs almost does not vary with the position 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 transmission of the SESA device at the

wavelength of 1.34 um was measured to be approximately 97.5%. Figure 4.3.1
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shows the transmittance spectrum at room temperature for the AR-coated
AlGalnAs/InP saturable absorber. The total non-saturable loss introduced by the
SESA was found to be less than 0.7%. According to the experimental results, the
saturation fluence is estimated to be in the range of 20 puJ/cm? and a modulation depth

1s about 1.8%.
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Fig.4.3.1. Transmittance spectrum at room temperature for the AR-coated AlGalnAs saturable

absorber. Inset: schematic diagram of the AlGalnAs QW structure, where s the

value of lasing wavelength.

Figure 4.3.2 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 pm (R<0.2%) and a wedge-cut

angle 0.5°. The laser crystal was wrapped with indium foil and mounted in a
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water-cooled copper block and the water temperature was maintained at 20°C.

Coupling lens Wedged
0.3% Nd:YVO,

=2% AIGaInAs
1342 nm
‘E‘E::::::::::::::::::::t lllllllllllllllllllll’

output coupler

R=94% at 1342nm
Fig. 4.3.2. Schematic of a diode-pumped self-starting continuous-mode-locked Nd:YVO, laser at
1342nm. LD, laser diode

The pump source was a 16-W fiber coupled laser diode at 808 nm with a core
diameter of 800 um and a ‘numerical apérture (N.A.) 0f0.16. Focusing lenses with
17.5-mm focal length and-85% coupling efficiency-were.used to reimage the pump
beam into the laser crystal’* The pump-spotradius was approximately 350 um. The
laser cavity consisted of one mput mirror; two high-reflection (HR) concave mirrors,
M1 and M2, at lasing 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, a HR coating at the lasing wavelength (R>99.8%), and a high-transmission (HT)
coating at 808nm (T>90%) on the other face. Note that the laser crystal as 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.
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4.3.2 Experimental result and discussion

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
3.3.3 depicts the average output power at 1342 nm with respect to the incident pump

power in cw operation and in cw mode-locked operation.
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Fig. 4.3.3 Average output power at 1342nm versus incident pump power in cw and mode

locked operations.

In the cw regime the laser had a slope efficiency of 21.4%; the output power
reached 2.3W at an incident pump power of 13W. 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 revealed that the stable cw mode locking could be
realized within the range of the pump power from 4.5 W to 12.3 W.  As shown in Fig.

4.3.3, the laser had a slope efficiency of 11%; the output power reached 1.05 W at an
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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 because of the thermal effects.
It is worth noting that we did not observe any optical damage in the AlGalnAs
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 photo-diode.
Figure 4.3.4(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.

20ns/div

J A

Fig. 4.3.4. (a) Typical oscilloscope trace of a train of mode-locked output pulses;

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 profile, the pulse duration was found to be approximately 26.4 ps,
as shown in Fig. 4.3.5. The spectral properties of the laser were monitored by an
optical spectrum analyzer (Advantest Q8347) with a resolution 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 bandwidth might arise from the

etalon effect of the thin AlGalnAs QWs device. It is expected that the etalon effect
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can be effectively reduced by use of a high-quality AR coating on the both surface of

the InP wafer.

12 | | | | | |

[
o

o
(o]

Correlation intensity (a. u.)
o o
H »

o
N

I I I
80 60 40 -2 O 22 40 60 &

Tine delay (ps)

Fig. 4.3.5 Autocorrelation trace of the output pulses.
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4.4. Summary and conclusion

We have designed AlGalnAs QWs grown on the Fe-doped InP substrate to be a
saturable absorber for self-starting continuous-mode-locked Nd:Y VO, 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 average 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.
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Summary and future works

A periodic AlGalnAs QW/barrier structure grown on a Fe-doped substrate was used to
not only be a saturable absorber for the 1064nm and 1342nm passively Q-switched
and mode-locked lasers but also to be a gain medium for the 1360nm and 1570nm
optically-pumped semiconductor lasers.

In passively Q-switched lasers, we have demonstrated that the AlGalnAs QWs
based SESA is promising candidate to develop high-performance Nd-doped passively
Q-switched laser. Compared with InGaAsP, AlGalnAs have larger conduction band
offset which can reduce cartier leakagé and get higher temperature stability. And the
barrier layers play a rolemot only to confine'the carrierstbut also to locate the QW
groups in the region of the nodes of -the lasing standing wave to avoid damage.
Therefore, in 1.06um PQS laser , stable O-switched pulses of 0.9 ns duration with an
average output power of 3.5 W and a repetition rate of 110 kHz were obtained at an
incident pump power of 13.5 W. The remarkable performance confirms the prospect
of using AlGalnAs QWs as saturable absorbers in solid-state lasers.

In passively mode-locked lasers, we have designed AlGalnAs QWs grown on the
Fe-doped InP substrate to be a saturable absorber for self-starting
continuous-mode-locked Nd:YVOq 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 average output power for the cw
mode-locked operation was 1.05 W at an incident pump power of 12.3 W.

In optically-pumped semiconductor lasers, we have demonstrated the periodic

AlGalnAs QW/barrier structure grown on an Fe-doped InP transparent substrate was
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developed to be a gain medium in a room-temperature high-peak-power nanosecond
laser at 1.36pum and 1.57um. The quantum wells are separated by half-wavelength
thick AlGalnAs barriers and designed to be located at the antinodes of the intra-cavity
standing wave field to enhance the interaction between a standing wave optical field
and an active medium. The maximum peak power was achieved 1.2kW and 290 W
at 1.36um and 1.57um, respectively. For power scaling up, we also have
demonstrated an optically pumped high-peak-power AlGalnAs/InP eye-safe laser by
in-well pumping scheme. The conversion efficiency is enhanced over three times
compared with barrier pumping scheme. Double gain chips were used to increase the
absorption efficiency of pump laser and maximum output power and peak power was
up to 300mW and 0.52kW. «Fer optically-pumped semiconductor lasers, the
performance of AlGalnAs quantum wells grown on InP substrate without DBR has
been studied through many ways. We tried-to analysissthe effect of temperature,
pumping spot size, different actively Q=switched. frequeney (or different duty cycle),
different cavity setup (cavitydength,output coupler).and improved the performance of
AlGalnAs quantum well laser in the room=témperature.

In the future, we will try to deal with the thermal problems of optically-pumped
semiconductor laser such that the OPSLs can be operated in the cw-mode. The ways
to deal with the heat of OPSLs are substrate removal and bonding a heat-spreader to
the semiconductor gain chip. Furthermore, we will also try to develop the 1.2um
and 660 nm (red) optically-pumped semiconductor laser.

In addition to be the saturable absorber and gain medium, many physical
phenomena can be observed in semiconductor. Some topics like Rabi oscillation, slow
light, PL spectrum, and exciton-polariton in semiconductor microcavity are
interesting and important to understand the dynamic of the carrier in the

semiconductor.
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