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1. Introduction
The basis of optical fiber amplifiers is the pump diode laser, their optical power supply. The
availability of cheap and reliable pump diode lasers enabled optical amplifiers, in the form of erbium
doped fiber amplifiers (EDFA), to conquer the long distance communication market [1].
Pump diode lasers are also enablers of fiber lasers (FL) [2] for material processing, ytterbium/erbium
co-doped fiber amplifiers (YEDFA) for TV and fiber to the home (FTTH) distribution, and, more
recently, direct diodes (DD) for printing and material processing. Pump lasers are also serving as
versatile optical power supplies for active optics.
Nonlinear processes require high power diode lasers, like pump diode lasers, but with severe
additional specific requirements on the amplitude and phase noise. High power laser diodes are
enabling fiber amplifiers based on the Raman effect [3] as well as visible light generation in
periodically poled lithium niobate (PPLN) waveguides and crystals [4].

1.1. Optical Power Supply
Pump diode lasers, being optical power supplies, have to perform with respect to transferred power
efficiency and reliability. Thus, the pump diode has to be matched to the etendue (E) and absorption
spectrum of the optical load, has to minimize the (parasitic) resistance to the electrical power supply,
and has to allow for efficient removal of the dissipated heat. In order to model, design for
redundancy, and to meet the required low failure rate in the field, an exact understanding of the
reliability is essential.
Pump diode lasers serve many different markets and are based on a variety of technologies. Here we
concentrate on fiber coupled pump lasers in the 9xxnm (900nm to 1100nm) and the 14xxnm (14001500nm) band. We also include fiber coupled 14xxnm high power diode lasers for Raman
amplification and 9xxnm high power diode lasers for consumer application.
There is a huge literature, even within this limited scope, of fiber coupled devices in the two
wavelength bands. We concentrate on referring to the origin of innovations and progress in the last
few years, quoting articles, as well as patents.

1.2. Telecom Optical Amplifiers
Until five years ago, the development of high power pump and diode lasers was mainly driven by the
demands of the telecommunication industry. Since the last review in this series of books [5],
investments from the telecom industry have been dramatically reduced. The limited resources have
been concentrated on scaling down fabs (while not losing the recipe) and on device cost reduction
rather than performance improvement. Consequently, progress has slowed down; the field of pumps
diode has matured. Section 2 is dedicated to 980nm pump laser diodes and section 3 to 1480nm
pump lasers and 14xxnm high power diode lasers.
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1.3. Power Photonics
Even before telecom applications, pump diode lasers have been used for DPSSLs (diode pumped solid
state lasers), mostly for 808nm pumping of Nd-YAG 1060nm rod lasers. 808nm pumps diode for low
power densities and low cost were developed to compete against the established pump technology
(tungsten lamp) and to adapt to the system characteristics (high pump photon defect heating, nonhermetic, large etendue pump input).
With the demonstration of a diffraction limited fiber laser exceeding 100W [6], based on “all fiber”
telecom technology, the ground was prepared for converging telecom and industrial pump
technologies. This technology, often called “Power Photonics” is all fiber based, all solid state, highly
efficient, reliable and completely free of open surfaces. The development has been spectacular, as
demonstrated with the commercial availability in summer 2007 of a continuous-wave (cw) 3kW
diffraction limited fiber laser, all fiber based, and powered up with multimode pigtailed pumps. This
progress is driven by push from telecom technology, looking to find new markets, and by pull from
the industrial side and technology programs (BRIOLAS) [7], SHEDS and ADHELS [8]).
In section 4 we review the status of multimode (MM) pigtailed pumps, as they are used for cladding
pumping fiber lasers, YEDFAs and for direct diode applications. Section 5 is dedicated to the topic of
increasing radiance by combining diode lasers, and section 6 is a short review on pump VCSELs.

2. Single Mode Fiber 980nm Pumps
Today, C and L band EDFAs are preferably pumped at 980nm, resulting in lower noise figure, lower
overall power consumption [9], and providing ample power since the availability of reliable high
power, Peltier cooled 980nm pump modules.
Undersea intercontinental links, based on dense wavelength division multiplexing (DWDM), impose
the most demanding requirements on single mode fiber 980nm pump diodes. For the undersea
application highly efficient and reliable pump modules operating over a wide temperature range
(without Peltier temperature stabilization) had to be developed.

Figure 1: Performance of an uncooled 980nm MiniDIL for undersea systems (courtesy Bookham)
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2.1. Materials for 980nm Pump Diodes
Initially, 980nm diode lasers for EDFAs were not available and DWDM systems were using 1480nm
pumps. No lattice matched material on GaAs or InP substrate with the corresponding bandgap is
available. In the early eighties, strain was considered to lead to unreliable devices. Still, work was
done on strained InGaAs quantum wells (QW) on GaAs substrate to investigate the possibility of
threshold reduction through strain induced changes in the density of states. It was soon discovered
that adding indium improved the stability of GaAs [10], [11], [12], [13]. Today, the benefits of
strained InGaAs QW for high power diodes from 900 to 1100nm (often categorized as “9xxnm
range”), fabricated by either MOVPE or MBE, are well understood. In addition, different technologies
have been developed to suppress the catastrophic degradation mode at the facets.
The impressive performance of pump diode lasers is based on the gain characteristics resulting from
the steep density of states of the strained InGaAs QWs [14], [15], and the low optical confinement
factor in a low loss large optical cavity (LOC). An active layer with quantum dots (QD) should have an
even steeper density of states and thus improve the performance. After twenty years of work on QD
fabrication technology, one is still searching for a technology to produce InGaAs QD with the
required uniformity. Unfortunately, due to inhomogeneous broadening, no improved device
performance with respect to high power lasers can be observed [16], [17].
The power conversion efficiency of a pump diode laser depends on many factors and can be
improved by a clever design, but it is ultimately limited by material parameters such as the ratio of
mobility and free carrier absorption of holes in the p-type waveguide and, in addition, by the thermal
resistance of the p-type waveguide and of the cladding. In order to look for the best material system,
InGaAsP on GaAs substrate was investigated, and 980nm pump diodes were fabricated with excellent
characteristics [18], [19]. The InGaAsP system is also less reactive to oxygen. Surface passivation is
eased (but still necessary), and overgrown structures [20] can be produced. Detailed investigations
[21] have shown that the AlGaAs material system is superior with respect to mobility and thermal
resistance in p-type waveguide and cladding (free carrier absorption limits are not known yet).

2.2 Optical Beam
Pump modules have either a single mode (SM) (HI 1060, HI 980) or polarization maintaining (PM)
(Panda PM 980 family) fiber pigtail with a numerical aperture (NA) between 0.12 and 0.2. No optical
isolator is required; it is possible to couple directly into the fiber. A large variety of lensed fiber tips
[22], [23], [24] is available to match various single mode laser beams to a single mode fiber.
However, it is much more cost effective to design the diode laser beam for coupling into a simple
wedged shaped fiber as developed more than 30 years ago [25], [26]and refined later [27], [28], [29].
The diode laser fundamental mode needs to be designed to have the same slow axis NA (or,
equivalently, mode field diameter) as the fiber. Beam aspect ratio or fast axis NA is of no concern, as
the wedged shaped fiber tip can adapt for fast axis divergence.
2.2.1 Narrow Stripe Technology
To match the slow axis NA of the diode to the NA of the fiber a weak lateral waveguide is necessary.
The required index difference, given by the well known approximation ∆n=NA2/(2*n), is small:
∆n=2*10-3 and ∆n=5*10-3 for fiber NAs of 0.12 and 0.2, respectively. Such weak waveguides can be
fabricated in various technologies: impurity disordered [30], [31], buried stripe [32], [33], ridge
waveguide [34], and more recently by slab-coupled waveguide [35], [36] and, possibly, ARROW [37].
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Figure 2: Cross section of a ridge waveguide [34] and a silicon implanted impurity disordered
waveguide [31] laser diode on GaAs substrate
Any deviation from the fundamental mode results in severe coupling issues into the fiber, known as
kinks. It is common practice to suppress lasing of higher order modes by increasing their threshold
gain. This is achieved most easily by introducing mode selective losses [38], [39], [40], [41].
In the early 90’s, pump diode manufacturers were baffled by kinks based on systematic beam
steering (therefore sometimes called: shift kink) which appeared periodically with pump current. It
was soon discovered that high power fundamental mode operation of weak waveguides is limited by
resonant coherent coupling of the fundamental mode into the first order mode [42]. The modes of
the passive waveguide are orthogonal and, without any asymmetric element, no coupling occurs. In
practical diodes slight asymmetries at the front mirror (e.g. angular misalignment, mirror coating,
heating) are a likely source for coupling. Power reflected from the Fiber Bragg grating (FBG) in the
pigtail also adds asymmetry (as the fiber is not perfectly aligned). The shift kink cannot be suppressed
by the standard method of increasing the losses of the higher order mode as the power is resonantly
coupled from the lasing fundamental mode to the first order mode (the first order mode can still be
below threshold). Kink power level is controlled by controlling the beat length of the two modes,
either by an individual adjustment of the cavity length [43], or, by controlling the difference of
propagation constants of the two modes by exactly controlling the ridge process [44], and by
eliminating asymmetries as much as possible. Today’s pump diodes display reduced shift kink issues,
most likely due to long cavities, low front mirror reflectivities and low waveguide asymmetries.
2.2.2 Modefilters
Broad area (BA) diode lasers with mode filters, to enforce fundamental mode operation, were
thoroughly investigated. Best known are the master-oscillator power-amplifier (MOPA), alpha
distributed feedback lasers (DFB) laser, multi mode interference (MMI) waveguide and taper laser
[45], [46], [47], [48], [49], [50], [51]. These structures are not in use for telecommunication, as they
have not been able to meet the stringent requirement for power conversion efficiency, reliability and
ease of coupling. For special applications, the taper laser, preferably in an external grating feedback
configuration, generating up to 3W of nearly diffraction limited power, has found industrial
application [50].
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2.3 Output Power Scaling
It has been possible to increase the pump diode roll-over power by more than an order of
magnitude, (Figure 3.) This was achieved by making the laser cavity longer, thus improving the
cooling of the pump diode while scaling the other diode parameters appropriately.

Figure 3: Development of roll-over power of 980nm single lateral mode pump diodes (cw, junction
up, at room temperature)
2.3.1 Length Scaling of Laser Diode
Four key figures of a pump diode are: 1. Number of carriers in the quantum well (which is given by
the required roundtrip gain G,), 2. External quantum efficiency η, 3. Photon lifetime in the cavity ph,
4. Asymmetry of the laser cavity given by the ratio of power behind the front and back mirrors Pr.
For a back mirror reflectivity equal to 1 the four key figures, as function of the laser parameters,
optical confinement factor Γ, optical loss  and front mirror reflectivity R, are:

Ideally, the laser parameters (Γ,  and R) are adapted to keep all four key figures (G, η, ph
and Pr) constant, while increasing at the same time the cavity length to improve the thermally
limited roll-over power. This is not possible. Thus, gain G and external efficiency η are kept fixed,
while, photon lifetime OR power ratio, are adapted, depending on the approach. For obvious reasons
the two cases are called “constant photon lifetime scaling” and “constant power ratio scaling”.
For the constant photon lifetime scaling we obtain the following scaling rules:

This method was used in the initial phase of increasing power; one can just cleave longer cavities
from the same material and reduce the front mirror reflectivity exponentially, according to the
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exponential scaling rule, and still maintain efficiency. The power ratio becomes also exponentially
larger with increasing cavity length. Due to this increased power ratio, longitudinal spatial hole
burning is observed. Hole burning can be reduced by the introduction of a slightly flared adiabatic
waveguide [52], [53]. Driving this scaling method too far (i.e. mirror reflectivity well below 1%)
causes amplified spontaneous emission (ASE) and external fiber Bragg grating frequency stabilization
issues.
Thus, for long cavities, constant power ratio scaling is favored with the following scaling rules:

As a consequence of keeping the power ratio constant, the mirror reflectivity is also constant;
therefore this method is often called constant mirror reflectivity scaling. Requirements on
confinement and optical losses are demanding. Both have to be reduced linearly with increased
cavity length. The constant mirror reflectivity scaling has the advantage of making, to zeroth order,
average optical power in the QW, pump current density, heat generation density, and ASE and
spectral stability, independent on length. A careful design of the vertical epitaxial structure to reduce
the waveguide loss  and confinement Γ is necessary for long cavities.
2.3.2 Vertical Epitaxial Structure
The optical confinement Γ can be decreased by expanding the beam and by asymmetric placement of
the QW in the waveguide [54], [55]. The waveguide loss  can be decreased by reducing the various
contributions, such as scattering and leaking losses of the passive waveguide. Free carrier absorption
is reduced by reducing the carriers within the optical mode field, by careful choice of the material
composition and fabrication details. Waveguides with losses <1cm-1 are routinely fabricated and it
is not known yet what the physical and engineering limits are. This is an important topic since the
maximum power that one obtains from a longer pump laser (i.e. constant power ratio scaling) is
ultimately limited by the abilities to scale the losses  in the waveguide. (Losses by the QW are
scaled by the simultaneous scaling of the optical confinement). The waveguide loss  has to be
reduced, while keeping the joule heating (series resistivity), the heat removal (thermal conductivity)
and temperature sensitivity (T0) under control. In addition, single lateral mode emission has to be
ensured. 2W of roll over power have been achieved using such scaling rules(Figure 4).
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Figure 4: Light output versus injected current of ridge waveguide laser at various heatsink
temperatures and farfields at various power levels [56]
Challenges for length scaling BA pumps are very similar. In recent years, much progress has been
made towards optimizing the vertical structure, documented mainly within the SHEDS (Super High
Efficiency Diode Source) program [8]. Of the many different vertical waveguide structures [57], [58],
[59], [60] the asymmetric LOC which expand the beam to a divergence below 30deg (FWHM), as
shown in Figure 5 is favored. To reduce leaky losses for the fundamental mode, such LOC structures
have an NA high enough to guide a few modes. By placement of the QW and by introducing mode
selective losses, only the fundamental mode is brought above threshold gain.

Figure 5: Cross section of “junction-down” mounted BA diode laser and example of asymmetric LOC
waveguide [21]
For 1480nm pumps, due to different material parameters and growth challenges, optical trap
waveguides [61] have shown excellent performance.

2.4 Spectral Stability
The emission spectrum of the solitary Fabry Perot 980nm laser diodes is not stabilized well and, early
on, displayed complex behavior for some (e.g. impurity disordered) waveguide structures [62]. The
spectrum of the index guided ridge waveguide laser diodes is very stable with the usual average shift
with changing temperature (0.3nm/K), but mode jumps are observed, due to a modulated loss
spectrum. This substructure is believed to be due to radiation from the leaky waveguide into the
substrate made possible by the GaAs substrate, which is transparent and has a higher index of
refraction than the waveguide [63].
Early on, it was realized [64], [65] that, by placing a weak FBG into the pigtail, the spectrum of the
Fabry Perot laser could be stabilized effectively. The temperature drift of the spectrum can thus be
reduced to 7pm/K, nearly two orders of magnitude lower than temperature drifts of the solitary
Fabry Perot laser. Initial shortcomings were noise, cost and reliability concerns due to the complexity
the FBG stabilized pump package. However, the gain flatness requirement of DWDM EDFAs required
pump sources with a very stable emission spectrum and thus these issues had to be and were solved
[66], [67], [68].
Polarization mode effects in the pigtail under FBG stabilization have to be controlled, either by a
strict rule for fiber lay in the EDFA module [69], or, much more repeatable, by using a polarization
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maintaining fiber pigtail. In order to reduce mode hopping noise, FBG stabilized pumps are designed
to operate in coherence collapse. Unfortunately, laser diodes can have the tendency to switch from
time to time from coherence collapse into a coherent state, thus causing amplitude noise [70], [71],
[72], [73], [74]. This switching noise can be effectively suppressed by a dither or a double FBG [75]
beyond a critical distance.
A FBG stabilized diode laser can also be designed to have a coherence length of a few centimeters
and low noise. This is a useful source for generating visible light by frequency doubling in PPLN
waveguides [76].

2.5 Packaging
The basis of a modern 980nm pump package is a monolithic planar Al N substrate which acts as the
optical bench. The laser chip is soldered p-side up directly to the metalized Al N substrate, and the
fiber, tipped with a low cost wedge lens, is attached in front of the chip on the AlN substrate.
The platform is placed in the MiniDIL housing and hermetically sealed. Package induced failure (PIF)
mode is suppressed, by filling the package with a mixture of 20% oxygen and 80% nitrogen, as it was
used by some manufacturers in the eighties for short wave lasers and later on applied to 980nm
pumps [77], [78]. PIF is based on a photo-thermal decomposition of trace hydrocarbons in the
atmosphere on a surface with a high optical power density. Under oxygen it is being burned-off faster
than deposited [79]. Obviously, this phenomenon is not restricted to the laser diode, but manifests
itself on any surface in the laser beam. The presence of oxygen in a hermetic package, however,
favors the long term evolution of humidity, as a by-product of the burning of the hydrocarbon traces
and hydrogen. A long term humidity concentration below 5000ppm (dew point at 0 °C), has to be
ensured by carefully cleaning the package of organic contamination, desiccation and dehydrogenation processes. Otherwise a humidity getter has to be included inside the package [80].
The stability of this platform is outstanding as is evident from the results obtained in stress testing of
an earlier generation (Figure 6) and ensures operation at 400mW from the fiber pigtail in the very
demanding undersea application.
It is standard practice to increase the output power by cooling the pump laser diode through a Peltier
heat pump [81]. The chip can be stabilized at different temperatures (standard is to stabilize at 25°C),
trading off power dissipation and maximum available optical power [66].
Pump powers in excess of 1Watt from a single mode fiber have been demonstrated already a few
years ago [82], [83], [84]and products in the 700mW range, corresponding to 70MW/(cm2sr), with
outstanding reliability, are commercially available.
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Figure 6: Stability of 25 uncooled FBG stabilized 980nm pump diode MiniDIL over 3 years of high
temperature and maximum power operation, courtesy Bookham

2.6 Reliability
Today’s reliable high power 980 pump diodes for the demanding telecom market are based on a
fundamental understanding which the industry has. It has been possible to eliminate the gradual
degradation completely, and today 980nm pump laser diode reliability is limited by a low rate of
random sudden failures [79] due to point defects. Only little of this know how has been published
and the details are very complex and involved. Here we just give a brief summary on the most
important aspects of reliability of 980nm pump laser diodes.
2.6.1 Failure Modes
To gain a very rough understanding of the failure modes of a 980nm pump laser leading to sudden
failures, three major topics should be considered:
1. Catastrophic junction meltdown (CMD): A hot spot with thermal run-away resulting in
catastrophic junction meltdown, mostly occurring at the front facet (thermally most exposed
spot)
2. Heating through non radiative recombination (NRR), initiating a hot spot due to non
radiative recombination of electrons and holes through mid-gap states at defects
3. Thermally accelerated decomposition (TAD) at the facets with even trace amounts of
oxygen acting as catalyst, generating defects and non-radiative recombination centers.
2.6.2 Catastrophic Junction Meltdown (CMD)
A 9xxnm laser diode, even without any defects, but uneven cooling, can develop at high currents a
hot spot with a thermal runaway. In a hot spot, the bandgap is lowered, resulting in higher carrier
injection, both from the contacts (current) and the laser beam (absorption). It is assumed that above
a critical temperature (temperature difference) this hot spot is leading to catastrophic thermal
runaway with junction meltdown (CMD). Experimentally, this critical temperature was measured by
initiating thermal runaway with an external heating source (Argon laser spot) [85] and a value
(averaged over a 1.5m spot size) of 120K to 140K above room temperature was measured.
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This CMD most often happens at the facets, as they are not well cooled, have the highest current
density, highest optical field [86], [87] and usually some parasitic additional heat source (defects,
mirror coating) which triggers the thermal runaway. Traditionally, the whole mirror was blown off,
stopping the laser to work because of the damaged optical cavity, therefore called catastrophic optic
mirror damage (COMD). Because of an improved thermal design, the junction can often melt only
microscopically, without any visible defect under the optical microscope [88]. Nevertheless, the
diode laser stops working since the molten and re-crystallized junction is electronically dead, i.e. it
provides no gain and has a high non-radiative recombination current [89].
No consistent hot spot model leading to CMD is available. Only some of the required material
constants have been measured [90]. Effective countermeasures against CMD are: blocking current
injection into critical areas which leads to reduced temperatures [91] and uniform heatsinking
through appropriate heatspreaders and j-up mounting [81].
2.6.3 Non Radiative Recombination Heating (NRR)
The major additional heating source of aged laser diodes is heating due to nonradiative
recombination [15]. NRR is the product of electron, holes and nonradiative recombination center
density and thus can be suppressed by suppressing any of the three terms. Usually minority carriers
or nonradiative recombination centers are suppressed The minority carrier density can be kept low
by a so called window laser, and the density of nonradiative recombination can be kept low by an
appropriate facet passivation.
Within the window is a larger bandgap to avoid generation of minority carriers by absorption
(therefore sometimes also called NAM (non absorbing mirror) and to reduce the number of
thermalized minority carriers. In addition, there is usually no p-n junction, to avoid minority carrier
injection. Such window lasers have been known for a long time and were initially realized by Zn
diffusion [92]. Later on window lasers were implemented through epitaxial growth through the
active region [93]. The quality of this regrown interface is very important (and challenging). For very
high power lasers the Si-doped and disordered window laser has proven itself [94], [95], [96] over
many years and is in heavy use today throughout the industry. Recently, also good progress has been
made with vacancy induced disordering [97], [98], [99] to form a window region.
2.6.4 Thermally Accelerated Decomposition (TAD) at the Facets.
It has been known that GaAs lasers degrade at the facets under high power operation [100]. This
effect is also seen at a slower rate in so called aluminum free active area laser diodes [101] and
accelerated in AlGaAs. It was shown in the late eighties / early nineties in a series of papers that this
degradation is thermally accelerated decomposition (TAD) [102], [103], [104], [105]. Only trace
amounts (a fraction of a monolayer) of oxygen is enough to start breaking the bonds, decomposing
GaAs around the p-n junction. This leaves behind atomic Ga and As and defects, which then act as
non radiating recombination centers. Oxygen does not form a stable oxide but acts as catalyst to
decompose the facets [106]. Over time non radiative recombination centers are building up, until the
laser goes into CMD (or even COMD). Temperature accelerates decomposition and an operation
power dependency of the time to COMD [102] is observed.
Temperature is an important measure of the non-radiative recombination rate. Sophisticated tools
have been developed to measure temperature directly on the small facet. Methods are: With
absolute temperature scale by Raman [107], [108], with high spatial resolution by electron beam-
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induced current (EBIC) charge thermography [109] and high temperature resolution by thermo
reflectance [110].
Decomposition at the facets can be completely stopped if the surface is sealed without any damage
and without trace amounts of oxygen. This process is called passivation of the facet. One
distinguishes in-situ passivation (breaking the wafer in an ultra high vacuum (UHV) system, followed
by covering it with a passivation layer) and ex-situ passivation: cleaving the wafer in air, then
transferring it into a vacuum system followed by a gentle (to minimize structural damage to the laser
facet) cleaning-off of the oxygen followed by a passivation layer.
There exist today essentially three in-situ processes. All in-situ processes are based on a complex
UHV system, with load locks to transfer the wafer, and a bar cleaving mechanism operated inside the
UHV system. One in-situ process is based on the high temperature growth of a single crystal InGaAsP
passivation layer [111]. Because of the high temperatures involved, the metallic contacts can only be
applied after passivation at the individual bar level. Another one is based on a low temperature ZnSe
[112], [113], [114]. The most successful and widely used in-situ passivation is based on low
temperature and low energy deposition of silicon [115], [116].
Numerous ex-situ processes have been tried to reduce cost of passivation. It is suspected that an exsitu process will never be able to produce a completely defect free, stochimetric surface. Therefore
the time to C(O)MD is expected to be finite for ex-situ passivation, but this time could be well beyond
the required useful life. Today, it is understood that passivation through sulphation [117] and
nitridation [118], [119] has proven to be difficult to manufacture reproducibly with very high quality,
most likely as it does not chemically bind any remaining oxygen completely. Most successful
passivation techniques seem to be the ones which include the deposition of silicon (or ZnSe) after
removing the oxygen either with a low energy hydrogen plasma [120], [121], [ 122]or a low energy
ion beam, such as in the I3 process [123], [124].

2.7 Failure Rate
Unlike other characteristics of a pump laser package, lifetime cannot be measured readily for each
laser package, but has to be estimated from understanding the physics of failure, massive testing and
controls on manufacturing stability to reproduce the lifetime. The industry has developed detailed
knowledge, especially for the undersea application. Only little of this knowledge has been published,
the details are very complex and involved. Here we just give a brief summary of the most important
aspects of lifetime estimation of 980nm pump laser packages.
Unfortunately, there are essentially no ways to accelerate aging for the overall package. Packages are
qualified according to norms, such as GR-468, which guarantees robustness, but which does not
allow for predicting reliable operation. Damage levels are determined by driving it into destruction
by overstressing with the various relevant parameters. These damage levels should be at a safe
distance from operating conditions, and, from an understanding of the physics of failures, one can
attempt at predicting use failure rates.
The design of the FBG stabilization has to be robust so that the spectrum remains stable, even under
worst case conditions and fully aged characteristics of the different elements. For this it is important
to investigate in detail the aging of the various critical parameters of the involved components [125].
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A carefully designed and manufactured 980nm pump diodes has very low failure rates with respect
to gradual wear out as well as wear out sudden failures [126]. But even if these two failure modes
are completely suppressed one is left with low rate of sudden failures, best described by a constant
failure rate, i.e. random sudden failures of the pump diode. As it is difficult to find a physical
explanation for a random failure rate, the sudden failures are sometimes also modeled by a
lognormal distribution [127] with a large σ (indicating a wide activation energy distribution of
underlying physical processes).
It is expected that the failures of the chip can be accelerated by increasing the driving forces behind
the degradation, i.e. carrier density in the active region, local temperature in the active region, etc.
Unfortunately these parameters are not directly accessible. Thus the failure rate is accelerated by
increasing operating temperature and drive current and power. Of course one has to ensure by
physical failure mode investigation that the diode running under accelerated conditions produces the
same failure modes as observed under use conditions [128], in other words, the laser diode has to be
designed to work not only properly at use condition but also at accelerated conditions., i.e. design for
use and testing.
The failure rate at use condition is usually extrapolated from the failures rates from blocs of laser
diodes (stress cells) with each cell running at different accelerated conditions. Traditionally the
following heuristic functional dependence of failure rate on junction temperature (Tj), current
density (j) and power density (p) is assumed:
Ea/k
A maximum likelihood calculation is used to find the values x, y and Ea, for which the failure rate in
the stress cells is most likely to be observed [129], [130]. From these most likely parameters the most
likely failure rate at use condition can be estimated. It has become customary to calculate upper
confidence limits for use failure rates, based on Ea, x and y, as determined by maximum likelihood,
neglecting the confidence range of the maximum likelihood estimates. This is inconsistent and leads
to very optimistic upper confidence limits. It has also been pointed out that the assumed functional
dependence has a big impact on failure rate estimation at use conditions [131]. It must also be
ensured that manufactured quality corresponds to the qualification sample, which is routinely done
by defining and controlling so-called critical process parameters.
Field returns and long life tests in the laboratory are the test of the failure rate estimations. Both
terrestrial field returns (below 20FIT on more than 20 billion device hours are estimated by the
industry) as well as undersea field returns (<5FIT with 60% confidence for redundant pump pairs
[132], [133]) are testimony of this fact.
Long life tests on 980nm pumps (operated for more than 15 years at accelerated conditions) are
shown in Fig 7. The gradual increase saturates after a while and the lasers run very stable with one
random fail being the only observation. This observation is consistent with failure rate predictions for
these accelerated test conditions, thus increasing confidence in the “art” of accelerated stress cell
testing.
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Figure 7: 16 years of constant power operation of 980nm pump diodes at temperature and power
stress, courtesy Bookham

3. 1480nm Pumps and 14xxnm High Power Lasers
3.1. 1480nm Pumps
The stronghold of 1480nm pumps clearly is remote pumping of preamplifier EDFAs [9], which
requires very high 1480nm power. It is an advantage that 1480nm pump diodes can be produced on
the basis of the established 1550nm signal laser technology, using the well known material system of
compressively strained multi-quantum well (MQW) InGaAsP layer on InP substrate. 1480nm pumps
were initially (and sometimes still are) used for pumping low noise preamplifier and power booster
EDFAs. Similar considerations as for 980nm pump optimization have to be applied to optimize the
output of 1480nm pumps. Due to inherently higher series resistance, Auger losses, intervalence band
absorption and an inherently stronger temperature sensitivity of efficiency and of threshold current
it is very challenging to design and fabricate a high power 1480nm pump. Losses in the InGaAsP
waveguide at 1480nm have been reduced steadily over the last few years and, with an optimized
asymmetric waveguide [134], losses in the range of 3cm-1 have been obtained. Nevertheless, multiple
quantum wells are necessary to provide enough modal gain to overcome the waveguide losses.
Because of the proximity of the pump wavelength to the signal band reflections have to be
suppressed by placing an optical isolator in the package. Such a package requires discrete lenses,
which requires a round beam (for low cost lenses, high coupling efficiency). This can be achieved by a
multi growth step buried heterostructure [135], [135] as shown in Figure 8. It has been shown that
also a simple ridge laser diode, first demonstrated 30 years ago [136]on InP substrate, can be
designed to have excellent characteristics, a roll-over power of 1.2W and a beam with an aspect ratio
of around 2, using an optical superlattice waveguide design [137], [61].
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Figure 8: Schematic structure of a 14xxnm diode laser chip [135]
The reliability of 1480nm pump lasers is given by gradual degradation and does not suffer from
random sudden failures (like 980nm). Reliability modeling as well as failure rate predictions are quite
well understood. However, it is found that the failure rate accelerates quite strongly with
temperature (Ea=0.6eV) [135],and thus 1480nm pump lasers packages require a Peltier heat pump to
cool the chip to 25 °C. Due to the relatively inefficient chip, practical maximum power available from
1480nm pump lasers is limited by the capability of the pump package to handle the dissipated power
from the chip. Special Peltier elements and packages have been developed for 1480nm pump lasers
and commercially pigtail powers up to 400mW are available today.

3.1. 14xx High Power Diode Lasers
Research on Raman amplification in optical fibers was started in the early 1970s but the required
pump powers at the required wavelength 14xxnm were not readily available. Raman amplifiers have
the big advantage that the gain is not limited to any specific spectral band and that amplification
works also outside the EDFA C and L band. With the availability of high power 14xx pump laser diodes
and the requirement for ever higher capacity, transmission systems based on Raman were
investigated in detail and it was demonstrated that record capacity distance products are achieved
with Raman amplification [3].
As a consequence of the Ramen process the requirements on the 14xx pump diode with respect to
power and noise are quite challenging [3], unlike 1480nm or 980nm pump lasers, where the noise is
reduced by the long spontaneous lifetime of the erbium gain. Much progress has been made towards
the required “quiet” 14xx high power diode laser by internal frequency stabilization and polarization
scrambling [138], [139], [140], [141], [3]. Raman gain blocks are available which contain usually a few
14xx individual diode lasers with different wavelength [142] in order to establish flat gain over a few
tens of nm. Diode laser modules with high output powers as well as special fibers are available today
and spectacular all Raman amplified systems with record transmission performance have been
obtained. However, progress for 14xxnm pumps has slowed down as the industry seems to use
EDFAs for cost optimized C and L band and the thirst for bandwidth extension has been small.

4. Multimode Fiber Coupled 9xxnm Pump Lasers
The recent application of the 9xxnm telecom technology to the industrial markets, especially pumps
for FL, disk and rod DPSSL (diode pumped solid state lasers), and also in the form of direct diodes for
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material processing [143] has been very fruitful. Due to a concerted effort with programs for power
conversion efficiency (SHEDS) and radiance (ADHELS and BRIOLAS) [8], [144], [7] very exciting
results have been obtained in the last few years, especially in the field of multimode fiber coupled
9xxnm pump lasers, one of the key enabling devices of the hermetic, all solid state “Power
Photonics”.

4.1. Classification of 9xxnm MM pump Lasers
Available radiances of commercial 9xxnm pump lasers are roughly 1W in a single mode fiber (which
has the diffraction limited etendue of E=2=1μm2sr for a 980nm laser). A MM step index fiber with
200 μm/0.22NA has E=5000μm2sr. Thus it should be possible to get 5kW from a 200 μm/0.22NA
pump module, even without wavelength and polarization combiners.
Unfortunately it is prohibitively expensive to manufacture such a MM pump, due to two challenges:
optical coupling and heat removal. Thus, we classify 9xxnm MM pumps according to these two
topics.
4.1.1 Heat Transport Classification
High power multimode diode lasers are thermally limited and need to be soldered junction down
onto a heatsink. Best heat transport can be achieved by directly mounting the laser diode on a
copper, or even better, diamond heatsink. Mismatch in thermal expansion material coefficients is
managed by using a soft solder (e.g. Indium) which accommodates the mechanical movements due
to temperature changes during manufacturing (soldering) and use. Soft solders change their
properties and shape, even under standard use conditions, causing a whole range of failure modes.
Despite much work, only a few applications work satisfactorily within these failure modes. It is well
known from telecom pump diode technology that reliable systems use hard solders (e.g. AuSn),
together with expansion matched substrates (e.g CuW, electrically insulating Al N or, BeO, or,
layered Cu/Mo microchannel coolers [145]). Heatsinks need to be coated with a dedicated stack of
metal layers (diffusion barrier, strain relief, heatspreader and adhesion promoter) to enable a
reproducible and reliable solder joint process. We classify heatsinking into (see Figure 9)
1. Passive cooling (also conductive cooling): 2-dimensional heat transport
2. Active cooling: 1-dimensional heat transport
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Figure 9: Schematic structure of a passive cooled diode laser and an active cooled diode laser
In the case of passive cooling the heat load is so small that it is possible to spread the heat flow in
expansion matched substrates. This package can then be pressed (by mechanical fixture) against
cooling fins or a heat exchanger, which can have a different expansion coefficient (due to pressure
contact and the small temperature variation at this removed interface). In the case of active cooling
the heat load is so big that it has to be removed in close proximity by a heat exchanger. Thus, for
active cooling the pump diode has to be attached with a hard solder onto an expansion matched
microchannel cooler, possibly with an expansion matched submount in between to ease
manufacturing. Experience has taught us that high power and low failure rate applications strictly
require expansion-matched materials for solder joints and pressure contacts between non
expansion-matched heat sinks.
4.1.2. Optical Classification
A complex optical system might be needed to couple a diode laser into a multimode fiber, which has
a tremendous impact on cost. Because of the many degrees of freedom of a general laser beam, it is
difficult to systematically classify this topic. Fortunately, if we restrict ourselves to plain broad area
laser diodes (with no focal astigmatism) and step index MM fibers (both numerical apertures limited
systems), then emission width (diameter), numerical aperture (NA) and power characterize the beam
fully. The related optical characteristic parameters are given by: Beam parameter product BPP =
NA*Diameter/2, etendue E= π2*BPP2 (approximation for NA<0.5), and radiance = power/etendue.
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Table 1: Beam parameter product (BPP) and etendue (E) for select pump diode lasers and high power
fibers
The pump diode is diffraction limited in the fast axis and thus it is trivial to couple it to any fiber. MM
fibers even allow for extensive stacking in this direction. From slow axis considerations we distinguish
three classes:
1. Direct coupling: Pump laser width and NA in the slow axis are smaller than diameter and NA
of the fiber. A simple fiber tip coupling, as with single mode lasers, is used
2. Simple lens coupling: Pump laser slow axis BPP is smaller than the BPP of the fiber. A simple
focusing lens is used.
3. Beam symmetrisation optics coupling: Pump laser slow axis BPP is larger than the BPP of the
fiber. The beam has to be reshaped by symmetrisation optics [146].

4.2. Broad Area Pump Diode Laser
What has been discussed on single mode diode laser above (section 2) applies also to broad area
laser diodes with the exception of j-down mounting, relaxed requirement on slow axis BPP (lateral
beam quality) and frequency stabilization. Broad area pump diodes have continued the progress on
length scaling of single mode diode lasers and the respective work is included in section 2.3.2.
4.2.1. Slow Axis BPP
To increase the output power of a diode laser, the emission width is made larger, up to 1cm, the full
width of today’s available standard heat sinks. A simple wide contact stripe is sufficient, but
sometimes a shallow ridge is etched to reduce lateral current spreading and to limit the lower slow
axis NA.
At large widths, the laser is wider than long and suffers from efficiency problems due to lateral ASE
(or even lateral lasing). Lateral ASE is suppressed by limiting the width and by introducing optical
isolation trenches on either side of the active stripe. Since these trenches go through the active
region, they have to be electrically insulated, i.e. placed at a distance. They also serve as powerful
mechanical insulation trenches (dislocations in the active area layer cannot propagate beyond these
insulation trenches). Usually a subunit of such a divided wide area diode laser is called broad area
diode (BA), broad area single emitter (BASE) or multimode single emitter laser diode and has a width
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between 50m and a few hundred m, depending on desired lateral ASE suppression and NA
optimization.

Figure 10: Slow (lateral) and fast (vertical) axis farfields of a 90m BA diode for various drive currents
[147]
One could expect that an ideal BA diode is lasing in the fundamental lateral mode and that the BPP is
independent of width (NA should decrease linearly with width). Unfortunately, measurements of the
farfield (see figure 10) show that this is not the case. Already at low power the slow axis farfield has a
top hat shape with a high BPP and the BPP even increases with power. Major causes for slow axis NA
degradation are:
1. Mode filling: Lasing onset of higher order lateral modes which milk the lateral gain profile
more effectively than the fundamental mode. At high powers increased by spatial hole
burning.
2. Thermal waveguide
3. Gain guiding due to lateral gain/loss profile (resulting in a phase curvature) and carrierinduced index changes. Considered to be less important causes for low loss waveguide and
single QW gain active region diode lasers.
Slow-axis NA degradation due to mode filling can be reduced by carefully tailoring the current
injection, as proposed quite some time ago [148] and demonstrated by a 2.5W, nearly diffraction
limited beam from a broad area laser [149], in the pulse mode with heating absent.
Thermal waveguiding is caused by the positive dependence of index of refraction on temperature.
Due to the cooling geometry, the temperature raises in the center by T more than at the edges of
the BA laser, causing a lateral index difference of n. According to the effective index approach the
NA of such an index guided beam is:
≈
A slow axis NA=0.07 results already for a small T=2K (using n/T=3*10-4K-1, n=3.6, [150]). The
lateral temperature difference can be reduced by reducing by improving efficiency and heat
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extraction from the active region (asymmetric waveguide, see also 2.3.2) and by improved heat
sinking. In pursuit for higher powers, some of these parameters have been improved over the last
few years and so have the slow axis NA. Thermal waveguiding is still the major cause for NA
degradation and the remedy, an athermal waveguide (i.e. modal index does not depend on
temperature), is still waiting to be developed.
As with narrow stripe laser diodes, techniques have been investigated to improve the slow axis BPP
by mode filters, most notably by taper lasers. The bothersome destabilization of the slow axis focal
plane with resulting sensitivities to drive current, reflections and, possibly aging, makes it difficult to
couple such devices even to MM fibers. Modefiltered diode lasers are still awaiting a breakthrough in
focal plane stability and in efficiency.
4.2.2 Frequency Stabilization
Spectral stabilization through Fiber Bragg Gratings (FBG), as used for single mode pump lasers (see
section 2.4.), is, due the multimode nature of fiber, not effective. The aluminum-free InGaAsP
material system offers the opportunity for a conventional regrown DFB stabilization [151]. A partial
DFB with very good characteristics has been fabricated in the InGaAlAs [152]. Frequency can also be
stabilized effectively through external elements, such as volume holographic grating [153].

4.3 Passive Cooled 9xxnm MM Pumps
Passive cooled 9xxnm pump packages with a MM pigtail are easily installed by simply attaching
electrical wires, splicing a fiber to the pigtail and by clamping them mechanically against a heat sink.
Such a heat sink can either be forced air cooled fins or an isothermal plate, temperature stabilized by
a Peltier or directly by a heat-exchanging liquid. We distinguish, according to the classification above,
between different optical coupling arrangements.
4.3.1 Direct Coupling
The 9xxnm pump with the largest volume and the most pigtailed power shipped every year (a few
MW per year) is the direct coupled package. A BA diode laser is directly coupled into a wedge lensed
(matching fast axis NA) multimode step index fiber, very much as it is done for telecom pump lasers.
The development of the BA diode lasers has moved in parallel with single-mode narrow stripe lasers,
however soldered j-down on a heat sink. CW room temperature roll-over powers from a 100m BA
laser are in the range of 20W at 25A, i.e. 19W at 25A, [152], 18.5W at 23A, [154], 19W at 24A , [155]
and the chips have been designed to be temperature insensitive.
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Figure 11: Typical roll-over characteristics and power conversion efficiency as function of current (at
various heatsink temperatures) for a 90m wide BA diode laser [155]
Packaging is based on the telecom packaging technology but made more difficult by the high power
densities, for heat removal as well as for optical coupling. Standard fibers for fused couplers are
105/125m MM step index fibers with NA=0.12, 0.15 or 0.22. To ease alignment the BA diode laser is
usually only 95m wide and it is beneficial for radiance to pick a fiber with an NA matched to the BA
slow axis NA. Due to the thin cladding of the 105/125m fiber and the high powers involved, not only
the core coupling (which should be as large as possible) but also the coupling to the cladding (which
has to be kept small) have to be optimized, otherwise one runs into issues with burning the
protective fiber coating. Markets are cladding pumping of YEDFAs for TV and fiber to the premises
(FTTH) boosters (940nm), cladding pumping of FL (920, 940, 960, 976nm), and DD applications
(9xxnm). The printing application, requiring high brightness but limited power, usually uses
50/125m fiber with an NA=0.12.
Power requirements for pumping FL are very demanding and the BA diode is operating at the
reliability limit. Requirements for failures under use conditions are usually specified in “time to 5%
cumulative failures”, TT5% (1 out of 20 failures) with requirements for TT5% being larger than 10kh
or 30kh, depending on application. Failure mode statistics and understanding is very much based on
single mode 9xxnm pump diode laser experience, nevertheless there are fine but important
differences. Testing for failure rate is done with multi-cell test [156] and scaled failure statistics with
a Weibull distribution is obtained.
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Figure 12: Projected percentage of failures as function of time, based on multicell test, for use
conditions of 8W, 300C for two types of 100m BA diode lasers. Projected time to 5% failures are for
the two types of BA diode lasers 8’000h and 20’000h, respectively [156]
Reliability requirements are higher for YEDFA applications and thus such pumps are run at a derated
power level.
4.3.2. Simple Lens Coupling
With simple lens coupling the slow axis NA of the BA diode is matched to the NA of the fiber (fast axis
NA can be matched by fiber tip or a separate simple lens). Because of the simplicity and because the
typical NA of the diode is smaller than the NA of the fiber, a high power, wide stripe BA diode can be
used. One recent example is the 16W at 20A in a 105/0.22 fiber from a 200m wide BA laser [154].
4.3.3. Beam Symmetrization Coupling Optics
Already a 50m NA=0.22m fiber carries 600 lateral modes (both polarizations). It is therefore
theoretically possible to couple 600 single lateral mode narrow stripe diode lasers, each with 1 Watt
of power, into such a fiber. To ease this tedious task one resorts to array techniques, i.e. one uses a
linear monolithic “Single lateral mode Emitter Array Laser”, called SEAL [157] and an array of lenses
[158]. Pumps with 50W from a 50m/0.22 fiber are available [159], one order of magnitude away
from the limits, partially due to de-rating of the SEAL vs. the individual laser, for the largest fraction
to accommodate for alignment tolerances.
It becomes impractical to individually couple single lateral mode diode lasers into larger fibers (i.e.
40’000 modes in a 400m,0.22 NA fiber) and thus arrays of BA diode lasers on one bar are used for
larger fibers. Limited by the passive cooling, these bars have a low packing density of around 10% to
30% (therefore often called low fill factor (LFF) bars). Powers in the range of 400W in a
200m,0.22NA fiber are commercially feasible [159], without wavelength and polarization
multiplexing.
9xxnm pump packages with a 100m,0.12NA pigtail, based only a few BA diodes, matched in BPP in
the slow direction and stacked in the fast axis, called multiple BA pumps, are predicted to become
the next generation workhorse for passive hermetic fiber pumps.
The loss in radiance by coupling pump diode lasers to MM fibers is painful and limited by engineering
limits which are still at least one order of magnitude away from the limits imposed by physics.
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Numerous beam matching devices have been investigated, but the search for a breakthrough device
is going on.

4.4 Active Cooled Pump Diode Packages
In active cooling the heat is removed by a liquid in close proximity. Among the different possibilities
(immersion, micro or macrochannel coolers in different materials) the expansion matched (Cu/Mo)
microchannel cooler, run with pure water, is presently seen as the best compromise [145] between
all the requirements. The requirement for high power and high reliability can only be accommodated
by hard-soldering the bar on an expansion matched microchannel cooler, possibly with an expansion
matched submount in between, for ease of manufacturing. Routine measurement methods are
required to control during production thermal and mechanical integrity of this arrangement such as
thermal wavelength shifts [160] and routine stress measurements by monitoring changes in bow.
Active cooling systems are expensive. Therefore they are used only for highest powers, which require
beam symmetrization optics.
4.4.1 Beam Symmetrization Coupling Optics
It has been a standard for a long time that high power bars, microchannel coolers and lenses are
designed for a 1cm wide emission stripe. For ASE and NA optimization, the above-mentioned optical
isolation trenches are necessary to subdivide the 1cm wide laser diode. Such a subdivided 1 cm wide
laser can also be looked at as closely packed BA laser diodes and is therefore often also called high fill
factor bar. For drive current optimization (trading off threshold current vs. power density), the
passive space between BA diodes can be increased, thereby reducing the fill factor. In the last few
years cw hero powers have been increased from 300W to 1kW from a 1cm aperture, demonstrating
the raw capability of a 1 cm diode [161] , [162] , [163] , [164]. At such currents (up to 1000A) one
runs into ohmic resistance loss issues in the current supply cables and, as a consequence, the
calculated intrinsic (ohmic losses subtracted) power conversion efficiency becomes much less
relevant than the measured overall (with or without chiller power included) “wallplug efficieny”.
As solution, a narrower standard for bars, called Maxichip (also “3mm bar”, “1/3 bar”, “minibar”) has
been proposed, and products with high radiance (80W from 3200m/0.08NA) are available [165].
Maxichips, with their compact form factor (3600m wide and for now 3600m long, projected to
become even longer very soon), might very well be the beginning of the end of the 1cm legacy width
for high power bars.

4.5. Pulse Operation
High power diode lasers are thermally limited in roll over power as well as in NA. If the diode laser is
pulsed with a length shorter than the respective time constant [166] higher powers can be obtained.
At low enough duty factors heat sinking can be reduced allowing for monolithic vertical stacking
[167]. At short pulses, the NA and radiance of a simple BA diode laser can be improved [149].

4.6. Combined Power
Power Photonics would not be possible without the availability of all fiber multimode fused fiber
combiners (with or without signal feed-through), Bragg gratings and mode field adapters [168]. Key
for this technology is their low insertion loss, radiance conservation as well as the capability to
handle high powers [169].
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5. High Radiance Diode Laser Technologies
Wavelength and polarization division multiplexing to combine beams of the same spacial mode is
routinely used to increase the radiance. By wavelength combining a SEAL, a nearly diffraction limited
beam with 30W cw power (radiance of 781MW/(cm2sr)) or pulsed beam with 50W of power
(3600MW/(cm2sr)), was demonstrated [170].
The holy grail of high radiance diode lasers is coherent coupling of an array of lasers, locked by
evanescent fields [171]. Progress to reproducibly lock the phases over a useful power and
temperature range has been exceedingly difficult [172], [173], a robust design has not been found
yet. With diode laser technology improving, the possibility arises for coherent combination of diodes
with individually controlled frequency and phase [174].

6. VCSEL Pump and High Power Diode Lasers
Pump diode lasers are limited by thermal and by optical power density and for this reason a large
area vertical cavity surface emitting laser diode (VCSEL) should be an excellent pump source. A VCSEL
has a large optical mode size with an already built-in epitaxial surface passivation. Low power VCSELs
on GaAs substrates are established high volume technologies for datacom (850nm MM) and sensing
(optical PC mouse sensor). Due to the small active volume such VCSELs have a high efficiency and
high speed, already at very low currents and powers. In addition, the low NA symmetric beam lends
itself to low cost coupling.
In an exemplary effort, the concept of a low power VCSELs was adapted to high power operation at
980nm [175]. In order to control the beam quality at high power, an external optical cavity is added,
either with an external mirror or, for lower powers, through an extended cavity. With the external
mirror pump modules with 400mW at 1.5A drive current and with the extended cavity an uncooled
pumplet, designed for 50mW, were demonstrated. Output power, power conversion efficiency and
reliability understanding fell short with respect to the competing edge emitters, in telecom market.
As we understand from edge emitters, the thermal limits of a pump diode laser are ultimately limited
by heat generation, given by joule heating and free carrier absorption in the volume overlapping with
the mode and the heat removal, given by the thermal resistance between the active region and the
heatsink, from the active region.
The cooling area for a high power narrow stripe edge emitting device (5m*4000m) and for a
typical high power NECSL with 150m diameter are comparable. It is a distinct characteristic
(disadvantage) of a VCSEL configuration that carrier injection, optical mode reflection and heat
removal is all concentrated in the bottom distributed Bragg reflector mirror, a GaAs/AlGaAs
superstructure with relatively poor material constants with respect to high power operation. A large
research effort, for both, GaAs and InP devices, has been directed to ease this heating issue through
clever designs and material choices. However, design space and available material impose limits.
Arrays of GaAs based NECSL are ideally suited for intracavity frequency doubling in periodically poled
lithium niobate (PPLN) to generate light in the visible spectrum in the Watt regime as RGB light
sources for laser projection displays.
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Figure 13: Schematic structure of a NECL array element of a visible light source by frequency doubling
[176]

7. Status, Trends and Opportunities
7.1. Status
In the eighties, many different technologies, such as time-division multiplexing, coherent detection,
soliton, and WDM were investigated for cost efficient exploitation of the fiber transmission capacity.
All these technologies had to carefully manage the “loss budget”. After the pioneering
demonstrations work on how to get rid of the loss concerns through Raman amplifiers (Hicks [177])
or EDFA amplifiers (Payne [178],[179] and Desurvire [180]), a concerted and successful effort was
started in the late eighties to develop pump diode lasers, key enablers to power up these disruptive
technologies. This development was fueled by the deregulation of the telecom industry, the need for
long haul communication capacity and the “new economy” financial experiment. Today, after a
painful technology and company shake-out, pump diode technology has matured and only a few
companies are supplying telecom pump lasers, but in large volume, “powering up the internet”, as
initially strived for.
Based on the status of the diode laser technology the optical power supplies of choice are: 980nm
pump lasers and 1480nm remote pump laser for C and L band EDFAs [9] and 14xxnm high power
diode lasers for C and L band extension by Raman amplification. Best for distribution of TV and FTTH
signals is the cladding pumped YEDFA, powered up with an uncooled 940nm multimode pump
module.
Power photonics, triggered through the demonstration by Gapontsev in 2002 of a diffraction limited
135W cw all fiber fiber laser [6] has since established itself in the printing and material processing
market.

7.1. Trends and Opportunities
After the shake-out of telecom pump technologies it is fair to assume that the surviving pump lasers
represent already the fittest solution, and no new opportunities will arise for a while. The trend to
further reduce cost by gradually increasing power and manufacturing volume will continue.
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In this next phase of power photonics the trend to improve 9xxnm MM fiber coupled pumps will
continue, mainly based on continuation of the successful length scaling. We do not know today what
the limits to length scaling are: material parameters (mobility / free carrier absorption), or financial
limits? Instead of the calculated power conversion efficiency, wallplug efficiency (from wallplug to
fiber) will be targeted with the goal to top today’s 50% across all power ranges. Lowering cost will be
achieved through standardization of parts and increased manufacturing volume.
In this new field of power photonics there are many opportunities for pump lasers, just to name a
few:
1.
2.
3.
4.
5.
6.
7.

Broad area laser with athermal waveguide to reduce high power slow axis NA.
Semiconductor with better ratio of mobility/free carrier absorption and thermal properties
Pump diode waveguide with loss <0.2cm-1
Expansion matched heat sinks with higher thermal conductivity
Low cost beam matcher between pump diode and fiber
High power laser with controllable frequency and phase for coherent combination
Standardization of products to increase volume and reduce cost
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