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Abstract

The basic concepts and some modelling aspects of high-brightness semiconductor lasers are reviewed. The technology of
lasers with a tapered gain-region is described. They provide the highest brightness of a semiconductor source with continuous
wave emission in the visible and near infrared spectral range. Experimental results are presented for tapered lasers emitting at
735 nm and 808 nm. Output powers of 3 W were achieved in nearly diffraction limited b&artie this article: H. Wenzel
et al., C. R. Physique 4 (2003).
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Résumé

Diodes laser de forte luminance. Les concepts de base et certains aspects de la modélisation des lasers semiconducteurs
de haute luminance sont passés en revue. La technologie des lasers comportant une section amplificatrice évasée est décrite.
lls constituent les sources semiconductrices émettant en continu ayant la plus forte luminance dans le domaine spectral visible
et proche infrarouge. Des résultats expérimentaux sont présentés pour des lasers évasés émettant a 735 nm et a 808 nm. De:
puissances de 3 W ont été obtenues avec des faisceaux presque limités par la difffactioiter cet article: H. Wenzel et al.,

C. R. Physique 4 (2003).
0 2003 Académie des sciences. Published by Editions scientifiques et médicales Elsevier SAS. All rights reserved.
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1. Introduction

High-power coherent optical beams are needed for a number of applications such as for fibre and space telecommunica-
tion [1], nonlinear optical frequency conversion [2], medical treatments [3] and material processing [4]. Although high-power
beams can be generated by gas and solid state lasers, semiconductor lasers offer the advantages of high efficiency, improved
reliability, reduced cost, small size and ease of handling. However, an increase of the output power above 1 W either rapidly
deteriorates the beam quality or results in reliability problems, due to the small spot size of standard semiconductor lasers.
Nevertheless, beam quality can be improved significantly with an appropriate device design, resulting in a high brightness laser
diode. During the last years, a number of solutions have been investigated, including master-oscillator power-amplifier (MOPA)
configurations, tapered gain-region lasers and angled-grating distributed feedbB€BJ lasers. Among these structures,
tapered lasers have received the greatest attention because of the simplicity of their operational principles and fabrication
processes.
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In this review, we begin by presenting some basic concepts used to increase the brightness of semiconductor lasers. In
Section 3, we give an overview of different modelling tools that can be used for the computer-aided design of high-brightness
lasers. In Section 4, we describe their fabrication and in Section 5 we present experimental results from tapered lasers emitting
at 735 nm and 808 nm.

2. Basic concepts

We start with some definitions. The brightness of a light source is defined as the posveitted per unit surface area
per unit solid angle? [5],

P
B=—. 1
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Another important figure of merit is the so-called beam quality factor or beam propagation ratio [6]
e
M= >, ©)

where ® is the divergence angle and the beam width at the waist. This factor specifies how much the beam divergence
exceeds that of a Gaussian beam, so Matis sometimes called the times-diffraction-limit factor. There are several methods
to determine® andw. One method utilizes the corresponding angle and position, respectively, where the intensities of the far
field and in the beam waist drop tqle‘? of their maximum values. Another method is based on the second moments of the field
profiles [7]. From an application point of view, we prefer the first method to determifidecause the weak side lobes in the
near and far fields outside of th¢ef widths are often suppressed by spatial filtering. It is worth noting that some people use
the full width at half maximum (FWHM) values and that this definition gives too optimistic valuelfor

If we introduceA = rw? and2 = 7©2 in Eq. (1) and take into account Eq. (2) we obtain

P
b=z ®)

So far, all of the expressions above are only valid for circular beams. While high-power semiconductor lasers typically have
elliptical beams, these expressions have to be properly modified. For example, the beam propagation ratio in the denominator
of Eq. (3) has to be replaced by

4 222
M= M2M?, ()

Wherer and Mf, are the corresponding beam propagation ratios along tred y directions (compare Fig. 1). For typical
high-power semiconductor lasers the approximaﬁlﬁw 1is valid.
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Fig. 1. Schematic top view of a tapered laser. The grey area corresponds to the p-contact region. The coordinate system used in the simulation
is also sketched.
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From Eq. (3), it follows immediately that the laser has to emit a high optical power in a nearly diffraction limited beam
(M2 =~ 1) in order to achieve high brightness. In diode lasers, the maximum possible CW power is often limited by the
catastrophic optical mirror damage (COMD). From the definition of the internal power density at CodMiyp, one can
express the maximum CW power as [8]

Prax= £ )w( =% ®)
max= | 11 R PCOMD:

whereW is the lateral near field width an@l the reflectivity of the output facet. The factdyI" is called ‘equivalent vertical

spotsize’ and is a measure of the vertical near field width wherethickness of the active layer arfd the vertical optical
confinement factor. From Eq. (5), it follows, thatand R must be reduced for high-power operation. However, they cannot be
arbitrary reduced, because otherwise the laser performance deteriorates, resulting in a large threshold current, a low efficiency
and a high temperature sensitivity.

The power density at COMDicomp., is of the order of 10 MV)lcm2 and depends on the material system used (AlGaAs or
InGaAsP), the epitaxial layer structure and intrinsic parameters. Althpgdglp can be increased by proper facet treatments,
the most effective way to raise the maximum power is to incré&skowever, increasingy immediately leads to difficulties in
maintaining a single lateral mode so that rises up to values of 100 in single stripe broad-area emitters [9]. Hence, the basic
task for makaing high-brightness diode lasers is the suppression of higher order lateral modes. There are different approaches
to solve this problem. Here we will discuss only the most successful ones. For the other approaches we refer the readers to the
review article of Walpole [5].

One approach exploits all-semiconductor master-oscillator power-amplifier (MOPA) configurations, where the relatively
low optical output power of a spatial-single mode laser diode is injected into a semiconductor optical amplifier. The highest
brightness has been achieved with so called flared or tapered gain-region amplifiers, whos#& \idtbases linearly along
the amplifying region. If the input aperture and the flared angle is designed correctly, the beam will diffract to fill the tapered
gain region and will grow as it propagates towards the large output aperture. Since the tapered design uses a diverging beam, it
is more stable with respect to non-linear distortions (e.g., filamentation) than a broad-stripe amplifier. In order to shift the lasing
threshold of the amplifier to injection currents as high as possible, both facets have to be provided with anti-reflection coatings
having reflection coefficient® < 103

The all-semiconductor MOPA can be realized in a hybrid configuration [10—12] or monolithically integrated [13-15]. The
hybrid approach offers the advantage that the master-oscillator and the power-amplifier can be optimised separately, and that
both can be optically well-isolated from each other. The disadvantage of the hybrid approach is the expensive mounting and
alignment needed to fix both devices to each other.

The monolithically integrated MOPA is formed by integrating a narrow-stripe, single-spatial mode, index-guided distributed
feedback (DFB) or distributed Bragg reflector (DBR) laser together with a gain-guided tapered amplifier. A buried Bragg grating
is necessary because of the negligible reflectivity between the single-spatial mode waveguide and the tapered amplifier and the
anti-reflection coated output facet. The disadvantage of the integration of the master-oscillator and the power amplifier on the
same chip is that the active layers of both devices cannot be separately optimised. Furthermore, the devices exhibit a fairly
complicated dynamic behaviour [16,17]. These non-linear instabilities are mainly caused by a residual output facet reflectivity.
Thus, the monolithically integrated MOPA behaves like a laser with external feedback, which is known to show a large variety
of dynamic phenomena [18].

If the Bragg grating formed in a monolithically integrated MOPA is partially or completely omitted and the output facet is
provided with a finite, albeit small, reflectivity, we end up with a flared or tapered gain-region laser, compare Fig. 1 [19-27].
The tapered laser is an example of an unstable-cavity laser. The single-mode waveguide acts as a mode-filter because higher
order lateral modes excited in the tapered region and propagating into the waveguide will dissipate there by both absorption
and radiating into the radiation modes before they can propagate back into the tapered region. This mode-filtering effect can be
enhanced by cavity-spoiling elements which deflect and scatter unwanted radiation away from the tapered region. They consist
of grooves etched down through the active region and angled with respect both to the axis of symmetry of tapered structure and
to the plane of the active layer.

The advantage of tapered lasers over monolithic MOPA configurations is the absence of the non-linear instabilities due to
the double-cavity effects. Due to the absence of the buried Bragg gratings, formed within the structure, a tapered laser can be
grown in one epitaxial run and is hence much easier to fabricate.

The main drawback of tapered amplifiers and lasers is the large astigmatism. Depending on the length of the tapered region,
the beam waists for the lateral and vertical directions are located at very different positions. The output beam of an angled-
grating ¢-)DFB laser, where a tilted Bragg grating stabilizes the mode in both the longitudinal and lateral directions, lacks
this strong astigmatism [28-32]. HoweverDFB lasers possess a lower efficiency and kinky light-current characteristics at
higher output powers. Furthermore, their fabrication requires two epitaxial growth steps due the buried Bragg grating. Thus, the
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tapered laser is currently the most promising candidate for a commercial exploitation as high-brightness semiconductor based
light source.

3. Modédling

For the computer-aided design of diode lasers, a hierarchy of models can be used, starting from relatively simple ones
running on a PC and extending to very complicated tools which require a super computer. For the simulation of light-current
characteristics or field distributions, models which only simulate the stationary behaviour are usually sufficient. However, if one
is interested in the dynamic behaviour or if non-linear instabilities emerge, the models must include thagiameadditional
independent variable.

A prerequisite for any kind of simulation is the knowledge of the material-dependent parameters entering the models. For
ternary and quaternary semiconductor compounds, these parameters and their wavelength and temperature dependencies are
usually not well known. Often there are only a few experimental data available from measurements or first-principle calculations
at selected compositions, wavelengths or temperatures. Hence, the parameters are mostly calculated by suitable interpolation
formulas from the associated binary compounds. However, not all of the necessary parameters are even known for the binary
compounds. There are several collections of parameters published in the literature, see, for example, [33—35] and the references
therein.

Any design of a semiconductor laser starts with the modelling of the epitaxial layer structure. A one-dimensional optical
mode solver is needed here in order to calculate the confinement factors and field distributions. In order to investigate the
influence of the substrate in GaAs-based lasers, the optical solver should be able to treat complex valued dielectric function
profiles [36]. Figs. 2 and 3 depict the results of such a calculation for the wavelerg808 nm and a transverse-magnetic
(TM) polarized mode. In Fig. 2, the equivalent vertical spotgiz€ of Eq. (5) is plotted versus the total width of the waveguide
layer. From Fig. 2, it can be seen that if the Al content in the waveguide layer is reduced, the width must be correspondingly
increased in order to keefy/I" ~ 1um. This reduces not only the power density but also ensures a small vertical far field
divergence (Fig. 3) which is useful for achieving good optical coupling efficiency. Additionally, the change of the effective
index with carrier density is diminished [37], which reduces the formation of filaments through self-focusing of the optical
field [39].

In order to optimise the active layer, which is usually composed of a single quantum well (QW) or of multiple quantum
wells, one has to calculate the sub-bands and the local gain and refractive index spectra versus carrier density and temperature.
This is usually done by solving the Schrédinger equation in the envelope approximation uskng thethod. Fig. 4 depicts

1

vertical spotsize d/I" / um

=
o

0.5 1.0 1.5 2.0
total waveguide thickness / um

Fig. 2. Equivalent vertical spotsize versus the total waveguide width for different AlAs contents in % in the waveguide. The cladding layer
consists of A} 7Gag 3As. The tensile-strained GaAsP QW has a thicknes$-6f14 nm and is embedded in 10 nm AlGaAs linearly graded
from the waveguide composition to #¢Gay 7As. The wavelength i = 808 nm and the polarization is TM.
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Fig. 3. Vertical far field angle (FWHM) versus the total wave guide width for different AlAs contents in % in the wave guide. Same parameters
as in Fig. 2.
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Fig. 4. Calculated TM modal peak gain versus current density for different GaAsP QW thicknesses in nm. The arsenic content has been chosen
such that the transition wavelength between the electron subband edge and the light hole sub-band edge is approximately equal to 800 nm. The
total wave guide thickness is 1 pm and consists @f8Gay 55As.

the result of such a simulation, which shows the impact of the thickness of a tensile strained GaAsP QW on the modal gain of
the TM mode. The modal gain is the productiofand the local gairg. The calculations were performed using an eight-band

k-p Hamiltonian and taking into account all possible transitions in QW as outlined in [37]. The current density consists of a
radiative part consistently calculated with the gain, and a non-radiative part [38]. Although many-body effects are neglected,
except for phenomenological corrections for the gain spectral broadening and for the band-gap renormalization, good agreement
with measurements was achieved [40]. It can be concluded from Fig. 4 thatf@&08 nm, a QW thickness between 10 and

17 nm is optimum, depending on the modal gain needed.

In order to calculate the current flow over pn and hetero junctions or the current spreading and carrier diffusion in laterally
structured devices, drift-diffusion simulators must be employed [41]. For one-dimensional problems, a free simulator can be
downloaded from the internet [42]. There are a number of commercial two-dimensional simulators available. They solve, self-
consistently, in addition to the drift-diffusion equations, a heat-conduction equation and the equations for the optical field. The
latter consist of a waveguide equation for the transverse mode distribution and a rate equation for the optical power. A simulation
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of the temperature distribution alone (i.e., without a coupling to the electronic and optic equations) is often of little significance
because of the improper consideration of the heat sources.

The above mentioned numerical simulators treat only the transverse plane assuming longitudinal homogeneity. The ‘treat
power as a parameter’ (TPP) method [41,43] allows one to take into account at least the longitudinal spatial holeburning which
is an important effect, for example, in high power lasers with a low-reflectivity output facet. A first three-dimensional simulation
of tapered amplifiers and lasers has been reported in [44]. Within the EC-IST project ‘ULTRABRIGHT’, a sophisticated full
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Fig. 5. Colour-scale plot of the intensity distribution of the forward propagating field in a tapered laseyapthee simulated with CONAN

for the following parameterst. =2 mm, Lrw = 750 pm,Wrw = 2 pm, ¢ =4°, R; = 1%. The output power is about = 1.7 W. Only one
half of the cavity § > 0) was taken into account.
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Fig. 6. Colour-scale plot of the intensity distribution of the backward propagating field yz iane simulated with CONAN. Same parameters
asin Fig. 5.
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three-dimensional simulator called ‘CONAN'’ for longitudinal varying Fabry—Perot type of devices like tapered lasers has been
developed by the University of Nottingham and Universidad Politécnica de Madrid. Instead of solving a rate equation for the
optical power, a 3D wide-angle (WA) finite-difference (FD) beam propagation method (BPM) is used to solve the paraxial wave
equation [45]. Figs. 5 and 6 depict the simulated forward and backward propagating optical fields, respectively, in a tapered
laser at an output powe? = 1.7 W. These results have been obtained with a preliminary version of CONAN, where the drift-
diffusion and heat-conduction equations are solved two-dimensionally in slices along the longitudinal axis and the optical field
is calculated with a 2D WA-FD-BPM using the effective-index approximation [46,47].

There are also a number of approximate two-dimensional numerical models specially developed for tapered lasers (for
example, [48]) ow-DFB lasers [32], which solve the paraxial wave equation inyth@lane with a BPM and utilize greatly
simplified equations for the carrier density and temperature distributions. Although the basic trends of a variation of geometrical
and material parameters on the laser data can be predicted, a quantitative agreement with experiment is often difficult to achieve
and the usefulness of such models for design purposes is limited.

As mentioned above, time-dependent models must be used if the generation of optical pulses or if non-linear instabilities
such as self-sustained pulsations, switching phenomena or chaos are to be simulated. When numerically implementing such a
model, one must take care that no instabilities are generated by the numerics and that the wavelength dependencies of the gain
and the refractive index are properly translated into the time domain. One can distinguish between models that account only for
the longitudinal coordinate [17,49] or additionally for the lateral coordinate[16] (compare Fig. 1). The most sophisticated
model has been published by O. Hess and co-workers [50] which takes into account even the microscopic dynamics. However,
the results are very difficult to interpret due to the complexity of the model.

In closing this Section, we would like to point to the internet site www.nusod.org where useful information about the
numerical simulation of optoelectronic devices can be found.

4. Technology

In this Section, we describe a typical fabrication process for tapered lasers. A schematic three-dimensional picture of a
processed laser is shown in Fig. 7. A straight ridge waveguide (RW) is usually used for the single-mode, index-guided region.
Thus, the fabrication is based on a combination of well-established processing steps for RW and broad-area lasers, details of
which can be found in the book [51]. In order to maximize the output power and to optimise the beam propagation ratio, the
total cavity lengthL, the taper angle and the lengtiLryy can be varied (see Fig. 1).

The layer structures are grown on (001) exact-oriented GaAs substrates by a low-pressure metal-organic vapour phase
epitaxy (MOVPE). This growth method has the advantage that phosphorous compounds like GaAsP which are used for the
QW (see below) can be grown more easily than with molecular beam epitaxy (MBE). The precursors used for the growth of
AlGaAs and GaAsP are TMGa, TMAI, AsHand PH. DMZn and disilane are used for p- and n-doping, respectively. The
purity of the sources is critical especially for shorter wavelength AlGaAs-based lasers. For example, in [52] it was shown that
the incorporation of oxygen into the AlIGaAs waveguides from a contaminated TMAI source is very critical for the performance
of 735-nm emitting lasers, despite the use of an Al-free QW. The typical growth temperature of the laser structures is around

Fig. 7. Schematic three dimensional view of a tapered laser (not to scale). Grey: Epitaxial layer structure, dark yellow: n-contact metallisation,
orange: p-contact metallisation, straw yellow: electroplated gold.
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Fig. 8. SEM picture the rear facet and part of the RW region of a tapered laser. The dry etched ridge, the thin evaporated p-contact metallisation
and the thick electroplated gold are visible. The thin (100 nm) insulating layer adjacent to the ridge cannot be seen clearly.

750°C and the growth rate is about 3 im The thicknesses and compositions of the layers are determined by high-resolution
X-ray diffraction and photo-luminescence spectroscopy.

The RW is fabricated by dry etching in our case, but wet-chemical etching in combination with an etch-stop layer could
also be used. The ridge widtWgyy is typically about 3 um. The etch depth is around 1.5 um, depending on the desired
effective index stepAnes. Both Wryw and Angg are critical parameters for ensuring single-mode behaviour and sufficient
mode filtering properties. We should note, that the optimum taper gndepends orWrw and Aneg. In Fig. 8, a scanning
electron microscope (SEM) picture is shown of the rear facet of a tapered laser with the etched RW. Cavity spoiling elements,
such as those discussed in Section 2, were not inserted. Although they enhance the mode filtering, they require additional
processing steps and may be a source for degradation due to the need for deeply etched grooves.

The current spreading in the gain-guided tapered region can be reduced either by removing the p-GaAs contact layer by
wet-chemical etching or by a low-energy Hémplantation adjacent to the contact area. Additionally, s#Ngior Al,O3 layer
is deposited for electrical isolation between the semiconductor surface and the p-contact metallisation outside of the RW and the
tapered regions contact areas. The p-contact is realized with a standard Ti/Pt/Au layer system. A thick Au layer is electroplated
to be able to mount the devices p-side down with AuSn solder [53].

After scribing and cleaving, the facets are coated using an ion-beam sputtering process to achieve the desired reflectivity. At
the rear facet (RW region), the reflectivity is typically greater than 90%. The refleciyiat the front (output) facet depends
on the total cavity lengtli and can be optimised to obtain a large wall plug efficiency at the operating point and/or a good beam
quality. In any case, the reflectivity is typically below 5% reaching values below 0.1% for longer cavity léngtBsmm and
high-gain materials. In tapered lasers, a low valu&phlso improves the beam quality by suppressing the optical pumping
effect due to the reflected field.

The tapered lasers are mounted p-side down on T-cBN or CuW submounts using AuSn solder [53]. The thermal expansion
coefficient (TEC) mismatch of both submount materials to GaAs is smaller than that of copper. This mounting scheme is more
reliable than solutions based on In soldering directly on copper. T-cBN has a higher thermal conductivity than CuW, but a larger
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TEC mismatch. Hence T-cBN is used for shorter (cavity lerigth 2 mm) and CuW for longer devices. The subassemblies are
typically mounted on standard copper heatsinks.

5. Experimental results

In this Section, typical results for tapered lasers emitting &t 735 nm and. = 808 nm will be presented [25,26]. The
wavelength range around 740 nm is especially interesting for the photodynamic therapy (PDT) [54], whereas high-brightness
lasers emitting at 808 nm are used for pumping of solid-state lasers or for direct material processing [4]. Tapered lasers at these
wavelengths are more challenging to fabricate than at wavelengths around 1000 nm because of smaller energetic barriers for
electrons and holes and the larger Al-contents necessary [19,22-24,27].

At these wavelengths, the compound semiconductors AlinGaP or AlGaAs can be used for the bulk layers and InGaAsP or
AlinGaAs for the active layer. We decided to use AlGaAs for both the waveguide and the cladding layers, because it is easy to
grow and p-dope with zinc or carbon [55]. The QW consists of tensile-strained GaAsP, because of the nearly equal band offsets
for electron and holes [38], the large differential gain and last, but not least, the absence of aluminium. Especially for 808 nm,
the thickness and the composition of the QW have to be carefully optimised, compare Fig. 4. Due to the tensile strain, the lasing
mode is TM polarized with the main component of the electric field vector perpendicular to the epitaxial layers.

The 735-nm emitting device consists of/Gay 3As cladding layers and a 1 pm thick @d5Géag 35As waveguide. The
QW has a thickness of 9 nm. Broad-area devices made from this structure had an internal differential efficigrec®.8f
internal losses; < 1 cm~1, a modal gain parametdtgg = 20 cnm 1 and a transparency current densityjgf < 220 A/cm?,
assuming a logarithmic dependence of the modal gain on the current density. The 808-nm emitting device also consists of
Alg 7Gag 3As cladding layers, but has a 2 um thickpkGag 55As waveguide. The QW has a thickness of 17 nm (compare
Fig. 4). At broad-area devices made from this structure the following figures of merit were meaguzel9, oj < 1 cm1,
I'go=17 e, jiy <150 A/cmz. The full widths at half maximum (FWHM) of the vertical far field intensity profiles i§ 27
(732 nm) and 25 (808 nm), which agree quite well with the calculated values (see Fig. 3).

At first, we will present results for the 732-nm emitting devices wite- 2.75 mm,¢ = 6°, Lryw =1 mm, Wryw = 3 um,

Rf = 1% and an effective-index step Aot = 7 x 103, The power-voltage-current characteristics are depicted in Fig. 9. The
threshold current is below 0.8 A. The slope efficiency of above 0/&\&hd maximum conversion efficiency gt = 0.4 are
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Fig. 10. Profile of the corrected lateral far
field intensity at different output powers
Fig. 9. CW voltage-power-current characteristics of a 732 nm of a 732 nm tapered laser with the same
tapered laser with the following parameteis:= 2.75 mm, parameters as in Fig. 9. The relative power
Lrw =1 mm,Wrw =3 um,p = 6°, Rf = 1%. The heatsink in the central lobe is also indicated. The

temperature wa% = 25°C. heatsink temperature wds= 25°C.
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only slightly smaller than those of corresponding broad area lasers, despite the additional radiation losses due to mode filtering.
This is primarily due to the low value at;, so that there is little power in the backward propagating field.

Fig. 10 shows the corrected lateral far field profiles measured at different output powers. The corrected far field is obtained
as follows. Because of the strong astigmatism, the beam vertically collimated by a spherical lens is convergent in the lateral
direction. The corrected far field is obtained by laterally scanning the optical intensity in the beam waist and by calculating the
angle as

9 — h
] arctar( 7 ) , (6)

where f is the focal length of the lens [5]. It can be also shown that the corrected far field is exactly the same as the intensity
profile that would be found a focal length beyond the measurement lens if an ideal thin cylindrical lens had been placed at the
output facet to collimate the beam in the lateral planes removing the quadratic phase curvature due to the divergence of the
beam. Fig. 11 shows the uncorrected far field distribution obtained by using a high aperture lens combination, which converts
the angular distribution of the divergent beam into a spatial distribution at the plane of a moving slit [9].

The relative power contained in the central lobe of the corrected far field profile is one measure for the beam quality of the
tapered laser. As indicated in Fig. 10, everPat 3 W, 80% of the power lies inside the central lobe. The FWHM is D ad
the beam propagation ratioMf, =1.1, calculated from the/lv2 widths of the measured intensity profiles of the uncorrected
far field and in the beam waist using Eq. (2). If instead the widths determined with the method of second moments are used, a
larger value ofM§ is obtained (5.7). One reason is that, in this case, not only the main lobe of the field profile in the beam waist
is considered, but also the side lobes, which contain up to 20% of the power (see Fig. 10).

One parameter which has to be carefully optimised is the lehgth of the RW region. Fig. 12 shows the beam propagation
ratio M)z, versusLry for a 2 mm long device with a full taper angle ¢f=4° and Ry = 1%. Clearly, a minimum oM)z, is
observed betweengy of 750 and 1000 um. This minimum is due to a minimum of the width of the intensity profile in the
beam waist, whereas the far field angle is nearly constartgQy < 1000 um and decreases above this value [56]. What might
be the physical reason for this behaviourMif? If Lrw is too short, then higher order modes which are excited in the tapered
region and propagate backwards into the RW region are not completely damped and can be reflected at the rear facet back to
the RW and tapered regions. This could be possibly prevented by introducing cavity-spoiling grooves or by regdwasng
simulations reveal [47,48]. Moreover, the power injected into the tapered section iisgg i increased and the saturation of
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Fig. 12. Beam propagation ratio versus the length of
Fig. 11. Profile of the uncorrected lateral far field intensity at the the RW region at different output powers of a 732 nm
output facet at different output powers for the same device as in tapered laser with the following parametefs= 2 mm,

Figs. 9 and 10. Wrw =3 um,p =4°, Rt =1%.
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Fig. 13. CW voltage-power-current characteristics of a 808 nm of a 808 nm tapered laser with the same
tapered laser with the following parameteds:= 2.75 mm, parameters as in Fig. 13. The relative power
Lrw =1 mm,Wrw = 3 um,p = 6°, Rf = 0.1%. The heatsink in the central lobe is also indicated. The
temperature wa% = 25°C. heatsink temperature wds= 25°C.

the gain in the tapered section is more complete, which leads to improved beam stability due to the suppression of the amplified
spontaneous emission. HoweverLiky becomes too large, a self-focusing effect in the tapered section occurs, and the device
tends to oscillate in undesired Fabry—Perot cavity modes, i.e., modes with wavefronts parallel to the facets. This leads again to
an increase oM?2.

Finally, we will present results for the 808-nm emitting devices Mits 2.75 mm,¢ = 6°, Lryy =1 mm, Wrw = 3 um,
Rf = 0.1% and effective-index step dineff = 1072. The power-voltage-current characteristics is depicted in Fig. 13. The
threshold current is below 0.8 A. For powers upRa= 3 W, the slope efficiency is as high as 1.2/%/and the conversion
efficiency is about 50%. The maximum output power (limited by the electrical power supply) is larger than 4.6 W. The corrected
lateral far field profiles are depicted in Fig. 14. For powers up te 2 W, more than 80% of the power lies inside the central
lobe. The FWHM is about O.28andMy2 =1.2 as calculated from the/a2 widths (3.7 using the method of second moments).

At P =4 W, only 54% of the power lies inside the central lobe Mﬂ: 3.1(10.7).

6. Conclusions

Tapered gain-region devices increase the available output power with high beam quality from semiconductor lasers to the
range of about 3 W. The technology is based on well-established single step epitaxy and processing of ridge-waveguide and
broad-area devices. The design must be carefully optimised to avoid non-linear distortions of the beam and to achieve a high
wall plug efficiency. Due to the low facet load, a very high reliability can be expected. The limits up to now are the decreasing
beam quality at high output powers and the low efficiency compared to simple broad area devices.

Despite nearly 15 years work on tapered lasers, further improvements are possible. Nearly all design and technological
aspects can be revised in order to achieve higher brightness. These aspects include new vertical structure designs for longer
lasers, better mode filtering and improvement of facet stability as the most promising measures. From the physical point of
view, there are no fundamental limits to increase the diffraction limited output power to beyond 10 W.
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