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ABSTRACT

High-power diode lasers in the mid-infrared wavgtbnrange between 1.8um and 3.0um have emerged new
possibilities for solid-state pumping and directtenal applications based on water absorption wakioured
wavelengths at 1.94um and 2.9um. GaSb based disdeslare naturally predestined for this waveleraie.

We will present results on MBE grown (AlGaln)(AsStp)antum-well diode laser single emitters and laseays at
different wavelengths between 1.8um and 3.0um..241m different epitaxial designs have been ingastd in order
to optimize the GaSb based diode lasers for highai-plug efficiency and higher brightness. Moreanth30%
maximum wall-plug efficiency in cw operation fongie emitters could be demonstrated for resonatmgths of 1mm.
At 2.25um a high wall-plug efficiency of 24% hasebemeasured. For 2mm resonator length by using ragyrc

waveguide structures the wall-plug efficiency coblel doubled. Fast axis far field widths of 70 deg(@5% power
included) have been demonstrated. At 2.9um emittingelength broad-area lasers with 2mm resonatattewith

360mW at 10°C heat sink temperature are preseWechave also started to transfer the conceptsiftreh brightness
to this wavelength regime.

19-emitter laser arrays emitting at 1.94um havenhmsckaged on actively cooled heat sinks. Comparhigih wall-
plug efficiencies have been measured with p-sidendand p-side up packaging. In all configuratioasffeld widths
are well below 90 degree (95% power included). Igirearecord value of 140W have been measured ftaek built
of 10x 20% fill factor bars emitting at 1.91pum.
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1. INTRODUCTION

High power diode lasers emitting at wavelengths betwl.85um and 3.0um open up a wide range of apipls as
compact and efficient light sources in the fieldpomping of solid stateand optically pumped semiconductor lasers
emitting in the 2-4pm regime, laser surdgetgser drying processes as well as direct masepialcessing such as plas-
tics or aqueous varnish proceséingor all these applications output powers in thetimatt range, high wall-plug
efficiencies and small far field widths are prefdeafor practical purposes due to optics and fitmurpling demands.
Therefore, there is a strong request to improvebtiightness, means the power per emitting are&xisting diode
lasers in this wavelength range.

Diode lasers fabricated using the GaSb based (A)G&$Sb) materials system are naturally predestioethis wave-
length rang&®and offer clear advantages in comparison to InRdasode lasers in terms of output power and wall-
plug efficiency. Mainly used broadened waveguidsigies offer output powers well beyond 1W for br@ada diode
lasers. However they suffer from far field beametigence angles of more than 120 degree (definidfd®b% power



included), which are not feasible for products lgkemp stacks or fiber coupled modules. Therefor8iGased diode
lasers with narrow symmetric waveguide designs Ieen introduced some years A§d hey offer high output power
in combination with a reduced far field angle cfdeéhan 90 degree. Based on these diode laseos@ tamge of differ-
ent products have been developed and commercitilyed in the last yeats®. However, a narrow symmetric wave-
guide design leads to an enhanced interactioneobfical mode with the doped p-cladding causitgriral losses of
more than 12cfhwhich limits the usable resonator length, the hiisgipation and finally the brightness. One cohcep
to reduce internal losses is the use of asymmetrieguide structures which are well known from Ghased lasets

In this paper, we will present results on MBE graifGaln)(AsSb) quantum-well diode laser single gens and laser
arrays at different wavelengths between 1.85um3addm. Different epitaxial designs have been ingattd in order
to optimise the brightness. In the next two sectioie describe different epitaxial designs usedHerdifferent diode
lasers grown here. In section 4 we will presenicgipresults for broad-area single emitters basethe different epi-
taxial designs. To demonstrate the industrial &ppiliity of the GaSb based diode lasers, in sedialifferent results
for laser arrays at 1940nm are discussed. Finaa8b based 10-bar-stack at 1908nm will be dernradmstin section
5.

2. WAVELENGTH AND MATERIAL SYSTEMSOF GASB LASERS

The emission wavelength for (AlGaln)(AsSb) diodselas is mainly addressed by the thickness and maetatress
in the quantum well (QW). Adding Indium in the QWroduces a lattice mismatch and compressive sivhioh de-
creases the band gap energy. Different materiapositions must be used for different wavelengtiimeg according
to figure 1.

Typical layer designs aiming for wavelengths betwéeB5um and 2um are built of ternary GalnSb quaniells
embedded in quaternary AlGaAsSb barrier layersdii@vn in figurela. For example a standard (AIG&ls$b) diode
laser operating at an emission wavelength of 1.88pnsists of three 10nm thick QW having an Indiumntent of
17%, separated by barriers with 30% Aluminium.

Entering the wavelength window between 2.0um adg 2. requires an increase of the Indium contenhén@QW. In

order to maintain pseudomorphic growth of the actayer, the material system of the QW has to lpaeded by add-
ing Arsenic (figure 1b). Within this wavelength neg both, QW and barrier layer, are now quatermaayerial sys-
tems like illustrated in figure 1b. For exampleaatemission wavelength of 2.3um, the quantum vaitains 36% In
and 10% As.

The spectral region between 2.5um — 3um can gtittdvered by a quaternary material system, howssaegral bene-
fits of using a quinary material system have beemahstratetf. A schematically illustration of the band gap wisi-
tion is shown in figure 1c. By using a quinary l@rdayer the hole confinement can be improved tedthreshold
current density is reduced compared to a quatemmargrial systef. In order to achieve an emission wavelength of
2.9um, the In content in the QW has to be incretsé&d%.
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Fig. 1. (a) Schematic band gap distribution of GHIQW embedded in AlGaAsSb barrier layer addres$iagvavelength regin
between 1.9um-2um. (b) Schematic band gap disimibhf GalnAsSb QW embedded in AlGaAsSarier layer addressing t
wavelength regime between 2.0um-2.5um. (c) Scherbatid gap distribution of GalnAsSb QW embeddedéll@alnAsSb larriel
layer addressing the wavelength regime betweem2-3,0um.



3. WAVEGUIDE STRUCTURES AND BEAM DIVERGENCE

For many technical applications, e.g. fiber couplémd building pump stacks, wide beam divergencgearin the far
field are a major drawback. Usually a broadenedegaide design with a high aluminium content in ¢ghedding is
used for (AlGaln)(AsSb) diode lasers, giving a hgginfinement factor in the QW and hence a high modal gain. The
high confinement factor has the advantage of amgi@din overlap of the optical mode with the dopexiding layers,
reducing the internal losses The drawback of this design however is the namewar field which results in a broad-
ened far field width of more than 120 degree. Awaottional broadened waveguide design with three &l re-
gions embedded in 400nm thick separate confinetageats (SCL) and 2um thick claddings is shown guffe 2.
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Fig. 2 (a) Schematic refractive index profile (Isftale) and calculated optical mode intensity (rigale) of a conventional broad-
ened waveguide design. (b) Schematifractive index profile (left scale) and calculatmgtical mode intensity (right scale) o
narrow waveguide structure. (c) Schematic refracindex profile (left scale) and calculated opticaldeintensity (right scale) «
an asymmetric waveguide.

In order to decrease the beam divergence in thigefdy the optical mode inside the layer structhas to be broadened.
Possible steps to achieve this are,

a) an increase of the waveguide thickness,

b) a decrease of the waveguide thickness or

¢) a reduction of the refractive index step betweaveguide and cladding.

A waveguide structure with low beam divergence prasented by Rattunde el.al 2006. The refractive index profile
and calculated optical mode intensity is illustdaie figure 2b. This design uses thin waveguidestayof 140nm in-
stead of 400nm. By decreasing the Al content incthdding layers, the confinement factor of theddiag is increased



resulting in a spreading of the optical mode ifte tladding. In order to reduce the internal loskesto free carrier
absorption, the doping of the cladding layers leabe adjusted. This novel design offers a reduaedi¢ld beam di-
vergence in the fast axis of less than 90 degrg&% (@ower included) with almost no change in thréskeorrent densi-
ty in comparison to the conventional waveguide giesiThese impressive results have been achieveal liglanced
adjustment of refractive index step, waveguidekiéss and doping profile

A drawback of this design is the interaction of ttedding layers with the optical mode resultingrternal losses of
12cm* which limits the usable resonator length. Theglesian be improved by using asymmetric waveguidestres

as shown in figure 2c. The asymmetric confinemantdrs of p- and n — cladding results in a higlpeeading of the
optical mode into the n-cladding. If the doping fileois adjusted correctly the p-cladding thickness be reduced
whereas the n-cladding thickness has to be inadeiaserder to allow a spreading of the optical made avoid sub-
strate modes. With a reduced p-side thicknesseliatrical and thermal resistance is reduced akasethe internal
losses. As a result the wall plug efficiency aslaslthe maximum output power can be increasedresisefar field

widths stay comparable.

4. BROAD-AREA SINGLE EMITTER RESULTS

The laser structures described in the last sectime grown on (100)-oriented 2-inch n-type GaSkstibstrates by
solid-source molecular beam epitaxy. Gain-guideshtd-area lasers with stripe widths of 90pum, 15Gna 200um
have been fabricated using standard optical litolgy in combination with dry etching techniques l&deral pattern-
ing, and lift-off metallization for p-contact forriian. Backside processing started with substrateihg followed by

the deposition of the n-contact metallization andealing. The wafers were chipped into single erstivith different

resonator lengths (1.0-2.0mm). The devices werentealjunction side down or up either by Indium aSh solder on
gold-coated copper heat sinks (C-mounts). The faezets are coated with a highly reflective doulitek of Si and
SiO, films (> 95% reflectivity) and the front facetsaroated by a single layer of SiN (2-5% reflecyivitWhereas the
lasers at 1.94um and 2.25um are based on a nareme@gwide structure according to fig. 2b, the la#e2.9um is
based according to figure 2a on a conventional gaide design. Therefore the optimal resonator lefgt the wave-
lengths 1.94um and 2.25um was 1mm, whereas at 28 optimal resonator length was 2mm.

For 1.94um, in cw mode at 5A we have achieved 1with a stripe width of 200pum. The maximum wall-plaffi-
ciency is more than 30% at 1.9A which correspood8.5W output power (figure 3a). Even at 5A thelwdlg effi-
ciency is clearly above 20%. In cw mode the maxinoutput power is mainly limited by heat and thereftimited by
resonator length and by packaging techniques. Sofoe COMD (catastrophical optical mirror)effecteg operation
current has been ramped up to 30A in pulsed modeggime 500ns, 1% duty cycle) resulting in 9W. $lolden fail-
ure has been detected (figure 3b).

Figure 4a shows a broad-area laser at 2.25um. Imasle at 4A we have achieved 0.96W with a stripattwof 90um.
The maximum wall-plug efficiency is 24% at 1.1A whicorresponds to 0.25W output power. To our kndgéethis is
one of the highest values for the wall-plug efficg for this wavelength range. Figure 4b illustsagetypical fast-axis
far field for the 1.94pm and 2.25um lasers at 4Ahvaurrent -independent values of ~80° in?Idefinition or 44°
FWHM (full-width-half maximum) which enable the uséstandard optics and efficient coupling to fiéare

Figure 5a demonstrates a broad-area diode laskerl®@um stripe width at 2.9um emitting wavelength10°C heat
sink temperature a maximum output power of 360mWdbe demonstrated. The maximum wall-plug efficiewas
6% at 2A which corresponds to 170mW. At room terapge more than 250mW have been measured. Thesimses
the emitting wavelength of 2.9um at 5A operatiorrent and 35°C heat sink temperature. The powesl lef/360mwW
is one of the highest power values reported sddiathis wavelength, but nevertheless the conveatiavaveguide
design with 85% Al in the cladding leads to fasisdar field values of 120 degree (figure 5b) whate only usable
with high coupling losses in typical diode lasenquicts like fiber coupled modules or stacks. Thaeefve have started
to transfer also the narrow waveguide design tontheelength regime of 2.9um. First results are mivefigure 5b.
The far field could be reduced to 92 degree justdayicing the Al content in the claddings from 8&%60%, but fur-
ther optimisation is needed.
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Figure 3. Output power-vs.-current characteristiosl current dependent wall-plug efficiency of adu-area single emitter at
1.94pm with narrow waveguide structure. The measangs have been carried out at a heat sink tenyperat 20 °C in continuous
wave mode (cw) (left hand-side) and in pulsed meidét hand-side, 500ns, 1% d.c.).
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Figure 4. Output power-vs.-current characteristiosl current dependent wall-plug efficiency of adat-area single emitter at
2.25um with narrow waveguide structure (left hamtks Corresponding fast axis far field at 4A (rigtgnd-side). The measure-
ments have been carried out at a heat sink temyperat 20 °C in continuous wave mode (cw).
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Figure 5. a) Output power-vs.-current charactegsind current dependent wall-plug efficiency difraad-area single emitter with
conventional waveguide structure at 2900nm. Thesomemnents have been carried out at different helatemperatures in continu-
ous wave mode (cw). The inset shows the spectruitmeadiode laser at 5A and 35°C heat sink tempeazah)rThe far field in fast —
axis of the laser from (a) with 85% Al in the claulglin comparison to the identical laser with 06826 Al in the cladding.



A narrow symmetric waveguide structure offers haghiput power in combination with a far field angiebelow 90
degree. However, a narrow symmetric waveguide ddsigds to an enhanced interaction of the opticaemwith the
doped p-cladding causing internal losses of typick2cmi® which limits the usable resonator length. One epn¢o
reduce internal losses is the use of asymmetrieagaide structures as explained in section 2. Ifahewing we dis-
cuss broad-area diode lasers emitting at 1.94pum2@0Oum stripe width with a narrow symmetric wavidgustructure
(SW) and an asymmetric waveguide structure (AWhl&4 gives an overview about the different results

Symmetric| Symmetric| Asymmetric
waveguide| waveguide| waveguide
resonator length L 1lmm 2mm 2mm
of 12/cm 12/cm 7/lcm
Tg 56K 70K
T, 285K 250K
Ba (1/€) 70° 70° 85°
Brwim (1/€) 39° 39° 45°
threshold current (A) 0.38A 0.62A 0.91A
slope efficiency (W/A) 0.35W/A| 0.23W/A 0.23W/A
series resistancesRes 138mQ 100mQ 53mQ
Pioa 1.5W 1.7W
wall-plug efficiencyn ma, 30.2% 14.7% 19%
wall-plug efficiencynoa 7.7% 13.5%

Tab.1. Comparison of results for diode lasers @411m with symmetric and asymmetric waveguide deségrd 1mm and 2mm resonator length.

For the characterization of the internal parame2@@um wide stripe lasers with different resonéogths have been
measured in cw and pulse operations at differenpégatures. From these measurements internal loggeem® for

the SW lasers and 7¢hfor the AW lasers have been calculated. Also #meperature performance of the threshold
current () and slope efficiency (@ has been measured. Whereavdlues are nearly comparable for both structures
with values between 250K and 285K in the 20°C -CA&¥mperature range, the AW lasers show an improatd for

T of 70K in comparison to 56K for the SW lasers.

Figure 6 shows the dependence of the fast axifiefiar width on the operation current. The widthe given for two
definitions: FWHM (full-width at half maximum) anfdr 1/€. All measurements have been done in continuouswav
mode for lasers with 2mm resonator length at a bedt temperature of 20°C. Both laser structurderdr field
widths well below 85° (1/4 and 46° (FWHM), the SW lasers even have valueg0sffor (1/é definition) and 39°
(FWHM) which are to our knowledge the lowest faldi values published so far for GaSb based highepaliode
lasers.

In figure 7 the power-current characteristics tbgetwith the wall-plug efficiencies of lasers witifferent resonator
lengths of 1Imm and 2mm and symmetric and asymmefiiceguide structures are shown. The SW laser Witim

resonator length demonstrates a very high wall-gfffigiency of more than 30%, a high slope efficigrof 0.35W/A

and a low threshold current of 380mA. Neverthekesapid thermal rollover starts at 5A which limike achievable
output power to 1.5W. The high internal losseshef symmetric waveguide structure leads to a raptdrabration of
these values for 2mm resonator length. Due to a 86étease of the peak wall-plug efficiency in corigmn to 1mm
SW lasers, the 2mm long SW laser offers 1.5W at W@ich results in a wall-plug efficiency of 7.7%HA. With the
AW design the internal losses can be reduced to'7md in addition the series resistance can be eetioc53r®. For

lasers with 2mm resonator length and AW designrésslts in an improved maximum wall-plug efficigraf 19% and
a nearly doubled wall-plug efficiency at 10A of 3%. Whereas the threshold current of the AW degigreases by
50%, the slope efficiency of the two different dgs are comparable at 0.23W/A. Finally the outpuvgr at 10A
could be increased from 1.5W to 1.7W.
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5. LASER ARRAYS

Linear arrays of 19 broad area emitters at 1.94jitmavstrip width of 90pum and a centre-to-centracépg between the
individual laser strips of 500um (20% fill factanpve been fabricated and Indium soldered on agtivebled heat
sinks. The resonator length of the lasers was 1.3mallow for better heat dissipation. For someligpfions like
printing not only p-side down mounting but alsoigeesup mounting is favourable due to special he#& sonfigura-
tions. Figure 8a gives the power-current charasties for these bars for both types of packaging.ofitput power of
22.5W at 90A is achieved p-side down at a heat wniperature of 20°C in cw operation. The wall-p&fficiency is
still above 15% at 80A demonstrating the good desstipation of the overall packaging for GaSb batiede lasers. In
p-side up mounting wall-plug efficiency at 80A ighv13.5% only slightly lower in comparison to peidown mount-
ing. Also slope efficiencies are comparable betwaeth packaging types with 0.33W/A for p-side dosafdering and
0.32W/A for p-side up soldering. Nevertheless tkgde up mounting shows a higher degree of therallaiver at 80A
which leads to a reduced final output power of Y7 .&t 80A. In the current regime between 10A and 4@#ch is
typically used in production, output power and dkofield values are nearly comparable with 13.@& degree for the
slow-axis and 90+/-1 degree for the fast axis (&g8b).
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Figure 8. a) CW output power vs. current charasties for 20% fill-factor bars emitting at 1.94ufhe bars have been packaged
by Indium soldering on actively cooled heat sinkber in p-side up or down mounting. b) Correspogdar field measurements at
40A cw operation in slow- and fast-axis directiéfi. measurements have been done at 20°C heat simpemture.

Finally at DILAS Diodenlaser GmbH a laser stack bagn built consisting of 10x 20% fill factor bagmitting at
1920nm (figure 12). In cw mode at 20°C heat sinmkgerature a maximum output power of 140W at 58A leen
achieved. Threshold current (5.1A) and slope efficy (2.66W/A) are comparable with single bar mssuhiso the
line-width of 14.3nm is remarkable small for Ga%iséd laser packages.
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6. CONCLUSION

We have presented results on MBE grown (AlGaln)@sguantum-well diode lasers at different wavelasdietween
1.85um and 3pm with symmetric (SW) and asymmetaicaw waveguide (AW) designs for low far field widtand
high wall-plug efficiencies. Both laser structureffer far field widths well below 85° (full widthtal/e®) and 46°
(FWHM) for single emitters and laser arrays. Thesetric narrow waveguide lasers even have valug9bf for 1/8
definition) and 39° (FWHM) which are to our knowtgsithe lowest far field values published so far@aSb based
high power diode lasers. Whereas for short resonatggths wall-plug efficiencies of more than 30%vé been
demonstrated, longer resonator lengths need anmasyin waveguide design for higher wall-plug effiecies. For
2mm long lasers we have demonstrated an improvednman wall-plug efficiency of 19% and nearly douthlesall-
plug efficiency at 10A of 13.5% in comparison tsdes with symmetric waveguide design. Finally weehdeveloped
MBE grown (AlGaln)(AsSb) quantum-well diode lasets2.9um with quinary waveguides. Here single amsttvith
2mm resonator length with 360mW at 10°C heat sémipterature could be demonstrated so far (Fig. 4) h&be also
started to transfer the concepts for higher brigégrto this wavelength regime.
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