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ABSTRACT

An analysis of the mode structure of high-powerldetbarrier separate confinement DB SCH diode fasepresented.
The devices are characterized by very low vertlm@dm divergence (13 — 22depending on the design version).
Modelling of the fundamental mode distribution foree different design versions of DB SCH diodetass discussed
and the results are compared to a macroscopic atearation of the devices (far-field directiondlacacteristics and
photocurrent spectra). Microscopic measurementheohear field distribution of these diode laseith wubwavelength
spatial resolution are performed by employing arNiggld Photocurrent (NPC) technique. The modecstme of diode
lasers is directly visualized giving indicationsoab the interplay between the heterostructure deaigd the emission
characteristics.
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1. INTRODUCTION

High-power diode lasers (DLs) are widely used aticap pump sources in solid state and fiber las@tzese
applications require high-brightness, reliable searwith a good beam quality. Also, the requiresidot the optical
power delivered from a single device are constantlyeasing. Such demands impose high energy iEnsit the diode
laser facets, thereby increasing the risk of caiphktcal optical damage (COD). This risk, howewamn be diminished by
an optimized heterostructure waveguide design [1,2]

The waveguide design influences both the optieddi filistribution at the facets, i.e., the neardfidistribution and in
the far-field. A 'tight' heterostructure waveguidesign results in a near-field distribution in foem of a very narrow
light emitting slot causing a high vertical beanvedgence. The typical heterostructure design leatlinsuch tight
optical confinement is the single quantum well safea confinement heterostructure (SQW-SCH). Weaigoif the
confinement factor allows for spatially expandihg tight spot at the facet, leading to a considgrabhanced level for
COD. This can simply be achieved by enlarging tleeguide thickness. This solution is used in larggeal cavity
(LOC) diode lasers [1,3]. A marked disadvantagethi§ approach, however, is the deterioration of diede laser
performance (e.g., a decrease of slope efficiendyTa value) when waveguides are designed excessivetk in order
to reach very high power operation [1].

A solution which allows to simultaneously achievattba high COD level and a low beam divergence witly
moderatedeterioration of DL performance is the double lmarseparate confinement heterostructure (DB SCH).[&
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contains thin, wide-gap barrier layers at the faiErs between waveguide and cladding layers thakevethe optical
confinement, thereby increasing the radiation sgip¢ at the laser facet and, concomitantly, decrgathe beam
divergence. In the paper, three different desigirsions of DB SQW SCH structures are investigafetheoretical and
experimental analysis of mode structure in sucbrlasructures is presented. Due to the small dimessf the DL
waveguide, an experimental determination of opticedr-field distribution is practically impossibty the means of
conventional microscopy. The diffraction limit optical imaging can, however, be overcome by empipyiear-field
optical spectroscopy (NSOM) [5,6]. The method afidar high-resolution characterization of optoalesic devices. It
was successfully used for analysis of spatial eonisproperties of diode lasers [7,8]. Direct imapimf optical mode
profiles of diode lasers using near-field (NPC) folcarrent spectroscopy was demonstrated by Guen&f9]. In this
paper, the NPC technique is used for experimemllysis of mode structure in DB SCH SQW diode latauctures.
We demonstrate that the technique is capable ofviag even subtle changes in the optical modeilgraind readily
compared to quantitative theoretical modeling dficagd mode profiles. This makes near-field photoent technique a
viable, non-destructive method for characterizing aspecting the waveguide design of high powedélilasers.

2. THEORETICAL

The double-barrier separate confinement heterdsteicwith a waveguide design enabling weaker optica
confinement is schematically shown in Fig.1. Bartagyers 'inserted’ at the interfaces between theeguidecladding
layers allow for separately controlling both carrénd optical confinement. According to the modglifor suitable
DBSCH design, a competition between guiding andhaitting effects at the barrier interfaces leadsh® antiguiding
dominance compared to the primary waveguiding ptase of a SCH SQW structure. This causes an eggect
weakening of the optical confinement, an enlargamém light spot at the laser facet, and a velrtiam divergence
(©p) reduction.
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Fig. 1. Al-profile of the DB SCH diode (version Ahd calculated optical mode profiles for threead#ht variants of the
heterostructure.

Three heterostructures, versions A, B, and C, baesn designed. The layer sequence of an exemptayolstructure
(version A) is presented in Table ersions B and C differ with respect to the wavedguand barrier thickness and
composition. Modeling of the optical mode profifes all three waveguides was performed using thramercial Photon
Design software (Fig. 1). The optical mode prafidge non-Gaussian due to the formation of evanesgiés penetrating
the claddings. These tails are relatively weakmplitude for version A and much more pronouncedviensions B and
C. Calculated FWHM beam divergences are 15°, 18°121 for versions A, B and C, respectively.
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Layer Comjpios1 X Thickness Dopant n€entration [crmd |
13 GaAs - contact layer 0 0.3um C > 2E19
12 2.4pum C 7EL17
AlGaAs - p-cladding 0.45 ~0.1um C doping gradient
11 0.5pm C 1E17
10 AlGaAs - gradient 0.7 - 0.45 30 nm C 1E17
9 AlGaAs - barrier 0.7 150 nm C 1E17
8 AlGaAs - waveguide 0.3 140 nm u -
7 GaAsP - QW for 2.=808 nm 15 nm u -
6 AlGaAs - waveguide 0.3 140 nm u -
5 AlGaAs - barrier 0.7 150 nm Si ~1E16
4 AlGaAs - gradient 0.45- 0.7 30 nm Si 1E17
3 0.5pm Si 1E17
AlGaAs - n-cladding 0.45 ~0.1um Si doping gradient
2 2.4pm Si 5E17
1 GaAs - buffer 0 ~1 um Si 2E18

Tab. 1 Layer sequence of the double-barrier sepamtfinement heterostructure, version A.

3. EXPERIMENTAL
3.1 Diode laser structures

According to the scheme given in the previous sectihree heterostructures (versions A, B and @ lieen grown
on a n-GaAs substrate by low pressure MOVPE. Thgileestrained 15 nm thick GaAsP quantum well watintized for
808 nm emission [10]. The thickness, compositiod atrain of the heterostructure layers have beamaed using
SEM, PL, SIMS and XRD.

Wide-stripe gain guided laser structures were alteid by Héimplantation (E = 160 keV) [11]. The stripe width
0.1 mm. TiPtAu and AuGeNi metallizations were agglas p- and n- contacts, respectively. Lasereiddps have
been cleaved so that the cavity length L is 1 mime Tacets were HR/LR coated by sputtering with ANAIN
multilayers. The devices were mounted epi-side dowicopper blocks. Three representative diodedasamely A, B,
and C manufactured from the described earlier bsterctures, are investigated in this work.

3.2 Experimental setup

The experimental analysis of the mode structulBSQW diode lasers has been performed using angemnaent
shown schematically in Fig. 2 [3,12]. A probe befaom a He-Ne or a tunable Ti-Sapphire laser engtin the range
between 780 and 820 nm is launched into a singldenfiber. The end of the fiber is tapered and matated so that a
tip with an aperture of ~ 100 nm is formed. A cpepis used to modulate the probe beam with treuéecy of 2.75
kHz. The tip is scanned at a constant distance0(frt) over the laser diode facet using a sheaeftgedback setup.
The preamplifier photocurrent signal from the usbiidiode laser was detected by a lock-in amplifier

Far-field directional characteristics have beeroréed by a CCD camera corrected for the non-spdiedietection
surface [13]. Macroscopic photo-current spectraehla@en measured using a Fourier-transform spedeoB&UKER
IFS 66v. A more detailed description of this exp®ntal arrangement can be found in Ref. 14.
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Fig. 2. A schematic of a Near-field Photo-currexperimental setup [12].

4. RESULTS
4.1 M acr oscopic characterization of diode lasers

The far-field directional characteristics in thepé perpendicular to the junction of the dioderlage B and C are
shown in Fig. 3. The profiles are Gaussian-like Hravertical beam divergences (FWHM) are low fbdavices under
test (22°, 18° and 13° for the diode lasers A, Bd & respectively). They differ however slightlyrin theoretically
predicted values, especially for structurécalculated beam divergencase 15°, 13° and 12° for versions A, B and C,
respectively).
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Fig. 3. Normalized vertical far-field profiles fdiode lasers A, B and C.
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Fig. 4 shows a macroscopic photocurrent spectruanagéxemplary diode laser (structure A). The sigmalease at
1.53 eV results from interband absorption from fir& hole level (light hole subband) to the fiedectron level in the
QW. A local absorption edge at 1.85 eV, induced by gitgm inside the laser waveguide, is also preséme small
contribution from defect bands manifests itselftia weak shoulders at energies below 1.53 eV.
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Fig. 4. Photocurrent spectrum in the below-bandeeegion for a diode laser, version A.

The light-current characterization of the devicesveed threshold current densities in the rang@®® — 280 Acr¥,
270 — 300 Acnf and 300 — 350 Acthand slope efficiencies of 0.75 W/A, 1.15 W/A am@5 W/A for A, B and C
diode lasers, respectively. The slightly worsecédficies of the A and C versions can be attribiéedon-optimized
doping during the MOVPE growth, while the 'interrizgd’ B-version proved to be the most insensitivétt Series
electrical resistances (measured at threshold miymeere of the order of 0.1, and measured thermal resistances were
in the range of 8 - 14 deg/W.

4.2 Microscopic (near-field) characterization of diodelasers

We first examine the dependence of NPC scans owdlrelength of the excitation beam. Here, a fat¢h® diode
laser B was scanned in the direction perpendidaléine heterojunction with a probe beam that wasdun wavelength
between 633 and 820 nm. The resulting local phateat) plotted as a function of the local positiperpendicular to
junction), is shown in Fig. 5. A maximum NPC sigeah be observed in the area of DL active regipnp@sitions x =
0). The interface between heterostructure and satbstorresponds to the tip positions 8 um.

It is evident that the main NPC signal comes fréwa photo-carriers generated by interband absortiside the
QW. For an excitation wavelength bf= 633 nm - in addition to the QW absorption - alse Al :Ga& -As waveguide
region contributes to the overall signal. Thisassistent with the modeling results of the optfgat distribution which
indicate that fork = 633 nm apart from a fundamental mode also highggr modes can be excited. For the wavelengths
closer to DL emission (808 nm), the near field edm exclusively a fundamental mode as it can Is=vled in Figs.
5(b-d). Since the optically active QW layer withttackness of 15 nm is much smaller than the dinmensf the
fundamental guided mode, the near-field photoctrirgensity essentially maps the coupling of tharrfeeld radiation
into the fundamental guided mode [9] and thus plesia direct measurement of the optical mode prafiith
subwavelength resolution.

FWHW of NPC line scans from Fig. 5(b-d) is plot&sia function of the excitation wavelength (Fig.f)r longer
wavelength, a slight broadening of the near-fieldfife can be observed. This broadening can beilplgsattributed to
the deeper penetration of the optical field inte ldser structure [15].
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Fig. 5. NPC line scans in the direction perpendictd junction for the diode laser B obtained witle different excitation
wavelengths: 633 nm (a), 775 nm (b), 800 nm (€], 8Bm (d) 815 nm (e) and 820 nm (f)

The results of NPC characterization of the diodeida A, B and C are shown in Fig. 7. The excitatiavelength
(810 nm) was tuned close to the wavelength of Dission. Thus, the mode profiles in DB SQW SCH ditadeers are
directly imaged. The experimental results (opeales) are directly compared with the theoreticatrihutions of optical
mode profiles (solid line, Fig. 7 d-f). There isanly quantitative agreement between experimentthedry, especially
when the FWHM of both traces is concerned. In paldi, the near-field photocurrent data clearlyrodpce the
theoretically predicted width increase in the mquefile when going from structure A to C. This pidas direct



SPIE Proceedings, Vol. 6368, in press (2006)

experimental evidence for the predicted tailorifgtiee optical mode profiles. A marked discrepan&tween the
experimental and theoretical results is the cle@peession of the evanescent tails in the expetamhelata. At present,
we cannot definitely assign the physical origin thus effect. Most probably the real heterostrugsudiffer slightly from
the designed ones, as for layer thicknesses angasitions (Al-content). Also, the effect of the détstructure doping
on the optical mode profiles was not fully takemoimccount in the model calculations. The strongaveguiding
observed in the practically grown structures capdssibly be attributed to an Al-content in therteais that is below the
design value. We therefore anticipate that an aptition of this parameter should lead to an impdoperformance of
DLs as far as the beam quality is concerned.
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Fig. 6. FWHW of NPC line scans obtained with difier excitation wavelengths for a diode laser B.
5. CONCLUSIONS

In summary, we have presented a mode profile aisabfshigh-power double-barrier separate confinensémgle
guantum well DB SCH SQW diode lasers. Three diffetesterostructure versions have been analyzedtbethetically
and experimentally. The results of a macroscoparatterization of the devices (far-field directibicharacteristics,
photocurrent spectra) are given. Low vertical HWidMergences (13 — 22depending on the design version) have been
achieved.

The Near-field Photocurrent technique was useditectly image optical mode profiles in DB SCH SQWsér
structures. The experimental results have been amdpwith theoretical distributions of optical mopiefiles and are
essentially in quantitative agreement. In particulae theoretically predicted variation in modefpe width is clearly
resolved in the experiments. The desired tailomfighe optical model is thus clearly confirmed e tnear-field
photocurrent measurements, making this techniguygowerful and non-destructive method for optical eguide
inspection in optoelectronic devices, specificaligh power diode lasers. A remaining not yet fullpderstood
discrepancy between the experimental and theoretealts, is the weak contribution from the evaees tails of the
mode profiles to the photocurrent signals. It carpbssibly attributed to an Al-content in the bensj which differs from
the predicted value, as this is difficult to be reltderized experimentally. An in-depth comparisa@tween NPC
experiment and theory will be reported elsewhere.
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Fig. 7.(a-c) Two dimensional NPC image of a lasedds A, B and C with DB SQW SCH heterostructure
(b-d) Cross sections of the NPC signal in the @lperpendicular to junction (open circles: experitak

solid line: simulation).
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