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Abstract. We present the first comparative study of spatiallya resolution of30pum) of a 50 elementnAlGaAs laser ar-
resolved near-field photocurrent spectra for high power laseay for below band gap excitation 840 nmbefore and after
diode arrays with different wave guide characteristics befor@4 hours of operation. The non-aged laser diode shows no sig-
and after accelerated aging of the laser device. Sub-wavelengiHicant spatial variation of the photocurrent signal between
spatial resolution is demonstrated by using a near-field fibesidjacent emitters which are separate@B@um. In contrast,
probe as the excitation source. The potential of the techniquée PC signal of the aged diode fluctuates strongly from emit-
for analyzing microscopic aging processes in optoelectroniter to emitter. In particular, two of the 50 emitters of the array,
devices is demonstrated. The experiments provide insight irshow an strongly increased photocurrent signal which is more
to mechanisms of defect formation within the p-i-n junctionthan two times larger than that of the other emitters.

of InAlGaAs/GaAs laser diodes upon aging. The effect of  Such observations make the quest for microscopic analysis
the wave guide structure and of surface recombination praechniques pertinent. Most recently, Near-Field Photocurrent
cesses on the near-field photocurrent images is discussed &pkectroscopy (NPCS) has been introduced by our group as
analyzed in terms of a beam propagation model. The nora new analytical tool for monitoring microscopic aging pro-
destructiveness makes this technique a particularly attractiveesses in high-power laser diodes [3]. In this technique [4—6]
method forin-situ analysis in high power laser diodes. the near-field radiation transmitted through a nanometer-sized
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With the increasing growth of the solid state laser market, th

role of high power laser diode arrays becomes more and mo 1000
important. Diode arrays are used for a number of application: 5
such as pumping of solid state lasers, the generation of blue a £ 800
UV radiation by frequency doubling and material processing & [
purposes. The high power density in these devices and tt&
high light intensity near their mirror facets causes changeg
in the structure of the active laser material which ultimately 5 \,M :
limit the lifetime of the device. Consequently, a microscopic 8 200 I f'f ; ; o
understanding of aging processes of high-power laser diodté_—‘f | il : i E _
is of utmostimportance for increasing the performance and th : h
lifetime of these devices. This problem has been addressed : : ;
a variety of technigues and reviews on this subject have bee -2 4 6 8 10 12
given by Fukuda [1] and Eliseev [2]. Moreover, from a more Distance (mm)

fundamental point of view, hlgh power lasers present umquﬁg.l. Macroscopic photocurrent line scans at an excitation energy of
31

m_OdEI_SyS_tefr_nS for SIUdy'n_g processes of d_efeCt_ creation anGq €V(940 nn) of a DQW step index laser diode array consisting of fifty

migration initiated by the high internal electrical field. 60um wide emitters separated lytOum before and after accelerated aging.
An understanding of aging mechanisms in current diod&Vhile the fresh laser diode shows no significant variation of the photocurrent

laser arrays is complicated, compared to single emitter diode%?f’r‘;'nagrfnoiftz r”;g gmfeffm);‘i S;gﬂm %f g;e; I%%eedmciititc:e(:g (f)';ltcrg:a;?rsajtfong-

by the fact t.hat the pro_pertles .Of Fhe device may Va'l’y s'tron ocated at abou8.5 mm, show a photocurrent signal which is more than two

ly from emitter to emitter. This is demonstrated in Fig. 1,times larger than that of the other emitters. The spatial resolution in these

which shows a spatially resolved photocurrent signal (withexperiments was abo80um
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aperture is used to generate photocarriers which induce a ph Tunable

tocurrent inside the sample acting basically as a photodiod Excitation Laser

If the aperture is placed in close proximity to the sample, the

excitation spot size is determined by the sub-wavelength siz NPC

of the aperture and can thus be reduced to b&dwm The Fiber Probe y

resolution of the NPCS experiment is determined by the ex
citation spot size, the absorption length of the radiation an
minority carrier transport processes and could be shown to t T // \ A5 AR - Coating ..

better than250 nm[4]. The technique presents several fea- it '
tures that make it particularly attractive for the analysis of
laser diodes. It combines high spatial resolution with non J z
destructiveness and the possibility of resonant excitation b
using a tunable wavelength light source. This allows for the GRINMGRIN
analysis of laser devices at different stages of aging withot
affecting the device performance by the analysis process. DQW
In this paper, the technique is used for the first time tc
compare microscopic aging effects on high power laser diod

structures with different wave guide characteristics. Aging g
Lock-in Voltmeter

effects on defect concentrations within the active layer ani
on (near-) surface radiationless recombination processes ¢ _
resglved. The structure o_f the laser de_wce is shown t(_) pl_a¥ig.2.ExperimentaI setup of the near-field photocurrent (NPC) experiments.
an important role for the Image formation process, which in these experiments, the laser diode is excited by tunable continuous-wave
analyzed in terms of a ray tracing model. laser light transmitted through a nanometer-sized aperture located at the end of
The paperis outlined as follows. After a brief description ofa near-field fiber probe. The near-field probe consists of a tapered single mode
the experimental setup, we present macroscopic photocurre‘?ﬁ’f‘ca' fiber with a Iatgral metal coating and aperture diameter _bet_\’érﬁer_l
fthe investioated structures. Then NPCS experime nd200 nm The p_hotomduced voltage‘(or curren_t) across the p-i-n junction
spec_tra 0 g h : : p he laser diode is detected as a function of the tip position as the laser diode,
obtained for a graded index diode array before and after agshich is mounted on ary-z piezo, is scanned relative to probe tip. During
celerated aging are analyzed and discussed. These results @eescan the tip to sample distance was kept consteit-dt nm using an

then Compared to experiments performed onastep index arr&ptical shear force setup. The photoinduced signal was detected with a lock-
Finally the findings are summarized In nanovoltmeter with the laser diode unbiased. The layer structure of the

DQW-GRIN laser diode array, consisting of td& nm GaAgjuantum wells
surrounded by220 nmwide undopedAl;_yGaAs (0.3 < x < 0.6) graded
gap layers and by two, p- respectively n-dofdes-2 um thick AlgeGap 4As
cladding is shown schematically

1 Experimental

In the near-field photocurrent experiments, the laser diode is The near-field optical microscope used for these experi-
excited by light transmitted through a nanometer-sized apements is based on a commercial instrument (Topometrix
ture at the end of a NSOM probe tip [7]. The photoinducedAurora). Probe tips with a cone angle of°1@ere pulled
voltage (or current) across the p-i-n junction of the laser diod&om single-mode optical fibers in a commerc@D,-laser

is then detected as a function of the tip position as the lasdyased fiber puller (Sutter) and then coated wifi®go 100 nm
diode, which is mounted on any-z piezo, is scanned relative thick aluminum or gold coating. The diameter of the uncoat-
to probe tip (Fig. 2) [4, 5]. During the scan, the tip to sampleed tips was less thaB0 nmas was demonstrated by scanning
distance was kept constant@- 1 nm by using a modified electron microscopy. Shear force images recorded with these
version of the optical shear force setup proposed by [8, 9uncoated tips gave a lateral resolution of better thamm

The shear force mechanism relies on the damping of resonafnhe optical resolution of the aluminum or gold coated tips
lateral vibrations of the probe tip as the tip approaches thwas tested using a standard AFM grating and was better than
sample surface to withih0-20 nm Such resonant lateral vi- 50 nm The piezoscanner was software linearized and cal-
brations of the probe tip with amplitudes of less tHdhnm ibrated against a standard AFM grating with a calibration
are excited with a dither piezo. The amplitude of the tip vi-error of less than-5%. The scan range in these experiments
bration is measured by focusing the output &7 nmlaser  was typically 10 x 10pm? and 100 x 100 or 200 x 200 da-
diode onto the vibrating tip and imaging the resulting diffrac-ta points were recorded for each scan. Tunable continuous
tion image onto a quadrant photodiode. The AC part of thevave laser source€(:LiISAF, Ti:Sapphir¢ and aHeNelaser
photodiode signal provides a direct measure of the vibratiowere used for excitation. The photoinduced voltage was col-
amplitude and is fed into an electronic feedback system whickected with a lock-in nanovoltmeter at the n- and p-contacts
controls the separation between the tip and the facet of the lasefr the unbiased laser diode. The excitation light was ampli-
diode by adjusting the-piezo voltage. Therefore, ttrpiezo  tude modulated at a frequency bkHz The power of the
voltage gives directinformation on the topography of the samexcitation light coupled into the fiber probe was ab®uatW

ple surface. Such shear-force images ofaipéezo voltage as  and that of the light transmitted through the fiber probe var-
a function of lateral tip position are recorded simultaneouslyed betweerl0 and 100 nW, when detected in the far field.
with the near-field photocurrent images and provide a spatight these excitation powers, heating of the fiber tip [10] did
correlation between the NPC signal and the layer structure afot influence the NPCS experiments. The detected photoin-
the laser diode. duced voltage varied betwednuV and1 mV. Macroscopic
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photocurrentspectra were recorded with a standard optical im
croscope giving a spatial resolution20um, a halogen lamp,
a monochromator and a lock-in nanovoltmeter [11]. e
Two different high powernnAlGaAs/GaAs laser diode <
array structures were investigated in this work. The layer se g
quence of both structures has been described earlier in ma §
detail [12]. The first structure is a Double Quantum Well =
(DQW) Graded Index Separate Confinement Heterostructur <
(GRIN-SCH) grown by metalorganic vapor deposition on g
a n-typeGaAssubstrate. The DQW is situated in a symmet-
ric valley formed by twa220 nmwide undopedil1_xGaAs
(0.3 < x< 0.6) graded gap layers. These are surrounded b £
two, p- respectively n-doped.5—-2pum thick AlgeGaysAS
cladding layers with an energy gaq) of about2.2 eV. The
doping profile has its main gradient inside the DQW-GRIN-
region. The second structure is a Step Index (SIN) DQW3 2.0 ——————r——r———7——
device, where the DQW region is embedded in an undopei - (b): o™ 1 : 1 1

220 nmwide AlgsGa7As layer €y — 18€V). In both de- £ 1" ed. i ]

Sign

vices only the contact stripes provide gain guidance and tht 2 : S : : : ]
form the array structure which was mounted p-side down olg 19 f.-....io S O SN S
a copper heat sink. The front facet reflectivity was adjuste(s I % E . 00% 0000
by a120 nmthick Al,O3 layer to abou6%. The photon en- g osl—s 1 . i S r— el
ergy of the laser emission of all devices was determined to b 13 14 15 16 17 18 19 20
hw =153V (A =808 nn). Accelerated aging was realized Photon Energy (eV)

at20to 50°C for up t0 1200 h The aging procedure and the _
3. a Macroscopic room-temperature photocurrent (PC) spectifuth (

changes of the device parameters are discussed in more det::%%les ina.u.) of afresh DQW-GRIN high power laser diode with an emission
elsewhere [11]. energy ofl.53 eV. Three characteristic features are resolved: (1) A weak below
band gap shoulder at energies betwéehand1.5 eV which is attributed to
defect or impurity related absorption; (2) the DQW signal which dominates
the spectrum at energies abdvb5 eV, and (3) absorption by the graded gap
layers which gives rise to an increase of the PC signal at energies hBake
. The calculated absorption coefficientsn( 1) of the DQW and the bottom of
2.1 Macroscopic photocurrent spectra the GRIN region are depicted as a full and a dotted line, respectivétatio
of the macroscopic photocurrent signals after and before an accelerated aging

A macroscopic photocurrent (PC) spectrum (in arbitrary unitsi}e]StdOffth? DIQ:’V;ijR:N hiélh power 'asff,bdi?de- Nr?'tle iﬂe Btfo\;‘vg i_ncrelasff‘ihf’f
full circles) for a fresh DQW-GRIN laser diode emitting at ageededﬁ)cd;Z?:ner;;’;"’abglsg:\?gggréggégr;’n‘g’, S'I?ghtﬁ, QW signal of the
a photon energy 01.53 eV (808 nn) is depicted in Fig. 3a.
The spectra was measured with a spatial resoluti@dam.
The calculated spectral shapes of the absorption edge of tihg the graded gap layers sets in (dotted line) and this causes
DQW apow(hw) and of the bottom of the GRIN structure another increase in signal intensity at higher energies.
acrin(hw) are added as solid and dotted lines ¢mr L), The third feature in the PC spectrum is the weak broad-
respectively. In these experiments, the laser array serves hand shoulder below the effective band edtg3 eV) which
a photodiode driven by the incident light at a specific photorextends from energies df5 eV to at leastl.35 eV. Fourier-
energy. The spectral shape of the PC spectrum is closely comransform PC measurements carried out on these samples
nected to the absorption coefficient of the entire structure. Faevealed that this shoulder extends even further into the in-
all spectral positions, the PC signal magnitude correlates witfrared, at least down t6.8 eV [13]. Such a below band gap
the sum of the contributiong ai(hw) (see Fig. 3a) from the contribution to the PC spectrum requires a low energy absorp-
different layersi). Furthermore it depends on the gradient oftion mechanism such as, e.g., defect-band transitions. The
the sum potential consisting of contributions of the band edgesnergy dependence of the PC spectrum alone does not allow
and the doping profile, as well as on the diffusion of the phofor an unequivocal assignment of the microscopic nature of
togenerated carriers into the intrinsic region and, as will behese transitions. However, one can speculate, that aging of
shown below, also on the penetration depth of the excitatiothe diode laser enhances the creation and migration of native
light into the laser structure. point defects such as vacancies. Such processes are likely to

Three characteristic contributions to the PC spectrum armfluence the PC spectra more strongly than, e.g. the migra-
resolved. The most prominent feature is the strong signal intion of foreign atoms (such as the doping materials) into the
crease at energies aboli& eV, i.e. above the effective band active layer. The influence of native defects on the below band
gap of the DQW structure of.53 €V. This evidently arises gap absorption is discussed in [14—16].
from the onset of the interband absorption of the transi- Based onthe comparison of experimental absorption spec-
tion from the first heavy hole to the first electron subbandra of bulk GaAsand the calculated spectral dependence of
(1hh— 1e) in the DQW (solid line in Fig. 3a). The reverse the photoionization cross section of the deep donor EL2 level,
transition is responsible for the laser emission. In the energWartin [14] concluded that the near-infrared optical absorp-
range betweeh.55 eVandl1.75 eV, the PC signal intensity re- tionin undoped bulksaAsis essentially due to the EL2 donor.
mains roughly constant. At energies abavés eVabsorption  This center is thought to be related to either isolated antisite

2 Results and discussion
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Asga defects or to complexes between arsenic atoms occupyhe band edge due to the interband absorption ct e 1e

ing a gallium site and surrounding vacancies [17]. Tizeme®DQW transition, the signal increase at energies alic¥eV

and Brozels photoquenching experiments [15] discriminateue to the onset of absorption of th& 3Ga 7As layer sur-

between at least two native defects contributing to the opticalounding the DQW, and the weak defect-related below band

absorption in the spectral region discussed here. With positragap shoulder are resolved. The effect of aging on the spec-

annihilation experiments iGaAs Saarinen et al. [16] identi- tra is, however, different for both structures. In the DQW-SIN

fied bothGaandAs vacancies and suggested that the belowdiode, the below band gap intensity of the PC spectrum in-

band gap absorption is caused by optical transitions relatezteases by as more than a factor of five (Fig. 4b). At energies

to these vacancies. Thus it is very likely that there is a closabovel.55 eV, the PC spectrum changes only slightly, aging

correlation between laser aging and point defect creation deads to a decrease of the DQW absorption related contribu-

migration. tion by less thar25%. Similar results have been obtained for
Upon accelerated aging of the laser device, the PC spea-number of DQW-GRIN and DQW-SIN laser diodes under

trum changes significantly, see Fig. 3b. The PC signal of thdifferent aging conditions and can be considered typical for

below band gap defect baimtreasesy about75% for ener-  the corresponding structures.

gies belowl.5 eV. At energies above.55 eV, however, where

the PC signal arises predominantly from the interband absorp-

tion of thelhh— 1e DQW transition, the PC signal of the 2.2 Near-field photocurrent spectra

aged diodalecreasedo about65% of the PC signal of the

fresh diode. A transition between signal increase and sign&.2.1 Image formation in the DQW-GRIN laser diodes.

decrease upon aging is observed in the narrow energy rangeder to understand thmicroscopicorigins of the observed

betweerl.5 and1.55eV. changes in the macroscopic PC spectra and to understand the
We now compare these results to PC spectra (Fig. 4ajorresponding aging processes within the laser device, we

which have been recorded beforidl€d circle§ and after used a novel technique, namely near-field photocurrent spec-

(open circle} accelerated aging of the Step Index Structurdroscopy to investigate these diodes. The technique combines

described above. In general, the spectra of the fresh DQW-SIthie sub-wavelength resolution of near-field optics with tun-

diode are similar to those of the DQW-GRIN diode. Again,able laser excitation and allows for selective investigations

three dominant features, the strong increase at energies above

PC Signal (a.u.)
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s ; WOmnnﬂ Fig. 5. a Two-dimensional NPC images of a fresh DQW-GRIN laser diode
o ol—1t 11 bl ol for different excitation energies aboveg59 €\), near (.579and1.512 e\)
o 13 14 15 16 17 18 19 20 and below {.476 e\) the laser photon energy @53 eV. In these images the
Photon Energy (eV) photoinduced voltage across the p-i-n junction of the laser diode is mapped

as a function of the position of the fiber tip. White regions denote regions of
Fig. 4. a Macroscopic room-temperature photocurrent (PC) spectfuth (  high NPC signal while black corresponds to low signal. The scan range in
circles in a.u.) of a fresh step-index high power laser diode array emitting athese images i$0um x 6 um and the distance between adjacent data points
a photon energy df.53 eVbefore {ull circles, in a.u.) and afterdpen circles is 100 nm Note the pronounced double maximum shape of the NPC signals
in a.u.) accelerated aging. Compared to the DQW-GRIN diode array théor excitation energies 0f.579 and 1.512 eV, b Shear force image of the
impurity related below-band gap contribution of the fresh diode is reduced byopography of the laser diode. The location of the p- and n-doped cladding
more than one order of magnitudeRatio of the macroscopic photocurrent layers and also the location of the DQW region is resolved in this image. Such
signals after and before accelerated aging of the step-index high power lasenages, which are recorded simultaneously with the NPC images, provide
diode. The defect or impurity related band at energies betdideand1.5 eV a direct spatial correlation between the NPC signal and the layer structure of
increases by more than a factor of five upon aging the laser diode
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of specific parts of the laser device. Two-dimensional nearaser now appears as a small dip in the center of this structure.
field photocurrent scans for a fresh DQW-GRIN laser diodeThe width of this structure is abolitim and the two peaks are

at four selected excitation energies below and above the barsgéparated b#50 nm At 1.579 eV, i.e. for maximum DQW ab-
gap are presented in Fig. 5a. These images have been recaosdfption but no GRIN absorption, we observe a similar double
ed with fiber probes having an aperture diameter of abounaximum structure with a minimum within the active region,
200 nm The presented images are representative examplésit now with a broad background for tip positions within the
of a full set of images recorded at about 20 different speceladding layers. Atl.959 eV, i.e. for excitation of the DQW

tral positions in the range betweém4 eVand1.96 eV. The  and GRIN transitions, this background increases to ab@st
scan areaisOpm x 6 um and the separation between adjacenf the maximum NPC signal. The double maximum structure
data pointd00 nm In all images, the maximum detected pho-becomes slightly broader than’517 eVand the minimum
tocurrent has been normalized to unity. In these images, tregt the DQW is less pronounced.

color white corresponds to a normalized photocurrent of 1, To gain an understanding of the microscopic origins of
while black corresponds to zero. The images are shown ake strongly excitation energy dependent NPC signals, we
recorded without filtering or background correction. A simul- analyzed the data by simplified two-dimensional beam propa-
taneously recorded shear-force topography of the laser facgation calculations. Briefly, the excitation light within the
is shown in Fig. 5b. The location of the DQW layer and thedevice was modeled as a superposition of evanescent and
n- and p-doped cladding layers is resolved in these imaggsopagating waves and the layer-specific absorption of each
and permits a direct correlation between NPC image and layaf these waves was considered. We assumed that the electric
structure of the laser diode. The alignment of the DQW planefjeld distributed which is transmitted through the fiber probe
which is slightly tilted against the scan direction of the piezocan be modeled by treating the tip as a one-dimensional slit of
is indicated by a solid line. In Fig. 6, cross sections throughwidth d located along the direction. Within the coordinate
these images, without normalization, along a line perpendicisystem introduced in Fig. 2, theaxis is perpendicular to the
lar to the DQW plane are related to the laser diode structurdQW plane, located within thg-z-plane. They-axis points
Please note that the data fbd76 eVhave been enhanced by along the mirror facet of the laser and thaxis is perpendicu-

a factor of five. Within experimental error, the integrated in-lar to the mirror facet. The electric field directly behind the tip
tensities in these curves follow the macroscopic PC spectruii(x,2) is then approximated as a sum of plane electromagnetic
of Fig. 3a. At an excitation energy df476 ¢V, i.e. for exci-  waves:

tation of the below band gap defect or impurity related band, 0o | (ke-d/2)
a narrow NPC signal with a width of00 nm(full width at ¢ / SN G/2) e (itke - x+ k- 2)) dk 1
half maximum, FWHM) and a maximum in the DQW region (x.2) ky-d/2 P(ilkex-+e-2)) dik, )

—00

is observed. The signal intensity varies only weakly along
lines parallel to the DQW plane. At an excitation energy ofwhereky andk, denote the components of the wave vegtor
1.512eV, i.e. at the onset of the DQW interband absorption,,/k +-kZ = 27m; /Ao, along thex andz direction, respectively.

the signal shape changes drastically into a double maximuliereAq denotes the vacuum wavelength of the excitation light
structure around the GRIN region and the active region of thandn; the refractive index of the specific layer of the laser
structure.

To further simplify the calculations, we assumed that inter-
——————————— ference effects are of minor importance for our experiments,
B ' , Epitaxial Laver and replaced the sum of plane waves by a sum of optical rays

Suibstratze s ;p @ 3a gye which leave the tip under the direction of their wave vector.

: ’ y f L The relative intensity of each ray is then weighted by the factor

: 2
snlked/2) \* Thege rays are then propagated through the dif-

ke-0/2

[ ]
- ‘ ; / o ferent layers of the diode structure and the absorption within
- Excitation: 3 D e PO

—e—1.9596eV S
| —o0—1.579eV -

—®—1.512eV ,so
—0—1.476ev MW

; 1 each of these layers gives rise to photogenerated electron-hole
oig%\. } pairs which may then induce the photocurrent signal by get-
& \\ § - ting spatially separated. The laser diode is treated as a p-i-n
ot diode and it is initially assumed that all carriers generated
\ '\..‘ i within the undoped GRIN and DQW regions contribute to the
T % photocurrent signal with a yield of unity. Electron-hole pairs
] j '°\‘ generated within the surrounding n- or p-doped cladding lay-
Q
e

NPC Signal (a.u.)

ers have to diffuse into the region of the potential gradient
and therefore the photocurrent yigdg, i.e. the probability

for these carriers to contribute to the PC signal is taken to de-
crease exponentially with increasing distance x away from the
DQW-GRIN-layers:

_J1 if [X—XGRrIN| <0
Tip Position (um) Ppc= exp(—[x—xgrin|/L)  if [Xx—XgriN| > 0.

Fig.6. NPC line scans at excitation energies 10959, 1.579, 1.512 and . - .
1.476 eV of the fresh DQW-GRIN laser diode. The scan direction was per-Here’XGR'N denotes the location of the graded index—cladding

pendicular to the active layer. The shape of the conduction band potential Y€l boundary, and the ambipolar diffusion lengts taken
added $olid line) as0.5um.

(2)
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Depending on the magnitude of tikecomponent of the At below band gap energies, electron-hole pair generation
wave vectorky, we can distinguish between four different arises only from defect or impurity related absorption, while
kinds of rays: neither the DQW, nor the GRIN or doped cladding layers

(@) |kx] > 2mmpow/Ao: Fully evanescent rays for which contribute. The impurity distribution is assumed to be homo-
k; is imaginary within all layers of the diode and for geneously distributed within the laser structure and the result
which without absorption, the intensity decays exponenef a ray tracing calculation for an impurity absorption coeffi-
tially with increasingz, (b) 2mpow/Ao > kx| > 2rmar /Ao, cient of 10 cnm?! is shown in Fig. 7a. The chosen magnitude
wherenar is the refractive index of thé\l,03 antireflec- of the absorption coefficient is reasonable for typical impu-
tion coating: Rays which are propagating within #i€aAs  rity concentrations of about0'5-10' cm 3. A variation of
layers but evanescent within th,03 coating layer, and the absorption coefficient betwednand 100 cnt! changes
which consequently are exponentially damped in this layetthe signal magnitude but affects the signal shape only weak-
(c) 2rmyet/Ao > |k| > 27mair/A0: Evanescentrays in air which ly. Similar to the experimentally observed NPC line scans at
are transformed into propagating modes inAhgO3 coating  1.476 eVthe simulations show a narrow NPC signal with a sin-
layer, and (dR7mair/Ao > |k¢|: Propagating modes in air and gle maximum within the DQW region. From the simulations
the entire laser structure. The simulations now allow us tat follows that the NPC signal is dominated pyopagating
study the effect of each class of these rays and thus comavesguidedinside the GRIN regions. Rays which enter the
siderably increase the knowledge about the image formationQW or GRIN region of the laser diode under a sufficiently
process in near-field photocurrent spectroscopy. small anglex relative to thez-axis, may experience total in-
ternal reflection within the graded index region (see Fig. 8).
It is important to note that the location along tkexis at
which total internal reflection occurs depends both on the en-
trance angle and on the-position at which the rays enter the
DQWI/GRIN region. These rays thus propagate only within the
intrinsic DQW/GRIN region. The contribution of these guided
rays to the NPC signal is very different from thatwfguid-
ed rays for which the entrance angle into the DQW/GRIN
region is too large to be internally reflected. These guided
waves propagate deep into the DQW/GRIN region so that the
effective absorption length is much longer than for unguided
waves and they thus create a larger amount of carriers in-
side the p-i-n region. This waveguiding thus directly explains
the high spatial resolution of the NPC signal even though the
& ] signal is generated by weakly absorbed propagating modes.
BN e, N Because of the small impurity absorption coefficient and their
°:0 i ] small penetration depth, evanescent modes are of minor im-
AR |o 8= oum| portance for the NPC signal at below band gap energies. The
}|— &= 10um|[. model indicates that their contribution to the signal is at least
' ] two orders of magnitude smaller than that of the propagating
waves. Due to the strong waveguiding effect, the NPC sig-
: : nals in this diode are also only weakly dependent on minority
e carrier transport processes.
: T At excitation energies aboveb eV, DQW absorption sets
X — % — 0 1 — 2 in and the total NPC signal now beqom_es the sum of a de-
fect related and a DQW related contribution. For small DQW
Tip Position (um) absorption coefficients of less tha@® cnm 2, the DQW relat-
Fi . . o , _ed contribution to NPC signal is again entirely dominated by
ig. 7a,b.Results of two-dimensional ray tracing simulations of the near-field . . L . .
photocurrent line scans for the DQW-GRIN laser diode. The fiber probe i:?rOpagatmg Wavesgwded inside the GRIN reglons._ W'_th'_
modeled as a one-dimensional slit with a width of 200 nm and both propagain the above model, the shape of the DQW signal is similar
ing and evanescent modes are considered. Details of the model are descritjed that of the impurity related signal and shows a narrow
in the text.a Below band gap excitation: An infrared-active impurity or de- peak with a single maximum, located inside the DQW re-

fect related site with an absorption coefficien = 10 cm ! is assumed to be . i . . = . .
homogeneously distributed within the laser diode. The absorption of both th9'°”- With Increasing DQW absorptlon coefficient, i.e. with

DQW and the GRIN layers are taken to be negligible. The simulation predictdNCreasing excess energy of the exciting photons, the ampli-
a narrow peak of the NPC signal inside the DQW region, in agreement witiude of the DQW related NPC signal increases, whereas the
the experimental NPC line scan 8§ = 1.494 eV. The signal arises predom- shape remains basically unaffected. For large absorption coef-
inantly from guided propagating modes within the DQW-GRIN wave guidefisiants the calculations indicate the onset of a much broader

structure;b Above band gap excitation: In addition to the defect absorption, . oo o .
an absorption of the active layer witibw = 2 x 10% cn %, corresponding background signal for excitation positions within the n- and

roughly to an excitation energy df579 eVis considered. Thepen circles ~ P-doped cladding layers. This signal arises predominantly
show the result of a simulation neglecting near-surface recombination effecffom unguided propagating rays which traverse the DQW re-
(6 = 0um), which predicts a single-maximum shape of the NPC line scangijon only once. For absorption coefficients abd@ cmt

This is in contrast to the experiment, e.gEat = 1.512and also al.579 eV. . .
A double maximum shape of the line scans is obtained if the photocurrenttt.1ese rays create enoth carriers to be detectable in the NPC

yield ppc is assumed to decrease near the mirror facet of the laser diode. Tt%gnal- The amplitude ra;io of the ConFribUtion from UngUidEd
solid line was obtained by takingsc = 1—exp(—z/J), with § = 10um relative to that from guided waves increases with increas-
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Mirror Facet

> x1 X2 / \ NPC yield

Fig. 8.Effect of nonradiative near-surface recombination
in graded-index structures illustrated schematically by
considering two guided optical rays emitted at different
distances from the active DQW layer. The ray emitted
closer to the active layer, a2, experiences a stronger
guiding and therefore a stronger absorption within the
DQW region. Carriers are generated closer to the mirror
facet of the laser than for the ray emittedkat In the

case of strong near-surface recombination, the near-field
photocurrent (NPC) yield decreases with decreasing
distancez to the mirror facet and carriers generated by
v the ray, starting at2 thus contribute less to the NPC
signal than those generated by the ray emitted at

GRIN GRIN

Distance z

ing DQW absorption coefficient. This is due to a saturatiorsence of recombination processés=0um, open circle$
of the guided wave contribution, since these waves are cona single maximum shape is predicted. The solid line shows
pletely absorbed in the laser diode at high DQW absorptiothe line scan obtained far= 10um, while the other param-
coefficients, while the signal caused by the unguided wavesters remained unchanged. As expected from the qualitative
increases roughly linearly with increasing absorption coefdiscussion given above, this strong near-surface recombina-
ficient. This increase of the broad background contributiorion now leads to a double maximum shape of the NPC line
from unguided waves is confirmed experimentally, comparscan, in agreement with the experimental finding. As in the
the NPC line scans for excitation energiesldd79eVand case of below band gap excitation energies, the contribution
1512 eV(Fig. 6). from waves, which are evanescent within the laser structure
While the growing contribution of background from un- or theAl,0O3 coating are of minor importance.
guided waves can be consistently explained by our model, the At excitation energies above8 €V, absorption by the un-
ray tracing simulations predict that the DQW contribution todoped GRIN layers sets in. The corresponding, relatively large
the NPC line scans should posses a single maximum whilabsorption coefficient leads to a strong background signal
the experiments for GRIN structure lasers show a pronouncezbntribution from unguided propagating waves. The signal
double maximum shape. The ray tracing simulations showeithtensity of this contribution is practically uniform for all tip
that this unexpected shape can be attributed to a strong rpesitions within the doped cladding layers. This is again in
diationless (near-) surface recombination process. Additionalgreement with the experiment, as is shown e.g. in Fig. 6 in
recombination decreases the concentration of excited electratie line scan for an excitation energytd = 1.959 eV(solid
hole pairs and thus reduces the photocurrent signal [18]. Dugrcles). Since absorption by the cladding layers is limited to
to the continuous change of the refractive index within theexcitation energies abo2e eV, their contribution to the NPC
graded gap region, guided rays that are generated with tleggnals can be neglected.
tip located close to the DQW region experience a stronger
wave guiding than those generated further away from the ac-
tive region. This is schematically shown in Fig. 8 for two rays
emitted from the tip under the same angle but for different tip2.2.2 Aging of DQW GRIN laserg/e now compare the re-
positions. This difference in waveguiding leads to a variatiorsults which were obtained for a non aged diode to near-field
in penetration depth of the guided waves with tip positionphotocurrent spectra for a diode having the same layer struc-
Carrier generation thus occurs closer to the surface if the tifure after performing an accelerated aging procedure. Two
is located closer to the DQW region. These carriers are mongoints were of particular interest: (1) the effect of aging on the
strongly affected by recombination processes located at thepurity concentration and distribution and (2) its effect on
surface and this results in a smaller NPC signal. Phenomentie near-to-surface radiationless recombination process which
logically, this idea was incorporated into the ray tracing modeWas resolved in the NPC spectra of the fresh diode. Two-
by assuming that the photocurrent yigigc, i.e. the proba- dimensional NPC spectra for energies below, close to and well
bility with which carriers generated within the DQW/GRIN above the photon energy of the laser for the DQW-GRIN diode
region contribute to the NPC signal, can be set to zero at theefore and after accelerated aging are compared in Fig. 9. In
mirror surface £= 0) and increases with increasing distanceaddition, Fig. 10 shows one-dimensional NPC scans along

zas a line perpendicular to the active layer of the aged diode. For
an excitation energy dEex = 1.959 €V, both the signal am-
ppc = 1—exp(—z/J). (3) plitude and the shape of the NPC images are similar before

and after aging. The signal consists of a broad plateau for tip
Results of ray tracing simulations for a DQW absorptionpositions inside the p- and n-doped cladding layer and a small-
coefficientapow = 2 x 10* cm and a defect absorption co- er peak inside the DQW-GRIN layer. As mentioned above,
efficientap = 10 cn ! including and neglecting near-surface the plateau arises from the absorption of unguided propagat-
recombination processes are compared in Fig. 7b. In the abig waves in the DQW and GRIN layers, while the smaller



peak is mainly related to the absorption of guided propagat-
ing waves within the DQW layer and is only weakly affected
by the aging procedure.

The shape of the impurity-related NPC signal at be-
low band gap energied.476 eVand1.494 eV, respectively)
changes only slightly upon aging. The line scan for the aged
diode fits quite well to a Gaussian line shape with a full width at
half maximum of abous00 nm Compared to the fresh diode,
the signal intensity at below band gap energies increases by
more than a factor of two upon aging, which is consistent with
the aging effect on the macroscopic PC spectrum shown in
Fig. 3. This provides evidence for a significant increase of the
infrared active defect concentratiathin the DQW-GRIN
region upon aging. Moreover - for the first time - the location
of the defects is identified.

Aging of the diode has a particularly pronounced effect on
the shape of the NPC images for excitation energies near the
band gap of the active layer. The NPC signals at excitation en-
ergies ofl.512and1.531 eVshow a single peak located within
the DQW region. The width of these peaks increases slight-
ly with increasing excitation energy fro®00 nm (FWHM)
at 1.476 eVto 700 nmat 1.512 eV and 900 nmat 1.531 eV.
These experiments have to be compared to the results for the
fresh diode. For this comparison we have chosen an excita-

2um tion energy ofl.531 eV(Fig. 11). At this excitation energy, the
Fig. 9. Two-dimensional NPC images of the DQW-GRIN high power laser intensity of the macroscopic photocurrent spectrum and thus
diode before (column a) and after (column b) an accelerated aging test. Thie integral over the NPC signal along a line perpendicular
e o oo L e s e e 10 the active layer remains unchanged upon aging. Two pro-
the active layer. While the shapés ofahe NPC images for excitationgenergi%unced ch_anges of the NPC line scan Qre nOI.K.:ed' First, the
uble maximum structure observed for tip positions close to

below and above the band edge change only slightly upon aging, the doub i / ! -
maximum structure observed for the fresh diod&gt— 1.512 evchanges the DQW/GRIN region before aging changes into a singly

into a singly peaked shape for the aged diode peaked structure after aging. Second, the broad background
! v ! v ! ' ! v !
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Fig. 11.Comparison of NPC line scans at an excitation enerdy5§1 eVfor

Fig. 10. NPC line scans at excitation energies 10959, 1.531, 1.512 and the DQW-GRIN laser diode beforel¢sed circley and after ¢pen circley

1.494 eV of the aged DQW-GRIN laser diode. The scan direction was per-accelerated aging. At this excitation energy, the intensity of the macroscopic
pendicular to the active layer. The signal maximum for each transient waBC spectrum (Fig. 3), corresponding to the integral over the NPC line scan,
normalized in order to allow for a better comparison between transients aemains unchanged. The shape of the conduction band potential is added
different excitation energies (solid ling)

Tip Position (um)



arises from a strong increase of (near-) surface recombinatic
processes. Since the overall photocurrent signal does not d
crease upon aging, the decrease of the DQW contribution
compensated by an increase of the defect related contributic
While for the fresh diode the broader, double maximum DQW
contribution dominates the NPC signalla31 eVthe defect
related, single maximum contribution becomes dominant ug
on aging. This directly explains the unexpected change in th
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found in the case of the fresh diode for tip positions within the
p-doped cladding layer vanishes. This background was show
before to be related to the absorption of unguided waves withi
the DQW regionThis indicates that the DQW contribution
to the NPC signal decreases drastically upon agingince
itis highly unlikely that the aging process strongly affects the ] e —
spectral dependence of the DQW absorption coefficient, w k!
can conclude that this decrease of the DQW related NPC sign“ H “
—— s
NPC signal from a double maximum into a single maximum
structure. The increase in the width of the NPC line scan pea ;
of the aged diode with increasing excess energy BOGNM “ _
at1.476 eVto 900 nmat 1.531 eVindicates that in the aged
diode, the DQW contribution to the signal 2631 eV does
not decrease to zero and is large enough to broaden the to 1.459 eV
NPC signal.

2.2.3 Step index lasein this section, the results of the near- ey “
field photocurrent experiments obtained for the DQW-GRIN

diode array are now compared to experiments on a step india b —
diode array. The layer structure of this array is similar to thato Fum

the DQW_GRIN array, expect for the gr.aded gap wave guldle-ig. 12.Two-dimensional NPC images of a step index laser diode for different
layer which is replaced by 220 nmstep indexAlo3G&7AS ¢ citation energies abové.059 e\), near (.531 V) and below {.494 and

layer with an energy gap &g = 1.8 eV. These are surrounded 1.459 e\) the laser emission energy 53 eV before and after accelerated
by the p- respectively n-dopeld5—-2 um thick AlgsGap4As  aging of the laser diode. The scan range in these imadeiis x 6 um and

cladding layers with an energy gaRgj of about2.2eV. As  the distance between adjacent data pointOsnm
for the DQW-GRIN structure, the laser emission i4.813 eV.
Waveguiding in this step index structure differs significant-
ly from that in the graded index structure since the refractivexperimental error, the spectral dependence of the signal am-
index of the220 nmstep index layer is constant and total in- plitude of the NPC images follows closely the macroscopic
ternal reflection can thus only occur at the boundary betweeRC spectrum and varies by about three orders of magnitude
the step index and the surroundifiig sGap 4As cladding lay-  over the range of excitation energies.
ers. The main emphasis of these experiments is to investigate The results obtained for an excitation energyl &9 eV,
the effect of this difference in wave guiding on the near-field.e. for excitation well above the band edge of the active layer
photocurrent image formation. In particular, it was of inter-are similar to those obtained for the DQW-GRIN structure.
est to check the validity of the ray-tracing approach and tdrhe signal consists again of a broad plateau for tip positions
check the conclusions which were drawn on the effect of radiinside the p- and n-doped cladding layer and a smaller peak
ationless near-surface recombination process on the near-figtitated within the step index wave guide layer. The plateau
images. In fresh step index arrays, the defect related contribgan be attributed to absorption of unguided propagating waves
tion to the photocurrent is more than an order of magnitudevithin the DQW and SIN layers, while the smaller peak is
smaller than in the case of the DQW-GRIN diode, which sim-mainly related to the absorption of guided propagating waves
plifies a separation between defect related and DQW relatedlithin the DQW layer. As for the DQW-GRIN structure, the
contributions (see Fig. 4). NPC image is only weakly affected by the aging procedure
Two-dimensional NPC images at different excitation enfor this above bandgap wavelength.
ergies for a step index diode before and after accelerated Also the shapes of the NPC images for excitation energies
aging are shown in Fig. 12. The scan area in these imagesh&low the band gap of the active layer, i.eEaf = 1.459 eV
10pm x 6 um and the separation between adjacent data poin@nd Ecx = 1.494 €V, are only weakly affected by the aging
100 nm The maximum intensity of each image has again beeprocedure. As for the DQW-GRIN array, a narrow structure
normalized to unity. Scans along a line perpendicular to thavith a single peak inside the center of the wave guide structure
active layer are depicted in Fig. 13 for the fresh diode arrays found. This signal can again be assigned to an infrared ac-
and in Fig. 14 after performing the accelerated aging procetive defect- or impurity related contribution. The width of the
dure. We note that in these images, the maximum of eac$ignal varies betwee600 and 700 nmand does not change
line scan was rescaled in order to allow for a better comparisignificantly upon aging. The signal shape can be reproduced
son between transients at different excitation energies. Withiqualitatively within the ray tracing model introduced above,
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concentration and therefore to an increase of the NPC signal
magnitude by more than a factor of five. Because of the dom-
inance of waveguiding effects, the shape of the NPC signal is

. Excitation: d only weakly affected by the change of the defect concentration,
—e— 1.959 eV oo in agreement with simulations.
—o0—1.531 eV ;e The NPC signal intensity of the fresh diode increases by

- —m—1.494ev

é about a factor o0 as the excitation energy is increased from
—0— 1.459 eV /

1.494eVto 1.531eV. This is due to the onset of DQW ab-
sorption, which dominates the NPC signaEaj = 1.531 eV.
Unlike for the DQW-GRIN diode, the shape of the NPC signal
doesnot change drastically at the onset of DQW absorption.
The NPC signal still shows single maximum shape with its
peak located at the center of the wave guide structure. For
both the fresh and the aged diode, the width of the NPC sig-
nal is about600to 650 nmand, as for the GRIN structure,
the signal amplitude is approximately the same in both ex-
periments. This singly peaked shape has to be compared to
the pronounced double maximum feature of the fresh GRIN
structure. Within the ray tracing model introduced above, this
. . change in the signal from a double maximum into a single
Tip Position (um) maximum shape upon changing of the wave guide layer from
Fig. 13. NPC line scans at excitation energies 10859, 1.531 1.494and  a graded index into step index structure is readily explained.
1._459 eVof the fre_sh step index laser diqde. Tr_u_e scan direction‘was perperconsider again two guided rays emitted from a point |ight
dicular to the active layer, located at a tip positiorOgim. The ratio of the  gq;rce Jocated within the step index layer. As in Fig. 7, the
NPC intensity at different excitation energies follows closely the macroscopic .
PC spectrum shown in Fig. 4 fays are assumed to be emitted under the same angle but for
different tip positions relative to the active layer. Since the re-
fractive index profile is constant within the step index, both
- - T T T rays are now totally reflected at the boundary between the
' ' ‘ step index and the surrounding cladding layer. Therefore, for
JL S the step index structure, both rays experience the same guiding
6 \ and consequently also the same absorption by the active DQW
[ 3

NPC Signal (a.u.)

R Excitation: 90 0%
—e— 1.959 eV
—0— 1.5631 eV
—u— 1,494 eV
—0— 1.459 eV

layer. Unlike for the graded index structure, the penetration
depth of the rays inot dependent on the tip position. Even in
the case of strong near-surface recombination processes, the
photocurrentyield does not depend on the tip location and this
\ explains why the shape of the NPC signals does not change at
e the onset of strong DQW absorption.
\. We can conclude, that the introduced ray tracing model
\ allows to qualitatively explain the NPC signals for both the
e graded index and the step index structures, and that indeed the
wave guiding characteristics of the diode layers have a partic-
ularly strong influence on the NPC image formation process.
This provides additional evidence for the importance of prop-
agating guided beams for the NPC signals. In step index
structures, due to the insensitivity of the wave guide prop-
erties to the exact location of the excitation source within the
wave guide layer, (near-) surface recombination effects have
Tip Position (um) only a minor effect on the shape of the NPC images.

Fig. 14. NPC line scans at excitation energies 10959, 1.531, 1.494 and

1.459 eV of the step index laser diode after accelerated aging. The scan di- .
rection was perpendicular to the active layer, located at a tip position 08 Summary and conclusion
Oopm

NPC Signal (a.u.)
{
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In this paper, the first comparative study of spatially resolved

near-field photocurrent spectra for two high power laser diode
if a small defect related absorption coefficient on the ordearrays with different wave guide characteristics was present-
of 1 cnT! is assumed to be homogeneously distributed withed before and after accelerated aging of the laser device.
in the laser device. Here, the NPC signal is entirely due tdn these experiments sub-wavelength spatial resolution was
the absorption of propagating waves guided within the stedemonstrated by exciting the laser device through a nanome-
index structure and the signal shape is due to waveguiding effer sized aperture located at the of a near-field fiber probe.
fects while minority carrier transport is of minor importance.Tuning of the excitation energy across the band gap energy
The role of evanescent modes is negligible. In this diode, agpf the laser allowed us to study specific components of the
ing of the laser diode leads to a strong increase of the defeletser device experiments. At below band gap energies car-
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rier generation is dominated by absorption of an infraredity related defects into the wave guide layer. This will be the
active defect- or impurity related site, while at energies aboveubject of further investigations.

the laser emission dt53 eV absorption of the active double In summary, we demonstrated that near-field photocurrent
quantum well layer dominates. In the DQW-GRIN diode ar-spectroscopy has the potential to provide direct insight into
ray, a strong variation of the shape of the NPC images witlthe microscopic processes of aging-induced defect creation
excitation energy was observed. In particular, the DQW reand surface recombination in the active region of high-power

lated NPC signal showed a pronounced double maximurtaser diodes.

structure. With the help of a ray tracing model, the NPC

image contrast was found to arise predominantly from propAcknowledgement?[he authors would like to thank A. Barwolff and U. Men-

agating waves guided within the graded gap layer and th
observed double maximum was assigned to arise from (neaig

| for helpful discussions, Ch. Lier for expert technical assistance and
Behme for help in preparing some of the figures. Special thanks are due
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near-field photocurrent spectroscopy presents a powerful tool

for the microscopic analysis of aging effects on surface rereferences

combination processes. A quantitative extraction of surface
recombination velocities requires however a more detailed 1.
analysis of the experimental data in the light of refined micro-
scopic models [19]. Such an analysis is currently underway. 2-
NPC experiments performed after accelerated aging of the
DQW-GRIN structure presented direct evidence for the strong
aging-induced increase of the defect concentration within the 4.
wave guide layer of the device. Concomitantly, the DQW con-
tribution to the NPC signal decreased which is an indication >
for the increase of surface recombination velocities upon ag-
ing. Here, it will be of particular interest to see whether the
increase of surface recombination effects is directly related 7.
to the growth of the infrared active defect concentration and
how these effects vary among different emitters of the laser
array. 1

The conclusions drawn from the study of the DQW-GRIN
structure were strongly supported by a comparative study oft1.
a diode laser array of a similar composition, except for a dif-
ferent, step index, wave guide structure. The change in wave
guide structure makes the shape of the NPC images less sensi-
tive to surface recombination processes so that in this structures.
the aging procedure mainly affects the magnitude of the NPC
signals.

So far our discussion did not clarify the nature of the defect

9.

accompanied to the aging. We pointed out that native infraredg
active defects contribute to the below-band gap PC signal.

These defects are known to be readily observable in DLTSL7.
spectra [20] and such measurements are currently underwa}/8
We note however, that due to the dominance of waveguid- g
ing effects on the NPC image formation process, the currenjg.
experiments can also be explained by the migration of impu-
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