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Abstract. We present the first comparative study of spatially
resolved near-field photocurrent spectra for high power laser
diode arrays with different wave guide characteristics before
and after accelerated aging of the laser device. Sub-wavelength
spatial resolution is demonstrated by using a near-field fiber
probe as the excitation source. The potential of the technique
for analyzing microscopic aging processes in optoelectronic
devices is demonstrated. The experiments provide insight in-
to mechanisms of defect formation within the p-i-n junction
of InAlGaAs/GaAs laser diodes upon aging. The effect of
the wave guide structure and of surface recombination pro-
cesses on the near-field photocurrent images is discussed and
analyzed in terms of a beam propagation model. The non-
destructiveness makes this technique a particularly attractive
method forin-situ analysis in high power laser diodes.

PACS: 07.60.Pb; 42.55.Px; 85.30.Fg; 85.60.Jb

With the increasing growth of the solid state laser market, the
role of high power laser diode arrays becomes more and more
important. Diode arrays are used for a number of applications,
such as pumping of solid state lasers, the generation of blue and
UV radiation by frequency doubling and material processing
purposes. The high power density in these devices and the
high light intensity near their mirror facets causes changes
in the structure of the active laser material which ultimately
limit the lifetime of the device. Consequently, a microscopic
understanding of aging processes of high-power laser diodes
is of utmost importance for increasing the performance and the
lifetime of these devices. This problem has been addressed by
a variety of techniques and reviews on this subject have been
given by Fukuda [1] and Eliseev [2]. Moreover, from a more
fundamental point of view, high power lasers present unique
model systems for studying processes of defect creation and
migration initiated by the high internal electrical field.

An understanding of aging mechanisms in current diode
laser arrays is complicated, compared to single emitter diodes,
by the fact that the properties of the device may vary strong-
ly from emitter to emitter. This is demonstrated in Fig. 1,
which shows a spatially resolved photocurrent signal (with

a resolution of30µm) of a 50 elementInAlGaAs laser ar-
ray for below band gap excitation at940 nmbefore and after
24 hours of operation. The non-aged laser diode shows no sig-
nificant spatial variation of the photocurrent signal between
adjacent emitters which are separated by200µm. In contrast,
the PC signal of the aged diode fluctuates strongly from emit-
ter to emitter. In particular, two of the 50 emitters of the array,
show an strongly increased photocurrent signal which is more
than two times larger than that of the other emitters.

Such observations make the quest for microscopic analysis
techniques pertinent. Most recently, Near-Field Photocurrent
Spectroscopy (NPCS) has been introduced by our group as
a new analytical tool for monitoring microscopic aging pro-
cesses in high-power laser diodes [3]. In this technique [4–6]
the near-field radiation transmitted through a nanometer-sized

Fig. 1. Macroscopic photocurrent line scans at an excitation energy of
1.319 eV(940 nm) of a DQW step index laser diode array consisting of fifty
60µm wide emitters separated by140µm before and after accelerated aging.
While the fresh laser diode shows no significant variation of the photocurrent
signal across the diode array, the signal of the aged diode fluctuates strong-
ly from emitter to emitter. In particular, two of the50 emitters of the array,
located at about3.5 mm, show a photocurrent signal which is more than two
times larger than that of the other emitters. The spatial resolution in these
experiments was about30µm
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aperture is used to generate photocarriers which induce a pho-
tocurrent inside the sample acting basically as a photodiode.
If the aperture is placed in close proximity to the sample, the
excitation spot size is determined by the sub-wavelength size
of the aperture and can thus be reduced to below50 nm. The
resolution of the NPCS experiment is determined by the ex-
citation spot size, the absorption length of the radiation and
minority carrier transport processes and could be shown to be
better than250 nm[4]. The technique presents several fea-
tures that make it particularly attractive for the analysis of
laser diodes. It combines high spatial resolution with non-
destructiveness and the possibility of resonant excitation by
using a tunable wavelength light source. This allows for the
analysis of laser devices at different stages of aging without
affecting the device performance by the analysis process.

In this paper, the technique is used for the first time to
compare microscopic aging effects on high power laser diode
structures with different wave guide characteristics. Aging
effects on defect concentrations within the active layer and
on (near-) surface radiationless recombination processes are
resolved. The structure of the laser device is shown to play
an important role for the image formation process, which is
analyzed in terms of a ray tracing model.

The paper is outlined as follows. After a brief description of
the experimental setup, we present macroscopic photocurrent
spectra of the investigated structures. Then NPCS experiments
obtained for a graded index diode array before and after ac-
celerated aging are analyzed and discussed. These results are
then compared to experiments performed on a step index array.
Finally, the findings are summarized.

1 Experimental

In the near-field photocurrent experiments, the laser diode is
excited by light transmitted through a nanometer-sized aper-
ture at the end of a NSOM probe tip [7]. The photoinduced
voltage (or current) across the p-i-n junction of the laser diode
is then detected as a function of the tip position as the laser
diode, which is mounted on anx-y-zpiezo, is scanned relative
to probe tip (Fig. 2) [4, 5]. During the scan, the tip to sample
distance was kept constant at5±1 nm by using a modified
version of the optical shear force setup proposed by [8, 9].
The shear force mechanism relies on the damping of resonant
lateral vibrations of the probe tip as the tip approaches the
sample surface to within10–20 nm. Such resonant lateral vi-
brations of the probe tip with amplitudes of less than10 nm
are excited with a dither piezo. The amplitude of the tip vi-
bration is measured by focusing the output of a670 nmlaser
diode onto the vibrating tip and imaging the resulting diffrac-
tion image onto a quadrant photodiode. The AC part of the
photodiode signal provides a direct measure of the vibration
amplitude and is fed into an electronic feedback system which
controls the separation between the tip and the facet of the laser
diode by adjusting thez-piezo voltage. Therefore, thez-piezo
voltage gives direct information on the topography of the sam-
ple surface. Such shear-force images of thez-piezo voltage as
a function of lateral tip position are recorded simultaneously
with the near-field photocurrent images and provide a spatial
correlation between the NPC signal and the layer structure of
the laser diode.

Fig. 2.Experimental setup of the near-field photocurrent (NPC) experiments.
In these experiments, the laser diode is excited by tunable continuous-wave
laser light transmitted through a nanometer-sized aperture located at the end of
a near-field fiber probe. The near-field probe consists of a tapered single mode
optical fiber with a lateral metal coating and aperture diameter between50
and200 nm. The photoinduced voltage (or current) across the p-i-n junction
of the laser diode is detected as a function of the tip position as the laser diode,
which is mounted on anx-y-z piezo, is scanned relative to probe tip. During
the scan the tip to sample distance was kept constant at5±1 nm using an
optical shear force setup. The photoinduced signal was detected with a lock-
in nanovoltmeter with the laser diode unbiased. The layer structure of the
DQW-GRIN laser diode array, consisting of two12 nm GaAsquantum wells
surrounded by220 nmwide undopedAl1−xGaxAs (0.3< x< 0.6) graded
gap layers and by two, p- respectively n-doped1.5–2µm thick Al0.6Ga0.4As
cladding is shown schematically

The near-field optical microscope used for these experi-
ments is based on a commercial instrument (Topometrix
Aurora). Probe tips with a cone angle of 10◦ were pulled
from single-mode optical fibers in a commercialCO2-laser
based fiber puller (Sutter) and then coated with a50 to 100 nm
thick aluminum or gold coating. The diameter of the uncoat-
ed tips was less than30 nmas was demonstrated by scanning
electron microscopy. Shear force images recorded with these
uncoated tips gave a lateral resolution of better than12 nm.
The optical resolution of the aluminum or gold coated tips
was tested using a standard AFM grating and was better than
50 nm. The piezoscanner was software linearized and cal-
ibrated against a standard AFM grating with a calibration
error of less than±5%. The scan range in these experiments
was typically10×10µm2 and 100×100 or 200×200 da-
ta points were recorded for each scan. Tunable continuous
wave laser sources (Cr:LiSAF, Ti:Sapphire) and aHeNelaser
were used for excitation. The photoinduced voltage was col-
lected with a lock-in nanovoltmeter at the n- and p-contacts
of the unbiased laser diode. The excitation light was ampli-
tude modulated at a frequency of1 kHz. The power of the
excitation light coupled into the fiber probe was about3 mW
and that of the light transmitted through the fiber probe var-
ied between10 and100 nW, when detected in the far field.
At these excitation powers, heating of the fiber tip [10] did
not influence the NPCS experiments. The detected photoin-
duced voltage varied between1µV and1 mV. Macroscopic
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photocurrentspectra were recorded with a standard optical mi-
croscope giving a spatial resolution of30µm, a halogen lamp,
a monochromator and a lock-in nanovoltmeter [11].

Two different high powerInAlGaAs/GaAs laser diode
array structures were investigated in this work. The layer se-
quence of both structures has been described earlier in more
detail [12]. The first structure is a Double Quantum Well
(DQW) Graded Index Separate Confinement Heterostructure
(GRIN-SCH) grown by metalorganic vapor deposition on
a n-typeGaAssubstrate. The DQW is situated in a symmet-
ric valley formed by two220 nmwide undopedAl1−xGaxAs
(0.3< x< 0.6) graded gap layers. These are surrounded by
two, p- respectively n-doped1.5–2µm thick Al0.6Ga0.4As
cladding layers with an energy gap (Eg) of about2.2 eV. The
doping profile has its main gradient inside the DQW-GRIN-
region. The second structure is a Step Index (SIN) DQW
device, where the DQW region is embedded in an undoped
220 nmwide Al0.3Ga0.7As layer (Eg = 1.8 eV). In both de-
vices only the contact stripes provide gain guidance and thus
form the array structure which was mounted p-side down on
a copper heat sink. The front facet reflectivity was adjusted
by a120 nmthick Al2O3 layer to about5%. The photon en-
ergy of the laser emission of all devices was determined to be
~ω = 1.53 eV (λ = 808 nm). Accelerated aging was realized
at 20 to 50◦C for up to1200 h. The aging procedure and the
changes of the device parameters are discussed in more detail
elsewhere [11].

2 Results and discussion

2.1 Macroscopic photocurrent spectra

A macroscopic photocurrent (PC) spectrum (in arbitrary units,
full circles) for a fresh DQW-GRIN laser diode emitting at
a photon energy of1.53 eV (808 nm) is depicted in Fig. 3a.
The spectra was measured with a spatial resolution of30µm.
The calculated spectral shapes of the absorption edge of the
DQW α DQW(~ω) and of the bottom of the GRIN structure
α GRIN(~ω) are added as solid and dotted lines (incm−1),
respectively. In these experiments, the laser array serves as
a photodiode driven by the incident light at a specific photon
energy. The spectral shape of the PC spectrum is closely con-
nected to the absorption coefficient of the entire structure. For
all spectral positions, the PC signal magnitude correlates with
the sum of the contributions∑α i(~ω) (see Fig. 3a) from the
different layers (i). Furthermore it depends on the gradient of
the sum potential consisting of contributions of the band edges
and the doping profile, as well as on the diffusion of the pho-
togenerated carriers into the intrinsic region and, as will be
shown below, also on the penetration depth of the excitation
light into the laser structure.

Three characteristic contributions to the PC spectrum are
resolved. The most prominent feature is the strong signal in-
crease at energies above1.5 eV, i.e. above the effective band
gap of the DQW structure of1.53 eV. This evidently arises
from the onset of the interband absorption of the transi-
tion from the first heavy hole to the first electron subband
(1hh→ 1e) in the DQW (solid line in Fig. 3a). The reverse
transition is responsible for the laser emission. In the energy
range between1.55 eVand1.75 eV, the PC signal intensity re-
mains roughly constant. At energies above1.75 eVabsorption

Fig. 3. a Macroscopic room-temperature photocurrent (PC) spectrum (full
circles, in a.u.) of a fresh DQW-GRIN high power laser diode with an emission
energy of1.53 eV. Three characteristic features are resolved: (1) A weak below
band gap shoulder at energies between1.3 and1.5 eV which is attributed to
defect or impurity related absorption; (2) the DQW signal which dominates
the spectrum at energies above1.55 eV; and (3) absorption by the graded gap
layers which gives rise to an increase of the PC signal at energies above1.8 eV.
The calculated absorption coefficients (cm−1) of the DQW and the bottom of
the GRIN region are depicted as a full and a dotted line, respectively;b Ratio
of the macroscopic photocurrent signals after and before an accelerated aging
test of the DQW-GRIN high power laser diode. Note the strong increase of
the defect related below-band gap contribution, while the DQW signal of the
aged diode at energies above1.55 eVdecreases only slightly

by the graded gap layers sets in (dotted line) and this causes
another increase in signal intensity at higher energies.

The third feature in the PC spectrum is the weak broad-
band shoulder below the effective band edge (1.53 eV) which
extends from energies of1.5 eV to at least1.35 eV. Fourier-
Transform PC measurements carried out on these samples
revealed that this shoulder extends even further into the in-
frared, at least down to0.8 eV [13]. Such a below band gap
contribution to the PC spectrum requires a low energy absorp-
tion mechanism such as, e.g., defect-band transitions. The
energy dependence of the PC spectrum alone does not allow
for an unequivocal assignment of the microscopic nature of
these transitions. However, one can speculate, that aging of
the diode laser enhances the creation and migration of native
point defects such as vacancies. Such processes are likely to
influence the PC spectra more strongly than, e.g. the migra-
tion of foreign atoms (such as the doping materials) into the
active layer. The influence of native defects on the below band
gap absorption is discussed in [14–16].

Based on the comparison of experimental absorption spec-
tra of bulk GaAsand the calculated spectral dependence of
the photoionization cross section of the deep donor EL2 level,
Martin [14] concluded that the near-infrared optical absorp-
tion in undoped bulkGaAsis essentially due to the EL2 donor.
This center is thought to be related to either isolated antisite
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AsGa defects or to complexes between arsenic atoms occupy-
ing a gallium site and surrounding vacancies [17]. Tüzemen
and Brozels photoquenching experiments [15] discriminate
between at least two native defects contributing to the optical
absorption in the spectral region discussed here. With positron
annihilation experiments inGaAs, Saarinen et al. [16] identi-
fied bothGa andAs vacancies and suggested that the below
band gap absorption is caused by optical transitions related
to these vacancies. Thus it is very likely that there is a close
correlation between laser aging and point defect creation or
migration.

Upon accelerated aging of the laser device, the PC spec-
trum changes significantly, see Fig. 3b. The PC signal of the
below band gap defect bandincreasesby about75% for ener-
gies below1.5 eV. At energies above1.55 eV, however, where
the PC signal arises predominantly from the interband absorp-
tion of the1hh→ 1e DQW transition, the PC signal of the
aged diodedecreasesto about65% of the PC signal of the
fresh diode. A transition between signal increase and signal
decrease upon aging is observed in the narrow energy range
between1.5 and1.55 eV.

We now compare these results to PC spectra (Fig. 4a)
which have been recorded before (filled circles) and after
(open circles) accelerated aging of the Step Index Structure
described above. In general, the spectra of the fresh DQW-SIN
diode are similar to those of the DQW-GRIN diode. Again,
three dominant features, the strong increase at energies above

Fig. 4. a Macroscopic room-temperature photocurrent (PC) spectrum (full
circles, in a.u.) of a fresh step-index high power laser diode array emitting at
a photon energy of1.53 eVbefore (full circles, in a.u.) and after (open circles,
in a.u.) accelerated aging. Compared to the DQW-GRIN diode array the
impurity related below-band gap contribution of the fresh diode is reduced by
more than one order of magnitude;b Ratio of the macroscopic photocurrent
signals after and before accelerated aging of the step-index high power laser
diode. The defect or impurity related band at energies between1.4 and1.5 eV
increases by more than a factor of five upon aging

the band edge due to the interband absorption of the1hh→ 1e
DQW transition, the signal increase at energies above1.8 eV
due to the onset of absorption of theAl0.3Ga0.7As layer sur-
rounding the DQW, and the weak defect-related below band
gap shoulder are resolved. The effect of aging on the spec-
tra is, however, different for both structures. In the DQW-SIN
diode, the below band gap intensity of the PC spectrum in-
creases by as more than a factor of five (Fig. 4b). At energies
above1.55 eV, the PC spectrum changes only slightly, aging
leads to a decrease of the DQW absorption related contribu-
tion by less than25%. Similar results have been obtained for
a number of DQW-GRIN and DQW-SIN laser diodes under
different aging conditions and can be considered typical for
the corresponding structures.

2.2 Near-field photocurrent spectra

2.2.1 Image formation in the DQW-GRIN laser diodes.In
order to understand themicroscopicorigins of the observed
changes in the macroscopic PC spectra and to understand the
corresponding aging processes within the laser device, we
used a novel technique, namely near-field photocurrent spec-
troscopy to investigate these diodes. The technique combines
the sub-wavelength resolution of near-field optics with tun-
able laser excitation and allows for selective investigations

Fig. 5. a Two-dimensional NPC images of a fresh DQW-GRIN laser diode
for different excitation energies above (1.959 eV), near (1.579and1.512 eV)
and below (1.476 eV) the laser photon energy of1.53 eV. In these images the
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
high NPC signal while black corresponds to low signal. The scan range in
these images is10µm×6µm and the distance between adjacent data points
is 100 nm. Note the pronounced double maximum shape of the NPC signals
for excitation energies of1.579 and 1.512 eV; b Shear force image of the
topography of the laser diode. The location of the p- and n-doped cladding
layers and also the location of the DQW region is resolved in this image. Such
images, which are recorded simultaneously with the NPC images, provide
a direct spatial correlation between the NPC signal and the layer structure of
the laser diode
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of specific parts of the laser device. Two-dimensional near-
field photocurrent scans for a fresh DQW-GRIN laser diode
at four selected excitation energies below and above the band
gap are presented in Fig. 5a. These images have been record-
ed with fiber probes having an aperture diameter of about
200 nm. The presented images are representative examples
of a full set of images recorded at about 20 different spec-
tral positions in the range between1.44 eVand1.96 eV. The
scan area is10µm×6µmand the separation between adjacent
data points100 nm. In all images, the maximum detected pho-
tocurrent has been normalized to unity. In these images, the
color white corresponds to a normalized photocurrent of 1,
while black corresponds to zero. The images are shown as
recorded without filtering or background correction. A simul-
taneously recorded shear-force topography of the laser facet
is shown in Fig. 5b. The location of the DQW layer and the
n- and p-doped cladding layers is resolved in these images
and permits a direct correlation between NPC image and layer
structure of the laser diode. The alignment of the DQW plane,
which is slightly tilted against the scan direction of the piezo,
is indicated by a solid line. In Fig. 6, cross sections through
these images, without normalization, along a line perpendicu-
lar to the DQW plane are related to the laser diode structure.
Please note that the data for1.476 eVhave been enhanced by
a factor of five. Within experimental error, the integrated in-
tensities in these curves follow the macroscopic PC spectrum
of Fig. 3a. At an excitation energy of1.476 eV, i.e. for exci-
tation of the below band gap defect or impurity related band,
a narrow NPC signal with a width of700 nm(full width at
half maximum, FWHM) and a maximum in the DQW region
is observed. The signal intensity varies only weakly along
lines parallel to the DQW plane. At an excitation energy of
1.512 eV, i.e. at the onset of the DQW interband absorption,
the signal shape changes drastically into a double maximum
structure around the GRIN region and the active region of the

Fig. 6. NPC line scans at excitation energies of1.959, 1.579, 1.512 and
1.476 eVof the fresh DQW-GRIN laser diode. The scan direction was per-
pendicular to the active layer. The shape of the conduction band potential is
added (solid line)

laser now appears as a small dip in the center of this structure.
The width of this structure is about1µm and the two peaks are
separated by450 nm. At 1.579 eV, i.e. for maximum DQW ab-
sorption but no GRIN absorption, we observe a similar double
maximum structure with a minimum within the active region,
but now with a broad background for tip positions within the
cladding layers. At1.959 eV, i.e. for excitation of the DQW
and GRIN transitions, this background increases to about60%
of the maximum NPC signal. The double maximum structure
becomes slightly broader than at1.517 eVand the minimum
at the DQW is less pronounced.

To gain an understanding of the microscopic origins of
the strongly excitation energy dependent NPC signals, we
analyzed the data by simplified two-dimensional beam propa-
gation calculations. Briefly, the excitation light within the
device was modeled as a superposition of evanescent and
propagating waves and the layer-specific absorption of each
of these waves was considered. We assumed that the electric
field distributed which is transmitted through the fiber probe
can be modeled by treating the tip as a one-dimensional slit of
width d located along thex direction. Within the coordinate
system introduced in Fig. 2, thex-axis is perpendicular to the
DQW plane, located within they-z-plane. They-axis points
along the mirror facet of the laser and thez-axis is perpendicu-
lar to the mirror facet. The electric field directly behind the tip
E(x,z) is then approximated as a sum of plane electromagnetic
waves:

E(x,z)∝

∞Z

−∞

sin(kx ·d/2)

kx ·d/2
exp
(
i(kx ·x+kz ·z)

)
dkx , (1)

wherekx andkz denote the components of the wave vectork0 =√
k2

x +k2
z = 2π ni/λ0, along thex andzdirection, respectively.

Hereλ0 denotes the vacuum wavelength of the excitation light
andni 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,
and replaced the sum of plane waves by a sum of optical rays
which leave the tip under the direction of their wave vector.
The relative intensity of each ray is then weighted by the factor(

sin(kx·d/2)
kx·d/2

)2
. These rays are then propagated through the dif-

ferent layers of the diode structure and the absorption within
each of these layers gives rise to photogenerated electron-hole
pairs which may then induce the photocurrent signal by get-
ting spatially separated. The laser diode is treated as a p-i-n
diode and it is initially assumed that all carriers generated
within the undoped GRIN and DQW regions contribute to the
photocurrent signal with a yield of unity. Electron-hole pairs
generated within the surrounding n- or p-doped cladding lay-
ers have to diffuse into the region of the potential gradient
and therefore the photocurrent yieldpPC, 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:

pPC =

{
1 if |x−xGRIN| ≤ 0
exp
(
−|x−xGRIN|/L

)
if |x−xGRIN|> 0 .

(2)

Here,xGRIN denotes the location of the graded index–cladding
layer boundary, and the ambipolar diffusion lengthLis taken
as0.5µm.
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Depending on the magnitude of thex component of the
wave vectorkx, we can distinguish between four different
kinds of rays:
(a) |kx| > 2π nDQW/λ0: Fully evanescent rays for which
kz is imaginary within all layers of the diode and for
which without absorption, the intensity decays exponen-
tially with increasingz; (b) 2π nDQW/λ0 ≥ |kx|> 2π nAR/λ0,
wherenAR is the refractive index of theAl2O3 antireflec-
tion coating: Rays which are propagating within theAlGaAs
layers but evanescent within theAl2O3 coating layer, and
which consequently are exponentially damped in this layer,
(c)2π nref/λ0 ≥ |kx|> 2π nair/λ0: Evanescent rays in air which
are transformed into propagating modes in theAl2O3 coating
layer, and (d)2π nair/λ0 ≥ |kx|: Propagating modes in air and
the entire laser structure. The simulations now allow us to
study the effect of each class of these rays and thus con-
siderably increase the knowledge about the image formation
process in near-field photocurrent spectroscopy.

Fig. 7a,b.Results of two-dimensional ray tracing simulations of the near-field
photocurrent line scans for the DQW-GRIN laser diode. The fiber probe is
modeled as a one-dimensional slit with a width of 200 nm and both propagat-
ing and evanescent modes are considered. Details of the model are described
in the text.a Below band gap excitation: An infrared-active impurity or de-
fect related site with an absorption coefficientα D = 10 cm−1 is assumed to be
homogeneously distributed within the laser diode. The absorption of both the
DQW and the GRIN layers are taken to be negligible. The simulation predicts
a narrow peak of the NPC signal inside the DQW region, in agreement with
the experimental NPC line scan forEex = 1.494 eV. The signal arises predom-
inantly from guided propagating modes within the DQW-GRIN wave guide
structure;b Above band gap excitation: In addition to the defect absorption,
an absorption of the active layer withα DQW = 2×104 cm−1, corresponding
roughly to an excitation energy of1.579 eV is considered. Theopen circles
show the result of a simulation neglecting near-surface recombination effects
(δ = 0µm), which predicts a single-maximum shape of the NPC line scan.
This is in contrast to the experiment, e.g. atEex = 1.512and also at1.579 eV.
A double maximum shape of the line scans is obtained if the photocurrent
yield pPC is assumed to decrease near the mirror facet of the laser diode. The
solid line was obtained by takingpPC = 1−exp(−z/δ ), with δ = 10µm

At below band gap energies, electron-hole pair generation
arises only from defect or impurity related absorption, while
neither the DQW, nor the GRIN or doped cladding layers
contribute. The impurity distribution is assumed to be homo-
geneously distributed within the laser structure and the result
of a ray tracing calculation for an impurity absorption coeffi-
cient of10 cm−1 is shown in Fig. 7a. The chosen magnitude
of the absorption coefficient is reasonable for typical impu-
rity concentrations of about1016–1017 cm−3. A variation of
the absorption coefficient between1 and100 cm−1 changes
the signal magnitude but affects the signal shape only weak-
ly. Similar to the experimentally observed NPC line scans at
1.476 eVthe simulations show a narrow NPC signal with a sin-
gle maximum within the DQW region. From the simulations
it follows that the NPC signal is dominated bypropagating
wavesguided inside the GRIN regions. Rays which enter the
DQW or GRIN region of the laser diode under a sufficiently
small angleα 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 thex-axis at
which total internal reflection occurs depends both on the en-
trance angleα and on thex-position at which the rays enter the
DQW/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 that ofunguid-
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.
Because of the small impurity absorption coefficient and their
small penetration depth, evanescent modes are of minor im-
portance for the NPC signal at below band gap energies. The
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
carrier transport processes.

At excitation energies above1.5 eV, DQW absorption sets
in and the total NPC signal now becomes the sum of a de-
fect related and a DQW related contribution. For small DQW
absorption coefficients of less than103 cm−1, the DQW relat-
ed contribution to NPC signal is again entirely dominated by
propagating wavesguided inside the GRIN regions. With-
in the above model, the shape of the DQW signal is similar
to that of the impurity related signal and shows a narrow
peak with a single maximum, located inside the DQW re-
gion. With increasing DQW absorption coefficient, i.e. with
increasing excess energy of the exciting photons, the ampli-
tude of the DQW related NPC signal increases, whereas the
shape remains basically unaffected. For large absorption coef-
ficients, the calculations indicate the onset of a much broader
background signal for excitation positions within the n- and
p-doped cladding layers. This signal arises predominantly
from unguided propagating rays which traverse the DQW re-
gion only once. For absorption coefficients above103 cm−1,
these rays create enough carriers to be detectable in the NPC
signal. The amplitude ratio of the contribution from unguided
relative to that from guided waves increases with increas-
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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, atx2, 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 emitted atx1. 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
the ray, starting atx2 thus contribute less to the NPC
signal than those generated by the ray emitted atx1

ing DQW absorption coefficient. This is due to a saturation
of the guided wave contribution, since these waves are com-
pletely absorbed in the laser diode at high DQW absorption
coefficients, while the signal caused by the unguided waves
increases roughly linearly with increasing absorption coef-
ficient. This increase of the broad background contribution
from unguided waves is confirmed experimentally, compare
the NPC line scans for excitation energies of1.579 eV and
1.512 eV(Fig. 6).

While the growing contribution of background from un-
guided waves can be consistently explained by our model, the
ray tracing simulations predict that the DQW contribution to
the NPC line scans should posses a single maximum while
the experiments for GRIN structure lasers show a pronounced
double maximum shape. The ray tracing simulations showed
that this unexpected shape can be attributed to a strong ra-
diationless (near-) surface recombination process. Additional
recombination decreases the concentration of excited electron-
hole pairs and thus reduces the photocurrent signal [18]. Due
to the continuous change of the refractive index within the
graded gap region, guided rays that are generated with the
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 tip
positions. This difference in waveguiding leads to a variation
in penetration depth of the guided waves with tip position.
Carrier generation thus occurs closer to the surface if the tip
is located closer to the DQW region. These carriers are more
strongly affected by recombination processes located at the
surface and this results in a smaller NPC signal. Phenomeno-
logically, this idea was incorporated into the ray tracing model
by assuming that the photocurrent yieldpPC, i.e. the proba-
bility with which carriers generated within the DQW/GRIN
region contribute to the NPC signal, can be set to zero at the
mirror surface (z= 0) and increases with increasing distance
z as

pPC = 1−exp(−z/δ ) . (3)

Results of ray tracing simulations for a DQW absorption
coefficientα DQW = 2×104 cm−1 and a defect absorption co-
efficientα D = 10 cm−1 including and neglecting near-surface
recombination processes are compared in Fig. 7b. In the ab-

sence of recombination processes (δ = 0 µm, open circles)
a single maximum shape is predicted. The solid line shows
the line scan obtained forδ = 10µm, while the other param-
eters remained unchanged. As expected from the qualitative
discussion given above, this strong near-surface recombina-
tion now leads to a double maximum shape of the NPC line
scan, in agreement with the experimental finding. As in the
case of below band gap excitation energies, the contribution
from waves, which are evanescent within the laser structure
or theAl2O3 coating are of minor importance.

At excitation energies above1.8 eV, absorption by the un-
doped GRIN layers sets in. The corresponding, relatively large
absorption coefficient leads to a strong background signal
contribution from unguided propagating waves. The signal
intensity of this contribution is practically uniform for all tip
positions within the doped cladding layers. This is again in
agreement with the experiment, as is shown e.g. in Fig. 6 in
the line scan for an excitation energy ofEex = 1.959 eV(solid
circles). Since absorption by the cladding layers is limited to
excitation energies above2.2 eV, their contribution to the NPC
signals can be neglected.

2.2.2 Aging of DQW GRIN lasers.We now compare the re-
sults which were obtained for a non aged diode to near-field
photocurrent spectra for a diode having the same layer struc-
ture after performing an accelerated aging procedure. Two
points were of particular interest: (1) the effect of aging on the
impurity concentration and distribution and (2) its effect on
the near-to-surface radiationless recombination process which
was resolved in the NPC spectra of the fresh diode. Two-
dimensional NPC spectra for energies below, close to and well
above the photon energy of the laser for the DQW-GRIN diode
before and after accelerated aging are compared in Fig. 9. In
addition, Fig. 10 shows one-dimensional NPC scans along
a line perpendicular to the active layer of the aged diode. For
an excitation energy ofEex = 1.959 eV, both the signal am-
plitude and the shape of the NPC images are similar before
and after aging. The signal consists of a broad plateau for tip
positions inside the p- and n-doped cladding layer and a small-
er peak inside the DQW-GRIN layer. As mentioned above,
the plateau arises from the absorption of unguided propagat-
ing waves in the DQW and GRIN layers, while the smaller
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Fig. 9. Two-dimensional NPC images of the DQW-GRIN high power laser
diode before (column a) and after (column b) an accelerated aging test. The
excitation energy in these experiments was chosen above (1.959 eV), close
to (1.512 eV) and below (1.476 eV, respectively1.492 eV) the band edge of
the active layer. While the shapes of the NPC images for excitation energies
below and above the band edge change only slightly upon aging, the double
maximum structure observed for the fresh diode atEex = 1.512 eVchanges
into a singly peaked shape for the aged diode

Fig. 10. NPC line scans at excitation energies of1.959, 1.531, 1.512 and
1.494 eVof the aged DQW-GRIN laser diode. The scan direction was per-
pendicular to the active layer. The signal maximum for each transient was
normalized in order to allow for a better comparison between transients at
different excitation energies

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 energies (1.476 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 about600 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 concentrationwithin 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 of1.512and1.531 eVshow a single peak located within
the DQW region. The width of these peaks increases slight-
ly with increasing excitation energy from600 nm(FWHM)
at 1.476 eV to 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-
tion energy of1.531 eV(Fig. 11). At this excitation energy, the
intensity of the macroscopic photocurrent spectrum and thus
the integral over the NPC signal along a line perpendicular
to the active layer remains unchanged upon aging. Two pro-
nounced changes of the NPC line scan are noticed. First, the
double maximum structure observed for tip positions close to
the DQW/GRIN region before aging changes into a singly
peaked structure after aging. Second, the broad background

Fig. 11.Comparison of NPC line scans at an excitation energy of1.531 eVfor
the DQW-GRIN laser diode before (closed circles) and after (open circles)
accelerated aging. At this excitation energy, the intensity of the macroscopic
PC spectrum (Fig. 3), corresponding to the integral over the NPC line scan,
remains unchanged. The shape of the conduction band potential is added
(solid line)
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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 shown
before to be related to the absorption of unguided waves within
the DQW region.This indicates that the DQW contribution
to the NPC signal decreases drastically upon aging. Since
it is highly unlikely that the aging process strongly affects the
spectral dependence of the DQW absorption coefficient, we
can conclude that this decrease of the DQW related NPC signal
arises from a strong increase of (near-) surface recombination
processes. Since the overall photocurrent signal does not de-
crease upon aging, the decrease of the DQW contribution is
compensated by an increase of the defect related contribution.
While for the fresh diode the broader, double maximum DQW
contribution dominates the NPC signal at1.531 eVthe defect
related, single maximum contribution becomes dominant up-
on aging. This directly explains the unexpected change in the
NPC signal from a double maximum into a single maximum
structure. The increase in the width of the NPC line scan peak
of the aged diode with increasing excess energy from600 nm
at 1.476 eV to 900 nmat 1.531 eV indicates that in the aged
diode, the DQW contribution to the signal at1.531 eVdoes
not decrease to zero and is large enough to broaden the total
NPC signal.

2.2.3 Step index laser.In this section, the results of the near-
field photocurrent experiments obtained for the DQW-GRIN
diode array are now compared to experiments on a step index
diode array. The layer structure of this array is similar to that of
the DQW-GRIN array, expect for the graded gap wave guide
layer which is replaced by a220 nmstep indexAl0.3Ga0.7As
layer with an energy gap ofEg = 1.8 eV. These are surrounded
by the p- respectively n-doped1.5–2µm thick Al0.6Ga0.4As
cladding layers with an energy gap (Eg) of about2.2 eV. As
for the DQW-GRIN structure, the laser emission is at1.53 eV.

Waveguiding in this step index structure differs significant-
ly from that in the graded index structure since the refractive
index of the220 nmstep index layer is constant and total in-
ternal reflection can thus only occur at the boundary between
the step index and the surroundingAl0.6Ga0.4As cladding lay-
ers. The main emphasis of these experiments is to investigate
the effect of this difference in wave guiding on the near-field
photocurrent image formation. In particular, it was of inter-
est to check the validity of the ray-tracing approach and to
check the conclusions which were drawn on the effect of radi-
ationless near-surface recombination process on the near-field
images. In fresh step index arrays, the defect related contribu-
tion to the photocurrent is more than an order of magnitude
smaller than in the case of the DQW-GRIN diode, which sim-
plifies a separation between defect related and DQW related
contributions (see Fig. 4).

Two-dimensional NPC images at different excitation en-
ergies for a step index diode before and after accelerated
aging are shown in Fig. 12. The scan area in these images is
10µm×6µm and the separation between adjacent data points
100 nm. The maximum intensity of each image has again been
normalized to unity. Scans along a line perpendicular to the
active layer are depicted in Fig. 13 for the fresh diode array
and in Fig. 14 after performing the accelerated aging proce-
dure. We note that in these images, the maximum of each
line scan was rescaled in order to allow for a better compari-
son between transients at different excitation energies. Within

Fig. 12.Two-dimensional NPC images of a step index laser diode for different
excitation energies above (1.959 eV), near (1.531 eV) and below (1.494 and
1.459 eV) the laser emission energy of1.53 eV before and after accelerated
aging of the laser diode. The scan range in these images is10µm×6µm and
the distance between adjacent data points is100 nm

experimental error, the spectral dependence of the signal am-
plitude of the NPC images follows closely the macroscopic
PC spectrum and varies by about three orders of magnitude
over the range of excitation energies.

The results obtained for an excitation energy of1.959 eV,
i.e. for excitation well above the band edge of the active layer
are similar to those obtained for the DQW-GRIN structure.
The signal consists again of a broad plateau for tip positions
inside the p- and n-doped cladding layer and a smaller peak
located within the step index wave guide layer. The plateau
can be attributed to absorption of unguided propagating waves
within the DQW and SIN layers, while the smaller peak is
mainly related to the absorption of guided propagating waves
within the DQW layer. As for the DQW-GRIN structure, the
NPC image is only weakly affected by the aging procedure
for this above bandgap wavelength.

Also the shapes of the NPC images for excitation energies
below the band gap of the active layer, i.e. atEex = 1.459 eV
and Eex = 1.494 eV, are only weakly affected by the aging
procedure. As for the DQW-GRIN array, a narrow structure
with a single peak inside the center of the wave guide structure
is found. This signal can again be assigned to an infrared ac-
tive defect- or impurity related contribution. The width of the
signal varies between600 and700 nmand does not change
significantly upon aging. The signal shape can be reproduced
qualitatively within the ray tracing model introduced above,
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Fig. 13. NPC line scans at excitation energies of1.959, 1.531, 1.494 and
1.459 eVof the fresh step index laser diode. The scan direction was perpen-
dicular to the active layer, located at a tip position of0µm. The ratio of the
NPC intensity at different excitation energies follows closely the macroscopic
PC spectrum shown in Fig. 4

Fig. 14. NPC line scans at excitation energies of1.959, 1.531, 1.494 and
1.459 eVof the step index laser diode after accelerated aging. The scan di-
rection was perpendicular to the active layer, located at a tip position of
0µm

if a small defect related absorption coefficient on the order
of 1 cm−1 is assumed to be homogeneously distributed with-
in the laser device. Here, the NPC signal is entirely due to
the absorption of propagating waves guided within the step
index structure and the signal shape is due to waveguiding ef-
fects while minority carrier transport is of minor importance.
The role of evanescent modes is negligible. In this diode, ag-
ing of the laser diode leads to a strong increase of the defect

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
only weakly affected by the change of the defect concentration,
in agreement with simulations.

The NPC signal intensity of the fresh diode increases by
about a factor of20as the excitation energy is increased from
1.494 eV to 1.531 eV. This is due to the onset of DQW ab-
sorption, which dominates the NPC signal atEex = 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 asinglemaximum 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 about600 to 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
maximum shape upon changing of the wave guide layer from
a graded index into step index structure is readily explained.
Consider again two guided rays emitted from a point light
source located within the step index layer. As in Fig. 7, the
rays 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
rays are now totally reflected at the boundary between the
step index and the surrounding cladding layer. Therefore, for
the step index structure, both rays experience the same guiding
and consequently also the same absorption by the active DQW
layer. Unlike for the graded index structure, the penetration
depth of the rays isnot dependent on the tip position. Even in
the case of strong near-surface recombination processes, the
photocurrent yield does not depend on the tip location and this
explains why the shape of the NPC signals does not change at
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
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
only a minor effect on the shape of the NPC images.

3 Summary and conclusion

In this paper, the first comparative study of spatially resolved
near-field photocurrent spectra for two high power laser diode
arrays with different wave guide characteristics was present-
ed before and after accelerated aging of the laser device.
In these experiments sub-wavelength spatial resolution was
demonstrated by exciting the laser device through a nanome-
ter sized aperture located at the of a near-field fiber probe.
Tuning of the excitation energy across the band gap energy
of the laser allowed us to study specific components of the
laser device experiments. At below band gap energies car-
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rier generation is dominated by absorption of an infrared
active defect- or impurity related site, while at energies above
the laser emission at1.53 eVabsorption of the active double
quantum well layer dominates. In the DQW-GRIN diode ar-
ray, a strong variation of the shape of the NPC images with
excitation energy was observed. In particular, the DQW re-
lated NPC signal showed a pronounced double maximum
structure. With the help of a ray tracing model, the NPC
image contrast was found to arise predominantly from prop-
agating waves guided within the graded gap layer and the
observed double maximum was assigned to arise from (near-)
surface radiationless recombination effects. The line shape
of the near-field scans was shown to depend strongly on
the magnitude of the surface recombination velocity so that
near-field photocurrent spectroscopy presents a powerful tool
for the microscopic analysis of aging effects on surface re-
combination processes. A quantitative extraction of surface
recombination velocities requires however a more detailed
analysis of the experimental data in the light of refined micro-
scopic models [19]. Such an analysis is currently underway.
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
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
to the growth of the infrared active defect concentration and
how these effects vary among different emitters of the laser
array.

The conclusions drawn from the study of the DQW-GRIN
structure were strongly supported by a comparative study of
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 structure
the aging procedure mainly affects the magnitude of the NPC
signals.

So far our discussion did not clarify the nature of the defect
accompanied to the aging. We pointed out that native infrared
active defects contribute to the below-band gap PC signal.
These defects are known to be readily observable in DLTS
spectra [20] and such measurements are currently underway.
We note however, that due to the dominance of waveguid-
ing effects on the NPC image formation process, the current
experiments can also be explained by the migration of impu-

rity related defects into the wave guide layer. This will be the
subject of further investigations.

In summary, we demonstrated that near-field photocurrent
spectroscopy has the potential to provide direct insight into
the microscopic processes of aging-induced defect creation
and surface recombination in the active region of high-power
laser diodes.
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