Optical near-field photocurrent spectroscopy: A new technique for
analyzing microscopic aging processes in optoelectronic devices
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The potential of optical near-field photocurrent spectroscopy for analyzing microscopic aging
processes in optoelectronic devices is demonstrated. The technique combines the subwavelength
spatial resolution of near-field optics with tunable laser excitation, allowing for selective
investigation of specific parts of the device structure. Experiments on Ge&s)As high power

laser diodes before and after accelerated aging provide direct visualization of defect growth within
the p-i-n junction and information on aging-enhanced recombination processes close to the laser
facet. The effect of wave guiding of the exciting light on the image formation is discussed. The
nondestructiveness makes this technique a particularly attractive methiodsfaranalysis in high

power laser diodes. €996 American Institute of PhysidsS0003-695(96)02252-§

Aging processes of high-power laser diodes are of utmW at 2 A. Accelerated aging was realized at 35 °C for 100
most importance for the performance and lifetime of the deh with an operation current of 1.75 A. The aging procedure
vices and have been investigated by a variety ofand the changes of the device parameters are discussed in
techniqueg:? In this letter we describe and demonstrate agreater detail elsewhefe.
new analytical tool for monitoring microscopic aging pro- In the near-field photocurrenrNPC) experiments, the
cesses in high-power laser diodes based on near-field phottaser diode is excited by light transmitted through a
current spectroscopfNPCS. NPCS emerged as a new con- nanometer-sized aperture at the end of a suitable near-field
trast method in near-field scanning optical microscdpyin  optical microscope probe tip. The photoinduced curfent
this technique, the near-field radiation transmitted through &oltage across thep-i-n junction is then detected as a func-
nanometer-size aperture is used to generate photocarrietion of the tip position as the tip is scanned across the diode
which induce a photocurrent inside the sample which basifacet. During the scan the tip to sample separation is kept
cally acts as a photodiode. If the aperture is placed in closgonstant at %1 nm using an optical shear-force sétdpr
proximity to the sample, the excitation spot size is deterdistance regulation. Shear-force images of the surface topo-
mined by the sub-wavelength sized of the aperture and cagraphy are recorded simultaneously with the NPC images,
thus be reduced to below 50 nm. The resolution of the NPC%roviding a spatial correlation with an accuracy of 100 nm
experiment is then determined by the excitation spot size, thgetween the NPC signal and the layer structure of the laser
absorption length of the radiation and minority carrier transdiode being vital for interpretation of the experimental re-
port processes and could be shown to be better than 250 nmsuits. The fiber probe consists of a tapered single mode op-
The technique presents several features that make it particycal fiber (3M, 820 nm with a lateral metal coating and a
larly attractive for the analysis of laser diodes. It combinesnanometer-sized aperture at its very %iplere, the aperture
high spatial resolution with nondestructiveness and the possize was varied between 50 and 200 nm. Tunable continuous
sibility of resonant excitation by using a tunable wavelengthyave laser sources were used for excitation. The excitation
light source. light was amplitude-modulated at 1 kHz and the photoin-

In our experiments, we investigated asymmetricallyduced signal was detected with a lock-in amplifier with the
coated GaAgAIGa)As high power lasers. The double quan- |gser diode unbiased.
tum well (DQW) graded index separate confinement hetero- A macroscopic photocurrelPC) spectrum(in arbitrary
structure(GRINSCH consists of a GaAs DQWwell width  ynits, full circleg for a fresh laser device is depicted in Fig.
10 nm) located in the center of two 220 nm wide undoped1 The calculated spectral shapes of the absorption edge
Al,_,GaAs (0.3<x<0.6) graded gap layef$This structure [apow(fi®)] of the DQW andaggin(fiw) of the bottom of
is surrounded Dbyn- and p-doped 1.5-2um thick  the GRIN structure are added as full and dotted lities
AlogGay.As cladding layers with an energy gafed) of  ¢m1) respectively’® The spectral shape of the PC spectrum
about 2.2 eV. The front facet reflectivity of about 5% wasis closely connected to the absorption coefficient of the
adjusted by a 120 nm thick /D; layer. The photon energy hole structure. For all spectral positions the PC signal mag-
of the laser emission of all devices was=1.53 eV(A=808  pityde correlates with the sule; (% w) of the contributions
nm). For a fresh device threshold currents were in the ordefsee Fig. 1 from the different layersi). Furthermore, it de-
of 0.5 A and output powers were in the order®#1250  ands on the gradient of the sum potential consisting of con-
tributions of the band edges and the doping profile.
dCorresponding author. Electronic mail: lienau@mbi.fta.berlin.de Three characteristic contributions to the PC spectrum are
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circles, in a.u. of a fresh high power laser diode. The calculated absorption
coefficients(in cm™%) of the DQW and the bottom of the GRIN region are
depicted as full and dotted lines, respectively.
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resolved. At excitation energies between 1.3 and 1.5 eV, i.e.,
below the effective band gap of the DQW structure of 1.53

eV, a weak shoulder in the spectrum is related to defect or
impurity absorption. The strong signal increase at energies
above 1.5 eV results from the onset of the interband absorp-

. - . FIG. 2. (8) NPC images of a fresh DQW laser diode for different excitation
tion on the hh— 1e transition from the first heavy hole to energies of 1.512 and 1.959 eV. The photoinduced voltage acrogsithe

the first electron subband in the DQWOIid line). The re-  junction is mapped as a function of the position of the fiber(tiere, white
verse transition is responsible for the laser emission. At enregions are regions of a high NPC sighdb) NPC line scans of the same
ergies above 1.75 eV absorption by the graded gap |aye'f5esh diode. The shape of the conduction band potential is agddd line).
sets in(dotted ling and this causes another increase in signal
intensity. where, together with NPC studies of different laser
Two-dimensional NPC images obtained from the samestructures?! The simulations showed that the contribution of
device recorded for different excitation energies are prewaves which are evanescent inside the sample, to the NPC
sented in Fig. @). The images have been recorded with fiberimages are of minor importance for our structure. This is a
probes with an aperture diameter of about 250 nm. The preresult of the rather thick coating. At excitation energies be-
sented images are representative examples of a full set tdw 1.49 eV, the NPC signal arises only from carriers gen-
images recorded at about 20 different spectral positions irerated through the absorption of impurity levels. The absorp-
the range between 1.44 and 1.965 eV. In Fifh)2cross- tion coefficient of these impurity levels is small, so that the
sections through these images along a line perpendicular &ignal is dominated by waves guided inside the GRIN re-
the DQW plane are related to the laser diode structure. Thgions. For these guided waves, the effective absorption
wavelength dependence of the integrated intensity in theslength is much longer than for unguided waves and they thus
images follows roughly the macroscopic PC spectrum of Figcreate a larger amount of carriers inside f&n region.
1. At 1.476 eV in the range of the impurity absorption, we This directly explains the high spatial resolution of the NPC
observe a narrow NPC signal with a width of 700 nm and asignal even though the signal is generated by weakly ab-
maximum in the DQW region. At higher photon energies,sorbed propagating waves. Due to the waveguiding effect
the signal changes into a double maximum structure arounihside thep-i-n region, the NPC signals in this diode are only
the GRIN region and the active region of the laser now apweakly affected by minority carrier transport. At higher ex-
pears as a small dip in the center of this structure. The widtleitation energies, where absorption by the DQW region sets
of the structure is about &m and the two peaks are sepa- in, an increase in absorption coefficient, number of photoge-
rated by 450 nm. At 1.579 eV, we observe a signal backnerated carriers and thus NPC signal intensity is expected
ground for excitation in the cladding layers and this back-and observed. The pronounced double maximum shape of
ground increases with increasing energy to about 60% of ththe NPC signal is, however, surprising. It can be attributed to
maximum NPC signal at 1.959 eV. a nonradiativelnearj surface recombination process. Its ef-
The NPC data were analyzed by beam propagation cafect on the NPC image formation process can best be visu-
culations in order to understand the physical mechanismalized by treating the tip as a point light source. Waves that
underlying the image formation process. The propagation ofire generated if the tip is located inside the DQW region
the excitation light within the device was simulated by mod-experience a stronger wave guiding than those generated for
eling the light field through the tip as a superposition oftip locations inside the GRIN region. The difference in
propagating and evanescent waves and considering the layavaveguiding leads to a variation in penetration depth of the
specific absorption of each wave. Details will be given else-guided waves with tip position. Carrier generation thus oc-
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NPC measurements give evidence about the local assignment
3 of the structures in the PC spectrum. Figu(e) 8lisplays the
i ratio of the macroscopic PC spectra after and before aging.
b Obviously the impurity contributions are increased by the
& aging procedure whereas the DQW contribution reduced.
Such aging fingerprints have been monitored several times
for different diodes and different diode structures and can be
considered to be typical for a given laser structure. Note, that
15 20 25 a0 the cladding layer witlE;=2.2 eV seems to be less affected
Photon Energy (eV) by the aging. The decrease of PC in the 2.3—3.0 eV region is
caused by increased surface recombination. For the direct

(b) . . monitoring of the aging of this diode laser an excitation en-
before aging after aging ergy of 1.530 eV was chosdsee arrow in Fig. @] since
there the integral of the NPC signal should not change. Such
2 pm a behavior was found indeed in the NPC experiment dis-
played in Fig. 8b). The double structure in the scpnf. Fig.
3(c)] taken from the fresh diode results from DQW absorp-

- ; tion and waveguiding within the GRIN layer, as discussed
NI e —

above(c.f. Fig. 2. For the aged structure the double struc-
ture vanishes nearly completely indicating a reduction of the
DQW contribution. The creation of defects is directly evi-
dent from the growth of the peak which is locat@dcenter
of the junction. So far our discussion has not involved the
nature of the defect accompanied to the aging. Preliminary
macroscopic PC results extended to the infrared region allow
j i : ] to speculate that the defect monitored here is related to dis-
/ : " locations, which are known to be infrared active. This will be
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- —#—before aging . }:' : the subject of further investigations.

oW . In summary, we presented the first combined study em-

: ] ploying NPC and conventional PC at laser diodes for differ-

: ' &5}{?’ ent stages of aging. We demonstrated that NPCS has the
5 4 3 2 4 0 1 2 potential to provide direct insight into the microscopic pro-
cesses of aging-induced defect creation and surface recom-
bination in the active region of the laser diode.
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