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Microscopic Origins of Catastrophic Optical
Damage in Diode Lasers

Martin Hempel, Jens W. Tomm, Fabio La Mattina, Ingmar Ratschinski, Martin Schade, Ivan Shorubalko,
Michael Stiefel, Hartmut S. Leipner, Frank M. KieBling, and Thomas Elsaesser

Abstract—Extremely early phases of the catastrophic optical
damage (COD) process in 808-nm emitting GaAs/Aly 35 Gag ¢5As
high-power diode lasers are prepared by the application of short
single current pulses. Typical energy entries during these pulses
are on the order of 100 nJ within several 100 ns. The resulting
defect pattern is investigated by high-resolution microscopy. The
root of the COD is found to be located at the waveguide of the
laser structure. Analysis of material composition modifications as
a result of early COD phase points to melting being involved in
the process. During recrystallization, an Al-rich pattern is formed
that encloses a volume of a few cube micron of severely damaged
material.

Index Terms—Semiconductor device measurements, semicon-
ductor diodes, semiconductor lasers.

I. INTRODUCTION

IGH-power diode lasers are the main source of photonic
Henergy in a large variety of laser systems. Conversion
efficiencies exceeding 70% make them the most efficient man-
made tool for converting electric into photonic energy. This
unique status calls for exploiting reserves that have not been
fully used so far. Beyond the principal physical limits related to
carrier capture and gain saturation, thermal effects still matter.
This involves reversible effects such as the deterioration of beam
properties but also irreversible processes such as degradation.
The catastrophic optical damage (COD) process [1] [2] repre-
sents one important example for a sudden degradation process,
which becomes of particular relevance at very high emission
powers. Since this process typically causes a damage pattern
starting at the outcoupling facet or in the interior of the device,
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it is rather straightforward to analyze this pattern in order to
learn more about root-causes and the sequence of events of the
process [3]-[11]. In this paper, we follow this strategy, but make
one important distinction: We provoke the COD artificially un-
der conditions, where we know, how much energy is introduced
into the facet region in order to create the damage pattern. This
allows us to reduce this energy with the goal to prepare extremely
early stages of the process. As a result, we have available a new
quality of degraded devices for microscopic investigations.

This paper is organized as follows; we start with an intro-
duction of the laser structure and give the details on selective
provocation of COD and generation of earliest phases of defect
propagation. After a description of the microscopy equipment,
we present the results of defect analysis in conjunction with the
energy available to generate them. Thereafter, we discuss these
facts from an overarching point of view. Waveguide layers are
revealed as starting points of the COD process. Different phys-
ical mechanisms are identified for COD at the facet and in the
interior of the cavity.

II. EXPERIMENTAL DETAILS
A. Device Structures and Test Strategy

The devices are commercial 808-nm emitting broad-area
GaAs/Aly 35Gay 5 As diode lasers [12]. The gain-guided lasers
have a length of 1.4 mm and an emitter stripe width of 50 pm.
They are mounted p-down, i.e., with the epitaxial layer close to
the copper heat sink. The scheme of a mounted device is shown
in Fig. 1(a); the inset gives the epitaxial layer sequence. The co-
ordinate system used throughout the entire report is indicated.
The active medium is a ~10-nm thick AlGaAs/GaAs quantum
well (QW). Front and rear facets are coated with low (~3%) and
high (~95%) reflectivity dielectric layers, respectively. The de-
vices are designed for continuous wave (cw) operation at 0.6 A
with an optical output power of (0.52 + 0.01) W and a threshold
current of (0.21 £ 0.01) A. The COD in these devices is pro-
voked by using short single current pulses. It has been shown, at
least for broad-area lasers, that this approach is suitable to gen-
erate the same type of damage pattern as observed for COD in
long-term cw aging experiments [ 13]. Thus, this approach repre-
sents a special type of accelerated aging, promoting in particular
the COD effect. The advantage of using single current pulses is
the chance to trigger the COD event and in this way to control
and intentionally interrupt and stop it. Thus, the short pulses
enable us to prepare early stages of degradation by applying a
step-test scheme. This means that we start with a current ;) be-
low the actual value Icop, where COD occurs (COD threshold).
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Fig. 1. (a) Scheme of the mounted diode laser. The orientation of the plane,
where TEM cross sections have been cut is marked as a reddish y—z plane. The
inset shows the epitaxial layer sequence. (b) Oscilloscope traces of the diode
current and optical output power of device A, during the particular pulse in
which COD took place. The energy missing in the optical output power (Eqqf)
is shaded; it is the difference to the extrapolated curve without COD. The time
tcop is indicated. (c) Optical micrograph from the front facet of device A
after COD. The bulged part of the defect is visible as a spot in the epitaxial
layer. (d) Lasing near-field of the damaged laser taken at the same position as
(c), but without external illumination and I = 0.5 A. (e¢) SEM image of the
same defect as shown in (c) and (d).

Then a single current pulse of duration ;s is applied to the
diode laser and the status of the device is monitored by record-
ing the optical output power by a fast photodiode. Additionally,
the front facet is monitored by a thermocamera, integrating over
the entire laser current pulse length ¢;,,14c. This helps us to de-
tect the COD since it is related to a flash of Planck’s radiation;
Fig. 1(b) gives an example; see also [14]. If no sign of COD
is detected, the current for the following step is increased by
AI. Earlier we found a relationship between the current Icop
and the time f{cop (time between leading pulse edge and the
moment where COD starts) [14]. By carefully approaching this
point by choosing a constant short ¢;,15c and small Al-values,
it becomes possible to prepare early stages of defect creation,
because the one and only energy source of the COD process,
the laser light, is switched off at the end of the pulse.

Utilizing this strategy, we prepared a set of 34 samples. In the
following, we will focus on two devices named A and B. Device
A experienced COD at Icop = 9 A with ¢},,15c = 1500 ns, and
tcop = 1320 ns. This gives a time of ~180 ns for the defect
to develop. The minimum energy for defect growth provided by
the laser light was Egy.¢ ~155 nJ, which is the difference of the

IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 19, NO. 4, JULY/AUGUST 2013

output power between an extrapolated curve for the case of no
COD occurrence and the real curve influenced by COD; see the
shaded area in Fig. 1(b). Device B experienced an initial COD
ignition at Icop = 10 A with ¢,,5c = 300 ns, and tcop =
225 ns, incorporating an energy of 45 nJ. Thereafter, the defect
growth was revived by a second 10-A pulse of 300 ns length
providing 246 nJ of energy.

B. Preparation and Microscopy

The microscope systems and operation parameters which are
used in this study are as follows: For transmission electron mi-
croscopy (TEM) investigations in diffraction contrast, a JEM
4000 FX was used at an acceleration voltage of 200 kV. To pro-
vide an overview of the defects, bright field images in multiple-
beam orientation were recorded. The high-resolution TEM in-
vestigations were carried out using a JEM 4010 TEM at an
acceleration voltage of 400 kV. Energy dispersive X-ray spec-
troscopy (EDX) was performed on a JEM 2200FS operating at
200 kV in scanning TEM mode. High-resolution images were
taken by means of an ORION helium ion microscope from Carl
Zeiss (henceforth referred to as “He-microscope”). The micro-
scope is based on a He focused ion beam (FIB) that excites
secondary electrons in the sample which are then detected. We
operate it with a beam current of 0.5 pA at 30 kV.

To allow defect inspection, the devices have been prepared in
cross section by means of a FEI Strata 235 Dual Beam Ga-FIB.
This system consists of a scanning electron microscope (SEM)
operating at a maximum of 30 kV and a Ga-FIB operating at
30 kV. The two columns are combined in a cross angle of 52°.
The SEM allows for non-destructive inspection during the FIB
cut.

Fig. 1(c) shows the COD signature at the front facet of device
A as seen through an optical microscope with a 100x objective.
The region marked as “epitaxy” contains the QW, cladding, and
waveguide layers; see inset of Fig. 1(a). The location of the
defect is also visible as distinct gap in the lasing near-field at 1
= 0.5 A; see Fig. 1(d). It is taken at exactly the same position
as (c), as indicated by the dotted lines. A SEM image of the
external front facet defect from the same device as in (¢) and (d)
is given in Fig. 1(e). SEM images clearly identify this structure
as material extrusion. The labeling of the visible layers is in
accordance with the inset of Fig. 1(a) and (c). In contrast to
the optical micrograph in (c), the n- and p-doped sides may be
distinguished in the SEM image, while no contrast is observed
between the waveguide and the cladding. Furthermore, small
dark features on both sides, top and bottom, of the extrusion are
visible.

III. RESULTS AND DISCUSSION

A. Microscopy of COD Pattern Generated in One Single Pulse

We now discuss the analysis of device A by high-resolution
microscopy. All FIB cuts are oriented perpendicular to the QW
plane along the resonator axis in the y—z plane, as indicated by
the reddish plane in Fig. 1(a). Fig. 2(a) gives an overview image
taken with the He-microscope from a cross section, which was
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Fig. 2. (a) Cross section He-microscope image of device A in the y—z plane.
The abrupt contrast change about 1.3 pm right from the front facet along 2 is a
result of earlier imaging. Features that are highlighted by the yellow arrows are
discussed in the text. (b) and (c) TEM images of the part of the cross section
marked by the dotted red line in (a), in (b) bright-field contrast mode is used,
while dark-field contrast mode is used in (c).

obtained by a cut through the center of the particular defect,
which is precharacterized by the results shown in Fig. 1(b)—(e).
Under the front facet coating, one clearly sees holes. During the
FIB preparation of the samples, it became clear that these hollow
spaces are identical with the dark features visible in SEM images
of the external damage around the center of the damage site, but
never on top of the QWs; see also Fig. 1(e). The defect beneath
the surface consists of modified material surrounded by a thin
sharp line appearing bright in the used contrast mode. Therefore,
we will refer to this phenomenon as white line, even if its gray
value depends only on the used measurement mode. After the
inspection by He-microscopy, a ~100-nm thick TEM lamella
is prepared by applying an additional FIB cut from the opposite
side. Fig. 2(b) and (c) show the region on an expanded scale,
which is indicated by a square in Fig. 2(a). They are obtained in
elastic scattering TEM mode with a bright-field detector (b) and
inelastic scattering mode with a high-annular dark-field detector
(c). The contrast inversion between both images, also known
as chemical contrast, proves the presence of different element
concentrations. In order to analyze this, an EDX measurement
is performed at the regions indicated in Fig. 2(b). The region
denoted as “I” represents the material outside the damage, “II”
is directly at the white line, and “III” is between the former QW
position and the white line surrounding the defect. The resulting
EDX spectra are shown in Fig. 3(a); the respective transitions
and elements are given at the peaks. Fig. 3(b)—(d) summarizes
the change in the element concentrations normalized to the outer
region I. The same result is obtained by selecting equivalent
measurement points at the opposite side, in y-direction, of the
former QW.

B. Analysis of COD Pattern Generated in Two Consecutive
Single Pulses

After analyzing the defect created by a single pulse, the ques-
tion that arises is: What happens in the case of applying a sec-
ond current pulse and provoking further damage? Such a COD
reignition by the application of further single pulses has been

1500508

T s T T T

(a) A"L’(L) | Region:

4f —_ ]
= — I
;'. sl Ga(L) — ]
=
e As(K)
g 2r Al(L) 1
£ i Cu(K)  Ga(K)

1F ]

] L L .

0.0 0.5 1.0 1.5 8
Energy (keV)

R120f®) " T Al (
= 1800 | (¢)
E 80} ° il | LUy
£ 2 1600
- 80 - = ; i
3 éwmo : =
@ 120 H(d) E Al1 5 ! .
[ l 1200 : !
E 80 . . [] L L 1
= I 1] I 0.0 05 1.0

Region Composition x

Fig.3. (a) EDX analysis at the three regions indicated in Fig. 2(b), the elements
and respective core-shells are labeled. (b)—(d) The relative changes of element
content normalized to region “I” are given for As (b), Ga (c), and Al (d). The data
are taken from the EDX measurements in (a). (¢) Pseudobinary Al; _ Gay As
phase diagram, data taken from [21]. The line at 1580 °C and the arrows have
been discussed in the text.
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Fig. 4. Temporal evolution of the damage width (extension in z-direction)
during the pulse where COD occurs and during the successive one where COD
reignites, data from [2]. The lateral velocities of the damage propagation are
determined by linear fitting of the data points. (b) Micro photoluminescence
map of the QW (in the x—z plane) near the front facet (at the top of the image).
The area surrounded by the yellow line gives the area of the damage pattern
after both pulses; the red-shaded area indicates the estimate for the area after
the first COD ignition.

used earlier as a technique for time-slicing the COD-related de-
fect propagation [13], [15]-[17]. Before analyzing the resulting
damage pattern at the location, where the process gets contin-
ued, e.g., by TEM, it is important to know exactly, where the
reignition actually took place. This was determined as follows.

The damage extension within the initial single pulse (that
leads to COD) in the x-direction inside the laser is measured in-
situ. This is done by streak camera measurements of the lasing
near-field [17]. The identification of the width of the region of
reduced near-field with the internal defect width was verified
in [17] and [18]. Results for the first pulse and the successive
one are shown in Fig. 4(a). The velocity of the damage extension
during the two pulses keeps almost constant, as indicated by the
linear fits in concert with the resulting slopes; see Fig. 4(a). This
indicates homogeneous defect growth. Therefore, we assume
that the shape of the damage pattern can be scaled linearly.
Between the application of the two current pulses resulting in
the two COD events and the TEM preparation of the device a
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Fig. 5. Results obtained from the analysis of device B: (a) TEM overview
image of the front part of the cross section in y—z plane. The arrow points to the
hollow space under the front facet coating. (b)—(e) TEM images on an enlarged
scale taken at the positions marked in (a) and in the case of (e) from a position
right of “d” in (a).

micro-photoluminescence map of the QW emission was taken;
see Fig. 4(b). The dark area indicates the material being severely
damaged. As shown in the preceding section, the thickness of
the defect (in y-direction) can be considered constant, except
for the region close to the facet. Therefore, the scaling of the
volume damage is restricted to scaling of the damaged area; see
Fig. 4(b). The final area of the damage, including both COD
events is Agpa = 139 qu; see the yellow line in Fig. 4(b). We
now linearly scale this area from the width of 11.3 ym along the
z-direction of the final damage pattern to the 4.2 um after the
first pulse, as obtained from Fig. 4(a), while keeping the aspect
ratio constant. We end up with an area of 23 um? for the damage
after the first pulse. Following our investigations about COD-
related defect growth [13], [19], it is valid to reshape the area
slightly while keeping the area and its x-extension constant. The
area assumed to be affected by the first COD event is red-shaded
in Fig. 4(b). Now its dimension along the resonator axis z can
be estimated. A value of ~3 pm is found.

We prepared device B in a way that this particular location was
available for TEM analysis. A ~200-nm thick lamella was cut in
a y—z plane right out of the middle of the extrusion that tops the
defective region at the facet. The cross section is investigated
by the JEM 4000 FX and the JEM 4010 microscopes. While
Fig. 5(a) gives an overview, Fig. 5(b)—(e) presents the details of
the damage pattern in the vicinity of the former QW plane. The
positions where images (b)—(d) were taken are highlighted by
dotted rectangles in (a). Fig. 5(e) is located right from (d) along
the QW. The region around the front facet is visible in Fig. 5(a).
Here a hollow space, see arrow, as seen in Fig. 2, is also visible
under the coating, which has been removed during preparation
from this sample.

As in the He-microscope investigation, cf., Fig. 2, a white
line surrounds the entire damaged region. While the thickness
of the defect is nearly constant in (b) and (e), it is substantially
reduced in (c). At this particular location, namely at z~3 pm,

IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 19, NO. 4, JULY/AUGUST 2013

we observe the damage pattern becoming abruptly thinner. In
addition, we find two closely separated white lines for the one
and only time on each side of the defect.

Therefore, we consider it highly likely that Fig. 5(c) indeed
shows the location, where the COD reignition took place.

C. Nature of the White Line

Some earlier papers [8]-[11], [20] have revealed a similar
white line, as visible in Figs. 2 and 5, by TEM analysis of the
defect pattern. In contrast to this study, they investigated devices
emitting at 980 nm and used TEM lamellas cut perpendicular
to the light direction in the z—y plane (except for [10]). These
reports focus on the diffusion of In (from their In-rich QWs)
during gradual degradation and COD, without directly claiming,
e.g., the cause of the white line to be due to In enrichment. Since
thickness and contrast of the white line including the sharp bends
are almost uniform throughout all images, diffusion processes
starting at the QW are considered extremely unlikely causes.
The lack of In in our 808-nm emitting device structure fully
eliminates this explanation for the devices investigated here.

We interpret the white line as a recrystallization front that gets
formed after melting of the Al 35Gag ¢5As waveguide. The line
of arguments is as follows: EDX and chemical contrast analysis
show the white line to represent regions with reduced Ga and
increased Al and As content; see Fig. 3(a)—(d). In order to rule
out, that the concentration change measured by EDX come from
graded regions in the pristine material, additional measurements
were made at comparably located, but undamaged sites. Here
absolutely no composition change was detected within the error
limits.

The energy freed during damage creation, see Section III-D,
causes temperatures high enough to melt Al,Ga;_, As of any
composition. The necessary melt temperatures can be obtained
from the phase diagram of the Al-Ga—As system or from the
pseudobinary GaAs—AlAs part [21], see Fig. 3(e). The system
obeys no miscibility gap, and any composition can be obtained.
The minimum temperature at which the material is liquid can be
taken from the liquidus area of the phase diagram. Assuming that
a certain volume of material was molten, the inverse process—
namely solidification—is of interest. Initially, the melt is ex-
pected to have the same composition as the surrounding solid
material, namely Alj 35Gag g5 As. Segregation effects, however,
cause the solidification process not to result in material with
uniform composition. The compositions can be calculated from
liquidus and solidus in the phase diagram and are expressed by
the ratio of the mole fraction in the solid to the mole fraction in
the melt. This segregation coefficient k is not constant and varies
in dependence on the composition. Looking at the pseudobinary
phase diagram k£ > 1, or in other words Al-rich solid solutions
are in equilibrium with the Ga-rich melts. These composition
values can easily be estimated from the tie lines, which connect
liquidus and solidus at a given temperature. Starting, e.g., with
a melt composition of (GaAs)g ¢5(AlAs)g 35, i.e., at ~1580 °C
and taking k~2.4, the composition which is in equilibrium with
this melt and solidifies first, is roughly (GaAs)g 17(AlAs)g g3,
see lines in Fig. 3(e). As a result of this process, the remaining
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melt becomes depleted in Al. As the cooling process contin-
ues, the liquidus temperature decreases due to its Al-depletion.
Consequently, the Al-content in the composition of the solid
solution is also reduced. Assuming the solidification process
to be core-directed, an Al-rich solid solution should be found
adjacent to the surrounding matrix. This is exactly what we see
as the white line. As the solidification continues, the Al-content
decreases continuously.

Furthermore, one has to keep in mind the described process
to be only valid for equilibrium conditions. Assuming equilib-
rium for the very first incremental volume element solidified,
the conditions for the following crystallization might change
dramatically. Looking at Fig. 2(a) again, we find a rough an-
swer to these solidification parameters. After crystallization of
some Al-rich material forming the white line, the growth be-
comes morphologically unstable and dendrites are observed,
which grew due to constitutional supercooling. Dendrites are a
clear hint of non-equilibrium growth conditions due to viola-
tions of interface stability limits [22]. After solidification one
has certainly to take into account diffusion at these temperatures
but it seems not to change significantly the measured concen-
tration profile. Thus, recrystallization can qualitatively explain
the genesis of the Al-rich white line, which therefore represents
something like an isothermal line illustrating the recrystalliza-
tion front.

D. Energy Involved in Damage Creation

An advantage of the step-test approach is the knowledge about
the energy feeding damage growth. We claimed that the shaded
area in Fig. 1(b) represents this damage energy Fg¢. It is the
difference between a hypothetical curve for the pulse without
COD Py, (t) and the actual measured one P, (¢) for the time
span between COD occurrence at tcop and the pulse end ¢y, 4.
The curve for the COD-free case is obtained by scaling the curve
from the previous current step.

To assess the mechanisms of a power decrease other than
reabsorption in the material, the small amount of optical power
transmitted through the high-reflecting rear facet was analyzed.
This power displays minor changes at times longer than tcop
(cf., Fig. 1(b)), pointing to minor changes of the total optical
intracavity power of the device. We, thus, conclude that the
drop of output power at the front facet (see Fig. 1(b), t > tcop)
allows for a realistic estimate of the damage energy E..

The damage energy is calculated as

tend
Eqer = / [ljhypo(t) - Preal(t)]dt. (D

tcon

The corresponding area is green-shaded in Fig. 1(b). The
value obtained is Fq.f = 155 nl.

One might ask if it is also necessary to consider the reabsorbed
light energy FE}..t Which heats up the bulk. In order to estimate
an upper limit for Ey.,;, we can consider it to be the drop in
optical output power during the single pulse. To calculate the
value of Ey ., we have to integrate the area between a constant
curve set to the maximal power obtained at the beginning of the

1500508

pulse at ¢y, (in Fig. 1(b) at ~150 ns) and Py, (1):

tend
Ehcat - / [Rnax - Phypo(t)}dt (2)
bmax

The corresponding area is gray-shaded in Fig. 1(b). The ob-
tained value is Ey e,y = 1337 nJ. This value is ten times larger
than the one for F4.¢; cf., the ratio between the shaded areas.

The volumes where these energies are freed differ much more.
The energy Eie.t is absorbed in the entire emitter stripe with
the volume Vi itter = length x width x thickness = 1.4 mm
x 50 um x 1 ym = 7x10* um?. The thickness value of 1 m
corresponds to the waveguide thickness. The damage volume
is taken as the one being surrounded by the white line, namely
Vier ~ 2.4 um?3. Taking into account the different volumes, we
can estimate the corresponding energy densities for bulk heating
(assuming a homogeneous distribution, even if it is known that
the temperature is slightly higher around the front facet) wycat
=19 pJ/um?, and for the damaged volume wq.; = 65 nJ/um?.
They differ by more than three orders of magnitude. This verifies
the assumption that the contribution of Ej.. can be neglected
while dealing with the damage growth. Notice that the contribu-
tion of E},e,¢ is nevertheless important for reaching the so-called
critical temperature; see [1] that is needed to start COD and sub-
sequent damage growth.

Keeping the energies and the volumes in mind, we estimate
the temperature rise in the material. Caused by the short pulse
time and the even shorter time between tcop and e q, it is valid
to neglect the heat transport in the device. Therefore, we can use
the following simple expression:

E
c-p-V
with the material parameters for Aly 35Gag ¢5AS, namely spe-
cificheat c = 0.372J/(g K) and the mass density p = 4.77 g/cm?.
Putting in the values of Ej,¢,¢ and Ve igter for the bulk heating,
we end up with ATy ~11 K. This value is approximately half
the temperature rise expected from a measurement of spectral
shift of the emission line [17]. The measurement itself was done
by using a grating monochromator equipped with an intensified
CCD camera. Gating the intensifier allows for effective integra-
tion times of 10 ns. This integration window was shifted along
the 1-us pulse. The repetition rate was 1 Hz.

This is an effect of the averaging over the entire volume.
However, since both values are on the same order of magnitude,
the assumptions we made are right.

The same analysis using (3) can now be made with the data
obtained for the damaged volume. Using Vj.r and Eger we
get AT ~3.6x10* K. This value is much too high because
the melting temperature for Aly 35Gag g5 As i Tine1t~1580 °C.
Here, two questions arise: Is the statement that the bulk heating
can be neglected when discussing the damage growth still valid,
and what does this high value mean?

We start with the first. Taking into account the energy Eqer
and calculating the volume, by using (3), that can be heated to
Tinele We get a value of ~80 um?® which is still three orders of
magnitude smaller than Vi, iier, Suggesting that bulk heating
plays a minor role.

E=c-p-V-AT = AT = 3)
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The second question on the high temperature estimate leads
us directly back to the nature of the white line. Taking into ac-
count energy calculations presented in the past [14], [17] it is
highly likely that the assumption that the white line represents
the border of the damaged region is incorrect. Investigations
of point defect distributions in conjunction with time-resolved
thermography indicate that the heat is distributed across a sub-
stantially larger volume and still creates point defects there [13].
Thus, the area outside the white line is not undamaged and the
white line is rather the border around the most severely damaged
material fraction, i.e., represents an isothermal line within the
damaged material.

E. Sequence of Events

Inside the cavity, the white lines follow the QW with almost
fixed spacing, which implies a constant temperature during de-
fect propagation within a single pulse. Moreover, the distance
of the white line on the p- and n-side from the location, where
the QW has been, is the same. This clearly indicates the QW as
origin of the propagating defect.

In vicinity of the front facet, however, the situation is dif-
ferent. Here, the obviously damaged region has a substantially
larger extent in y-direction. Nevertheless, the white line main-
tains its sharp shape. The specific line shape with the charac-
teristic corners, marked by yellow arrows in Fig. 2(a), indicates
the existence of separate initial points of COD on both sides of
the QW. One single starting point at the QW position could def-
initely not explain a temperature distribution represented by the
isothermal line including corners. Defect patterns showing such
inhomogeneous structures were also reported for single-spatial-
mode-lasers failed during long-term degradation in “kink-free”!
operation [10]. This finding is very important for our line of ar-
guments, since it rules out the possibility that our results are an
effect of higher order spatial modes” emerging at elevated cur-
rents (as used in our methodology). This once again also justifies
the use of the step-test approach for COD analysis. Additional
evidence for separate starting points is given by the positions of
the hollow spaces under the coating that have been originally dis-
covered by looking at the front facet before device preparation;
see Fig. 1(e). They are always located on top of the waveguide
next to the QW plane, but never on top of the QW itself.

We propose the most likely scenario to be as follows: Fast,
nearly isotropic (in the y—z plane) damage spread starts in the
waveguide close to the front facet, affecting soon the QW. Now,
all further defect growth takes place along the QW itself. This
is plausible, because the highest light field intensity is expected
there. After defects make a portion of the QW absorptive, this
location will be the starting point for further damage propagation
within the QW plane.

In the case of device B, where we applied two consecutive
high current single pulses, we find an overlap of the two thermo-

The term “kink-free” stands here for an operation regime, where the device
indeed works in single-spatial-mode operation without the presence of any
higher order spatial modes.

2Higher order spatial modes are expected to have peak intensities in the
waveguide part of the facet.
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cycles, without the presence of any additional extended damage
pattern as observed at the facet.

The evaluation of thermal images for successive single pulses,
however, show no significant differences in the magnitudes of
the thermal signals taken for the initial and second COD igni-
tion; see also [13], [15], [16]. This points to temperatures being
on the same order. A constant temperature during the damage
propagation process also explains why constant defect growth
velocities were found in the past [13], [16], [23].

Therefore, the mechanisms starting the defect growth during
the initial and second COD ignition must be very different.

1) An explosion-like first COD ignition at the laser facet,

which has its origin rather at the waveguide than at the
QW.

2) A COD reignition in the defect path around the severely
damaged plane, where the QW has been located before.
There is a local overlap of the end of the first defect growth
step and the beginning of the successive one. The width
(in y-direction) of the damage is locally distorted, but
retrieves its former extent within <2 pm. In sharp contrast
to the first ignition, the white line indicates here a rather
smooth restart.

This makes the first COD ignition a unique event. Its physical

background and the one of the reignition in the subsequent pulse
are different, calling for more detailed investigations.

IV. CONCLUSION

We have demonstrated the preparation of extremely early
phases of defect growth during COD and their microscopic in-
vestigation. We identify a clear difference between the defect
pattern generated by the initial COD event at the front facet and
the COD reignition site. In the case of the initial starting point,
we find strong evidence that the waveguide on both sides of
the QW has a major influence on the start of the COD process.
Furthermore, we have justified the former proposed methodol-
ogy of time slicing the COD process by successive short pulses.
The appearance of the locations, where the process is revived,
is found to differ only slightly from a region, where regular de-
fect propagation took place. Although COD reignition involves
the same high temperatures as the initial COD-event, the corre-
sponding damage sites are rather unremarkable. Defect propa-
gation and reignition are driven by processes being originated at
the QW. Our findings regarding COD reignition can probably be
extended to COD events taking place in the bulk (catastrophic
optical bulk damage). The microscopic analysis emphasizes the
uniqueness of the initial COD event and points the attention of
future research to the waveguides close to the front facet.
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