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Catastrophic optical degradation of the output facet
of high-power single-transverse-mode diode lasers.

2. Calculation of the spatial temperature distribution
and threshold of the catastrophic optical degradation

D.R. Miftakhutdinov, A.P. Bogatov, A.E. Drakin

Abstract.  The temperature distribution and the power
threshold during the catastrophic optical degradation are
calculated within the framework of the developed model of the
COD of the output facet in high-power single-transverse-
mode diode lasers. Comparison of the calculation results and
the experiment show the model adequacy. The contribution of
different physical mechanisms into the heating of the laser
output facet is analysed. It is shown that the model under
study can help to develop the method for predicting the laser
lifetime by the accelerated ageing tests.

Keywords: high-power diode lasers, catastrophic optical degrada-
tion.

1. Calculation technique

In the first part of the present work we have described the
physical model for constructing the theory of catastrophic
optical degradation (COD) [1]. In the second part, by using
the developed model we have calculated the temperature
distributions inside the laser resonator and the COD
threshold for typical parameters of high-power single-
transverse-mode near-IR (0.8—1.2 pm) lasers. The COD
threshold involves such conditions under which there
emerges spontaneous temporal avalanche-like temperature
rise limited only by the irreversible damage of the laser
material.

To determine these conditions, it is needed to calculate
the temperature and intensity distributions of laser radiation
inside the resonator. In our model [1], these distributions
were found by using the self-consistent solution of one-
dimensional (along the resonator axis z) laser problem with
the distribution of carrier concentration n(z) and output
power Pt(z) [P~ (2)] propagating in the positive (negative)
direction of the z axis and by using the three-dimensional
thermal problem with time dependent (in the general case)
temperature distribution T(x, y, z, f).

The optical flux power inside the resonator was found as
the solution of the equation
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with the boundary conditions on the resonator mirrors

P7(0) =R P(0), P (L)=R,P"(L), ()

where R; and R, are the reflectivities of the front and rear
mirrors, respectively. The carrier concentration »n, entering
(1), was determined by the expression
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which includes the current density j, required to achieve the
medium transparency and the saturation power Pg,:
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The parameters entering equations (1)—(4), such as the
optical confinement factor I', stimulated transition cross
section gy, medium transparency density n,, surface recom-
bination rate Q, carrier lifetime 7, function ¢ (z) describing
diffusion spreading of carrier concentrations in the case of
current limitation, carrier diffusion length A, losses in
cladding layers ' and degraded layer oc(f °¢ are determined
in paper [1]. Additionally to above-described losses, equa-
tion (1) includes losses o, caused by the optical
inhomogeneities of the medium, which lead to laser radi-
ation scattering and make no direct contribution into the
local heat release. They result only in the general heating of
the laser diode and are neglected as thermal sources within
the framework of our model. Typical values of all the
parameters used in calculations are listed in Table 1.
Equations (1) and (3) are the result of integration of the
equations for the laser radiation intensity and active carriers
over the cross section in the xy plane. They are also the
balance equations for the energy and particles in the thin
layer lying in the xy plane passing through point z. As a
result of this averaging over the xy plane, there appear
dimensionless parameters f3, y, &, n of the order of unity,
which take into account the spatial overlap of the temper-
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Table 1.

Notation Physical quantity

Basic value
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Heat capacity of cladding layers

Heat capacity of the output
facet coating

Surrounding temperature

Heat conductivity of cladding layers
Heat conductivity of the output
facet coating

Dimensionless coefficient

Active region thickness
Active region width

Carrier diffusion length
in the direction of the z axis

Voltage at the p—n transition

Photon energy of laser radiation

Bandgap width in the active region

Time of spontaneous emission

Temperature at which © = 7,

Characteristic temperature of
nonradiative recombination increase

292 at the crystal boundary
Depth of the degraded region

Surface recombination coefficient

Absorption in cladding layers
at o = Eqyp

Effective energy of intraband
transition in cladding layers
atT=0

Boltzmann constant

Einstein temperature

Dimensionless coupling constants

Disorder parameter

Characteristic dimensions of the
intensity distribution along the x axis

Exponent

Normalisation coefficient for u(x)
Optical confinement factor

Characteristic dimensions of the
intensity distribution along the y axis

Differential gain
Density at which transparency
is achieved

Characteristic temperature

of the differential gain

Characteristic temperature

of the transparency density
Characteristic temperature of the
current threshold

Laser length

Scattering losses in the laser resonator
Reflectivity with respect to the

power from the front (rear) mirror

1.84Jem ™ K™!

1.79 Jem ™ K7!

300 K

0.ISWK " em™
(forT=T)
0.14WK " em™
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90 A
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1.5V
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1 ns
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20000 cm ™!
0.5 pm

1.5%x 10° cm s7!

8000 cm ™!

2eV

8.6 x 107> eV K™
260 K

0.09

6
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0.24 pm
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3 um
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200 K
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0.1 cm
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ature field with the spatial intensity distribution of the
optical flux and with the spatial inversion distribution:
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where W = (w2 4y )2, other parameters being deter-
mined in [1].

The stationary equation for the temperature field
T(x,y,z) has the form
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where the function of the thermal sources F(x,y,z,T) is
found in [1]; all the quantities entering into it and specified
by n(z) and P*(z) are determined by equalities (4), (5) and
the laser parameters presented in Table 1. Because the
active region thickness d of the laser is, as a rule, much
smaller than all the characteristic dimensions of both the
thermal and laser problems, the sources of the heat released
in the active region in numerical calculations are replaced
by the corresponding thermal fluxes from the infinitely thin
layer. In this case, equation (6) can be solved only for two
functions of the heat conductivity coefficient: «;(T") for the
heat conductivity of cladding layers and x,(T) for the heat
conductivity of the material deposited on the facet. In
solving the thermal problem, we used the following
boundary conditions: the end facets are thermally insulated,
the temperature of the side facets is equal to the
surrounding temperature.

The algorithm of numerical calculations is based on the
scheme presented in Fig. 1. This scheme takes into account
the fact that the characteristic time needed to establish the
stationary intensity distribution inside the laser resonator is
many orders of magnitude smaller than the characteristic
time needed to establish the stationary temperature dis-
tribution. The basic parameter in finding the solution for
T(x,y,z), P(z), and n(z) is the laser pump current J
changing in the region J, <J < J,. Here, J, is the
maximum current at which the stationary solution still
exists. The current J,, together with the power P corre-
sponding to it (hereafter, the subscript ‘cr’ is used for all
physical quantities characterising the solution of the sta-
tionary problem for the pump current J,,) are the threshold
COD values for the pump current and the laser power.
Mathematically, the breakdown point of the stationary
solution can be characterised by point J., the derivative
0T/dJ increasing infinitely when tending to this point. In
numerical calculations with the finite step over the current
AJ, calculations will obviously terminate at J, which differs
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Assignment of the initial pump current and spatial
temperature distribution

I
Y

| Solution of the laser problem

—| Solution of the thermal problem

Is the required
accuracy achieved?

| Increase the pump current I

Figure 1. Algorithm of solution of the stationary problem.

The problem cannot be solved

from J, by AJ. This value determines the accuracy of

finding the COD threshold within the accepted model.
We studied the dynamic characteristics of the COD by

solving the nonstationary heat conduction equation

dT

div[x(x,p,z,T)gradT| + F(x,y,z,T) = C I

W)

the algorithm of its solution being somewhat different. We
took into account the fact that the volume of the heated
region near the output mirror is rather small compared to
the total resonator volume, and thus does not affect the
laser power. This is confirmed below by the calculation
results for the stationary case. Therefore, we can assume
with a higher degree of accuracy that the COD develops
when the laser power and carrier distribution in the
resonator volume do not change in time. Equation (7)
[namely, the function of thermal sources F(x,y,z, T)]
includes two parameters determined by the solution of
the laser problem [carrier concentration n(z) and optical
power P*(z)] and the pump current J. To solve the
equation, we used the following values of these parameters:

n(z) =

where the coefficient K > 1.

All calculations were performed on a personal computer
(Intel Core 2 Duo 2.2 GHz). Calculations of the dependence
of the temperature profile on the pump current, resulting in
finding the COD threshold for one set of the parameters,
took on average an hour. The thermal problem both in the
stationary and nonstationary cases was solved with the help
of FlexPDE (www.pdesolutions.com).

ne(z), P*(z) = P5(2)K, J=JuK, (8)

2. Results of numerical calculations
and their discussion

Figure 2 and 3 present the results of the solution of the self-
consistent stationary problem for a basic set of the
parameters. It follows from Fig. 2 that at given z, =
5 um, the lasing efficiency is 0.92 W A~! and the threshold
current is 43 mA, which coincides with a greater accuracy
with the corresponding values that can be found analyti-
cally by using the distributed loss approximation and data

from Table 1. The size z, of the degraded region near the
output mirror weakly affects the output parameters of the
laser. This is clearly demonstrated by the data in Fig. 3,
which can help to determine the decrease in the output
power of the laser at a constant (working) laser current with
increasing the optical losses due to an increase in z,. The
quantity P~'(dP/dzy) in this case is ~ 3 x 1072 pm ™.
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Figure 2. Light—current characteristic for a basic set of parameters.
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Figure 3. Dependences of the slope efficiency (m) and threshold current
(0) on the depth of the degraded region.

On the contrary, the temperature and, accordingly, P,
strongly depend on z,. Figure 4 shows the temperature
dependences of the pump current at the surface centre of the
laser output facet (x = y = 0) with respect to the surround-
ing temperature (i.e., T— T). The dependence T — T = f(J),
in accordance with the data of Figs2 and 3, can be
presented as the temperature dependence of the laser output
power P. The upper scale illustrates this dependence (note
that because the efficiency and the threshold current weakly
change with z,, we can use for this dependence the same
power scale for all zy). The parameter of the curves is z.
One can see that at the initial segment the dependence
T-T = f(P) is close to linear. The slope coefficient 07/0P
for ol = 2 x 10* cm ™' and z, lying in the range 0.1 -3 pm
varies from 80 to 670 K W', which will correspond to the
data from papers [2—6], if we normalise their values to the
values of the parameters used in calculations. With increas-
ing the laser output power, the slope of the curves invariably
increases (it is also well seen in the experiments [4, 6]) and at
P = P, the stationary solutions breaks down. A decrease in
the step over the current J in numerical calculations within
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the accepted accuracy does not change the situation.
Analysing the data of Fig. 4, we can pay attention to
the fact that the higher P, the sharper the passage to
the breakdown (i.e., at a fixed step over the current, smaller
values of 0T/0J at point preceding the breakdown corre-
spond to larger values of P.). This fully characterises the
qualitative representation (described in [1]) of the COD
development as the process with the positive feedback. The
calculation region P, satisfactorily agrees with the exper-
imental data of papers [7—12]. Of course, one should take
into account some freedom in the choice of z, and ac(‘,ieg,
which was mentioned above and in the first part of the
present work [1]. According to data, for example, of papers
[4, 13], depending on the manufacturing technology and the
operating conditions the parameters z, can be in the range
from submicrons to several microns.

Output power /W
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T T T T T T T T T
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Temperature of the output face heating / °C

Figure 4. Dependences of the temperature of the output facet heating
with respect to the surrounding temperature 7’— 7" on the pump current
(output power) for different depths z, of the degraded region.

Processing of the data similar to those presented in
Fig. 4 makes it possible to find the dependence of the
threshold power of the COD on the depth of the degraded
region z,. This dependence shown in Fig. 5 for a basic set of
the parameters can be of great importance not only for
determining the maximally achievable output power of the
laser but also for predicting its reliability and lifetime.
Indeed, as was noted in [1], the depth z, increases with
the laser lifetime and the range of this increase is determined
by the formation rates of defects and their diffusion near the
laser output facet. Of course, we should understand that
finding the dependence of z; on the laser lifetime is the
solution of a quite different problem related to the material
degradation and defect formation at high temperatures,
optical flux intensities, and nonradiative recombination
rates. But if we can estimate somehow this dependence,
by using the data similar to those presented in Fig. 5 we can
assess the maximum laser lifetime. For the given working
level of the laser output power P, it will mean that P will
decrease down to P by the end of the operation time #;,,, i.e.,
P () = P, which is shown in Fig. 5 by a dashed line. If
we assume that the defects diffuse along the z axis with a
constant velocity D, then z3(r) = z3(0) + Dt. The time ¢ in
arbitrary units (thousands of hours in the example consid-
ered below), corresponding to the values of z,, is shown near
each point on the curve in Fig. 5.
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Depth of the degraded region /pm

Figure 5. Dependences of the critical COD power on the depth of the
degraded region [near the points is shown the limiting operation time f};,
(in arbitrary units) under assumption of the constant coefficient of the
defect diffusion along the z axis].

It is pertinent to note that within the framework of the
present theory, calculations involving the data of Figs 3 and
5 make it possible to determine simultaneously a decrease in
P, and the working output power of the laser with
increasing z,. This drastically limits the range of best-fit
values o ® and z, from the experiments and thus increases
the reliability of the predictions of the laser lifetime. Because
the slope efficiency of the laser is determined by the ratio of
the losses at the output mirror to the total losses, we can
easily obtain that

AP

FA(“(?egZO) = ‘7 OtgorLs )

where o, are the total mode losses including mirror losses
but neglecting the losses caused by degradation; AP/P is
the relative change in the power during the laser lifetime.
The rate of a decrease in the laser output power
experimentally obtained in paper [11], which is 2 x 107~
2% 107° h™!, corresponds to A(xz) in the range 0.1 1
for the operation time of 500 h. At P, = 850 mW and the
rate of the output power drop 2 x 107> h™!, we obtain that
after 500 h of operation, ocgeg =2x10*ecm™! and z, =
0.5 pm, while the rate of defect diffusion is D =0.5
um? x 107°h~!. The time #;;,, shown in Fig. 5 corresponds
to these parameters.

Figure 6 presents the temperature distribution along the
resonator axis on a segment near the output facet of the
laser diode. The point z =0 corresponds to the interface
between the materials of the active region and the coating of
the output dielectric mirror. The parameter of the curves is
the pump current of the laser and its corresponding values
of the output power. One can see that the region with the
maximal temperature is located not at point z=0 but
shifted approximately by 1 pm inside the laser diode
resonator due to the additional heat removal from the
overheated region, ensured by the coating of the laser
output facet.

The transverse temperature distributions for the optical
power near P, and different cross sections z = const are
shown in Fig. 7. One can see that the cross section area of
the overheated region is rather small (~ 3 pm?) (Fig. 7c) and
its volume, taking into account the data of Fig. 6, is

~ 3 pm’. The calculated data agree with the results of
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Figure 6. Heating temperature distribution 7 — T along the z axis at
different pump currents and output powers of the laser.

the experiments performed in papers [7—9]. Because the
characteristic dimensions of thermal sources along the x axis
are markedly smaller than those along the y axis, the
overheated region cross section has an almond-like shape
extended along the y axis, this region being most strongly
elongated at the point corresponding to the region with a
maximal temperature (Fig. 7c). The shape of the damaged
surface of the output mirror observed in the experiments
[7-9] fully confirm these results.

The dependence of the critical COD power P, on the
action of different physical mechanisms is illustrated in
Figs 8—11, which makes it possible to evaluate the con-

ditions under which these mechanisms begin to work and
even dominate. Thus it follows from Fig. 8 that at the
surface recombination rate Q >3 x 10* cm s™!, P,, starts
noticeably decreasing. These data allow one to formulate the
necessary requirements to the surface quality of the laser
facet in terms of the surface recombination so that it could
not significantly affect the COD threshold. The influence of
the volume nonradiative recombination on the COD thresh-
old can be assessed from the data of Fig. 9. They indicate
that it decreases substantially only at a rather strong
temperature dependence of the recombination when the
characteristic temperature is 7, < 100 K.

The data of Fig. 10 allow one to analyse the increase in
the COD threshold due to an additional heat removal
ensured by the coating of the diode output facet, which
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Figure 8. Dependence of the critical COD power on the surface recom-
bination rate.
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Figure 7. Heating temperature distribution 7'— 7 in the plane xy on the surface of the protective coating (a), at the interface between the output
mirror and the protective coating (b), in the region of the maximal temperature (c), and within the volume of the laser (d).
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Figure 9. Dependence of the critical COD power on the characteristic
temperature of nonradiative recombination.

makes it possible to optimise the total length of the output
facet coating. Indeed, in some specific case corresponding to
Fig. 10, the optimal thickness of the coating is ~ 1.5 pm.
When the coating is thicker, the COD threshold stops
increasing while the probability of the exfoliation of a
‘thick’ coating from the diode facet can increase.

0.2

Critical COD power/W

0 0.5 1.0 1.5 20 25 30
Thickness of the output face coating/pm

Figure 10. Dependence of the critical COD power on the thickness of the
protective coating of the output facet.

The residual absorption in wide-band layers caused by
the violation of the crystallographic order affects the COD
threshold only when the disorder parameter is A > 60
(Fig. 11). Figure 11 also presents the values of the optical
absorption corresponding to the maximal temperature at the
point close to the COD threshold.

The calculations also showed that the optical density of
the near-surface (degraded) layer, i.e., the product oz,
does not serve as an invariant when determining both the
threshold and the temperature dependence of the pump
current even under the conditions ocgegzo < 1. It turned out
that P, starts drastically decreasing with increasing ocgeg
rather than z.

Investigation of the COD dynamics revealed a sub-
stantial feature consisting in the fact that the COD is
preceded by rather long heating time of the destruction
region adjacent to the region of a markedly larger volume.
Because of this the COD development time has a rather
‘inertial’ component, which is illustrated in Fig. 12. The
direct optical damage of the facet starts at temperatures
above 1200 °C. As follows from Fig. 12, in the used temper-
ature and time scales the dependences 7T',,,,(?) have almost a
vertical slope. The calculations showed that in this segment
the rate of change in the temperature exceeds 40 K ns™', in
agreement with the experimental data according to which a
decrease in the laser power during the COD occurs within
50—-80 ns. The segment of a drastic temperature rise is
preceded by the segment of its relatively slow rise. The
duration of this segment depends on the pump current and
can be greater than 10 ps when the output power exceeds P,
by no more than 10 %.

1100
1000
900 |- | | |
800 |- L |
700 | |
600
500
400
300
200
100 [z

0 Lo
107° 1078 1077 10°¢ 1073
Time/s

sp, 13p, Tap, |
3P

Maximal temperature/°C

Figure 12. Time dependences of the maximal temperature in the laser
resonator for different excess of the output power over the threshold
COD power.
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Figure 11. Dependence of the critical COD power on the disorder
parameter A. Digits at the points are the values of the optical absorption
(in cm™).

These data indicate that in the pulsed excitation regime,
the COD threshold can be increased if during the pulse
action the process does not have time to pass the slow
segment of its development. However, the possibilities of
this increase are limited. In this particular case, when the
critical values for the stationary regime exceeds three-fold
the pulsed output power, the duration of the slow segment
decreases down to ~ 50 ns, i.e., down to those values which
characterise the irreversible COD process itself [7—9].

The calculations also showed that blocking the current
on a segment of thickness a in the region of the output facet
does not lead to a noticeable increase in the COD threshold.
Thus, at @ = 10 um, P, increases approximately by 10 %,
and at a < 10 pm, P, does not change due to the carrier
diffusion or due to the current spreading. At a > 10 pum, P,
also remains almost the same because the carrier concen-
tration on this segment at a large laser power is determined
by the optical absorption rather than by the pump current.
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The above results were obtained for well-defined param-
eters of the active medium, heterostructure layers, and laser
resonator. As was already noted in [11], most of these values
are not physical constants but rather the data characterising
the state of the laser medium both after some different
technological processes during the laser fabrication and
after some period of its operation. Therefore, the parameters
used in calculations (see data of Table 1) in principle cannot
have strictly identical values even for lasers of the same
design, which are manufactured using close technologies as
well as some uniform COD threshold cannot be realised for
such lasers in practice. This circumstance is the basic reason
behind a significant scatter in the values of P and J for
different samples of the laser diodes. Another matter is that
to define correctly the results, we used basic values of these
parameters corresponding, to the highest degree, to the
state-of-the-art of the technology and production of the
most wide-spread lasers whose design makes it possible to
compare adequately the results of calculations and experi-
ments.

3. Conclusions

The both parts of the present work are devoted to the
development of the COD theory as applied to modern high-
power diode lasers. The theory is based on the optical
absorption by a defect layer, which is some initial (seed)
mechanism triggering the COD. The calculations of the
temperature distribution in the laser resonator volume, the
values of P, and other laser parameters satisfactorily agree
with the experiment, which counts in favour of the
adequacy of the theory.

The theory allows one to formulate the requirements to
the optical quality of the laser medium and the output facet
in order to provide the reliable operation of the laser. Thus,
we have shown that at the given laser parameters, the
surface recombination rate Q should not exceed 10° cm s~!
so that not to limit the laser reliability and the output power,
while the temperature growth rate of the volume non-
radiative recombination should be characterised by the
parameter 7, > 100 K so that not to affect significantly
the threshold COD power. In addition, the crystallographic
perfection of the emitters (cladding layers) should be such
that, when heated by 400 °C, absorption in them at the laser
wavelength is less than 10 cm ™.

Besides, using the calculations it is possible to establish
the relation between the character of the dependence of the
temperature at the laser output mirror on the laser power
and the rate of decrease in P, as well as between the ‘slow’
decrease in the laser output power and the period of the
laser operation and lifetime. This, in total, opens new
possibilities of creating new methods for determining the
lifetime of the lasers (produced with the help some specific
technology) by using some accelerated ageing tests.

Finally, the revealed strong dependence of P, on the
thickness of the degraded damaged layer makes it possible
to search for the ways of increasing the radiation resistance
of the laser output facet and thus of increasing the laser
lifetime and output power. Note here the importance of
passivation of the diode output facet cleavage, which would
provide the minimal values of the parameters ocgeg and z,.

Note in conclusion that in this paper we have treated the
COD as the damage of the diode output facet. Nevertheless,
using the obtained results we can suggest that under certain

conditions, for example, in the presence of a defect segment
in the active region with a sufficient absorption o ¢ and
thickness z, inside the diode, the COD process can be
triggered by heating this segment. In this case, the COD is
realised due to the damage inside the laser while the output
facet remains intact (which, was described, for example, in
[14]). This behaviour is typical of lasers with optically
strengthened facets.
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