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Effect of thermal processes on critical operation conditions

of high-power laser diodes

V.V. Parashchuk, Vu Doan Mien

Abstract. Using numerical and analytical techniques in a three-
dimensional approximation, we have modelled the effect of spatial
thermoelastic stress nonuniformity in a laser diode—heat sink sys-
tem on the output characteristics of the device in different operation
modes. We have studied the influence of the pulse duration, the
geometry of the laser system and its thermophysical parameters on
the critical pump current density, in particular for state-of-the-art
heat conductive substrate materials. The proposed approach has
been used to optimise the laser diode assembly process in terms of
the quality of laser crystal positioning (bonding) on a heat sink.

Keywords: high-power laser diodes, laser diode—heat sink (contact
layer) system, nonuniform thermal fields, thermoelastic stresses,
critical operation conditions, diamond heat sinks, chip positioning.

1. Introduction

One well-known characteristic feature of semiconductor laser
diodes (LDs) is that their lasing threshold is a (weak or strong)
function of temperature [1, 2]. For this reason, thermal pro-
cesses in LDs are receiving a great deal of attention. As shown
as early as the 1960s, a diode experiences considerable ther-
moelastic stresses (TS’s) during fabrication and operation,
which are capable of causing microfractures and irreversible
degradation of energy parameters in the case of injection
lasers. In connection with this, an important issue is the abil-
ity to optimise the operation conditions of LDs through com-
parison of the critical conditions caused by TS generation
with the extreme conditions determined by the temperature
dependence of the threshold current density. This issue was
addressed in detail by Kruzhilin et al. [3] for a one-dimen-
sional system with application to the thermoelastic stress aris-
ing from spatial nonuniformity of the thermal field in the
medium (one of the most important cases of TS’s). A number
of studies examined the role of other types of thermoelastic
stress, in particular that generated when a heterostructure is
secured (soldered) to a cooling line [4] and under other condi-
tions (see e.g. Ref. [5]). However, since the thermoelasticity
problem in the case of a nonuniform spatial temperature dis-
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tribution in the active region is essentially three-dimensional
[6—10], further work in this direction appears important. In
this paper, using a method developed for evaluating the ther-
mal field and TS in a system, we consider the problem of opti-
mal laser chip positioning (bonding or connection) on heat
sinks under various conditions. We present comparative com-
putation results for efficient heat sink materials, as a continu-
ation of our previous studies aimed at improving the effi-
ciency of high-power diode structures with the use of diamond
heat sinks [11].

2. Modelling of the spatial distribution
of thermal fields in the laser system under
investigation

To analyse the thermoelastic stress in a diode—heat sink sys-
tem approaching a real laser system, consider a spatial distri-
bution of thermal fields that takes into account thermophysi-
cal processes in the contact layers using the three-dimensional
steady-state heat equation (1) with appropriate boundary
conditions given by (2)—(5) (Fig. 1):
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Figure 1. Mathematical model of system (1)—(5).
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where Ty(x, y, z) and T5(x, y, z) are the temperatures in the
bulk of the crystal and heat sink (substrate or contact layer),
respectively; 4, , are their thermal conductivities; a, b, z—h, A,
Band h are the dimensions of the crystal and heat sink; /; , are
the dimensions of the heat source (e.g., of the active region); &
and 5 are the coordinates of the centre of the source; ¢ is its
power per unit surface area; and T} is the (constant or vari-
able) temperature of the lower heat sink surface. In this
model, the source has the form of a rectangle situated on the
crystal surface, which corresponds in some measure to the
structure of a real LD with an asymmetric position of the
active region near one of the boundary surfaces. Given the
small thickness of this region (~1 wm), the heat distribution in
it is taken to be two-dimensional (in the xy plane).
Analytically solving Eqn (1) subject to the boundary con-
ditions (2)—(5) through separation of variables, we obtain
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The thermal fields computed in the above model are pre-
sented (as sections) in Fig. 2. The following thermal conduc-
tivity values were taken: A; = 400 W m~! K~! for a copper heat
sink (Fig. 2a) and 1450 W m~! K~! for a diamond heat sink
(Figs 2b, 2c) and A, = 50 W m~! K-! for the GaAs crystal.
Using the above solution to (6), we have demonstrated the
possibility of taking into account additive interaction between
several (two) heat sources, e.g. elements of a laser diode struc-
ture. For simplicity, the two sources were taken to have iden-
tical dimensions (0.45x0.1 mm) and differ in power (P,).
The crystal and heat sink had identical dimensions. The cen-
tre-to-centre distance between the elements was 6, = 0.5 mm.

We optimised computation conditions in a Matematika
environment: a predetermined accuracy in temperature distri-
bution computation (0.0001-0.001) was ensured at each
point (x, y) at minimum summation indices (k, m) ~ 20—40.

3. Computation of the spatial distribution
of thermoelastic stresses in the laser system
General formulation of the problem of finding the thermo-

elastic stress from a given heat flux distribution is well known
[6—8], and the problem can be solved in particular cases.

Figure 2. Thermal field distribution in the model system: (a, b) crystal and (c) heat sink with (a) one and (b, ¢) two heat sources. Parameters of the
system: /; =045 mm, , =0.1 mm,a=b=4=B=15mm,1=03mm,d,=05mm,e=05mm,y=y=0.75mm, (a) P=10W, (b) P, =4.5W,

P,=225W.
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Consider an approximation in which the region under consid-
eration can be broken down into small elements. Within each
element, a quasi-three-dimensional thermoelasticity problem
can then be formulated. It can be shown based on existing
ideas [6] that the solution to a standard system of equations of
balance subject to appropriate boundary conditions and
strain compatibility constraints for stress determination has
then the form

3(z—d2
0 = Py W z1(x,y,2) + T(x,y,2) — T(x,y,2)
S 812 Sie
(i,j=1,2), A=|512 S0 S, (7)
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where ;= p,, = A,,,a,,/ A are the thermoelastic coefficients (11,
n=1,2,06); 4,, is the algebraic complement of s,,, (elastic
constants) in the determinant A; «,, is the thermal expansion
coefficient; and the overbar in (7) means averaging over a
layer of thickness d. In an isotropic medium, 8;; = arE/(1 -v),
where at is the linear thermal expansion coefficient; v is
Poisson’s ratio; and E is Young’s modulus.

The thermoelastic stress (o = D) in the model system was
computed as a function of heat source power (P), thermal
conductivity of the substrate material (copper and diamond)
and geometry of the elements of the system (Fig. 3).

It follows from the computation results that, at a heat
source power P ~ 1 W, the thermoelastic stress varies across
the structure (along the z axis) in the range £(1-10) MPa,
which is comparable to the residual stress arising from the
thermal expansion mismatch between neighbouring layers in

Figure 3. Spatial distribution of thermoelastic stresses for (a) one (P =
10 W) and (b) two heat sources (¢, = 0.5 mm, &, =l mm, P, =10 W, P, =
5 W). Parameters of the system: /; = 0.45 mm, /, = 0.1 mm, a = b =
1.5mm,4=B=5mm, h=0.3mm,n=>5/2,¢=0.5mm, y=>b/2.

a multilayer structure. The highest temperature (overheating)
in this region is AT = 35-40 K. At P = 10 W (power density
of ~10° W cm2), we have o ~ +(10—-200) MPa (Fig. 3a) and
Tmax ~ 400-450 K (Fig. 2a), i.e. the thermoelastic stress pre-
vails and the active-region overheating is significant (AT ~
100 K), in agreement with previous data [3, 12-15].
Calculation in the one-dimensional approximation [5] leads
to underestimation of both o and 7', by one to two orders of
magnitude. Because of this, under the above conditions the
contribution of the stress in question (relative to the residual
stress) cannot be neglected in thermoelasticity problems.
Comparison of computation results for different heat
sinks indicates that, in the case of a copper heat sink, the ther-
moelastic stress within the active region is somewhat lower
than that in the case of a diamond heat sink even though the
thermal expansion coefficients of these heat sink materials
differ significantly from that of the active medium (the differ-
ence is greater in the case of diamond). At the same time, the
Tmax Of copper heat sinks is markedly higher (by a factor of
1.5). Beyond the active region, the opposite relationship
between the stresses holds. Since the magnitude and sign of
the thermoelastic stress depend on spatial localisation in the
system and the thermophysical properties of the heat sink
material, this circumstance can be used to make the stress
constant throughout the length of the active region. The
effectiveness (degree) of such equalisation is markedly higher
in the case of diamond heat sinks. Figure 3b shows the spatial
distribution of thermoelastic stresses in the model system with
‘thermal interaction’ (in the additivity approximation)
between several sources, exemplified by two elements.

4. Effect of thermoelastic stress on the output
characteristics of a laser in different operation
modes

Following Kruzhilin et al. [3], we will attempt to optimise the
operation conditions of a laser diode by comparing the criti-
cal conditions caused by TS generation to the extreme condi-
tions determined by the temperature dependence of the
threshold current density in a given approximation.

Consider first an unsteady-state (pulsed) mode. It is
known that the problem of thermoelasticity in pulsed mode
can be solved in a quasi-static approach at pulse durations of
up to several nanoseconds, even though the heat conduction
problems in pulsed and continuous modes differ significantly.
Using previous results [9], the solution to the corresponding
heat equation can be written in the form

_ 1 a (b re—h
Tpzt) = s [ eeno

SESE DT CE D e,

X exXp At

where 7 is time; 7T is the absolute temperature; a, b and c—h are
the dimensions of the active region; (&, n, {) = T(x, y, z, 0) is
the initial temperature distribution, which can be represented
by (6); % = A(cgpp) is the thermal diffusivity of the crystal; ¢,
is its specific heat; p is its density; and 4 is its thermal conduc-
tivity.

First, the temperature field AT = T(x, y, z, t) - T(x, y, z, 0)
was computed in a simplified laser model (with no massive
heat sink). The corresponding spatial distribution of thermo-
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Figure 4. (a) Thermoelastic stress in the model system under time-de-
pendent excitation in the XZ section; (b) Time-dependent TS.
Parameters of the system: P=10W,a=b=1.5mm,z=c=0.3mm, T, =
0,A=05Wem!'K!Z=027cm?s,/,=045mm, /, =0.1 mm, ¢ =
0.5mm,n =0.75mm, t =0.01 s (a), y = b/2, x = (b).

elastic stresses in the approximation defined by (6)—(8) is pre-
sented in Fig. 4.

The spatial distributions of thermal fields and thermoelas-
tic stresses can be related to performance parameters of the
laser diode through the dependence of the heat flux ¢ on the
pump current density j in the laser diode and the temperature
dependence of the threshold current density in the form

q="Vj, Jjn=jomexp(ATIT), ©)

where V' is the voltage across the p—n junction and jyq, is the
threshold current density at the initial temperature of the
medium, 7). The value of ¢ determines the boundary condi-
tions (2) and the spatial temperature distribution (6). From
(8) and (9), we obtain a relation for the critical current density
or a dimensionless lasing condition in terms of thermoelastic
stress, analogous to previous results [3]:

J'=F@)" (10)
Here, j' = jljos, 1s the dimensionless critical current density (at
which irreversible structural changes in the diode are possi-
ble); t' = t/t; = t; is the dimensionless pump current pulse
duration; Fy ~ 0;/(8;T}) is a dimensionless parameter (a func-
tion of coordinates); o; = 0, is the allowable thermoelastic
stress in the active medium; 7 ~ 80 K is the characteristic
temperature; and ¢ = Ticgpp T o V)™

The lasing condition in terms of threshold current density
has the same form as in Kruzhilin et al. [3],

J'Zexp(jVi), (11)

and determines the current density at which lasing terminates
at time ¢'. Equation (11) has two real solutions for ¢' < 2 and
determines the limiting laser pulse duration fj, = TAcy,P T12/
(ejomV)* (for "> e7).

The optimal diode operation mode can be established by
comparing criteria (10) and (11). As an example, Fig. 5 pres-
ents a numerical solution to Eqn (10) [curves (7)—(3)] for
different conditions and a solution to Eqn (11) [curve (4)]. It
is seen that, for ¢’ > e, pulsed lasing is impossible. For
t'< e2, the equality in (11) is met at two current densities (the
lower and upper branches of the plot), corresponding to the
onset of lasing (first threshold) and quenching of lasing due to
overheating of the p—n junction (second threshold). The larg-
est divergence between the branches determines the current
density at which the highest output power is reached (at a
constant pulse duration). The curves intermediate between
the two branches, determined by the TS mechanism, repre-
sent optimal lasing conditions. It is worth noting that the j(¢')
dependence obtained from (10) is multivalued and is a func-
tion of coordinates (we present the dependence for three X
values, with the other parameters fixed) as a consequence of
the nonuniformity of the spatial distributions of the thermal
field and thermoelastic stresses (Fig. 4).

It follows from the data obtained that, at varied values of
the parameter F; (coordinates), heat source power P and
other parameters and a constant laser pulse duration, the cur-
rent density can be limited by both the quenching of lasing
because of the increase in threshold current density with tem-
perature and the development of the critical thermoelastic
stress. In particular, at the optimal pulse duration ¢'= 0.04 [3],
which allows the maximum output energy to be obtained, it
can be deduced from Fig. 5b that, at x = 0.275 mm [curve
(3)], the output power is determined by the current limitation
due to TS development, whereas at x = 0.3 and 0.5 mm it is
determined by the temperature dependence of the threshold
current density.

With increasing excitation pulse duration (i.e. as a steady
state is approached), the effect of the nonuniformity of the
spatial distribution of the thermal field increases, in agree-
ment with data in the literature. It is then necessary to take
into account the three-dimensional temperature field distri-
bution in order to evaluate the TS contribution to the spatial
Jer =J' distribution. On the whole, in pulsed mode the effect of
TS on critical characteristics prevails over the limitation due
to the temperature dependence of the threshold current.

Similar results were obtained for a laser system with a
massive heat sink and different heat sink materials (copper,
diamond and cubic boron nitride). It has been shown that the
use of highly efficient diamond heat sinks allows the critical
pump current density to be increased by almost a factor of 2
(relative to copper heat sinks) and considerably extends the
functional capabilities of the device in terms of its energetic
and dynamic parameters.

In a steady state (continuous mode), the conditions for
lasing in terms of thermoelastic stress and threshold current
density have the form

J'=BE) (12)

J'Zexp(j'F), (13)
where the parameter F, is an analogue of F; and, in contrast
to previous results [3], is a function of coordinates; F = jy, Vz X
(24,Ty)"" is a dimensionless variable; and A, is the thermal
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Figure 5. Time dependences of the critical current through a laser system with a copper heat sink at a heat source power P = (a, b) 10 and (¢, d) 1 W.
Parameters of the system: a=bh=1.5mm,z=c=03mm, Tp=0,A=05Wcem ' K, 027cm’s,/,=0.45mm, /,=0.1 mm, e =0.5mm, =
0.75mm, y=>5b/2, x=(1)0.5,(2) 0.3 and (3) 0.275 mm. Curve (4) represents a solution to Eqn (11).

conductivity of the heat sink material. The solutions meeting
criteria (12) and (13) are qualitatively similar to the above
case of an unsteady state.

It follows from the simulation results that, in a steady
state, nonuniformity of the spatial temperature distribution
has a weak effect on the j'(F) dependence compared to pulsed
mode. Lasing characteristics in the region of the active layer
are limited predominantly by the temperature dependence of
the threshold current, which correlates with the described
effect of pulse duration on the unsteady-state behaviour of
the system.

To experimentally verify the described effect of thermal
processes in different LD operation modes, we can use recom-
mendations by Kruzhilin et al. [3], namely, the characteristic
dependence of the critical current density on various param-
eters. In particular, it follows from criterion (10) that, at suf-
ficiently short pulse durations, the current density j.,. should
be proportional to 7,¥? rather than to 7, [3]. Moreover, the
parameters F; and F, in (10) and (12) should be spatially non-
uniform.

5. Optimisation of chip positioning methods
and the assembly process

It is known that laser chip mounting (positioning) on heat
sinks in the LD assembly process has a significant effect on
many characteristics of the LDs, with the strongest influence
on thermal conditions and, as a consequence, on the energetic
parameters and lifetime of the devices [16]. The correspond-
ing requirement can be formulated in terms of the displace-
ment Ae of the output (front) mirror of the chip relative to the
working edge of the heat sink. The permissible displacement

(to avoid radiation vignetting) should be several microns.
Below, in the approach considered above we numerically sim-
ulate the effect of laser chip positioning on the spatial TS dis-
tribution in a laser system (Fig. 6) and optimise the conditions
of the process.

We use the 0;; = gy(x, y) (i, j = 1, 2, 3) approximation [10]
under various conditions, in particular, without (limiting con-
ditions) and with a heat sink, and present results for the nor-
mal stress tensor component o, = D, which has the highest
value (a part of the crystal is shown). To simplify computa-
tion, we used interpolation with quadratic or higher degree
polynomials. The parameters of the problem were evaluated
by analysing the generalised Hooke’s law and Saint-Venant’s
strain balance and compatibility conditions using appropriate
boundary conditions and an Airy stress function [7, 10].

When the active region (source) stripe is located in the
centre of the crystal, the TS pattern is symmetrical with
respect to the section parallel to the xoz plane and passing
through the longitudinal axis of the stripe and with respect to
arbitrary cross sections parallel to the yoz plane, i.e. for the
opposite sides of the active region. It can be seen that stress
concentrates predominantly at the perimeter of the source (in
its peripheral parts). The stresses on the long and short sides
of the stripe may have the same sign or differ in sign.
Moreover, the sign of the stress may change on a given side of
the stripe. These results correlate to some extent with residual
stress data obtained previously [4] by the finite element
method for a diode bonded on a heat sink (contact problem).

Displacement of the source to the edge of the crystal dis-
torts the symmetry of the above stress pattern. When the
short side (front edge) of the source coincides with the work-
ing face yoz of the crystal, o, has the lowest value or
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approaches zero, which corresponds to precise positioning,
Ae =0 (Fig. 6a). Such a situation occurs both with and with-
out a heat sink. A deviation from the above conditions with
the outer projection (or inner ledge) of the front edge, Ae,
exceeding =5 um leads to a stress spike in the corresponding
region, which considerably exceeds (by several times) the
maximum stress on the other sides of the source. This fact can
be used to assess the laser chip mounting quality and as an
effective positioning method in the diode structure assembly
process. It also follows from our simulation results that the
use of a heat sink leads to a considerable relative reduction in
the thermoelastic stress spike at the front edge of the active
region at reduced positioning accuracy.

Figure 6. Effect of the displacement of the laser chip, Ae, on the magnitude

and distribution of the thermoelastic stress in the model system: Ae = (a) 0
and (b) + 5 um. Parameters of the system: P=1W,1=0.05Wmm K-,
a=b=15mm, c=03mm,/ =0.5mm,/=0.1 mm.

Using the approach in question, which takes into account
the thermoelastic stress, we analysed the influence of the lon-
gitudinal and transverse positioning geometries on the active-
region overheating (AT) for copper and diamond heat sinks.
The results indicate that, in the case of longitudinal position-
ing (along the x axis), AT depends significantly on a number
of factors: the geometry of the crystal (heat sink) and active
region, heat source power P, thermophysical characteristics
of the materials used and the temperature of the ambient
medium, 7,. In most of the configurations considered, both
pulsed and continuous modes are possible at Ae ~ 1 -5 um. In
the case of longitudinal positioning, only pulsed mode with
the use of a diamond heat sink is possible.

It is shown that the active-region overheating depends as
well on the accuracy of transverse chip positioning, along the
y axis, i.e. on the degree of chip ‘decentring’ in the mounting
process. It is, therefore, important to take into account this
factor, along with longitudinal positioning in device assem-
bly. Simulation results indicate that there is an optimal degree
of decentring for minimising the overheating. Like in the case
of longitudinal positioning, simulation predicts that, at high
AT values, only pulsed mode with the use of efficient heat
sinks is possible at a power P ~ 10 W (T, ~ 300 K). In other
cases, both pulsed and continuous modes are possible under
the above conditions. The above results make it possible to
optimise the entire process of assembling laser diodes and
diode-based optical modules.

6. Conclusions

Using numerical and analytical techniques and considering a
laser system approaching a real one, we have modelled the
effect of the thermoelastic stress arising from a spatial non-
uniformity of the thermal field on the output characteristics
of an injection laser in different operation modes. The results
indicate that, in the case of high-power LDs (at heat fluxes
above 10 W cm™), this stress is comparable in magnitude to
the residual internal stress due to the multilayer nature of the
heterostructures, and that under such conditions there is
appreciable active-region overheating (A7 = 100 K). The use
of diamond heat sinks improves the spatial uniformity of the
thermoelastic stress in the laser system.

We have performed a comparative analysis of critical
operation conditions associated with the TS and the tempera-
ture dependence of the threshold pump current density.
Nonuniformity of the spatial distribution of the thermal field
is shown to have a significant effect on the current and the
critical current limitation mechanism. In pulsed mode, the
effect of TS on critical characteristics prevails over the limita-
tion due to the temperature dependence of the threshold cur-
rent. We have studied the influence of the pulse duration, the
geometry of the laser system and its thermophysical parame-
ters on the critical pump current density, in particular for a
diamond heat sink, and optimised diode operation under
such conditions.

Using a method developed for evaluating thermal fields
and thermoelastic stresses, we numerically modelled optimal
conditions for laser crystal (chip) mounting (positioning) on a
heat sink. The results suggest that, in optimising process con-
ditions, one should take into account not only the permissible
ledge (displacement) of the front mirror of the chip relative to
the working edge of the substrate but also chip decentring
with respect to its axis of symmetry. These results make it pos-
sible to facilitate the positioning process and simplify the
entire process of assembling diode lasers, thereby consider-
ably improving the output characteristics of the devices.
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