JOURNAL OF OPTOELECTRONICS AND ADVANCED MATERIALS

Vol. 13, No. 1, January 2011, p. 59 - 64

Self-consistent thermal model of semiconductor disk
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Self-consistent thermal model of semiconductor disk lasers is presented. The model was used to study thermal properties of
the GaAs-based InGaAs/GaAs quantum-well disk laser emitting the 980-nm radiation and equipped with a heat spreader.
For a proper laser thermal management, the 300-um CVD heat spreader has been found to be optimal, an optimal diameter
of the pumping spot is equal to about 200 um and optimal radii of the laser copper heat sink and the laser crystal are equal

to about 7.5 mm and 2.5 mm, respectively.
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1. Introduction

There are two basic configurations of electrically-
pumped diode lasers: edge-emitting lasers (EELs) and
vertical-cavity surface-emitting lasers (VCSELs). Single
EEL can emit even tens of watts of output power but its
radiation contains then many modes and its output beam is
asymmetric and considerably divergent. In contrast,
VCSELSs offer a single-mode, circularly symmetric, low-
divergent output beam, but only for relatively low output
of several milliwatts. New optically pumped
semiconductor disk lasers, known also as vertical external-
cavity surface-emitting lasers (VECSELSs) [1,2], have been
created to combine simultaneously virtues of both the
above diode lasers, i.e. to obtain a device emitting a high-
quality output beam of watt-level.

Thermal problems, as practically in all high-power
devices, especially during their infant period, are currently
the most important ones limiting possible VESCSEL
applications. As much as about 70% of the optical
pumping power is believed in these devices to be
exchanged into heat. Besides, relatively high temperature
increases within their volumes result from the fact, that the
heat flux generated mainly within the VECSEL active
region has to flow through the low-thermal-conductivity
multi-layer distributed Bragg reflector (DBR) and the
thick substrate. Assuming 100 pm x 100 pum pump spot
and a simplified one-dimensional heat flow (confirmed by
our calculations) through the GaAs substrate, each
micrometer of its thickness results in about 2.2 K/W
thermal impedance [3].

From among various physical phenomena enhanced
by a temperature increase within a VECSEL volume, a
decreasing maximal optical gain in active-region quantum
wells (QWs), an increasing thermal escape of carriers from
them additionally reducing an optical gain, temperature-
dependent both thermal conductivities and absorption as

well as detuning of an standing optical wave with QW
positions (because of a temperature dependence of
refractive indices ng) deteriorating efficiency of its
resonant-periodic-gain (RPG) structure, are the most
significant ones. Therefore the main aim of this paper is to
propose a detailed self-consistent model of thermal
properties of semiconductor disk lasers which may enable
their thermal optimization, i.e. an improvement of an
efficiency of a heat-flux extraction from their cavities.
Similar, but somewhat more simplified model has been
also reported by Kemp et al. [4].

2. Structure of a semiconductor disk laser

Let us consider a semiconductor crystal of radius rg =
2.5 mm of a typical optically-pumped disk laser [5]
(shown schematically in Fig. 1) with the upper heat
spreader transparent for both the pump and the emitted
radiation. The high-conductivity (SiC or diamond) heat
spreader of the 300-um thickness is bonded directly on the
laser crystal using liquid capillarity [6] to improve heat
extraction from it, which means — to enhance a radial heat-
flux spreading increasing the width of its heat path
towards the heat-sink of the rys = 7.5 mm radius. The disk
laser is assumed to emit the A = 980-nm radiation and to
be pumped by the 808-nm radiation. A relatively small
energy difference between the pump and the emitted
radiation is intentionally applied because heat generation
is proportional to it [4,7]. The pumping beam is directed at
some angle with respect to the laser axis through the upper
window, through which also the output beam is emitted in
axial direction. An external spherical mirror (not shown in
Fig. 1) is used to create a laser cavity with the
semiconductor DBR.
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Fig. 1 Schematic structure of a semiconductor crystal of
an optically-pumped semiconductor disk laser with an
upper heat spreader. The Orz co-ordinate system is
shown

More information about the layered VECSEL
structure under consideration, which was manufactured by
the Institute of Electron Technology in Warsaw [8], may
be found in Fig. 2. The laser is produced in a single
technological process on the 80-pm GaAs substrate. All
epitaxial layers are un-doped to reduce radiation losses due
to free-carrier absorption. First the 27-period DBR formed
by the alternative 69.2-nm GaAs and 82.9-nm AlAs layers
is created. Next the active region composed of six the 8-
nm InGaAs QWSs separated by the 65.5-nm (= A/2Ng Gaas)
GaAs barriers is deposited to create the RPG arrangement,
i.e. with QWs located at the successive anti-node positions
of the optical standing wave. To supply the active region
with carriers, the barrier pumping system is used, which
means, that the pumping beam is mostly absorbed inside
the barrier layers surrounding QWs. Expected short
absorption lengths (1 — 2 pum) [3] results in efficient pump
absorption. Then some of the excited carriers are injected
into QWs where they mostly recombine radiatively. And
finally, the 152.3-nm (= A/2Ng AiGaas) AlosGag sAs window
layer transparent for the pumping beam is produced and
covered with the thin cap GaAs layer to protect it against
the air oxidation. The window layer prevents the carriers
from their non-radiative recombination on the surface [9].
The pumping beam is absorbed in GaAs layers of both the
active region and the DBR structure, which is highly
reflective for the VECSEL radiation but not for the
pumping one. The laser structure is bonded to the 15-mm
copper heat sink with the aid of the 4-pm indium solder.
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Fig. 2 VECSEL layers

3. Model

Following its name, the semiconductor disk laser is
assumed to be cylindrically symmetric (Fig. 1).
Temperature profiles T(r,z) within its volume may be
determined with the aid of the thermal conduction
equation:
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- i — 1
e {k(r,z,T)ar}az [k(r,z,T)az]+gT(r,z) o (M

where k stands for a thermal conductivity and gr is a
volume density of heat sources. As one can see, thermal
conductivities are assumed to be dependent on temperature
therefore the self-consistent method of calculations is
applied. Heat extraction through the bottom heat sink is so
efficient that the upper and the side walls of the laser
crystal may be assumed to be thermally isolated:
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where zt stands for the height of the laser crystal. Sizes of
the copper heat sink are much larger than those of the laser
crystal, therefore the bottom and the side walls of the heat
sink are assumed to be kept at the ambient temperature Ta.
Besides, because of the cylindrical symmetry:

a—T(r =0)=0 3)
or

Assuming Gaussian spatial profile of the pumping
beam, the analogous (but dependent also on the z location)
profile may be assumed for the volume density of heat
sources being a result of its absorption:
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where o stands for the distribution parameter. The above
central (for r = 0) heat-generation density gr, in
successive structure layers depends on local absorption
coefficients and on a pumping intensity being gradually
reduced by this absorption. Absorption coefficients within
the GaAs layers (active-region barriers, DBR and
substrate) and within the InGaAs QWs are assumed to be
equal to 20 000 cm™ and 15 000 cm™, respectively. It
should also be noted, that a uniform (not Gaussian)
pumping distribution could lead to lower temperature
increases within the pumped crystal [10].

Thermal conductivities at room temperature (T, = 300
K) of the InyGa, As [11] and the Al,Ga, As [12] layers
are given in the following forms:

) ~ 100 w (5)
nGaAs 2 27 +80.23x — 78.80%> | mK

y _ 100 W ©
AlGahs = 5 27+ 28.83x —30.00x> | mK

whereas, at higher temperatures T, they are assumed to be
proportional to (TA/TY™ [12]. Thermal conductivities of
indium, ki, = 81.6 W/mK [13], copper, ke, = 401 W/mK
[14], SiC, ksic = 490 W/mK [15] and synthetic CVD
diamond, kcyp = 1200 W/mK [16], are assumed to be
independent of temperature.

Temperature profiles within a volume of the
semiconductor disk laser are determined with the aid of
the finite-element self-consistent approach [17,18], which
is finished when temperature profiles determined in two
successive iteration loops become practically unchanged.
Mesh sizes in various structure areas are properly changed
to achieve an expected exactness while simultaneously to
reduce the number of elements.

Similar model has been also reported by Kemp et al.
[4,19], but their VECSEL structure has been somewhat
different. Moreover, instead of thermal conductivities of
successive structure layers as in our model, effective
conductivities [20] determined for some layer groups have
been used. It considerably reduces calculation time but, at
the same time, it may considerably influence model
exactness, especially in the case of large conductivity
changes between adjacent layers, as it is in the GaAs/AlAs
DBR. Furthermore, temperature dependence of thermal
conductivities is neglected in their model which may have
serious impact on model exactness for relatively high
temperature increases. Besides, their model neglects heat-
flux spreading within the heat sink. Thermal model of a
still another VECSEL structure without a heat spreader but
with a substrate intentionally substantially thinned has
been reported in [21].

4., Results

The VECSEL crystal under consideration is assumed
to be kept at 300 K and to be pumped by the 808-nm 4-W
Gaussian laser beam of the distribution parameter ¢ = 50
pm, which corresponds to ¢ = 46 = 200 pum beam
diameter. Most of absorption of the pumping radiation
leads to an intense heat generation followed by an increase
in temperature which for the considered device should not
exceed 400 K because of possible problems with the
indium solder. Besides temperature increases deteriorate
device performance, in particular, they may lead to an
accelerated device catastrophic degradation. The heat
spreader is bonded directly on the laser crystal using liquid
capillarity. Possible imperfection of this connection may
result in a huge temperature increase because the air
thermal conductivity (0.025 W/mK) is extremely low. But,
assuming its nearly perfect properties, in the calculation, a
reasonable thermal resistance of 3 K/W for this bonding is
assumed.

Two different heat spreaders made of SiC and CVD
have been used. Axial temperature profiles along the
direction perpendicular to layer boundaries, are shown for
both of them in Fig. 3. As expected, temperature increase
is the highest within the active region and is practically
confined to its close surrounding. Besides, maximal
temperature increase is distinctly higher (43.8 K versus
28.6 K) in the case, when the lower-thermal-conductivity
SiC heat spreader is used instead of the CVD one, which
confirms significance of its conductivity. For pumping
powers than 4 W, maximal active-region
temperature T, depends linearly on them in disk lasers
with both heat spreaders, which was confirmed
experimentally [7]. As one can see in Fig. 3 comparing
slopes of temperature profiles on both sides of the active-
region temperature peak, both heat fluxes flowing from the
active region, i.e. the first one directly towards the heat
sink and the second one as a result of its radial spreading
within the heat spreader, are of comparable intensity,
although surprisingly the second flux is somewhat more
intense. The temperature slope towards the heat sink is
nearly linear, which confirms its nearly one-dimensional
nature, whereas the one in the opposite direction is
distinctly curved, which is typical for a two-dimensional
heat-flux spreading. Radial temperature profiles within the
active region are plotted in Fig. 4. Intensity of the radial
heat fluxes are similar in both the cases. It is also shown
that the radius of the central higher-temperature active-

lower

region area is equal to about 100 um.
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Fig. 3 Axial temperature profiles along the direction

perpendicular to layer boundaries determined for the

disk laser pumped by the 4-W radiation. The SiC and the

CVD heat spreaders are considered. Maximal
temperature increases are given.

It is evident from Fig. 3 and Fig. 4, that the thermal
conductivity of a heat spreader is in this case of prime
importance. Fig. 5 presents a dependence on the heat-
spreader thermal conductivity ky; of the maximal
temperature T,,,x within the active region for the heat-
spreader of the nominal thickness dy, = 300 pm. As
expected, Ty, increases considerably with a decrease in
ks, which confirms importance of a heat-spreader quality.
Besides, effectiveness of heat-flux spreading depends also
on the heat-spreader thickness dys, which is illustrated in
Fig. 6. As one can see, an increase in dys over its nominal
value of 300 pum does not lead to a significant
improvement of heat-flux spreading, whereas its decrease
below this value may result in its serious deterioration. If
the heat spreader is completely removed, the maximal
active-region temperature T, = 381 K may be expected.
Besides, a temperature increase within the active region
depends also on a diameter ¢ of the pumping beam, which
is shown in Fig. 7. Again, while a reduction of ¢ below its
nominal value of 200 pm leads to an unwanted active-
region temperature increase, its further increase has a
significantly less impact. For ¢ changed from 300 pm to
only 100 pum, T, is reduced by as much as 87 K for the
SiC heat spreader and by 62 K — for the CVD one. The
above optimal ¢ value of 200 um has been determined for
the considered VECSEL structure and the Gaussian
pumping beam to maintain low enough the active-region
temperature. Generally, increasing pump area results in
both higher output power and more efficient heat-flux
extraction from the laser volume [22].

It is clearly seen in the above figures, that, although a
dominant contribution to the VECSEL thermal resistance
comes from its DBR, the thick substrate also causes a
serious temperature increase within the laser active region.
Hence sometimes, instead of using the upper heat
spreader, thinning of the substrate (e.g. [3,23,24]) is used

to enhance heat-flux extraction from a volume of disk
lasers.
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Fig. 4 Radial temperature profiles determined for the

active layer of the disk laser pumped by the

4-W radiation. The SiC and the CVD heat spreaders are
considered.

For the considered disk laser with the SiC heat
spreader, an impact on T,x of the substrate thickness O
is shown in Fig. 8. As one can see, a complete substrate
removing leads in this laser to a decrease in T, from
about 344 K to only 330 K. Substrate thinning is
especially effective in lasers with upper heat spreaders of
relatively low thermal conductivities, therefore this
method is practically useless in lasers with diamond heat
spreaders. Also sizes of the copper heat sink may have
quite a serious impact on temperature increases within the
disk laser. It was found that, for the disk laser with the SiC
heat spreader, a decrease in the heat-sink radius ryg from
its nominal value of 7.5 mm to only 2.5 mm equal to the
radius rg of the disk laser results in about 6 K increase in
the maximal active-region temperature.
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Fig. 5 Maximal active-region temperature T, versus the
thermal conductivity ki, of the heat spreader of the
nominal thickness dy,s = 300 zm.
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Fig. 6 Maximal active-region temperature T, Versus a

thickness dy, of the SiC and CVD heat spreaders.

An increase in ryg over 7.5 mm does not influence
heat extraction from the disk laser. An increase in the
radius rg of the disk laser over its nominal value of 2.5 mm
completely does not lead to any improvement of the above
heat extraction but its reduction below this value may
considerably deteriorate it and, for rys = 0.5 mm, T, is
increased in disk lasers with the SiC heat spreader by 9 K.
rgs = 2.5 mm was also found as an optimal value by other
authors [25].
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Fig. 7 Maximal active-region temperature T, Versus a

diameter ¢ of the pumping beam for disk lasers with
nominal SiC and CVD heat spreaders.
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Fig. 8 Maximal active-region temperature T, Versus the
substrate thickness ds,, for disk lasers with the nominal

SiC heat spreader.

5. Conclusions

The self-consistent thermal model of a disk laser was
prepared to study thermal properties of the GaAs-based
laser emitting the 980-nm radiation and equipped with six
InGaAs quantum wells separated by GaAs barriers to form
the resonant-periodic-gain structure, the 80-um GaAs
substrate, the 27-period GaAs/AlAs distributed Bragg
mirrors, the A/2 window layer and the 300-um SiC or
CVD heat spreader. As expected, heat-spreader thermal
conductivity is of prime importance in thermal laser
management, hence the CVD heat spreader offers much
better performance than the SiC one. For the VECSEL
structure under consideration, the optimal heat-spreader
thickness has been found to be equal to about 300 pm, the
optimal diameter of the pumping spot is equal to about 200
pum and the optimal radii of the laser copper heat sink and
the laser crystal are equal to about 7.5 mm and 2.5 mm,
respectively.
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