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Simulation of a two-dimensional laser diode array directly cooled

by coolant flow

V.A. Oleshchenko, A.P. Bogatov, N.V. D’yachkov, V.V. Bezotosnyi

Abstract. We report an analysis of attained output powers of laser
diode bars (LDBs) and power densities of two-dimensional laser
diode arrays (LDAs). A new LDA design is proposed and its ther-
mal regime is simulated. The cw output power of the proposed LDA
consisting of standard cw LDBs (output power 100 W, efficiency
50 %, cavity length 2 mm) can reach 5 kW cm2. The parameters of
a coolant flow in the microchannels of the LDA heat sink necessary
to achieve such powers are calculated.
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1. Introduction

One of the most important directions of the development of
modern laser diodes (LDs) is aimed at increasing their output
power. Progress in this field is achieved as a result of optimi-
sation of the cavity length and the reflection coefficients of
mirrors [1], increase in the efficiency [2], and decrease in the
thermal load on the active region. The latter is obtained by
improving the methods of mounting of laser chips on heat
sinks and by using materials with a rather high thermal con-
ductivity and thermal expansion coefficients matched to those
of the laser crystal in order to decrease the thermoelastic
stress and increase the cooling efficiency.

The output power of one LD bar (LDB) in the cw regime
closely approaches 1 kW at a coolant temperature of 15°C, a
total efficiency of 70 %, a standard emitting aperture width of
10 mm, and a cavity length of 4 mm [3]. A year earlier, Frevert
et al. [4] achieved the optical power from one similar LDB in
a pulsed (QCW) regime of 2 kW at a coolant temperature of
—70°C and 1 kW at room temperature. The main obstacle to
increasing the output powers of LDBs is the extremely high
heat flux densities in the cooling system.

Removal of high-density heat fluxes from an LD array
(LDA) - two-dimensional array of LDBs — is even a more
challenging task. One of the recent achievements of
COHERENT-DILAS researchers is the development of an
LDA consisting of eight sandwiches (thermal compensator/
LDB/thermal compensator), each with a power of 450 W.
The LDA output power in the QCW regime was 3.6 kW at a
power density of 2.7 kW c¢cm™ [5]. An LDA consisting of
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50 LDBs with a power of 250 W each emitted cw radiation
with a power density of about 2 kW cm™ at 25°C [5].

A similar result (about 2 kW cm™ in a cw regime) at the
total LDA power of 6 kW was obtained in [6]. In this work,
special attention was paid to solving the problem of deforma-
tions and thermoelastic stresses formed upon operation, and
an LDB smile of about 1 um was achieved at an aperture of
10 mm. The smile must be reduced to improve the uniformity
of the emitting aperture of LDBs and LDAs for industrial
applications.

When analysing the results of works [5, 6], it seems that
the power densities of 2 kW cm™2 for the cw regime and about
3 kW cm2 for the QCW regime are close to the power density
limits for the used structures. The fundamental limits are
mainly determined by insufficient thermal conductivity of
heat-sink materials and a difference between the thermal
expansion coefficients of these materials and semiconductor
crystals of LDBs.

In the present work, we consider an LDA design based on
a principally new approach to the problems of increasing the
LDA cooling efficiency, which consists in direct two-side
cooling of LDBs by a coolant in the LDA structure (RF Patent
No. 2712764, priority date 11.06.2019, Lebedev Physical
Institute, Russian Academy of Sciences, and Inventor’s
Certificate No. 2020137239, 12.11.2020). In the proposed
engineering solution, heat from the LDA was removed
directly by a coolant flow due to convection cooling, which is
more effective than conductive cooling used in all known
LDA structures. We propose an LDA model based on stan-
dard home-developed industrial LDBs with a cavity length of
2 mm operating in the cw regime at room temperature [7]. As
a basis, we consider an LDA structure with an aperture of 10 x
10 mm containing 50 such LDBs.

2. Principal LDA structure and its parameters

A simplified LDA scheme (Fig. 1) shows a fragment consist-
ing of seven LDBs. The dimensions of LDBs (/) are close to
standard (thickness 100 um, length (aperture) 10 mm, and
width (laser cavity length) 2 mm). Each LDB contains 50
emitting clusters, i.e., individual lasers, which fill the LDB
aperture with a fill factor of 50%. The LDBs are positioned
parallel to each other and spaced by 100 um; therefore, the
spaces between the LDB crystals and side walls ( 7) form eight
channels in the form of thin-wall tubes with rectangular cross
sections for circulation of a coolant directly cooling both met-
allised sides of the LDBs. The coolant flows indicated in
Fig. 1 by arrows 8, can be both unidirectional (UD) and
counter-directional (CD) as is shown in Fig. 1 for neighbour-
ing channels. It was shown in [§] on the example of two-layer
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Figure 1. (a) Principal isometric scheme of an LDA with CD coolant
flows and (b) its xz cross section: (/) LDB; (2) sapphire plate; (3) con-
ducting metallised coating; (4, 5) contact electrodes; (6) channel fun-
nels; (7) LDA outer walls; (8) CD coolant flows; (9) output radiation.

microchannel heat sinks that the counter propagation of
coolant flows additionally increases the heat removal effi-
ciency and improves the thermal field uniformity.

On the side of cavity mirrors, the LDBs are attached to
plates 2, which are transparent to the LDB radiation and, in
our case, are made of sapphire with a thermal conductivity of
33 Wm! K-!. Note that these plates can be made of another
transparent material (for example, optical glass) or can be
plane faces of solid-state active elements (slabs or disks)
pumped by the LDA radiation (arrows 9). Plates 7 are respon-
sible for the mechanical strength of the LDA and encapsula-
tion of the channel system. The LDBs consist mainly of GaAs
with a thermal conductivity of 35 W m~' K~!. Our calculation
takes into account the parameters of all layers of the standard
LDBs based on a separate-confinement double heterostruc-
ture, as well as the parameters of metallisation layers. This
LDA design makes it possible to implement double-side cool-
ing of LDBs and, if necessary, to obtain bidirectional output.
The latter can be useful for increasing the LDB power due to
increasing its efficiency, because bidirectional output leads to
an increase in the ratio between the useful and internal losses.

The LDA was pumped by a current flowing through
LDBs connected in series. Electric connection between neigh-
bouring LDBs is provided by the metallisation coating ( 3) of
the walls of channels through which the dielectric coolant
flows. The electric circuit is closed by the positive (4) and
negative (5) electrodes connected to the power supply.

The heat sources in the model are the active regions of
LDBs with the following parameters: thickness 0.1 mm, cw

radiation power 100 W, efficiency 50 %, thermal power den-
sity removed from each LDB 500 W cm™, average optical
LDA output power density 5 kW cm™, and initial tempera-
ture of the system 20°C. The model takes into account the
temperature dependence of the coolant viscosity; as a cooling
fluid, we used distilled water, whose temperature parameters
are given in [9]. The temperature boundary conditions are as
follows: the outer sides of plates 2 (Fig. 1) and the external
input and output sides of the coolant supply tube (6) had a
stable temperature of 20 °C. As is known, for highly efficient
heat transfer, it is preferable to use a turbulent coolant flow
because it is characterised by a thin near-wall layer and, hence
by a larger contribution from the convective cooling mecha-
nism than from the conductive one, which manifests itself in a
higher Peclet number defined as the ratio between the rates of
these two processes.

To calculate the final stationary distribution of thermal
fields and the field of turbulent coolant flow velocities, we
used the finite-element method and the Comsol Multiphysics
software. To solve the turbulence problem, we used a flow
model with automatic selection of near-wall functions, which
was used to calculate the dependence of the turbulent viscos-
ity coefficient on the local fluid velocity and the distance to
the channel wall with allowance for the fluid temperature.
This model is most stable and is characterised by low require-
ments for computational resources. Division into finite ele-
ments was performed automatically; each 58.5-mm? volume
contained more than 123000 discrete elements in the channels
with a liquid coolant. To increase the calculation accuracy,
the number of discrete elements near the channel walls was
considerably increased.

3. Results of 3D simulation

The coolant flow velocities at the entrance to the inlet rectan-
gular funnel were 10 and 15 m s~! at the residual pressure of 2
atm at the end of the outlet funnel. Figure 2a shows the distri-
bution of the coolant pressure in the xy cross section of the
channel, and Fig. 2b presents the average coolant velocity in
the xy plane of the channel 0.1 mm in size in the middle of the
LDB (see the inset in Fig. 2). These distributions are valid for
all channels and both UD and CD flows because the channels
are identical and only the coolant flow direction changes.
Figure 2a shows that, at the initial coolant flow velocities of
10 and 15 m s™!, the pressure at the entrance to the inlet funnel
slightly exceeds 6 and 10 atm, respectively, but the pressure in
the channels between LDBs considerably decreases and is
equal to 5 and 7 atm at the entrance and less than 1.5 and
0.3 atm at the exit. The higher the pressure at the entrance to
the inlet funnel, the lower the pressure at the exit from the
channel, which testifies to the turbulent character of the flow
at the increased pressure. The simulation showed that an
increase in the pressure at the entrance to the channel above
10 atm leads to the possibility of formation of a low-pressure
region at the exit region and to the appearance of cavitation
and air bubbles.

From the viewpoint of the LDA operation reliability, the
cavitation regime is unacceptable and, in addition, the pres-
sure exceeding 10 atm raises requirements to the mechanical
strength of the structural elements, which may cause technical
problems; therefore, in simulation, we did not use input pres-
sures exceeding 10 atm. Analysis of Comsol simulations [10]
showed that, in the chosen ranges of pressures and flow veloc-
ities, the influence of the mentioned low-pressure regions on
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Figure 2. (a) Distribution of the coolant pressure in the cooling system
and cross-section of the funnel-channel—-funnel system coordinated
with the plot, as well as (b) coolant velocity distribution in the central
region of the channel in the xy plane. The dashed line indicates the lon-
gitudinal channel symmetry axis.

the coolant flow velocity and, hence, on the cooling efficiency,
can be neglected.

The calculations showed that the coolant velocity insigni-
ficantly changes along the channel length, which is very
important for uniform cooling of the active elements of
LDAs. As is known, the laminar flow velocity is inversely
proportional to the cross section area. In our case of the tur-
bulent flow in the channels between LDBs, this velocity is
2.2 times higher than the initial velocity at the entrance to the
inlet funnel (10 and 15 m s™') and is 22 and 33 m s}, respec-
tively, in the centre of the channel cross section. Thus, the
fluid flow is turbulent, which makes the heat transfer more
efficient. The coolant flow velocity distribution (Fig. 2b)
noticeably differs from parabolic, i.e., the velocity near the
channel wall increases considerably faster, which is typical for
turbulent flows.

Due to the turbulent character of the flow, its velocity at a
distance of less than 1 pum from the wall (metallised surface of
the LDB crystal) at the initial flow velocity of 15 m s! is
2.7 m s7! and rapidly increases reaching 15 m s~! at a distance
of only 2.5 um, which ensures a high heat transfer efficiency.
At the initial flow velocity of 10 m s~!, the velocity near the
wallis 1.9 m s7!, and the 15-m s™! velocity is achieved by the
flow at a distance of 5.5 um from the wall.

Of special interest for solving the posed problem is the dis-
tribution of temperature fields in the LDA, in particular, in

55 a
QO L
2
250
<
5 L
2.
§ ast
40 —a—10ms!
L ——15ms!
35F
30 1 1 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10
Aperture/mm
- b
50
&
~—~
8 -
2
EdsH
<
=) W
o H
F
40
—a—10ms!
——15ms!
35
1 1 1 1 1 1 1 1 1 1
2 4 6 8 10

Aperture/mm

Figure 3. Average temperature of the active region over the LDA aper-
ture for (a) UD and (b) CD flows.

the LDBs. Figure 3 shows the temperature distribution in the
LDB active region calculated for two initial velocities of the
UD and CD coolant flows.

Zero on the horizontal axis in Fig. 3 (y axis directed along
the channel) corresponds to the entrance to the channel. One
can see that, in the case of UD coolant flows, the thermal field
is nonuniform and its amplitude in the LDB active region
increases in the direction of the channel exit. Since the cooling
fluid temperature increases as it propagates in the channel
along the hot active region of the LDB, the cooling efficiency
decreases in the direction of the channel exit. Moreover, as
the flow velocity increases from 10 to 15 m s™!, the maximum
temperature of the LDB active region decreases from 54 to
45°C, and the average temperature gradient decreases from
3.5to 2°C (Fig. 3a).

Calculations of the average and maximum temperatures
in the LDB active region at coolant flow velocities of 10 and
15 m s at the entrance to the channel showed that the aver-
age temperature is almost identical for both UD and CD
flows, while the maximum temperature in the case of UD
flows exceeds the corresponding temperature in the case of
CD flows by no more than 1.5°C. The maximum tempera-
tures for both type of flows with the considered initial veloci-
ties lie in the temperature range 45—55 °C, which is acceptable
for reliable LDB operation, and these temperatures for CD
flows are lower than for UD ones by, on average, 1 °C. Thus,
the main advantage of cooling by CD flows, i.e., a better uni-
formity of the thermal field distribution over the aperture,
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leads to a decrease in the thermoelastic stress and to better
uniformity of the LDB output parameters. The latter circum-
stance is especially important for spectral summation used to
increase the LDA brightness.

4. Comparison of the direct convective method
of LDB cooling with conductive cooling methods

Two-side cooling of LDBs has been known since long ago
and provides higher efficiency and a more uniform tempera-
ture distribution but is more difficult to implement techni-
cally. As was mentioned above, as a structural element of an
LDA, it was proposed in [5, 6] to use a sandwich consisting of
an LDB crystal between two thermal compensators. It is a
scheme of two-side conductive heat transfer. As far as we
know, our scheme of direct convective cooling of LDBs by a
coolant, including the scheme using alternating CD flows in
one plane, is considered for the first time.

Figure 4 shows the temperature profiles in the cross sec-
tion of the active LDB region with dimensions 2 X 10 mm at a
thermal load of 100 W in the case of mounting both directly
on a copper heat sink (Cu) and with intermediate thermal
compensators and submounts based on CuW, AIN, and syn-
thetic diamond with a thermal conductivity of 100 W m™ K-,
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Figure 4. Temperature profiles in the LDB active region cross section
along (a) the emitting aperture and (b) the cavity length. The output
cavity mirror in Fig. 4b is on the left.

as well as in the case of direct two-side cooling of LDBs (in the
composition of an LDA consisting of 50 LDBs) by CD water
flows with a velocity of 15 m s\,

One can see from Fig. 4 that, at standard mountings, the
UD heat fluxes from the active region and the position of the
output mirror at the heat sink edge lead to a pronounced non-
uniformity of the thermal field; in this case, the temperature
gradient may reach 20°C over the LDB aperture and 14°C
along the cavity length. Naturally, the higher the thermal con-
ductivity of the submount or thermal compensator, the lower
the maximum temperature and nonuniformity of the thermal
field. In particular, at identical thermal loads, the maximum
temperature in the region of the central LDB clusters exceeds
60°C in case of using a CuW temperature compensator and
50°C in the case of a diamond submount. Nevertheless, even
in the latter case, the temperature gradient along the cavity
length (2 mm) is about 7°C.

The dependences shown in Fig. 4 convincingly demon-
strate the qualitative and quantitative advantages of the pro-
posed ‘coolant mounting’. Our mounting variant, in addition
to the possibility of reducing the thermal load on the LDB
mirrors due to the two-side heat removal from the LDA and
additional cooling by structural elements (which is impossible
in standard designs), provides excellent thermal field unifor-
mity over the aperture and along the cavity length. In this
case, the average LDB temperature is 10°C lower than when
using a synthetic diamond submount. These advantages are
important for increasing the LDA reliability because the
larger the temperature gradient, the higher thermoelastic
stresses in both the LDB itself and the soldering interfaces
between the structural elements due to their different thermal
expansion coefficients. ‘Coolant mounting’ minimises these
problems. As a result, we have an almost plane temperature
profile in the active region cross section over the aperture and
the temperature of LDB mirrors 7 °C lower than the tempera-
ture in the middle of the cavity.

5. Conclusions

The calculations and analysis of the obtained results show
considerable advantages of the new method of direct cooling
of LDBs by a coolant. It should be noted that in our model we
used LDBs with intentionally reduced parameters (cw power
100 W, total efficiency 50 %), but, nevertheless, the calculated
optical cw power density of the LDA was 5 kW cm™ at a
coolant temperature of 20°C, which exceeds published
records by 2.5 times. We estimate that, using LDBs described
in the aforementioned works (power 250 W, total efficiency
65%-70%) and increasing the packing density of LDBs in
the array, we may achieve the calculated power density of
LDAsS of our design exceeding 15 kW cm™.

It is obvious that, at present, the practical implementation
of the proposed design is a complicated engineering problem
related to the development of new and, probably, expensive
technologies of LDA assembling. This includes, in particular,
mounting of LDBs, providing hermetic sealing, formation of
turbulent CD coolant flows in neighbouring channels, mini-
misation of thermoelastic stresses, increasing the LDB pack-
ing density in the LDA to increase the output power density,
etc. This raises the question of to what extent the advantages
of the LDAs of the new design will be able to compensate for
the problems with their fabrication. The present work par-
tially answers this question.
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