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This paper presents the results of a thermal computational analysis of a two-dimensional
laser array emitting from a surface. The array consisted of eight equispaced ridge-waveguide
edge-emitting nitride diode lasers. Surface emission of light was obtained using mirrors
inclined at 45°. The authors investigate how the geometrical dimensions of the array emitters
and their pitch in the array affect the increase and distribution of temperature in the device.
They also examine the influence on the temperature increase and distribution of the thickness
of the insulating SiOz, the thickness of the gold layer forming the top contact of the laser,
and the thickness of the GaN substrate, as well as the influence of the ridge-waveguide width.

1. Introduction

Semiconductor light sources based on III-N materials
enable the emission of radiation in the visible spectrum.
Such semiconductors have various applications — e.g., in
colour displays, pico projectors, translucent displays,
lighting devices, high-resolution printing, wireless optical
communication in the visible range, underwater commu-
nication, lidars, medical diagnostics, biosensors, and
spectrometers. In many of these applications, the power of
the emitted light and the shape of the optical beam are
important. It is often desirable to emit light from the surface
of the device. This allows for easy scaling of optical power.
It gives the device better thermal properties and enables
better coupling of the emitted beam with other optoelec-
tronic elements. These features can be achieved by building
two-dimensional (2D) laser arrays emitting from the surface.

A natural candidate for a single emitter in such an array
is a vertical cavity surface emitting laser (VCSEL). The 2D
VCSEL arrays produced commercially are based on
arsenide material systems and emit powers up to the order
of kW [1]. Unfortunately, such arrays emit radiation only
in the near infrared spectral range. Nitride VCSELs still
have several weaknesses and limitations, despite huge
progress in recent years [2]. Nitride VCSELs emitting over
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10 mW have been reported [3] which were tested in a 2D
array containing 256 individual emitters [4]. However, the
array emitted only 1 W of power.

Only edge-emitting lasers (EELs) are commercially
available for use as blue light emitters [5]. One-
dimensional (1D) matrices of blue EELs can be made,
usually, consisting of several devices [6]. An alternative
approach is to construct a 2D array based on EELs, in
which the emitted beam is directed upwards — e.g., by
means of external mirrors directed at an angle of 45°. This
idea was presented in 1977 for lasers made in the arsenide
technology [7-9]. However, the concept was later
abandoned, mainly because VCSEL technology and the
technology for 2D VCSEL arrays had been well mastered.
In the case of VCSELSs built in nitride technology, which
still presents a significant challenge, the concept of a 2D
EEL array emitting upwards may be a good solution. The
high thermal conductivity of GaN could be very beneficial
in the case of 2D matrices.

This paper presents the results of a thermal
computational analysis of a 2D array of nitride EELs. The
examined array consisted of eight emitters. Surface
emission of light was obtained using mirrors inclined at an
angle of 45° which redirected most of the emitted radiation
upwards. The authors investigated the influence of the
geometrical dimensions of the array emitters and their
alignment in the array on the temperature increase and
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distribution in the device. The influence of the thickness of
the SiO, insulating layer, the thickness of the gold layer
forming the top contact of the laser, the GaN thickness, and
the ridge-waveguide width have also been examined.
Particular attention was given to the self-heating effect of
the individual emitters of the array. To the best knowledge
of the authors, this is the first analysis of a 2D array of
nitride EELs. It, therefore, marks the first step towards the
design and production of this type of array.

2. Structure

Simulations were conducted to facilitate further design
and technological work. The modelled array consists of
nitride EELs. The emitted beam was directed upwards by
slanted mirrors (see Fig. 1). Such a geometry of the emitter
is possible to be fabricated thanks to patterning the GaN
substrate prior to the metalorganic vapour-phase epitaxy
(MOVPE) to create the 45° inclined planes. Next, the
growth and processing are performed. As one of the final
steps of the processing, the vertical etching is made which
defines the laser cavity, as well as lowers the 45° mirrors
so that the laser beam is incident on the middle of the
mirror. The single array emitter was designed to emit a
wavelength of around 430 nm. Details of the construction
are given in Fig. 1, Fig. 2, and Table 1. Such a single laser
was fabricated, and its experimental light-current-voltage
(LIV) curve is presented in Fig. 3. Table | also includes
thermal conductivities of the materials at 300 K which were
used in the simulations. Calculations by the transfer-matrix
method give the reflectivity of the 45° mirror of around
8.7% which is quite low. That is why it is preferred to coat
the mirror with high reflection coatings.

Fig. 1. Schematic of the laser used to build the simulated array
(not to scale).

Fig. 2. Cross-section at the half-length of a single emitter:
schematic of the layers (left) and the calculated
temperature distribution inside the emitter (right),
assuming a dissipated thermal power of 1 W and a heat
sink temperature of 300 K (figure to scale).

Table 1.
Details of the layers used in the EEL structures (Fig 2):
d denotes the thickness of the layer, thermal conductivities &
are at 300 K [10-14].

Material d [nm] k [LK]
m -
u-Au 1000 319.0
u-Si0: 200.0 1.38
p—GaN 210.0 78.80
p-Alo.o4sGaN 550.0 46.49
p-Alo-0.045GaN 100.0 92.52
p-(Alo.12GaN/GaN) x 9 2.0/2.0 21.50/43.86
p-Alo.12GaN 2.0 21.50
p—-GaN 2.0 50.72
Pp—Ino.043GaN 65.0 15.10
GaN QB 4.0 55.04
Ino.2GaN  QWaeep 3.1 6.13
Ino.06GaN QWshallow 1.3 11.21
GaN QB 5.0 56.51
Ino.2GaN  QWaeep 3.1 6.13
Ino.osGaN QWshallow 1.3 11.21
GaN QB 5.0 56.51
n-Inoe.043GaN 50.0 15.10
n-GaN 10.0 60.20
n-Alo.oss-0GaN 350.0 74.82
n-Alo.oesGaN 800.0 33.72
n-Alo.o23GaN 2.0-10° 75.07
u—GaN (substrate) 300.0-10° 150.0
u-PbSn (solder) 5.0-10° 50.0
u—Cu (heat sink) 5000.0-10° 400.0

Fig. 3. Measured LIV characteristics of an EEL similar to those
used in the array.

The lasers used in the array are ridge lasers (the ridge width
was assumed to be 2 um) with two quantum wells in the
active region. The wells are made of InGaN with different
indium compositions. They are divided between a deeper
part (QWdeep) and a shallower part (QWshallow). The
barriers (QBs) separating the wells are made of gallium
nitride. The active region is surrounded by p-type and n-type


https://doi.org/10.24425/opelre.2022.144115

D. Dgbrowka et al. /Opto-Electronics Review 30 (2022) el44115 3

waveguide and cladding layers. At the very top, there is a
gold layer which acts as an electrical contact and a heat
spreading layer. Outside the ridge, on almost the entire
surface, the gold layer is separated from the structure by
a 200 nm thick silicon dioxide insulating layer (see Fig. 2).
The laser and the whole array were made on a 300 pum thick
gallium nitride substrate with lateral dimensions of
4.5 mm x 4.5 mm, and then attached to a copper heat sink
with dimensions of 2 cm x 2 cm and a thickness of 5 mm.
The device was mounted on a copper heat sink using tin-
lead (PbSn) solder.

3. Numerical model

The simulations were performed using a program
written by the Photonics Group of the Institute of Physics
at Lodz University of Technology. The program simulates
physical phenomena occurring during the operation of
semiconductor lasers and their arrays [15]. The part used to
model thermal phenomena is based on a 3D finite element
method (FEM). In this paper, the continuous wave (CW)
operation of the array is analysed. In this case, the equation
of thermal conductivity can be written as follows

Ve [k(x,y,2) X V(T (x,y,2))] = —g(x,y,2), (1)

where k is the thermal conductivity, T is the temperature,
and g is the volumetric power density of heat sources. For
the performed calculations, it was assumed that the heat
was generated in particular layers of the laser, with the
greatest amount of heat (50%) generated in the active area.
Distribution of the remaining half of the power is shown in
Table 2. This heat sources distribution is taken from self-
consistent electrical-thermal simulations of the single
emitter. Additionally, calculations for the case where 100%
of the power is in the active region of the laser were
performed. The difference in temperature increases between
these two analysed cases is less than 10% in favour of the
distribution presented in Table 2.

Table 2.
Assumed percentage of generated power D, in the laser areas
and layer thicknesses d.

The layers given in Table 2 have their widths equal to
the width of the ridge Sgy, . The thicknesses d is given in
Table 2. The length L is equal to the length of the laser
(parameter L in Fig. 4).

The authors assume that the side and top walls of the
laser are thermally isolated, and the bottom of the copper
heat sink is kept at a constant temperature of 300 K.

The calculations were performed in a self-consistent
manner, assuming that the thermal conductivity of the
semiconductor layers forming the laser varied with
temperature. A more detailed description of the model may
be found in Refs. 16 and 17. The temperature dependence
of the thermal conductivity is expressed by the temperature
coefficient d and is as follows:

I}
k(T) = k(300 K) - [ﬁ] . 3)

The temperature coefficient § = —1.4 was used for the
layers forming the QWs, the AlgossGaN and AlgossGaN
gradient layers, and the GaN substrate. However, the
thermal conductivities of gold, silicon dioxide, copper, and
tin-lead solder were assumed to be constant because in the
considered temperature range their slight changes do not
have any significant impact on the results. The values for
thermal conductivity at room temperature used in the
simulation are given in Table 1, which also gives detailed
information on the structure of a single emitter [10—14].

4. Results

The simulation began by determining the temperature
distribution for different powers of the heat sources, in a
single emitter located at the centre of the substrate. The
dimensions of the substrate (4.5 mm x 4.5 mm x 300 um)
and heat sink (2 cm x 2 cm x 5 mm) were the same as for
the array. The maximal temperatures for single emitters are
given in Table 3.

Table 3.
Maximum temperature Tmax in a single emitter array and thermal
resistance R for three values of laser length L and heat source
powers in the single emitter of 1, 2, and 3 W.

Percentage of

Layer @ [nm] generated power Do,
p—GaN 210.0 20%
p—Alo.ossGaN 550.0 20%
p—Alo-0.04sGaN 40.0 2%
p—Alo-0.045GaN 60.0 3%
p—Alo.12GaN/GaN 40.0 2%
p—Ino.043GaN 65.0 3%
Active region 22.8 50%

The appropriate value of the power density g was
obtained by dividing the percentage of power dissipated in
the given region by the volume of that region 1/, :

_Dy " Po_ Dy - Po @)
IV, Td Sw L

Power
in the single 1w 2W 3IW
emitter
Tmax Rth Tmax Rth Tmax Rth
L [pm] -1 -1 -1
Kl KW K] KW [K] [KW]
600 3343 343 | 373.1 366 | 417.0 39.0
900 3223 223 | 346.5 233 | 3727 242
1200 3169 169 | 3350 17.5 | 3543 18.1

The temperature distributions were obtained for three
different values of the laser length L. For each of the three
values of L, the temperature distributions were also
obtained for three different powers of the heat source. The
highest temperatures in the array are shown in Table 3. The
temperature rise above the temperature of the heat sink
(AT) in the reference array (L = 900 um) was 22.3 K for
1 W of heat power (see Fig. 2). As can be seen in Table 3,
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for each considered value of the parameter L, a two-fold
increase in the heat source power (from 1 W to 2 W) only
slightly exceeds more than doubling of AT. The observed
temperature changes are nonlinear with the increase of the
separated power in the emitter. The temperature isotherms
inside the 900 um laser are shown on the right side in
Fig. 2. As can be seen, the temperature rise occurs mainly
in the immediate surroundings of the active region, in the
ridge-waveguide, and in the gold contact located directly
above the waveguide.

Subsequently, calculations were performed for laser
arrays with eight lasers. The number of emitters per surface
unit is a key parameter for a laser matrix. For this reason,
the authors analysed three values of parameter A (see
Fig. 4) which determines the length of a single laser ridge,
the distance between the facets of adjacent emitters (along
the z axis), and the pitch along the x axis. As a result, there
are 16 evenly distributed points emitting light on the
surface of the array.

Knowing the maximum values and temperature
distributions in a single emitter, a thermal analysis of eight-
element arrays was performed. As already mentioned, the
emitters in the array are arranged to form 16 evenly spaced
light sources on the surface (see the red dots in Fig. 4). An
array with A = 900 um was used as the reference array. A
comparison of the results in Table 3 (for L =900 pm) and
Table 4 shows that in the reference structure the thermal
interaction between the emitters is not particularly strong.
This is confirmed by the isotherms shown in Fig. 4 which
were drawn for the active-region plane and are very similar
for all the emitters. The lack of interaction is due to the
large distances between the ends of the waveguides,
vertically and horizontally (parameter A).

Table 4.

Maximum temperatures and thermal resistance R in four
emitters closest to the centre of the array (L11) and four
outermost emitters (L12) (see Fig. 4) obtained for three different
heat source powers in each emitter located in the array
and A = L =900 pm.

Power L11 emitter L12 emitter
per emitter 7y, R Tmax R
in the array K] [K-W1] K] [K-W1]

1W 324.1 24.1 323.7 23.7
2W 350.4 25.2 349.5 24.8
3W 379.2 26.4 377.6 259

Figure 5(a) shows the dependence of the maximum
temperature in the array on parameter 4, obtained for heat
sources of 1, 2, and 3 W. For the lowest considered power
when 4 is reduced from 900 pm to 600 pm, the temperature
increases by around 56%. When 4 is changed from 900 um
to 1200 um, the temperature falls by around 24%.
Reducing the length of the emitters and bringing them
closer together causes a significant increase in temperature
in the upper structural elements [see Fig. 5(b)]. This
increase is mainly caused by the varying density of the heat
source. The thermal crosstalk remains small, even for the
smallest distances considered [see Fig. 5(c)]. In the case of
higher powers, greater relative temperature variations are
observed (between a 65% increase and a 26% decrease for
3 W per emitter).

Next, the influence of the thickness of the upper gold
contact was examined. The gold contact is the uppermost
layer in the emitter. Its main function is to act as a positive

Fig. 4. Top view of the eight-element EEL array with the most important dimensions marked. The
temperature distribution in the xz section at the active region obtained for the reference
structure (A = L =900 um) is also shown. All dimensions are given in pm. The emitted
light sources are marked with red points in the diagrams.
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Fig. 5. Maximum temperature and thermal resistance (a) in the array depending on parameter A4 obtained for different powers of
heat sources in the emitter; temperature distributions (b) around the active region of the emitter L11 [in the centre of the
emitter, xy section (see Fig. 4)] in an 8-element EEL laser array where A = 600 um (on the left) and A = 1200 pm (on the
right), and the heat source power for a single emitter is 1 W. Temperature distributions (c) at the x-coordinate,
at the height y corresponding to the centre of the active region, and the z-coordinate corresponding to the centre of the

emitter [xy section (see Fig. 4)].

electrode. It also acts as a heat spreader, allowing for a
more efficient heat transport from the active region to the
heat sink and reducing temperature in the entire structure.
In the reference structure, the thickness of the gold layer is
1 pm. Figure 6(a) shows the impact of the thickness of the
gold layer (dau) on the maximum temperature Tmax in the
case of a heat source power of 1 W.

As can be seen, significant changes in the maximum
temperatures and their distributions occur when da, is
varied. A gold layer thinner than 1 pum results in
a significant increase in temperature of the active regions
of the emitters. When da, is reduced from 1 um to 0.4 pum,
temperature increases by about 12%. As can be seen from
Fig. 6, a further improvement in the thermal properties of

Fig. 6. Maximum temperature (a) in array emitters depending on the thickness of the gold layer for the inner
emitters (L11) and outermost emitter (L12); temperature distributions (b) in L11 obtained for the
reference thickness of the gold layer: dau=1 pm (on the left) and for the increased thickness
dau=3 um (on the right). The cross-section plane refers to the centre of the emitter.
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the array may be achieved by increasing the thickness of
the gold up to 2 pum or 3 pm. A 3 um thick layer reduces
the temperature increase by about 12% relative to a 1 pm
layer. Complete elimination of the gold layer causes a
temperature increase of 54%.

The influence of adding another layer in the emitter was
also analysed. This SiO; layer isolated the gold electrode
from the semiconductor structure in the area of the ridge
side walls and outside the ridge, leaving only a 1 pm wide
electric contact at the top of the ridge. This defined the
width of the current injection region. The thickness of the
SiO, layer should not be too low, due to the risk of
electrical breakdown when the laser is biased. The
calculations showed that even doubling the thickness of the
Si0O; layer from 200 nm to 400 nm results in a temperature
increase of less than 2%. This means that the thickness of
the layer can be safely increased to a certain extent,
although a perfectly thermally insulating SiO, layer would
increase the temperature rise by a significant 46%.

The analysed array is assumed to be grown on a gallium
nitride substrate. The substrate is one of the most important
elements of the array, from the point of view of the thermal
properties of the device. Thanks to its high thermal
conductivity, it acts as an effective heat spreader, provided
that its thickness is properly chosen. Another important
parameter is the quality of the thermal contact between the
substrate and the heat sink. In the authors’ simulations, the
quality of the thermal contact is expressed by the value of
the effective thermal conductivity of the PbSn solder (apbsn)
[18, 19]. Three realistic values were considered: 10, 20, and
40 W/cm*K. However, in the case of a perfect thermal
connection between the solder, the heatsink, and the
substrate, the effective thermal conductivity is
1000 W/cm*K.

The results of the simulations are shown in Fig. 7. The
calculations were performed using the most commonly
assumed value for the thermal conductivity of GaN
substrates, 150 W/m-K [20]. Calculations for 50 W/m-K
which is close to the thermal conductivity of gallium
arsenide were also performed [21]. This enabled a
comparison of the thermal properties of the analysed nitride
array with a similar array made in arsenide technology.

The results show that a reasonable thickness for a GaN
substrate is between 100 and 200 pm. For a power of 1 W
per emitter and in the case of a heat transfer coefficient of
the solder in the range of 10-40 W/cm?-K, the maximum
temperature increase in the array is 25-30 K. A further
increase in the substrate thickness does not significantly
reduce the temperature in the array. Differences in the
temperature rise when the GaN substrate has a thickness of
200 pm and when it has a thickness of 300 pm are at most
0.5 K. As can be seen in Fig. 7, reducing the thickness
below 100 um causes a rapid deterioration of the thermal
conditions inside the device.

Figure 7 also shows that an analogous array made on a
GaAs substrate would have significantly worse thermal
properties than an array made on a GaN substrate. The
increase of the temperature in the emitters of a device on a
GaAs substrate would be 40—70% greater.

The emitters in the array are assumed to be ridge-
waveguide EELs. The width of a ridge in a nitride EEL is
usually from 1 to several pm. In this paper, the authors
studied the effect of varying the ridge width between

Fig.7. Maximum temperature depending on the layer thickness
Haan, thermal conductivity kcan of the GaN substrate, and
different values of the heat transfer coefficient of the
solder appgy.

2—15 um on the thermal properties of the array. The
calculations assume that the width of the electric contact is
1 um smaller than the ridge width and that the power of the
heat source is kept constant. The results are shown in Fig. 8
for the highest considered value of the thermal conductivity
of the solder and for five different values of the heat source
power. The reduction in temperature caused by widening
of the ridge is a result of lowering the density of the heat
sources power. However, this reduction is not proportional
to the increase in the volume of the active region. The
temperature rise for an array with emitters with a ridge
width of 15 pm is almost 30% smaller than in the case of
an array made of lasers with a ridge width of 2 um, while
the density of the heat sources fell 8-fold.

Fig. 8. Dependence of the maximum temperature in the array on
the power of the heat source Pq dissipated in each of the
emitters, for different widths of the emitter ridge-
waveguide Srw.

5. Conclusions

This paper has presented a theoretical thermal analysis
of a 2D surface emission array consisting of eight edge
emitting lasers to which 45° mirrors are attached enabling
light emission from the surface. In an array where the
distance between the emitters is equal to 900 pum, there is
no strong thermal interaction between the emitters. The
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increase in the maximum temperature in the array is about
8% higher than for a single laser array placed on the
substrate and heat sink. Reducing the distance between the
emitters leads to a more pronounced crosstalk. For
example, for a distance between emitters equal to 600 pum,
a temperature increase of 56% can be observed.

The maximum temperature increase in the array was
found to depend strongly on the thickness of gold placed
on the top surface of a single emitter. With a gold layer
thickness of 4 pm, the temperature increase was 40% lower
than for an emitter with no gold layer. The thickness of a
SiO, layer insulating the top electrode from the
semiconductor was found to have no significant influence
on the temperature increase in the array. From the point of
view of the laser thermal properties, the optimal thickness
of the GaN substrate was determined to be in the range of
100200 um. However, this value depends on the quality
of the solder and the quality of GaN itself.

A comparison between the GaN substrate with a
hypothetical GaAs substrate revealed a 40-70% higher
temperature increase in the array based on GaN.
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