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In the present paper, thermal properties of arsenide and phosphide optically pumped vertical-
-external-cavity surface-emitting lasers (VECSELSs) emitting the 1.3-um radiation have been
compared with the aid of the self-consistent finite-element method. Both monolithic VECSEL
structures as well as VECSELs manufactured using the wafer fusing to combine phosphide layers
with arsenide mirrors have been examined. The main goal of the paper is to discuss thermal
VECSEL properties and to find an optimal material system characterized by the best thermal
parameters enabling producing efficient VECSELs emitting radiation of the second telecom
window (1.3 um). In most cases, arsenide VECSELs have been found to exhibit lower thermal
resistances than the phosphide ones. Besides, as expected, the most efficient heat-sinking has been
determined for heat spreaders made of high thermal-conductivity materials. However, a final
choice of an optimal VECSEL structure emitting the 1.3-um radiation is still under question.

Keywords: vertical-external-cavity surface-emitting laser (VECSEL), semiconductor disk laser (SDL),
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1. Introduction

Optically pumped vertical-external-cavity surface-emitting lasers (VECSELSs), also
known as semiconductor disk lasers (SDLs), are modern semiconductor devices, which
combine virtues of vertical-cavity surface-emitting lasers (VCSELs), edge-emitting
lasers (EELs) and solid-state lasers [1]. Their unique properties give possibility to
generate high-power radiation (from hundreds of milliwatts [2] to even 70 W [3]) with
low-divergent, circularly symmetric output beams.

VECSELSs with properly chosen active regions may be potentially used in a fibre-
-optic communication as emitters for the second telecom window (1.3 um). Moreover,
they enable doubling a frequency of emitted radiation into its visible range using
nonlinear crystals placed in their external cavities. Thanks to high power and high
quality of their laser beams, such a conversion can be relatively quite efficient. There-
fore described lasers may be used in the multimedia technology to design mobile and
cinema projectors, laser TV-sets and so on. Nowadays there are some various options
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to develop VECSELSs operating at 1.3 um. Such VECSELs can be manufactured by
monolithic growth of arsenide [4—7] or phosphide structures with GaInNAs or AlGalnAs
quantum wells (QWs), respectively. Moreover, with the aid of the wafer fusion
technique, it is possible to combine InP-based active regions with AlGaAs/GaAs
distributed Bragg reflector (DBR) mirrors [8, 9], characterized by higher refractive-
-index contrast and better thermal properties than phosphide ones.

Unfortunately, high-power operation of optically pumped VECSELs is being
hampered by thermal issues. Poor VECSEL thermal behaviour is a result of an inten-
sive pumping, inefficient heat extraction and limited power conversion efficiency. As
their pumping sources, single diode lasers or arrays emitting radiation of powers from
few [2] to even hundreds of watts (up to 400 W [3, 10]) are usually used. Power
conversion efficiency, understood as an output to pumping power ratio, is in turn of
the order of few to tens percent (up to the highest now demonstrated value of about
50% [10]). It means that a significant part of absorbed energy is converted into heat,
which leads to high temperature increases within their active regions. Therefore
a proper design of both an epitaxial structure and assembly configuration is crucial for
efficient VECSEL operation.

The paper is devoted to numerical modelling of thermal properties of various
VECSELs operating at 1.3 um. Calculations have been carried out with the aid of
the self-consistent thermal finite-element method. Both monolithic arsenide and phos-
phide structures as well as wafer-fused ones with the InP-based active regions and
the GaAs-based DBR mirrors have been investigated. Various VECSEL configura-
tions have been compared and various factors influencing their thermal properties
have been analyzed. The main goal of this work is to find both the material system
characterized by the best anticipated thermal properties and the most efficient laser
configuration, which could enable designing potentially high-power VECSELs oper-
ating in the second telecom window.

2. The laser structure

Figure 1 shows a structure of a typical VECSEL with an upper heat spreader.
A semiconductor chip consisting of a multi-quantum-well active region and a DBR mir-
ror is attached to a copper heat sink and closed in a copper submount. Operation of its
high-thermal-conductivity heat spreader, bonded to the laser top surface with the aid
of liquid capillarity, consists in accepting and spreading heat generated within the ac-
tive region. The external cavity extends from its DBR mirror to the spherical output
coupler. The active region is closed by a window confinement layer from the beam
extraction side, which prevents carriers from diffusing to the semiconductor—air
interface, where they could recombine nonradiatively.

Thermal phenomena have been simulated in the following VECSEL structures
(c¢f. Table 1): the monolithic arsenide (A) one, the wafer-fused phosphide-arsenide
(PA1, PA2) ones and the monolithic phosphide (Pla, P1b, P2a, P2b) ones. For each
of above structures, calculations have been carried out for six different VECSEL
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Fig. 1. Typical VECSEL structure with an upper heat spreader. Not to scale.

Table 1. Modelled structures.

Structure Wavelength Active-region material DBR mirror material
symbol of pumping radiation [nm] (substrate) (substrate)

A 810 GalnNAs/GaAs (GaAs) AlAs/GaAs (GaAs)
PA1 808 AlGalnAs/InP (InP) AlAs/GaAs (GaAs)
Pla 808 AlGalnAs/InP (InP) InGaAsP/InP (InP)
P1b 808 AlGalnAs/InP (InP) AlGalnAs/InP (InP)
PA2 980 AlGalnAs (InP) AlAs/GaAs (GaAs)
P2a 980 AlGalnAs (InP) InGaAsP/InP (InP)
P2b 980 AlGalnAs (InP) AlGalnAs/InP (InP)

configurations shown in Fig. 2. The AG configuration is assumed just to be attached
to the copper heat sink. In the TD one, the substrate is completely removed.
An additional internal heat spreader has been applied between the DBR mirror and
the heat sink in the TDIH configuration. AGH, TDH and TDDH configurations are
very similar to those of AG, TD and TDIH ones, respectively, however additionally
upper heat spreaders and upper copper submounts closing their semiconductor struc-
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Fig. 2. Considered VECSEL assembly configurations: AG — as-grown, TD — thin device, TDIH — thin
device with an internal heat spreader, AGH — as-grown with an upper heat spreader, TDH — thin device
with an upper heat spreader, TDDH — thin device with a double heat spreader. Not to scale.

tures have been used. Following denotation describing specific lasers has been
assumed: structure(configuration), e.g., A(AGH) laser or PA1(TD) laser.

In order to make easier the comparative analysis of thermal properties of described
VECSELs, following assumptions concerning their structures have been taken into
account in our calculations:

— Active regions consist of five pairs of QWs separated by absorbing barriers. All
pairs are located in successive antinodes of laser standing waves (resonant periodic
gain configuration). Optical length of active regions is 34,;; (Where A, is the wave-
length of emitted radiation).

— Optical length of window layers is equal to A.,;;/2.

— All heat spreaders are made of natural diamonds of 270 wm thickness.

— 300 pum substrate is used in the AG and AGH configurations.

— All structures are attached to the copper heat sink of 15 mm thick and
25.4 mm wide.

— VECSEL structures in the AGH, TDH and TDDH configurations are closed in
copper submounts of geometrical dimensions shown in Fig. 1.

— Bottom heat sink surfaces are kept at constant temperature of 300 K.

— Number of DBR layers are chosen to achieve reflectance of the 99.9% order.

The following VECSEL structures are considered:

— The A structure, which has been designed on the basis of results published
in [4-7]. According to these papers, the VECSEL structure is set on the GaAs substrate
and its DBR mirror consists of 25.5 pairs of the AIAs/GaAs layers. In the active region,
five pairs of the 7-nm thick Ga c3In( 37N 012A8 933 QWS are separated by the GaAs
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barriers (13-nm in each pair and 158-nm between neighbouring pairs). Calculated
thicknesses of outer barriers and the Al, ;Ga; ;As window layer are 192 and 203 nm,
respectively. On the top surface, the thin 1-nm cap layer has been applied to prevent
from oxidation layers below. In its AGH configuration, semiconductor structures
have been mounted on the heat sink with the aid of the 125-um thick indium foil (as
in [4-7]). In fact, from the point of view of thermal issues, it is practically unimportant
if thick foil or thin solder is used in structures with such thick substrates. It can be seen
in Fig. 3 which shows a relation between the maximal temperature 7, ,, and indium
layer thickness d}, for various configurations of A structure. Simulations have been
carried out for the power of heat sources P, = 5 W and the pumping-beam 1/e diam-

eter ¢ =200 um.

A, Py=5W, ¢=200 um
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Fig. 3. Relation between the maximal temperature 7,,, and indium layer thickness dj, for various

configurations of the A structure. Py, is power of heat sources and ¢ is the pumping-beam 1/€% diameter.

Moreover, one can see that also in the case of configurations with internal heat
spreaders (TDIH, TDDH) the In-layer thickness has rather a limited influence on
the device temperature in the 1-200 um range. However, the 125-um foil has been
replaced with the 4-um thick indium solder in these configurations, since, after such
difficult and expensive technological process as substrate removing or internal heat
spreader applying, it is natural to use as thin solders as possible not to decrease
the device thermal properties. The 4-um thick indium solder has been also applied
in TD and TDH configurations since in these cases the thick In-foil becomes a more
serious barrier for heat fluxes flowing from the active region towards the heat sink.
The solder has been also used in the AG assembly to increase its thermal properties as
much as possible. Described laser is pumped by a fibre-coupled laser diode array
emitting the 810-nm radiation.

— The PA1 structure has been designed following the results published in [8, 9].
According to them, its structure contains the InP-based active region and the arsenide
DBR mirror, which are manufactured in two separate epitaxial processes and then
they are connected with each other with the aid of the wafer fusion technique.
First, the active region consisting of five pairs of the 7-nm Al ,Ga, ;gIn, cgAs QWs
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separated by the 158-nm thick InP barriers is grown on the InP substrate. Then,
the active-region thickness becomes equal to 3 A In each pair, there are addition-
ally three 10-nm strain-compensation Al ,5Ga, 561N 46As layers. On the active region,
the 255-nm Al 53In, 47As window layer and the 10-nm InP cap layer are applied. Then,
in the case of the structure reported in [8, 9], the DBR mirror consisting of 35 pairs of
the Al, ¢Ga, | As/GaAs layers has been deposited on the GaAs substrate. However, in
order to unify modelled lasers for our comparative analysis, the same AlAs/GaAs mir-
ror as in the A structure has been assumed in our calculations. As it has been mentioned,
the InP-based active region and the arsenide DBR mirror are connected with the aid
of the wafer fusion process. Then, the InP substrate is completely removed by wet
etching. The complete structure is set on the copper heat sink and closed in the copper
submount. The clamping of the AGH configuration has been completed by using
the 125-um indium foil, whereas in remaining arrangements, by the 4-um indium
solder. Described laser is pumped by the fibre-coupled laser diode emitting the 808-nm
radiation.

— The PA2 structure has been also projected using the results published in [8, 9]
and is very similar to the PA1 structure. However, in this case, the wavelength of
the pumping radiation is equal to 980 nm instead of 808 nm used in the previous
case. Because of that, InP barriers in the active region have to be replaced by
Alj31Gay 16Ing 53As ones of a lower bandgap. The window layer should be made of
InP instead of Al 53Ing 47As and the cap layer is not necessary, as there is no risk of
oxidation. The above differences are the only ones between the PA2 and the PA1 struc-
tures.

— Monolithic phosphide Pla, P1b, P2a and P2b structures have been designed by
modifying the PA1 and the PA2 structures, in which their arsenide DBR mirrors are
replaced by phosphide ones. In the case of the Pla and the P2a structures, 72 pairs of
the InGaAsP/InP layers have been applied, where the InGaAsP material composition
is selected to have the bandgap corresponding to the 1.18-um radiation. In the P1b and
P2b structures, on the other hand, the DBR mirror has been composed of 48 pairs of
the Alj,Ga, ,;In, 53As/InP layers. In order to reduce overall laser thermal resistance,
all indium foils are replaced by the 6-um aluminium ones. Both the above InGaAsP
and Al,,Ga,,;In; s3As materials have a lower bandgap than the InP one, so, in
the P1a and P1b structures, phosphide DBR mirrors do not confine carriers in the active
region. Therefore, to reduce carrier out-diffusion, the additional 255-nm Al 53Ing 4;As
layer has to be placed between the active region and the mirror. In this way, it plays
an analogous role as the upper window confinement layer.

Diagrammatic graph of band structures of materials anticipated to be used to
manufacture considered lasers is shown in Fig. 4. It was developed with the aid of
models and parameters described in [11] with the aid of data published in [12-16]. In
the case of bulk materials (used in barriers, windows and DBR layers), strain resulting
from a lattice mismatch is not taken into account. Therefore Fig. 3 may only sche-
matically show some problems connected with carrier confinements. As an example,
the band structure of the A laser is shown in Fig. 5.
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Fig. 4. Positions of the conduction and valence band edges in considered materials [11-16].
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Table 2 contains material parameters assumed in our thermal simulation, i.e.,
thermal conductivities at 300 K (k300x) and their thermal dependences as well as
absorption coefficients for the pumping radiation estimated taking into account
literature data.

Due to the lack of experimental values of the absorption coefficient of AlGalnAs,
it has been assumed to be the same as for InP. However, the results of our calculations
show that it has rather a limited influence on device temperature. Even assuming that
it is two times higher than for InP (65278 1/cm), the utmost change of the maximal
temperature of modelled devices does not exceed 2% (1% on average).

The following formula describing the Ga, _In N As, _,, thermal conductivity at
300 K has been derived on the basis of its values in the binary InN, GaN, InAs and GaAs:

B 1-x)y x(1-y)
k 1,300K) = Xy 4 +
GatnNAs (5> Y ) {kw@oo K) kg (300 K)  kppp (300 K)

-1
A-00-y , x1-x) , y(l—y)} [W}
kGaAs(300 K) CInGaN CGaNAs Km
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where: k1, (300 K) = 45 W/(Km) [23], kg, (300 K) = 220 W/(Km) [24], kj,5(300 K) =
=26.5 W/(Km) [18, 25], kgaas(300 K) = 44 W/(Km) [22], Cj,gay = 1.5 W/(Km) [24,
26, 27], Cganas = 1.4 W/(Km) [28, 29]. Taking advantage of temperature dependences
of thermal conductivities for the GaAs, InAs and GaN binary compounds, the follow-
ing equation describing analogous temperature dependence of the GaInNAs thermal
conductivity within the 300—-450 K may be written:

300 K\ 02 W
kGalnNAs(T) = kGalnNAS(x’ v, 300 K)( 7 ) |:E:|

3. Results

Thermal simulations have been carried out within the area of the considered VECSEL
structures with the aid of the self-consistent thermal finite-element method. Side and
top device walls have been assumed to be thermally isolated since the thermal radiation
and the acceptance of thermal energy by air particles from these walls have been found
to be negligible as compared with an intense heat-flux extraction by the laser copper
heat sink [37]. On the other hand, the bottom surface of the heat sink is assumed to be
kept at constant temperature 7}, = 300 K. In our simulations, the Gaussian intensity
profile of a pumping beam and its vertical penetration through successive laser layers
have been assumed. Power densities of heat generation have been determined taking
advantage of absorption coefficients listed in Tab. 2.

Table 3 contains the thermal resistances of individual laser components, calculated
for the modelled lasers, i.e., its window layers, active region, DBR mirror and substrate.
As one can see, the monolithic phosphide Pla, P1b, P2a and P2b structures are placed
on the substrates of higher thermal conductivity than those of other lasers, however
thermal resistances of phosphide mirrors are several times higher than those of arsenide
ones. The active region of the A structure has the highest thermal conductivity amongst
all investigated lasers. On the opposite, the PA2, P2a, and P2b structures pumped by
the 980-nm radiation exhibit the lowest active-region thermal conductivity, however
they contain low-resistive window layers. One can say, that according to Tab. 3,
the A structure is probably characterized by the best thermal properties among all
considered lasers, but it should be noticed that its thermal resistance depends strongly
on a type of the assembly configuration.

Table 3. Relative thermal resistances of individual components of modelled structures.

Structure
PAl Pla Plb PA2 P2a P2b
= Window 55 18.7 18.7 18.7 1 1 1
£ Activeregion | 1.7 1.7 1.7 7.0 7.0 7.0
£ DBR 1 1 20.4 13.5 1 20.4 13.5
S Substrate 1.5 1.5 1 1 1.5 1 1
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Figures 6 and 7 present thermal resistances Ry, of considered structures in their
various configurations for specified pumping conditions (PQ power of heat sources,
¢ — pumping beam 1/e? diameter). Thermal resistance R «, 1s defined as the ratio of
the maximal temperature increase (as compared with the temperature 7, = 300 K of
the bottom surface of the heat sink) within the laser volume AT, to the power of
all heat sources Pp: Ry, = maX/PQ The whole energy of the pumpmg radiation
absorbed within the laser structure is assumed to be converted into heat. Therefore
Figs. 6 and 7 enable determination of the maximal temperature within the laser vol-
umes in a quick and simple way, e.g., the thermal resistance of the A(AGH) structure
for Pp=5W and ¢=200 pm is 4.6 K/W, so its maximal temperature is equal to
300K + Py Ry, =323 K.

Figures 6 and 7 show that in all VECSEL configurations (except the AG one),
the A structure is characterized by the lowest thermal resistance thanks to its high-con-
ductive both the DBR mirror and the GaAs barriers in the active region. Wafer-fused
PA1 and PA2 structures exhibit higher (by 15-80%) thermal resistances than the A one,
especially in configurations with upper heat spreaders. In the case of the PA1 structure,
it is a result of its active region of lower thermal conductivity. In spite of the InP bar-
riers, it contains many high-resistive AlGalnAs layers (QWs and strain-compensation
ones). In the PA2 structure, the active region has even higher thermal resistance due
to AlGalnAs barriers. On the other hand, InP window layer significantly improves in
this case the efficiency of heat extraction by the upper heat spreader. Monolithic
phosphide Pla, P1b, P2a and P2b structures are characterized by even worst thermal
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400
2507
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Fig. 6. Thermal resistance Ry, of investigated structures of various assembly configurations: AG, TD,
TDIH (a) and AGH, TDH, TDDH (b). Pp =1 W and ¢ = 50 um.
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Fig. 7. Thermal resistance Ry, of investigated structures of various assembly configurations: AG, TD,
TDIH (a) and AGH, TDH, TDDH (b). P, =5 W and ¢ =200 pm.

properties (their thermal resistances are several times higher than that of the A laser),
which results from low-conductive DBR mirrors.

However, one can see that structures with the AlGalnAs/InP mirrors have lower
thermal resistances than structures with the InGaAsP/InP ones (in the AG, TD,
TDIH configurations by 70—80% and in the AGH, TDH, TDDH ones by 1-10%),
although AlGalnAs alloy is a bit more resistive. Nevertheless, the AlGalnAs/InP
mirror contains only 48 pairs of semiconductor layers in comparison with 72 pairs of
the InGaAsP/InP one. Therefore its overall thermal resistance is much lower (see
Table 3), so heat extraction by the heat sink is more effective. However, arsenide
AlAs/GaAs DBR mirrors show decidedly the best thermal properties: their thermal
resistances are several times lower than those of the InP-based ones. Therefore,
combining conventional phosphide active regions and high-conductive arsenide
mirrors may be a good way to go around some thermal restrictions occurring in
monolithic InP-based structures and may lead to designing of high-power VECSELSs
operating at 1.3 pum.

One can see that, depending on assembly configurations and pumping-beam
parameters, the PA2 structure may have higher or lower thermal resistance than that
of the PA1 one. For example, in the case of P, =1 W and ¢ = 50 um for the TD and
TDIH configurations, lower temperature increases are observed for the PA1 structure
(by 1-3%), whereas for other mounting structures maximal temperature within their
volumes is higher by 3-30% than that in the PA2 one. For P, =5 W and ¢ =200 um,
the PA2 structure exhibits much lower thermal resistance than that of the PA1 one in
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the AG (by 50%) and the TDDH (by 25%) configurations. However, for other
arrangements, this quantity is higher by 0-20%.

For all considered structures, except the PA2 one, assembly configurations can be
arranged from the lowest to the most efficient ones in the following order: AG, TD,
TDIH, AGH, TDH, TDDH. In the case of the PA2 structure, on the other hand,
substrate removal in the AG assembly for P, =1 W and ¢ =50 um leads to a tem-
perature increase (which is obviously not a typical situation), because it leads to
a reduction of a distance between heat sources and the heat sink. Special thermal
properties of the PA2 structure follow mostly from the very small absorption coef-
ficient of GaAs for the pumping radiation (see Table 2), therefore the substrate and
the DBR mirror are almost transparent for the pumping beam. It means that radiation
leaving the active region is not absorbed before the solder or foil layer. In this way,
there are two areas of higher temperature increases separated by the substrate. It is
clear from Figs. 8 and 9 which show isotherms calculated for the PA2 structure in
the AGH configuration. Moreover, Figs. 10 and 11 present axial temperature pro-

PA2(AGH
( ) heat spreader

window
active region

DBR mirror

3004

z [um]

foil

100 120 140

r[um]

Fig. 8. Isotherms calculated for the PA2 structure in the AGH configuration for P, = 1 W and ¢ = 50 um.
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Fig. 9. Isotherms calculated for the PA2 structure in the AGH configuration for P,=5W and
¢ =200 um.
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Fig. 10. Axial temperature distribution within the PA2 structure in the AGH configuration for P, =1 W
and ¢ = 50 um.
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Fig. 11. Axial temperature distribution within the PA2 structure in the AGH configuration for P, =5 W
and ¢ =200 um.

files within this laser. Temperature increase within the solder/foil layer is a strong
barrier for the axial heat-flux flow towards the heat sink. Therefore heat flux coming
from the active region has to spread in radial direction to go around this thermal
obstacle. It leads to an increase in the heat-flow cross-section and is followed by more
efficient heat extraction. Figure 11 shows that, for P, =5 W and ¢ =200 pm, temper-
ature increase in the solder/foil layer is higher than that in the active region. It is
connected with a wide pumping-beam diameter. Then, heat generated in the active
region may be extracted by the upper heat spreader through significantly larger area.
It causes a considerable drop of temperature increase in this component and leads to
the situation presented in Fig. 11.

Figure 12 shows a relation between the maximal temperature within the PA2
structure in the AGH configuration and the substrate thickness d,, for specified
pumping-beam diameters at P, =1W. One can see that, for narrower beams
(¢ <100 pm), reduction of d, leads to a temperature increase. It means that in this
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Fig. 12. The maximal temperature T, , within the PA2 structure in the AGH configuration versus

the substrate thickness d;, for various diameters of the pumping beam of the Py =1 W power.

case forced heat spreading within the substrate is very strong. For wider pumping
beams, curves in Fig. 11 are not monotonic and there are some maxima for d,;, lower
than 300 um. It is interesting to note that even a complete removal of the 300-um
substrate also leads to a temperature increase for higher diameters of the pumping
beam. Therefore for ¢ =200 wm, the TDH configuration should be characterized by
higher thermal resistance than that of the AGH one. However, it has to be noted that
in the first case clamping has been realized by using much thinner indium solder than
in the second case, so heat extraction by the heat sink is then more efficient.

To sum up, one can say that for pumping beams wider than 100 um, forced
heat-flux spreading caused by a temperature increase in the foil layer is not crucial.
Diameter ¢ = 100 um is quite characteristic as for this value maximal temperatures
within both the active region and the foil layer are equal to each other. For narrower
beams, temperature increase in the active region is higher, for wider beams — lower.
It means that the nature of heat flow is changing, which strongly influences laser
thermal properties.

4. Conclusions

Generally, from among all considered VECSELs operating at 1.3 um, the structure
with the GaInNAs/GaAs active region exhibits the best thermal properties. Monolithic
phosphide lasers show much higher thermal resistances because of high thermal
resistances of the InGaAsP/InP or AlGalnAs/InP DBR mirrors. Therefore it would be
an interesting idea to combine the InP-based active region with arsenide mirrors with
the aid of the wafer fusion technique. Such structures are characterized by lower
thermal resistances and can compete in this regard with arsenide structures. However,
the whole absorbed pumping energy is assumed in our calculations to be converted
into heat. In reality some part of this energy covers useful losses and is emitted as
an output beam. In the case of considered structures, the power conversion efficiency
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(understood as the ratio of an emitted power to an incident pumping power) for
2% output coupler and the heat-sink temperature 7}, =15 °C is limited to 6% in
the A structure [4—7] while to 7% and to 9% in the PA1 and the PA2 structures [8, 9],
respectively. One can see that differences between these values are quite small.
Therefore plots presented here may be used for a comparative analysis of considered
lasers because they depend on powers of heat sources — not on incident power. In this
way, there is no need to take additionally into account the pumping-beam reflection
at laser top surface.

The most efficient heat removal is provided by the configurations with the upper
heat-flux spreader (AGH, TDH and TDDH ones). In the case of structures with
low-conductive DBR mirrors (Pla, P1b, P2a and P2b ones), differences in thermal
resistances for the above mentioned configurations do not exceed 17% (as compared
with that of the AGH one). For structures with arsenide DBR mirrors, substrate removal
in configurations with the upper heat spreader may lead to maximal temperature
reduction by 10-30% and additional application of the internal heat-flux spreader —
by another 10-30%. The only exception is the PA2 structure where the low-absorbing
substrate is the reason of specific laser properties, especially for narrower pumping
beams. However, since an application of the upper heat spreader is usually sufficient
to enable proper VECSEL operation, substrate removal or use of the internal heat
spreader are often unnecessary. In the case of structures with low-absorbing substrates
and DBR mirrors (e.g., the PA2 one), additionally forced heat-flux spreading takes
place, especially for narrow pumping beams. This effect leads to reduction of laser
thermal resistance to such an extent that substrate removal may lead to an unexpected
temperature increase.
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