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Multilayer Analysis of Anisotropic Heat Flux In
Vertical Cavity-Surface Emitting Lasers With
Quarter-Wave Semiconducting Mirrors
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Abstract—Monolithic arrays of vertical cavity-surface emitting  leading to efficiently packed 2-D arrays; the initial probe test
lasers (VCSEL'’s) have the potential to be used in microwave can be performed before laser cleaving, longitudinal single-
systems based on opto-electronic technologies. However, the teM0de operation is ensured by the small distance between the

perature has a strong influence over several characteristics of . .
VCSEL's. Self heating may restrain the gain inside the device mirrors of the VCSEL, and very fast optical pulses can be

cavity and it is responsible for an increase in the laser threshold Obtained [4].

current as well as a decrease of its output power. In this paper, — Despite recent progresses, the continuous-wave (CW) oper-
the thermal behavior of VCSEL's was evaluated by means of ation of VCSEL'’s is still severely limited by thermal problems.

a procedure that takes into account the multilayer aspects of The self-heating in VCSEL's is mainly due to the Joule effect

the heat-flux propagation. The method has the advantage of b h . I h diati
dealing with the heat propagation inside each layer of the periodic PEtWeen the quarter-wave mirrors as well as to the nonradiative

structures of the device. Thus, the different characteristics and recombination and the free carrier absorption in the active
influence of the materials employed in the chip manufacturing region. The active-region temperature increases as heat is
can be considered and the device temperature profile can be generated inside the device and a negative impact over the

predicted. From the method assumptions and simulations, the ,-ashold current density, the gain inside the quantum wells,
thermal resistances of typical devices were calculated. The results

were shown to be in good agreement with experimental values @1d the wavelength shifts are observed [5]. Therefore, the

reported in the literature. understanding of the thermal effects in VCSEL's is important.
Index Terms—Heat flux in quarter-wave semiconductor mir- Furt_hermore, a proper heat distribution can also Ieaq a
rors, thermal influence, vertical cavity-surface emitting laser. device enhanced performance. An example of that is the

superior beam spatial distribution of the VCSEL's caused
by an intrinsic thermal lensing effect, when compared with
I. INTRODUCTION conventional semiconductor lasers.

ERTICAL cavity-surface emitting lasers (VCSEL’s) [1] A c_omplete an:_;llysis of the i_nfl_uence of heating over the

are promising devices for applications where the bearfiectrical and optical characteristics of the VCSEL's would
of an array of lasers must be coupled into an array gauire the heat conduction equations to be solved simul-
optical fibers, such as in optical interconnections. The arrigneously with the usual laser rate equations. This results
configuration could also be applied to microwave systems suh @ high-order system of differential _equatlons,' and the
as in phased-array antennas [2], [3], due to the possibility %@mpllete analysis of thermal problems in VCSEL's can be
obtaining true time delay network operation. In this latter cagé"y involved. .
a two-dimensional (2-D) array of VCSEL’s could provide a AN aItern_aUye approach to deal with the thermall prob-
source with several switched lasers whose beams are cougfél analysis is to use the concept of thermal resistance.
into the fibers of appropriate lengths for the optical deldyéthods employing this simple concept are attractive as easy-
control. The optical coupling between the fibers and the laséfsmeasure quantities are employed and the calculation time
could be efficiently accomplished due to the nearly intrinsig 9reatly reduced [6]. However, most of them do not furnish
circular emission profile of VCSEL’s. In addition to that2nY information about temperature profile inside the laser.

the laser fabrication employs an entirely monolithic proces¥loreover, as the complex device structure is substituted by a
thermal equivalent single layer, all information about heat-flux

) ) ) Tp_ropagation is lost.
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) expression is valid:

d¢
kG, = < / k(2) dz> / de: 3)
- Contacl layer 0

-p DBR

-Proton impianted region : i i

T eRRmplan reah where: .1)dG is thg thickness of the graded layer andz2
the vertical coordinate.

—1-DBR Similarly, the average thermal conductivity for the vertical
L _n-Cads Subsirale flux k¢ .. is defined as a series combination of uniform layers
/ S with infinitesimal thickness [6], resulting in the expression:
- :%fl?nst(‘;wlbrlayer — s, y
\‘/ -Cu heal sink G2 = da/ o k() @
According to (2)—(4), the thermal conduction inside graded
Fig. 1. Device schematic of a typical PITSEL. layers is locally dependent on the position. The relation

between the position coordinates and doping will be dictated
by the grading profile. For the simple case of linear grading

) ) used in the device considered here, we can write
The thermal resistance of a VCSEL can be defined as

Il. BASIC THEORY

follows [6]: 2(z) =xg+ (xr —xg)(z/dg) (5)
A ATy wherez, is the Al concentration (molar fraction) for the low
Ry, = PILT (1) refractive DBR layer, and ; is Al concentration for the high

refractive layer.

whereAT is the active region temperature increase (kelvin): EQuations (2), (3), and (5) lead to the following analytic
Pry is the electric power supplied to the device (watt); ang<Pression for the radial thermal conductivity in linearly
P, is the optical power (watt). graded layers:

The device analyzed in this paper is a proton-implanted 1 2A+ B(xp +xy) — 2Cepay + Eg 5
top-surfgce emlj[tlng_laser (PITSEL) [7], as shown in Fig. 1.kar= Ec In 9A+ Blar, + 211) — 20125 — Eg (6)
The active region is formed by a graded-index separate-
confinement heterostructure (GRINSCH) with four8GaAs Where
guantum wells. In each branch of the GRINSCH region, which
is 1025A wide, the aluminum composition is linearly graded
from the barrier composition (15%) to 55%. Different numbers similarly, the thermal conductivity of the vertical flux in
for the n-distributed-Bragg-reflector (DBR) grating periodsinearly graded layers is given by
will be considered in the following analysis.

In CW operation, VCSEL's are likely to have high electrical ., . — 3 .
series resistance, leading to considerable ohmic dissipation A+ %B(UUL +ay) = C(a +zrry + %)

and, therefore, the output power limitation. The high elec- In [6], we have demonstrated that for the calculation of

trical series resistance is mainly a result of carriers tryirme heat spreading inside the laser all the heat sources can

to overcome high potential barriers _at the Int_erfaces of ”E)% substituted by an equivalent source placed in the active
heterostructures of quarter-wave mirrors. It is known th%

. L egion. This equivalent heat source is evenly distributed over
graded composed interfaces offer a reduction in such poten[@

. : : active area. Below the active region is a stack of cylinders
barriers due to suppression of abrupt gaps in the energy bai% med by the VCSEL DBR layers. The heat spreading inside

For terary ”I_.V compo_unds, the thgrmal conductivity _('rfhe layer;j will only occupy a fractionD 4, of the layer lateral
walt per meter times k_elvm) can be given by the fOIIOWInQiimension. By considering the anisotropic heat propagation in
expression [8], where: is the molar fraction: graded layers, the thermal conductivities for the vertical and

the radial flux in layey are given byk.; andk,.,, respectively.
k(z) = (A+ Bz — Ca*)™". (2)  The cumulative thicknesé., is defined as the distance from
the active region to the end of laygr The contribution of

In particular, for Al,Ga, _,As at room temperature, the palayer j to total thermal resistance is described in terms of the
rameters that appear in (2) are given by [9]= 2.27 1072 m- layer thicknessd;, the input heat-flux diameter for layej;
K/W, B =2.883 10! m- K/W, andC = 3.00 10~! m- K/W. D,,_1, and the output heat-flux diameter for laygrD 4;,

The anisotropic heat flux in graded composed layers &s follows [10]:

Eq = (zp —xg)(B? + 4AC)Y2, 7)

(8)

described by two components of thermal conductivity. We & D 3/2
define an average radial thermal conductiviy . (in watt g, = 4dj —+ 1 . <1 _ Aj—l) )
per meter times kelvin) as the parallel association of uniform = 7 - kz; 'DAj 2ky; - Da;_, D4,

layers with infinitesimal thickness [6], so that the following 9
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The device thermal resistandg;, is obtained by summing i
up the elementary thermal resistance associated with all layers.
The best thermal path is found from the following condition:

VRth(DAUDsz"'vDAN):O (10)

where the operatoR/ represents the gradient of the scalar
function R;;, and N is the total number of layers between the
active region and the heat sink.
Two problems arise from this formulation. If no restriction is
made regarding the substrate diameter, one can find a devic@”“HHH

224pm

configuration that leads to the minimum thermal resistance
achievable. When the substrate dimensions are given, the best
thermal path in the laser structure is found. Both problems
require the solution of a sparse system of nonlinear equations
in the variablesD 4,,D4,, -+, D4,

I1l. UNBLOCKED HEAT-FLUX PROPAGATION

The first situation to be considered is the case in which the
heat flux propagates toward the heat sink with no restriction g ) 64
regarding the lateral dimensions of the chip. This approach Cumulative thickness (um)
is useful to determine the substrate diameter that leads to thg 2. 2-D heat-flux profile inside a PITSEL with 45.5 periods mirror at
minimal thermal resistance. Equation (10) represents a systegttom DBR. The active-region diameter wagBn. The substrate thickness
of nonlinear equations for the variablés,. ,i = 1,2,---, N. is close to zero and its effect was not considered.

A top-emitting VCSEL, like the one studied here, may have

more than 100 layers between the active region and the heathe L-dimensional system in stef is solved by the
sink. In order to avoid the problem of finding a good initiaNewtons method. The corresponding Jacobean matrix can be
guess for the solution of this large system of equations, walculated in a closed form and is given by

have adopted an iterative approach. It consists of fixing up, 3 Kk, Da_, D, 1/2

step by step, layers below the active region. In order to obtain Ji,; = R <1 ~ %D ) : <1 ) )
an initial guess for the solution of the system of equations, it is ! v Ai

"4

—1/2
assumed that an introduced layer practically unaffects the heat _ ks . <1 Dy, ) /
flux on the layers placed above it. Also, a complete spreading 2 Dy,
is expected to occur inside each added layer. Obviously, this 5 D2 Dy
approach is valid only if the introduced layer is thin enough, - 1- 132D° - 5D — |,
like the quarter-wave layers and the graded interfaces. In . Aitr Arn
order to consider its effect on the heat-flux propagation, the fore=1,2,-.- L -1 (15)
substrate, which is much thicker than all others layers, must 3 Di \? Dy \ Y2
.. . . k Az 1 .A7
be subdivided in sub-layers to assure the convergence of th&.i+1 = ~ 8 "\ Dy ‘" D, ’
method. _ _ fori=1,2 L—1 - (16)
In stepL of the above-described procedure, one has to find 3 d k.
the zero of a vector functio#(Da,, D, ++, Da,) Whose  Ji;q === % -DY* - (Da, = Da,_)"V2,
components are given by . T
fori=2,--.,L—1 a7)
8d; - kyyy Bk ki 1/2 1/2 _1/2
F= 7r + 4k D (D= Day) J _3 k 1 % 1 % 18
" LL=y " \" 7 2D R (18)
k., -Da, Da, \? Da, Ar Ar
I et <1 — : ) <1 + : )7 3 12 D, . —1/2
2 DAZ-H 2DA7-+1 Jop-1=— 3 ke 'DAL 1= D. (19)
fori =1,2,---,L—1 (11) Ar
8d 3 D, 1/2 The Jacobean matrix, represented by (15)—(19) is tridi-
Fp=— =L kr, + 1 ki - Day <1 - D—_l> . (12) agonal. As a result, the computer memory requirement is
AN

greatly saved. Furthermore, this matrix is easily reduced to
During stepL of the method, a good initial guess is obtainedn equivalent triangular form.

as follows:
DY =p'Y,

LAL—I \/L .?1L—1
L

fori=1,2,---,L—1

972 k2,

409642 - k2,

2

(13)

(14)

Fig. 2 shows the 2-D heat-flux profile inside a typical
PITSEL with a 45.5 perioéi-DBR mirror and a 5:m active-
region diameter. The effect of the substrate on which the
structure is mounted was not considered. In Fig. 2, one can
observe a step-like growing of the heat-flux propagation diam-
eter, considering the thermal conductivity at room temperature
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Fig. 3. Thermal resistance increasing with cumulative thickness of the DBR

mirror. The PITSEL has 45.5 periods at bottom DBR. Three differemig. 5. Thermal resistance components associated to lateral spreading and
active-region diameters were considered. The substrate thickness is closgeitical flux in a PITSEL with active-region diameter equal tp® and 12.5
zero and was not included in the calculations. periods atn-DBR mirror.

1400 ' ' ' and 3. As before, the active-region diameters considered were

5, 10, and 25um. In this case, the presence of auB
substrate is taken into account. Only a residual perturbation
of the values shown in Fig. 3 can be seen. The introduction of
a thick and uniform layer below the mirror grating causes
a sensible alteration in the lateral spreading as to avoid a
dramatic increase of the vertical thermal resistance. In order
to illustrate this fact, a device with only 12.5 periods in the
a0 - IO | DBRiis considered next. Fig. 5 shows the thermal resistance as
a function of the cumulative thickness for a pfh PITSEL
200 F 4 with a low reflective mirror. Two situations are represented
g s there: with and without a 5@ substrate placed below the
0 RN, L L mirror. Curves marked withRy,,. , and Ry, , represent
the thermal resistance components associated with vertical
flux and lateral spreading, respectively, when no substrate is
Fig. 4. Thermal resistance increasing with cumulative thickness in a PITSEOnsidered. Curves labeled witky,,. , and Ry, , represent
with 45.5 periods at bottom DBR for different active-region diameters. fhe thermal resistance components associated with the vertical
50-um GaAs substrate was considered in calculations. . .
flux and lateral spreading, respectively, when the effect of
the substrate is considered. We conclude that for this device
for the Aly15Ga s;sAs equal to 16.87 W/mK and for the the substrate increases the component associated with lateral
AlAs equal to 91.67 W/mK. Quarter-wave layers of sensitivescattering in 10%. Meanwhile, a simultaneous decrease of 6%
lateral scattering alternate with quarter-wave layers of closéty observed for the component associated to the vertical flux.
vertical flux. At the low conductive Al;;Ga g5 layers, lateral As a consequence, the perturbation introduced by aur0-
spreading is small, while at the high conductive AlAs layersubstrate over total thermal resistance value is less than 2%.
scattering dominates. Figs. 6 and 7 show, respectively, the 2-D heat-flux profile
Fig. 3 shows the thermal resistance as a function of tifier a PITSEL with 12.5n-DBR periods, when no substrate
cumulative thickness of the DBR mirror for three differenis placed below the mirror and when a bfr substrate
active-region diametersl{y = 5,10, and 25 pm). It can be is considered. Despite the small influence over the thermal
concluded that the main contribution to the thermal resistan@ssistance value, the substrate has a strong influence over the
comes (in all cases illustrated) from the layers closer to theat-flux profile and, therefore, over the temperature profile
heat source (active region). In these layers, a strong lateiradide the chip.
scattering is present. This spreading is more considerable irAs previously mentioned, in the process of finding the zeros
VCSEL's with small active regions, causing greater valuesf (11) and (12), the order of the system to be solved is
of thermal resistance. It can also be seen in Fig. 3 that timeremented layer by layer from the active region down to
thermal resistance increases while the lateral flux spreadthe substrate, until the whole structure is considered. This
incomplete, reaching a steady value at the remaining portiorethod works well for all layers of the DBR grating. However,
of the periodic structure. the inclusion of the substrate requires a little more attention
Fig. 4 shows thermal resistance as a function of the cumukance this medium is usually much thicker than all the others
tive thickness for the same PITSEL structure studied in Figst@ether and introduces a considerable perturbation in the
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Cumulative thickness (um) Fig. 8. Heat-flux exit diameter at substrate of a PITSEL with 45.5 periods

at n-DBR, for different active-region diameters. Dotted line represents the

Fig. 6. 2-D heat-flux profile in a PITSEL with pm active-region diameter ésolution obtained upon subdivision of substrate in 25 layers.

and 12.5 periods ak-DBR. The effect of the substrate placed down th
mirror was not considered at this point.

is divided in 25 sub-layers; the continuous line represents
| the solution obtained from refinement in the absence of the
\ divisions. The difference between both solutions ranges from
0.2% to 0.4%, which is much less than the 2% error [10]
obtained from the initial procedure approach given by (9).

|
|

‘ | IV. BLOCKED HEAT-FLUX PROPAGATION
{

“ EEEE In this section, the previous approach is modified to allow

the calculation of the thermal resistance of a VCSEL for a
given substrate diameter. In this case, (10) must be rewritten
as follows:

a-Rth .
=0 fory=1,2,.--, N -1. 20
aDAJ ) J ) ) ) ( )
Equation (20) has the same structure as that of (10);
‘ however, it represents a system of a lower order. An iterative
‘ approach similar to that of the previous section will be used.
During the first step, the nearest layer to the active region
0 w a -4 is introduced. In the following steps, the other layers are
c . . introduced underneath the previous ones; this procedure is
“umulative thickness (um) . . .
repeated until the nearest layer to the substrate is considered.
Fig. 7. 2-D heat-flux profile at-DBR of a PITSEL with 5zm active region \wjith this formulation opposite to that of the earlier section
and 12.5 periods in quarter-wave bottom mirror. The substrate diameter was . ' . . '
50 um. even the one-dimensional (1-D) problem will require a nu-
merical solution, which can be obtained from a combination
o . ) of bisection and Newton methods.
lateral spreading inside the chip. In order to skip the problem of the vector functiorﬁ‘(DA D, D4, ) whose root has
.. e ey . . 1? 129 7 AL
obtaining an initial solution for the system of equations wheg, e found during step has the L—1) components described
the substrate is considered it was assumed that the subst@tgll)_ The highest order component is given by
could be divided in several thinner layers. The heat-flux profile
for the whole structure (including the substrate) is obtained by, — _ 8dy - ks + Sk - ks .

N

300um

1/2
DA/L ' (DAL - DAL—1)1/2

removing the thinner layers introduced inside the substrate. A g 4k,

comparison of the solutions achieved for the heat-flux profile k., Dy, D4, 1/2 D,

with and without the above-mentioned subdivision is shown - 9 <1 - —S> <1 + 2Ds> =0.

in Fig. 8. The output heat-flux diameter is shown in both (21)

situations for a PITSEL’s with 45.5 period-DBR mirror;
the active-region diameter was varied from 5 to 100. The The Jacobean matrix of the system of equations mentioned
dashed line shows the solution obtained when the substrab®ve is formed by (15)-(17) and (19). The matrix highest
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Based on the results described above for the heat-flux
profile inside the laser chip, one can easily predict the radial
temperature profile as follows:

N
AT(r) =
=1

Da,/2
/ q-(4mr) - dr| - Ren, (23)
0

where AT'(r) is the temperature as a function of the radial
distance;q is the power thermal densitfW /cm®) and Ry,
is thermal resistance component of tile layer.

Considering the simplest case of a constant power thermal
density inside the VCSEL(q = 3 kWi/cn?), the radial
temperature profiles for different active-region diameters were
obtained, as shown in Fig. 10. For a given power thermal

Fig. 9. Thermal resistance of a PITSEL with substrate diameter and thidtensity, the active-region temperature increases for wider

ness equal to 200 and 50m, respectively.

,,,,, -Dy = 100 um

Temperature increasc {C)

0 200 400 600

Radial distance (um)

800

active-region diameter. The long tail of the radial temperature
profile shows the importance of employing small emitting units
in order to avoid thermal cross-talk in 2-D arrays of PITSEL'’s.

V. CONCLUSION

The thermal resistance may become a key parameter to
describe the thermal problems of VCSEL’s. However, the
methods that have used the thermal resistance approach to
study the thermal influence over the VCSEL behavior are
usually too simple and do not include multilayer aspects of
heat propagation. In this paper, an approach to estimate the
thermal resistance of a VCSEL where the heat-flux propaga-
tion is considered inside each one of the component layers
of the device was presented. Two variations of this approach
were considered. The first one is useful to determine the
configuration that minimizes the active-region temperature,
while the second one allows one to predict the thermal
resistance of a given laser. From these results, the temperature
profile inside the laser structure can be predicted once the heat
power density is known. The results obtained here are useful

Fig. 10. Radial temperature profile inside a PITSEL for different adOr @ simulation of the dynamic behavior of VCSEL's and for

tive-region diameters.

order diagonal element is given by

3 kZL ks DAL_1 DAL—I /2
Jpp=-——"""=.|1-——= l— —
’ 4 er 2DAL DAL
ke (1_@)”2. <1_@_§ D.aL)
2 Dg 2Ds 4 D%

In order to build an initial guess, the method of solution of
this problem assumes, as for the case of the unblocked hegr
flux propagation, that the influence of each introduced medium
on the heat diffusion of the above layers is considerably wea

Fig. 9 shows the thermal resistance of a typical laser con-
figuration [7] as a function of the active-region diameter. The

substrate diameter was considered to be 200 and the

substrate thickness 5@m. For a device with an active-region [7]
diameter 15um, we verified a good agreement between the
experimental value [11] 800 K/W and the value 770 K/W

observed in Fig. 9.

the calculation of the light-intensity/current (LI) curve.
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