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Thermal properties of broad-contact single-hetero-
structure laser diodes
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The thermal conduction equation has been solved analytically for the broad-contact
single-heterostructure GaAs-(AlGa)As laser diode. The space transformation reducing
the nonhomogeneous structure of the laser diode into homogeneous one has been
used. The nonradiative recombination, the reabsorption of radiation, the Joule heat-
ing as well as the radiative transfer of the spontaneous radiation through the wide-
gap passive P-(AlGa)As layer have been considered. The relative participation of
the above mentioned heat sources has been discussed. The temperature dependence
of the GaAs thermal conductivity has been taken into account.

The influence of the internal quantum efficiency of the spontaneous radiation
as well as the thicknesses and the resistivities of the individual layers on the thermal
resistance of the SH laser diode has been discussed. The possible thermal optimiza-
tion of SH laser diode construction has been explained.

1. Introduction

In the recent years a rapid development has been achieved in the construction
of stripe-geometry laser diodes. This development has been stimulated by
a very promising application of these laser diodes, namely the optical telecom-
munication utilizing fibre waveguides [1-4].

The broad-contact laser diodes are, however, still produced as efficient
sources of electromagnetic radiation. They are especially useful in the case
when their multi-filament radiation pattern is much less important than their
high output.

Of the contemporary laser diode structures, the broad-contact single-he-
terostructure laser diodes are the simplest and cheepest ones [5-7]. They are
obtained by means of only one-step liquid-phase epitaxy and their mass pro-
duction may be set up relatively easily. Because of their relatively high threshold
current density they are usually supplied with a pulse current. A rapid deve-
lopment of the laser diode technology (achieved recently) allows us to expect
that this threshold current may be considerably lowered in the nearest future
and consequently the broad-contact singlc-heterostructure laser diodes will
be commonly used for the continuous wave operation.

This paper is devoted to the description of the thermal properties of the
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above mentioned devices under the steady-state condition. It enables also
the thermal optimization of the single-heterostructure (SH) laser diodes for
the transient-state operation.

The basic assumptions are presented in Section 2. The space transformation,
which reduces the nonhomogeneous structure of the laser diode into homo-
geneous one is introduced in Section 3. InS ection 4, the heat sources distribution
in the SH laser diode is discussed. The analytical solution of the considered
problem is given in Section 5. In Sections 6 and 7, the main results and the
discussion are presented, respectively. The paper is a continuation of the pre-
viously published works [8-16] devoted to the statical and dynamical thermal
properties of the broad-contact laser diodes.

2. Assumptions

The standard structure of the broad-contact single-heterostructure GaAs-
(AlGa)As laser diode is shown in Fig. 1. The thermal conductivities are taken
from [17-19]. The values of the structural and supply parameters used in
calculations are listed in Table 1.

Fig. 1. Standard structure of the broad-
contact single-heterostructure GaAs-(AlGra)As
laser diode. Thicknesses, thermal conductivi-
ties and compositions of the individual fayers
are shown. W and L - width and length of
the laser resonator

Table 1. The parameters of the standard GeAs-(AlGa)As
broad-contact single-heterostructure laser diode and of its
power supply

Parameter Value Unit Parameter Value Unit

W 200 (Am TP 0.55 -
L 400 (Am Yiext 0.3 -
i 8000 Alcm2 Vi 1 —
jth 5000 Alcm?2 62 1.22-10-5 Qm

u 1.7 \ 64 6.4-10-5 Om
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The thermal conduction equation is the following:
FAVT) = -9 @)

where AT and g are the thermal conductivity, temperature and the density
of heat sources power, respectively.

Due to a relatively high efficiency of the heat extraction from the active
layer through the contact to the heat sink if compared with both the thermal
radiation and the thermal energy taken over by air particles from the laser
crystal surface the following boundary conditions can be written

dT dT dT dT dT
dX x0 dy v=0 dy y=w “.0 dz

where W and L are width and length of the laser resonator, respectively.

The last four equalities reduce the thermal conduction equation (1) to
a one-dimensional form:

Because of much larger sizes of the heat sink than that of the laser crystal,

the infinite heat capacity of the heat sink is assumed, hence we get the last
boundary condition

T(x = #H5) = TA (4)

where TA is the ambient temperature, the points of the external surface of
the heat sink being denoted symbolically by gHS.

3. Transformation

The space transformations reducing the broad-contact heterostructure laser
diode to the homostructure one of the same thermal properties has been pro-
posed in paper [20]. In the transformation, each i-th layer of thickness t{ and
conductivity is replaced with the thermally equivalent GaAs layer of thickness
t\ and conductivity A The space transformation coefficient fsi is equal to

fs.i = =123 . 8. (5)

The correctness of the transformation for the one-dimensional heat spreading
is confirmed in paper [21] for two basic cases:

i) heat flux flowing into a transformed layer,

ii) heat generated in a transformed layer.

The transformation is carried out not only for the semiconductor layers
but for the contact layers and the heat sink as well. The inverse transformation
is, of course, necessary to produce the results.
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In the calculations of the thermally equivalent heat sink layer, the formula
of Torrey and Whither [22]- in transformed form is used

where A - thermal conductivity of copper.
rAll thicknesses of the layers before and after the transformation are listed
in Table 2.

Table 2. Layer thicknesses of the standard GaAs-
(AlGa)As single-heterpstructure laser diode before
and after the transformation

Thickness, fxm
Layer Transformation
number coefficient before after
transformation
1 0.31 0.2 0.062
2 1 83.5 83.500
3 1 15 1.500
4 3.67 15 55.050
5 2.14 0.1 0.214
6 0.59 0.1 0.059
7 0.15 0.1 0.015
8- 0.54 10 5.400
*9 0.12 66.2 7.944

4. Heat sources

The main heat source in the laser diode is located in the active layer. It is
principally connected with nonradiative recombination and, to some extent,
with reabsorption of radiation. Its power density may be expressed as follows
[23]:

u
Sa = ~r-{ith(i -fvsp) + (i -ith) [i - oext- (i - M)VaA]} @)

where U is the voltage drop at the p-n junction, j and jth are.the supply current,
density and the threshold current density, respectively, t3is the thickness of
the active layer, Ksp, jext and 1ji are the internal quantum efficiency of the
spontaneous emission, the external differential quantum efficiency of the lasing
and the internal quantum efficiency of the lasing, respectively. Coefficient /
is equal to a fraction of the spontaneous emission from the active layer which
is transferred radiatively through the passive wide-gap P-(AIGs)As layer and
may be calculated as follows [24]:

—arcsin/:L 0.62 AWm
{2 \ «R }] ®
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where nR- refractive index of the active layer material and AxM- difference
in the AlAs content between passive and active layers.

The above mentioned spontaneous radiation is absorbed on the surface
of the Ti contact layer giving rise to the new heat source with the density

otr = 9

It has been assumed that a uniform distribution of gtT within the Ti layer is
assumed because of its negligible thickness
Besides, the Joule heating is generated within each layer with the density

9j,i =j20i, i =1,2,3,..., 9 (10)

where of- electrical resistivity of i-th layer.

The application of the space transformation (Sec. 3) follows the supple-
mentary transformation of the heat power densities with the transformation
coefficient

9i_ = J
G foi (1
which has been confirmed in paper [21]. In Eqg. (11), gi and gt are the power
densities of the heat source in i-th layer before and after the transformation,
respectively.
All heat sources and their densities are listed in Table 3 and their distri-
bution is schematically (not in a scale) shown in Eig. 2. The values of g have

Table 3. The densities of the heat source power in the standard GaAs-
(AlGa)As single-heterostructure laser diode before and after the trans-
formation

Density, W/m3

Layer
Heat source before after
number
transformation
Joule heating 5.120-108 1.652-109
Joule heating 7.808- 1010 7.808-1010
Nonradiative recombination 7.081-1013 7.081-1013
and reabsorption of
radiation
4 Joule heating 4.096-1011 1.116- 1011
5 Joule heating 3:520 -109 1.645-109
Radiative transfer 1.449-1014 6.772-1013
"6 Joule heating 7.040-108 1.193-109
7 Joule heating 1.920-108 1.280- 109
8 Joule heating 6.400-108 1.186-109
9 Joule heating 1.280-108 1.067-109
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been calculated for the standard structure of the broad-contact SH GaAs-
(AlGa)As laser diode (Fig. 1, Tab. 1). From now on, only the values after the
transformation will be used and “primes” in notation of the layers thicknesses
and the heat power densities will be omitted.

5. Solution

The space transformation (Sec. 3) reduces the nonlinear thermal conduction
equation (3) to a form

dT(x)  g(x) a2
dx2 A
with the boundary conditions:
T{x = a9 = TA, (13)
dT
=0 14
dx %0 (14)
where g(x) is equal to
g(x) = gt for ai=l < x< a, (15)
and ai _
i
M=0, (li=» i—1,23, ..., 9. (16)

k=1
The values of gt are listed in Table 3.
The solution of the above presented problem ((12)-(14)) is the following:

® Q
T{x) = TA+ ~ Jy @G0SNemx) ip~[sin a)_gin(Xma._ 1] @an

9m=1 m-  -i=l
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where

(2to—1)7t 18
2a9 (18)

It can be easily checked that the solution (17) fulfils the boundary con-
ditions (13) and (14). Similarly, it is easy to notice that the expression (17)
fulfils the equation (12). For this purpose it suffices to present the function
g(x) (shown in Fig. 2) in the following Fourier series form

® .
oty = 2 {1 eosUTM®) VA i Treh - sm(zmii< ], (19)
an x Km id

6. Results

The temperature distribution, calculated for the standard structure of the
broad-contact single-heterostructure GaAs-(AlGa)As laser diode (Fig. 1, Tab. 1)
and the very low current density (5000 Acm~2 is shown in Fig. 3. The distri-
bution has been drawn for two cases: i) the constant thermal conductivity

of GaAs: A= A(T = 300 K), and ii) the temperature-dependent thermal con-
ductivity of GaAs: A= A(T). For T > 250 K, the function A(T) may be ap-
proximated in the following way [25-27]:

(20)

where aT =15-103W/m.
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After the transformation, thermal conduction equation (3) with thermal
conductivity determined by (2) becomes nonlinear with respect to the tempera-
ture

(21,

The Kirchhoff transformation shown in papers [28] and [29] enabled an easy
recovery of the solution T of the nonlinear equation (21) on the base of the
analogous solution of the linear equation (12) [29]

The above mentioned method is used in the calculations presented in this
work. The results are shown in Fig. 3. It turns out that even for the very low
current density (5000 Acm~2), there is a considerable difference between the
two curves: calculated for the constant thermal conductivity and the tem-
perature-dependent thermal conductivity. It follows that the temperature
dependence of the GaAs thermal conductivity X{T) cannot be neglected.

The above mentioned curves for the P-(AIGa)As layer have a different
shape: the constant thermal conductivity curve is convex and that of the tem-
perature-dependent cunductivity being concave. It is due to the temperature
dependence of the thermal conductivity 2.(T) what is explained in Fig. 4.

Fig..4. Interpretation of tlie calculat-
ed temperature distribution in the
P-(AlG-a)As layer, g, N and | - density
of the heat flux, slope of the tempera-
ture distribution (proportional to g/A)
and temperature, respectively; all para-
meters are position-dependent; g- po-
wer density of the local heat source,
a- A= const, g=0, b- A= const, g
# 0, c- A= aT/T, g™ 0, d- a simpli-
fied thermal model of the SH laser
diode

From now on, only the temperature-dependent thermal conductivity curves
are shown, that is why instead of “T'Mthe notation “T” is used.
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The temperature distributions in the standard broad-contact single-het-
erostructure GaAs-(AlGa)As laser diodes are shown in Fig. 5 for various current
densities. The above mentioned concavity of the curves for the P-(AlGa)As
layer is more apparent for higher current densities. It is seen that this layer
decides upon the thermal resistance of the diode because the increase of tem-
perature taking place within it reaches at least 75%.

Fig. 5. The temperature distribu- Fig. 6. Relative influence of the
tion in the SH laser diode for indvidiual heat sources on the
various current densities temperature distributions in the

SH laser diode supplied with very
low current density. For individual
curves, the following heat sources
are taken into account: 27- all heat
sources, A - active layer heating,
Tr - absorption of the transferred
spontaneous radiation on the Ti
layer surface, n and P - Joule
heating in the substrate and
P-(AlGa)As layer, respectively

The relative influence of the individual heat sources on the temperature
increase is illustrated in Figs. 6 and 7 forj = 5000 Acm~2 andj = 10 000 Acm-2,
respectively. The active layer heating (A) is dominant for both current den-
sities. For higher current densities, a relative participation of the Joule heating

(n and P) and that of the radiative energy transfer (Tr) becomes more and
less important, respectively.
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Fig. 7. Relative influence of the Fig. 8. Effect of the internal
individual heat sources on the quantum efficiency qsp of the
temperature distributions in the spontaneous emission upon the
SH laser diode supplied with the temperature distribution in the
extremely high current density SH laser diode

7. Discussion

The influence of the internal quantum efficiency rjB/of the spontaneous emission
on the temperature distribution under consideration is illustrated in Fig. 8.
It is seen that in this case the influence is relatively higher than in the double-
heterostructures laser diodes [20] due to the fact that the importance of the
radiative energy transfer of the spontaneous emission in the single-hetero-
structure (SH) laser diodes is greater than in the double-heterostructure (DH)
laser diodes. In the SH laser diodes, the above mentioned transfer proceeds
only towards the heat sink and hence it improves the heat extraction from
the laser volume. The analogous process in the DH laser diodes takes place
in both direction (towards the substrate‘also) and its improving influence on
the heat extraction is doubtful.

The thermal resistance of the SH laser diode depends to considerable extent
on the P-(AlGa)As layer thickness (Fig. 9). The temperature increase in the
above mentioned layer is approximately directly proportional to its thickness.
We believe that the thermal optimization of the SH laser diode should be
started by the determination of the minimal P-(AlGa)As layer thickness defined
by electrical and optical processes.

The influence of the active layer thickness on the temperature distribution
in the SH laser diodes is illustrated in Fig. 10. The relationship between the
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active layer thickness and the threshold current density of the laser is taken
into consideration.

The effect of the P-(AlGa)As resistivity, o4, and the substrate resistivity,
g2, on the temperature distribution is shown in Figs. 11 and 12, respectively.

Fig. 9. Effect of the thickness Fig. 10. Effect of the thickness t3
f4 of the P-(AlGia)As layer upon of the active layer upon the tem-
the temperature distribution in perature distribution in the SH
the SH laser diode laser diode. The dependence of

threshold current density on the
thickness t3 is taken into consi-

deration: a— = 1 (jtm, jth = 4000
Acm~2 b -t3= 15 fim, jth = 5000
Acm-2, c- 83=2 |im, jth = 7000

Acm~2

This effect is relatively small for a reasonable increase in the resistance. But
in the case of the extreme increase in p4 or g2, an immense increase in the
active layer temperature is observed. The influence of the resistivities of the
contact layers and heat sink is negligible.

The above presented calculations have been performed for the broad-contact
single heterostructure GaAs-(AlGa)As laser diodes produced at present. The
temperature increases have been obviously higher than the admissible tem-
perature for the laser diodes. However, it may be expected that the conclu-
sions from the above discussion should preserve their validity also for the
more perfect low threshold SH laser diodes produced of new quarternary
materials by using more modern technologies.

The remarks referring to the optimization of the SH laser diodes in the
steady-state condition remain also useful in the case of diode in the transient-
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state condition. It is of a particular importance, since the,SH laser diodes
are now widely used as cheap and efficient pulse power sources of the electro-
magnetic radiation.

x.fim
Fi$. 11. Effect of the P-(AlGa)As Fig. 12. Effect of the substrate
material resistivity upon the resistivity o2 upon the tempera-
temperature distribution in the SH ture distribution in the SH laser
laser diode diode

8. Conclusions

Thermal properties of the broad-contact single-heterostructure GaAs-(AlGa)As
laser diode has been analysed in the paper. The nonradiative recombination,
reabsorption of radiation, the Joule heating as well as the radiative transfer
of the spontaneous radiation through the wide-gap passive P-(AlGa)As layer
have been taken into account. The relative participation of the individual
heat sources has been shown. The temperature dependence of the GaAs thermal
conductivity has been taken into consideration. The influence of the internal
guantum efficiency rjsp as well as that of the thicknesses and resistivities of
the individual layers on the temperature distributions have been discussed.
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Tepmunyeckue cBoWCcTBa LUMPOKOKOHTAaKTHbIX MOHOreTepocoeqnHEHHbIX /1a3epoB

B cTaTbe pelueHo ypaBHEHWE TePMUYECKO MPOBOAHOCTU [N LUIMPOKOKOHTAKTHBIX, MOHOMeTepOCOeam-
HeHHbIX Nla3epoB GaAs-(AlGa)As. C 3Toil Lenblo NprMeHeHa TpaHc(opMauys NPoCTpaHCTBa, peayLy-
pyroLLas HelMHeliHble YpaBHEHWS TEPMUYECKO/ MPOBOAHOCTW K JIMHEHON (opme. YuTeHa HenyuucTtas
pekom6uHaLms, peabcopbuys M3nyyeHus, [KOYNeBO Temo, a Takke JyYnCTblid TpaHCKhepT aHeprum ca-
MOMNPOW3BO/IbHOTO M3/yYeHVS LLIMPOKOMOIOCHOM naccuBHOW npocnoiikn P-(AlGa)As. O6cy»aeHa 0THO-
CUTEeNbHaA [0S BCEX BbllUeyKasaHHbIX TenIoBbIX MCTOYHUKOB. YUTeHa 3aBUCMMOCTb TEPMUYECKO Npo-
BoAHOCTM GaAs OT TemnepaTtypbl. PacCMOTPEHO BAWAHWE BHYTPEHHEr0 KO3I(guLyieHTa NONe3HOro Aeii-
CTBMSI KBAHTOBOW CaMOMPOM3BO/LHON 3MUCCUM, @ Takke TOMLWMHBI U BHYTPEHHEro YAenbHOro conpo-
TUBMIEHNA OTAENbHbIX MPOC/OEK HAa 3HAYeHWe TEepMUYECKOro COMPOTMBIEHUS COEAVMHEHHOro flasepa.
O6bAcHeHa BO3MOXHasf TEPMUYECKas OMTUMM3ALMA KOHCTPYKLMM MOHOreTEpOCOeIMHEHHOrO farepa.

Mepesena Manro>kaTa Xeiigpux



