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Thermal properties of broad-contact single-hetero- 
structure laser diodes
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The therm al conduction equation has been solved analytically for the broad-contact 
single-heterostructure GaAs-(AlGa)As laser diode. The space transform ation reducing 
the nonhomogeneous structure of the laser diode into homogeneous one has been 
used. The nonradiative recombination, the reabsorption of radiation, the Joule h ea t­
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 tem perature dependence 
of the GaAs therm al 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 therm al 
resistance of the SH laser diode has been discussed. The possible therm al optim iza­
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, therm al conductivi­
ties and compositions of the individual fayers 
are shown. W  and L  -  width and length of 
the laser resonator

T a b le  1. The param eters of the standard GeAs-(AlGa)As 
broad-contact single-heterostructure laser diode and of its 
power supply

Param eter Value Unit Param eter Value Unit
W 200 (Am TfP 0.55 -
L 400 (Am ’iext 0.3 -
j 8000 A/cm2 Vi 1 —
jth 5000 A/cm2 62 1.22 -10-5 Qm
u 1.7 V 64 6.4· lO-5 Om
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The thermal conduction equation is the following:
F(AVT) =  - g  (1)

where A, T  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 x=o dy v=o 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 =  #HS) =  TA (4)
where TA is the ambient temperature, the points of the external surface of 
the heat sink being denoted symbolically by ajHS.

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 f s i is equal to

fs.i = i =  1 ,2 , 3, .. 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 W h it h e r  [22]· in transformed form is used

where A, -  thermal conductivity of copper.
r All thicknesses of the layers before and after the transformation are listed 

in Table 2.

T a b le  2. Layer thicknesses of the standard GaAs- 
(AlGa)As single-heterpstructure laser diode before 
and after the  transform ation

Layer
number

Transformation
coefficient

Thickness, fxm 
before after

transform ation

1 0.31 0.2 0.062
2 1 83.5 83.500
3 1 1.5 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  -  %xt -  ( i  -  m) vsvf]} (7)

where U is the voltage drop at the p-n junction, j  and j th are.the supply current, 
density and the threshold current density, respectively, t3 is the thickness of 
the active layer, rjsp, rjext and rji 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-(AlGs)As layer and 
may be calculated as follows [24]:

y— arcsin /:L 0.62 AWm)]
L2 \ «R / J

(8)
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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

9tr =  (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 = j 20i, i = 1 , 2 , 3 , . . . ,  9 (10)
where q{ -  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

9 i_  =  J _  
9i fs,i (11)

which has been confirmed in paper [21]. In Eq. (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

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

Layer
num ber

Density, W /m3
Heat source before after

transform ation
1 Joule heating 5.120 -108 1.652-109
2 Joule heating 7.808· 1010 7.808-1010
3 Nonradiative recombination 

and reabsorption of 
radiation

7.081-1013 7.081-1013

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

d2T(x) g(x)
dx2 A

with the boundary conditions: 
T{x =  a9) =  TA, 
dT
dx

=  0
£C«=0

where g(x) is equal to

g(x) =  gt for ai=1 <  x <  a,·, 
and ai

i
■̂0 =  0, (li =  ^  i — 1, 2, 3, . . . ,  9.

(12)

(13)

(14)

(15)

(16)
k = 1

The values of g.t are listed in Table 3.
The solution of the above presented problem ((12)-(14)) is the following:

oo Q
T{x) =  TA +  ~  J y  G0S№mx) i p ^ [ s i n a.) _  gin(Xma._ 1)] (17)

9 m=1 m- -i=l



Thermal properties ... 121

where
(2to—1 ) 7 t  

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

OO ff
, 2 wi cos (ITmæ) v ’i .

9(n) = —  \ ---r -------  > g{ [sin(JTmaf) -  sm(Zmfl<. 1)] .
a^ x  Km i d

(19)

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 =1 5- 10 3 W/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-(AlGa)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.

a b c

F ig .. 4. Interpretation  of tlie calculat­
ed tem perature distribution in the 
P-(AlG-a)As layer, q, N  and I  -  density 
of the heat flux, slope of the  tem pera­
ture distribution (proportional to  g/A) 
and tem perature, 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'M the 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 tem perature distribu- Fig. 6. Relative influence of the
tion in the SH laser diode for indvidiual heat sources on the
various current densities tem perature distributions in the

SH laser diode supplied w ith 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 for j  =  5000 Acm~2, and j  =  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 
individual heat sources on the 
tem perature distributions in the 
SH laser diode supplied w ith the 
extremely high current density

Fig. 8. Effect of the internal 
quantum  efficiency qsp of the 
spontaneous emission upon the 
tem perature distribution in the 
SH laser diode

7. Discussion

The influence of the internal quantum efficiency rjBV 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, q4, and the substrate resistivity, 
q2, on the temperature distribution is shown in Figs. 11 and 12, respectively.

Fig. 9. Effect of the  thickness 
f4 of the P-(AlGia)As layer upon 
the tem perature distribution in 
the  SH laser diode

Fig. 10. Effect of the  thickness t3 
of the active layer upon the tem ­
perature distribution in the SH 
laser diode. The dependence of 
threshold current density on the 
thickness t3 is taken into consi­
deration : a —13 =  1 (jtm, jth  =  4000 
Acm~2, b - t 3 =  1.5 fim, jth  =  5000 
Acm-2, c -  <3 = 2  |im, j th =  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 q2, 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.fjm

Fi$. 11. Effect of the P-(AlGa)As 
m aterial resistivity upon the  
tem perature distribution in the  SH 
laser diode

Fig. 12. Effect of the  substrate 
resistivity q2 upon th e  tem pera­
tu re  distribution in the SH laser 
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 
quantum efficiency rjsp as well as that of the thicknesses and resistivities of 
the individual layers on the temperature distributions have been discussed.

Acknowledgements -  The author would like to  thank Dr. J . Buss', Electromagnetics Institu te, 
the Technical University of Denmark, Lyngby, for stim ulating discussions on the therm al 
problems in laser diodes, -as well as Dr. E. Nilsson and the colleagues from the above m entio­
ned Institu te  for their help in computer calculations.



Thermal properties ... 12?

References
[1] Buchsbaum S. J ., Physics Today 29 (1976), 23.
[2] N a k w a sk i W., Przegl. Telekom. 53 (1980), 341, (in Polish).
[3] N a k w a sk i W., Rozpr. Elektr. 27 (1981), No. 4 (in Polish).
[4] Nakwaski W., Rozpr. Elektr. 28 (1982), No. 1 (in Polish).
[5] N a k w a sk i W., Mu s z y ń sk i Z., Archiwum Elektr. 25 (1976), 481, (in Polish).
[6] Mu s z y ń sk i Z., N a k w a sk i W., I Krajowe Sympozjum: Światłowody i ich zastosowa­

nia, Jabłonna, 1976, 492, (in Polish).
[7] Mu s z y ń sk i Z., N a k w a sk i W., Bull. Acad. Pol. Sci., Ser. Sci. Tech. 24 (1976), 7.
[8] N a k w a sk i W., Prace ITE 7, No. 24 (1974), 1, (in Polish).
[9] Nakwaski W., Rozpr. Elektr. 22 (1976), 877, (in Polish).

[10] Nakwaski W., Electron Technology 9, No. 2 (1976), 29.
[11] N a k w a sk i W., Electron Technology 9, No. 3/4 (1976), 131.
]12] N a k w a sk i W., Electron Technology 10, No. 1 (1977), 3.
[13] ' Nakwaski W., Electron Technology 10, No. 2 (1977), 47.
[14] N a k w a sk i W., Mko ziew ic z  B., Prace ITE z. 3 (1977) 27, (in Polish).
[15] N a k w a sk i W., V I I I  Conference on Quantum Electronics and Nonlinear Optics, 

EKON 78, Section A, Poznań 1978, 142.
[16] N a k w a sk i W., Optical and Quantum Electronics 11 (1979), 319.
[17] E n g e l e r  W., Ga e f in k e l  M., Solid St. Electron. 8 (1965), 585.
[18] A fb o m o w itz  M. A., J . Appl. Phys. 44 (1973), 1292.
[19] American Institute of Physics Handbook, ed. D. E. Gray, McGraw-Hill Book Company, 

New York 1972.
[20] N a k w a sk i W., Optical and Quantum Electronics, 1983 (in print).
[21] N a k w a sk i W., Scientific Bulletin of Łódź Technical University, Physics, No. 7 (1983), 

in print.
[22] T o b b e y  H. C., W h it m e b  Ch. A., Crystal Bectifiers, McGraw-Hill Book Company, 

New York, London 1948, 427.
[23] K o b a y a sh i T., F u b u k a w a  Y„ Jap. J . Appl. Phys. 14 (1975), 1981.
[24] N a k w a sk i W., Kvantovaya Elektronika 6 (1979), 2609 (Sov. J . Quantum Electron. 

(USA) 9 (1979), 1544.)
[25] Vook F. L„ Phys. Rev. 135 (1964), A 1742.
[26] H o lla n d  M. G., Phys. Rev. 134 (1964), A 471.
[27] Cab lso n  R.O., Sla ck  G. A., Silv eb m a n  S. J ., J . Appl. Phys. 36 (1965), 505.
[28] J o y ce  W. B., Solid-St. Electron. 18 (1975), 321.
[29] N a k w a sk i W., Opt. Appl. 10 (1980), 281.

Beceived Ju ly 6, 1982

Термические свойства ширококонтактных моногетеросоединенных лазеров

В статье решено уравнение термической проводности для ширококонтактных, моногетеросоеди­
ненных лазеров GaAs-(AlGa)As. С этой целью применена трансформация пространства, редуци­
рующая нелинейные уравнения термической проводности к линейной форме. Учтена нелучистая 
рекомбинация, реабсорбция излучения, джоулево тепло, а также лучистый трансферт энергии са­
мопроизвольного излучения широкополосной пассивной прослойки P-(AlGa)As. Обсуждена отно­
сительная доля всех вышеуказанных тепловых источников. Учтена зависимость термической про­
водности GaAs от температуры. Рассмотрено влияние внутреннего коэффициента полезного дей­
ствия квантовой самопроизвольной эмиссии, а также толщины и внутреннего удельного сопро­
тивления отдельных прослоек на значение термического сопротивления соединенного лазера. 
Объяснена возможная термическая оптимизация конструкции моногетеросоединенного лагера.

Перевела Малгожата Хейдрих


