This phase shift can be achieved, e.g., by rotating the half-wave plate,: pi
into one of the beams. : '
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Tonorpagu4eckan nnrepdepoMeTpiss HenpPephIBHOH JKCIO3MIOMH NEpPexona
€ NOCTOMHHOH CKOPOCTBLIO MEXKAY JABYMS CTalHOHAPHLIMH COCTOSHMSMM

OcyiuecTsiieR TeOpeTHYecKull aHAHU3 CIOXKEEHA IOJIOTrpadrIeckoro METoNa JBYX KCHO3HIEH C nepeio

HOM IOCTOSHHOM CKOPOCTBIO MEXAY HEMH H PE3yAbTAaTHl BEPHGRKOBAHEI IKCIEPHMCEHTAJILHO 1A C
CHMMETPHYECKO! NBOMHOHN 3KCHOO3MIEM C HECKAYKOBBEIM mepexonoM. HcciemoBaHEOE IBRXKERHE
6obiIoe 3HAYEHHE I OLPENETICHHA ITOJIOKEHAS IIOIOCH HYJIEBOTO MOPAAKA ¥ METOA JIBYX IKCIO3H
[ H3y4YeHHS HMOYJIBGCOB BOOOmIE TpauemHeBHOHOH (OpMEI M kKoneOGaHmM . T. .

Thermal properties of stripe-geometry laser diodes

5.

.
In this work thermal properties .of stripe-geometry double-heterostructure GaAs-
(AlGa)As laser diodes have been analyzed. The space transformation reducing the non-
linear thermal conduction equation to the linear one has been used. The transfor-
mation has replaced the nonhomogeneous GaAs—(AlGa)As double-heterostructure of
the laser diode for the homogeneous, GaAs or (AlGa)As homostructure.

In calculations of the heat sources distribution, nonradiative recombination,
reabsorption of radiation, Joule heating, the radiative transfer of the spontaneous
radiation through the passive layers as well as the current spreading effect have been
taken into account.

1. Introduction
recent years an intense effort has been devoted to the development of laser
diodes, the simplest and most compact lasing devices. Most of them utilize
a stripe-geometry. This development has been stimulated by the optical telecom-
munication where a stripe-geometry laser diode [1-8] is used as a carrier wave

generator assuring an efficient coupling with a fiber lightguide [9-11).

Due to the operation of the laser diode the temperature increases within
its volume. This is induced mainly by nonradiative recombination as well as
eabsorption of radiation and the Joule heating. This rise of temperature deterio-

P rates the laser diode performance causing an increase in the threshold current
L density, a decrease in the output power and the external quantum efficiency,
E as well ag a shift of the whole spontaneous radiation spectrum and the mode
i peaks on spectral characteristics. In the case of the stripe-geometry laser diodes
- without a built-in waveguide, the temperature distribution in the p-n junction
i plane improves the stabilization of the radiation filament.

Because of all the above mentioned effects, the operational characteristics

of laser diodes are influenced by their thermal properties whieh have been
| investigated by many authors. The one-dimensional heat extraction in the
® oxide-insulated stripe laser diodes was described by GAREL-JONES and DYMENT

[12]. The two-dimensional case for the stripe-geometry laser diodes without

£ oxide barriers (e.g., proton bombardment stripe laser diodes or planar stripe
E laser diodes) was analysed by Jovce and Dixon [13} Subsequent papers
. deveted to this subject added some improvements to the work of Joyce
i and Dixon. NEwMAN et al. [14] took into consideration the radiative
i encrgy transfer of the spontaneous radiation. DUDA et al. [15] investigated

the Telative influence of various heat sources (including the Joule heating)



on the temperature distribution in the laser diodes. Buus [16, 17] took ag
count of the current spreading effect. ITo and KIMURA [18] considered the;
extraction from the top surface of the laser crystal (thermal radiation and comng
duction through a bonding wire). STEVENTON et al. [19] and YANo et al. (20
adapted this model to the InGaAsP stripe laser diodes. ]

The solution given by Joyce and Dixon has the form of an infinite seri
with unknown coefficients. These coefficients can be determined by sol
a great number of equations for the continuity of temperature and heat fl
on each boundary between layers. This is the main disadvantage of the abo
method. In this paper, the approximate, analytical solution of the therm
conduction equation in the active layer of the stripe-geometry laser diode ig
presented. In this case, the expansion coefficients depend only on the lager
construction parameters and the energy source.

The basic assumptions of the model are presented in Sec. 2; the space trans-
formation which reduces the nonhomogeneous medium of the laser diode t0
homogeneous one is the subject of Sec. 3; the distribution of the heat sources
is discussed in Sec. 4. The solution and results are presented in See. 5 and See. 6

respectively.

The present work is a continuation of our previous papers devoted to the
thermal properties of broad contact laser diodes in the steady-state condition
[21-23] and in the transient-state condition [24-29] as well as to the therma]
properties of stripe-geometry laser diodes [30]. ' ;

-_— - v 4089

fthe thermal conductivities are taken from papers [31-33]. Standard .'p'araméters
Af the laser used in calculations are given in Table 1.

able 1. The parameters of standard stripe-geometry
?ouble-heterostructure GaAs—(AlGa)As laser diode

gara-

etor Value Unit Parameter Value Unit

i 300 pm Tsp . 0.55 —_

. 15 pm Next 0.3 -

400 um n: 1 -

150 mA g 4.26:10-¢  Om

. 100 mA g 7.00-10-5  Om
17V 0 1.40-10~¢  Qm

In this case, because of the position dependence of the thermal conductivity
, the thermal conduction equation is nonlinear:

V(AVT) = —¢g : (1)
ere I is temperature and g is power density of heat soureces.

The boup@ary conditions may be formulated by assuming;
) a negligible heat extraction from the top and side walls

oT

bt e

2. Assumptions —_— -0
, 08 |pm sy ’ (2)

The standard construction of the stripe-geometry double-heterostructure 3 3 oT

GaAs—(AlGa)As laser diode without oxide barriers is shown in Fig. 1, where S T =0, (3)
‘ v=0

ii) a symmetry of the construction according to the y-axis

L —| -0, (4)

=0

' iii) an infinite thermal capacity of the heat sink

M
4

.-' Ty = ygg) = T, (3)

ghere denotes poi ] i i

bien?éﬂgempemtu 133 . nts on the external surface of the heat sink and T PIBE
: The.ma,in heat source in the active layer is placed very close to the heat
juk. High efficiency of the heat extraction process in the laser diode seemingl

. bles us to formulate the boundary conditions (2) and (3) in a simpler formy:
T = :l:(W/2)) = T(y = 0) = 0. The measurements [34-36] of the tem:
grature distributions on the mirror facet have, however, proved the inade-
lacy of the above mentioned assumption. 7

Fig. 1. Standard construction of stri
pe-geometry, double-heterostruct
GaAs—(AlGa)As laser diode with
oxide barriers (4 — the active regi



3. Transformation

The space transformation presented in papers [37] enables, for the one-dimen
sional case, the substitution of the thermally equivalent GaAs homostruct
for the GaAs—(AlGa)As double-heterostructure. In this way, the the
conduction equation (2) becomes linear:

g(z,y) )

VI(@,y) = —

The transformation reduces the multi-layer, nonhomogeneous structuré

of the double-heterostructure (DH) GaAs—(AlGa)As laser diode to the homo!

structure GaAs laser diode rcplacing each i-th layer of thickness f; and ther‘(

mally conductivity 2, with the thermal equivalent GaAs layer of thickness f; and E

thermal conductivity
1 A
i

where f, ; is the space transformation coefficient of ¢-th layer.

Similar transformation for the two-dimensional case under cons,ldera,tlon ]

involves an alteration of the lateral spreading of the heat flux. In this way,

the transformation into the GaAs homostructure lowers the temperature in iﬂ
the active region in comparison with the real distribution, and the analogous

transformation into the (AlGa)As homostructure raises this temperature. In
the next Sections we shall try to compare the real temperature distribution in

the p-n junction plane with the arithmetic mean of the results of both the %

transformations.

The transformation is performed for all the layers. In the cage of the heat

sink, the method proposed by LAFF et al. [38] is used

P [ 0T \"
R 7R W TV

where 8, — effective width of the heat flux flowiﬁg into the heat sink, P — dis-
averaged temperature

sipated power, L — length of the laser resonator, T,, —
of the active region, and 4t — thickness of a hypothetic layer of thermal con
ductivity 2, inserted between the laser chip and the heat sink. The thermal
resistance Qg of the copper heat sink is then equal to

1 4L
= 1
Ous 2mlys L Il( S, )

where 4,, — thermal conductivity of copper.

The increase in temperature in the heat sink may be presented as follows?
%

12

ATye = QuetSi L = Ttm (10'1{

L R |

¢ 4

where the averaged density g, of the total heat flux flowing into the heat sink is

P (11
% =81

and 1,, is the thickness of the copper layer of the thermal resistance @5 Ther
i the thickness t,; of the thermally-equivalent GaAs layer will be

, S, 4L\ A V (12
t12=-—é—ln(sl)l12 |

'All thicknesses of the layer before and after the transformation into GaAs
as well as the transformation into (AlGa)As are listed in Table 2.

-~

" Table 2. The space transformation coefficients and the thick-

nesses of layers of the standard stripe-geometry laser diode
before and after the transformation

e

Thickness [pwm]

Layer Space ]
transformation before after
number o
co officient transformation
1 0.0853 0.2 0.02
2 0.272 91.8 24.97
3 0.272 1 0.27
4 1 3 3
5 0.272 0.2 : 0.05
6 1 2 2
7 0.272 2 0.54
8 0.582 0.1 0.06
9 0.175 0.15 0.03
10 0.0403 1.2 0.05
11 0.147 2 0.29
12 0.032 0o 0.99

& 4. Heat sources

: In the laser diode volume there exist threc sorts of the heat sources:

i) The main heat source is placed in the active region and results from no
radiative recombination and reabsorption of the generated radiation. Its pow

" density is [35]

g4 = 7U_ {Jen(L —F1ep) +(J —Jen) [1 — Next — (1 — ) 1spf 1} (1

" where U is the voltage drop at the p-n junction, j and 4 are the supply curre

density and threshold current density, respectively, and i is the thickns




of the active layer, 7y, 7.y and 7, are the internal quantum efficiency of -the
spontancous emission, the external differential quantum efficiency of the lasing -
and the internal quantum efficiency of the lasing , respectively. Coefficient

deseribes the radiative transfer of the spontancous radiation generated in thew 4 & - -
active region through the wide-gap, passive (AlGa)As layers. It may be calculat, S . B & &
in the following -way [39]): RS 23 3 3 Ea’? . S é’-:: * % %o o#
Z 3 Y <
1 Az : S = >
f ~ 2sin? [E arcsin (1 —0.62 ——‘&)] (14) " "
Mg ) ' - =
where 1y, — refractive index of the active region material and Az, — difference.
in AlAs content betwcen passive and active layers. _ S, 5 - « o
ii) In the GaAs capping layer and in the top layer of the substrate. (layer ; - 15l ,"g S 2 :‘2 52%
3 in Fig. 1) there exist the additional heat sources that are connected with the ? 2 3 - BN A
absorption of the spontaneous radiation transferrgd radiatively through.the g g = py a5 et
passive layers. Assuming the homogeneous distribution of the power density £ s
in both layers, they may be represented as follows: _g g
f o g 2 s - f_“ ee
. g % 22 | zgs .
o1 = Vln =3y (15) S 18| | F | fz(23%%pE.E,
7 : § | BE|agERyszen
f - S - o o5 el oo = o3 00 1 1D
. Tap = E]
9rrs = Ulin . (16) g
' 2t3 . -: g -
N , , , 3 S S8 essssaddd
iii) A supplementary influence is exercised by the J oule heating generated 5 g
in each layer with a density & 2 *
' e 2 = 43
72 - 2 17 'g s = e Ny ’ﬁ
95 = J*e;y 1 =1,2,3,...,12 (17) : 3 ® 5% %%%é} E
, e : . g g 5o | 53T g
whbere o, — electrical resistivity of i-th layer material. 'E < ! ig A ABESES
In all the formulae given in this Section, the current spreading hag not - 2
been taken into consideration. These formulae are adequate for laser diodes 3 pe g5 Eg £
with a good current confinement. A more general example will be shown in 'S g R é g R
Section 6. E f 2 Tl Eoe
The space transformation should be also performed for the power densities. - B = 8 Sy . &2 G
This is due to the changes of the layer thicknesses. The transformation coefficient 1 = g g g E, 2 2
. . . @ Sl
of the heat power densities is therefore the following: § - g ol ° grglo &
8 | EEEl aT ¢ 3
’ . v o =) =] @
9 . o 223l 398 <
fi=—t==—, i=1,2,3,..,12. (18) P S8l B2, 2
9: Joui 2 g e} § 3 -E, H
3 z8E8| 48 =

All the heat power densities, before and after the space transformations,
are listed in Table 3. In the next Sections the primes will be omitted because
only the values after the transformation will be congidered.

it 1

* means that this heat source with a density < 1010 Wm—3 will not be taken into farther account




5. Solution

The problem considered reduces now to the solution of the linear thermal

conduction equation

g(z, y)

z — —
ViT(z,y) = 2

with the boundary conditions:
orT
0 [pmg
or
?‘T_ =W {2

or
W Jymo
Tx =ay,) =T,

where . v v
g; for [2|<8/2 and Y €@y, G
0 elsewhere

9(x, ) ={

a = Ddt, i=1,2,3,..,12

and g, are given in Ta,ble 3.
The solution of thlS problem is the fo]lowmg

T(2,y) = T,+

4 2 {Gmeos( ) [ = sin (K, (8/2))

]‘ﬂfalz m=1 Lm —0 'Kn(ng—’_Lfn)
O sin(K,(8/2)) ]} '
e K
oo (K"$)+ n=1 K1L(-K121.+ ) COS( w)
with
2nm

'Kn = W b
I — (2m—1)n’

m 2“12 A

12
G, = D g;[sin(L,a,) —sin(Lya;_,)].

t=1

: (19)

' (20)
(21) .

e

©3)

(21

- (25)

 (26)

e

(28)

: ﬂ‘ a» r——_—\\\

6. Results

Let us consider the arithmetic mean of both the solutions obtained with the
 aid of the transformations into GaAs {(T,) and (AlGa)As (T',) as a result of our
§ calculations:

T = 2 (T,+1y). (30)

¢ For the standard stripe- geometry double-heterostructure GaAs—(AlGa)As
i laser diode (Fig. 1, Tab. 1) the new obtained solution (N) is compared with
fthe exact solution (JD) of Joycee and Dixon in Fig. 2. It is evident that the

observed discrepancy of both curves is insignificant.

Fig. 2. Temperature distributions
in the p-n junction plane of stripe-
geometry DH laser diode with
8= 15 pm. JD - solution of Joyce
and Dixon, N-new approximated
) ! solution, GaAs and AlGaAs — solu-
0 L L 1 : ) tions for the transformations into

0 5 10 x um % GaAs and (AlGa)As, respectively

In order to check this method, we perform an analogical comparison for the

: " extremely different conditions:

i) 8 = 15 pm, but the thlcknesses of the passive layers are ¢, = 2 wn and

$.-im

© i) 8§ =10 pm,
i) 8 =5 pm.
_ AlGaAs
S-fS,um ,

Fig.- 3. Temperature, distri-
" butions in the p-n junction
| plane of stripe: ‘geometry DH
| laser diode with § = 15 ym
&' and the changed values of the
H

0 o o ) layer thicknesses: t, = 2 pm
o ) sb 10 X, 4m .15 and t,3 .3 y.m :




The results are shown in Figs. 3-5, respectively. It turned out that the ho 1, = Bjp (33)

proposed method is rela.twely insensitive to the reasonable changes of the lager. "
diode structure. The method may be used for the approximate determinatio B = 2 ngT ) . (34)
of the temperature distribution in the p-n junction plane of the stripe-geome " \BRy e ’
lager diode.
Ry =— * + T (35)
. 7~ ) t6 7
Sl & I . = I|I8, (36)
S | ™~ 1 - * .
6 ~AlGaAs S=10pm t ! wm, with I - supply current, k — Boltzman constant, ¢ — unit charge, n, - constant (for

the DH GaAs—(AlGa)As laser diode: n, ~ 2, [43]). . o
For the heat power densities, we assume the same relative lateral distribu-

tion as for the current density
i):
g‘:’_(gl for v e{a;_y, @), ©=3,4,5,6,7,

gz, y) = { ' (37)

0 elsewhere

: The solution of the thermal conduction equation (19) with g(wz, y) given
i)y (37) and the boundary conditions (20)—(23), is the following

T(o,9) = T+ 4 {G €08 (L, ) [ a,cos K, x
x,Y) = 2 2
’ “ AWa,, m=1 L n=0 Kot Lo (38

Fig. 4. Temperature distributions in gig‘ps"n?ﬁ?ﬁ:ﬁ?g{:ﬂf?fri;l:gzngsein N a,cos (K, z) ]}

the p-n junction plane of stripe-geo- . ; . b K4+ L

metry DH laser diode with § = 10 p metry DH laser diode with § = 5 pm i n=1 n+ L

1 f where [17]:
3 gy [ sin(K, (8/2))

In the case of stripe-geometry laser diodes without the effective confinementu ¢ -,7—{ K, Hocos (K (8] 2) (39
of the current path between the contact and the active regions (e.g., oxide 1
insulated, proton bombarded and planar stripe lasers), the current spreading + K1 [cos(K,,(S /2))F(Knlo)+sin(K,,(S /2))G(Knlo)]},
effect should be taken into consideration. This effect results from the finite
electrical resistance of the p-layer and P-layer, and may be usually described F(E,L,) = c08(K,lo)si(K, L) — sin (K,l) Ci(K,L) (40
in the following way [40-41]: " . ) . (41

G(K,l,) = cos(E,l,)Ci(E,l,) -+ sin(K,l)si (K L)
Ja for |y| < 8/2 E where integral sine and cosine are used
B —8/2\* ’ - sint ¥ sint ~ 2 s 42
(1+ lyll / ) B )= _f —dt = __+ ——dt = — 5 +8i() (
(1} =
where E Ci(a) = f cost (43
—_— i
j1 = 1+2(B/8) —2(B/[8) V(B/8Y +j, (32)




The influence of the current spreading effect on the temperature -dis
'bu'bion in the DH stripe-geometry laser diodes for § = 15 ym and 8 = 10
i illustrated in Figs. 6 and 7, respectively. It is apparent that the temperatur.
induced waveguiding in the DH stripe-geometry laser diodes depends strohgl
on the efficiency of the current confinement, i.e., on the value of the com:
posite sheet resistance Rg. ‘ L

Fig.

LS [

butions in the p-n junction pla-
ne of stripe:geometry DH 1a-
- ser diode with § ‘= 15 pm! and
o) : é . . 110 . s 4’5 various values of sheet resi-

x,pum stance Eg

Buus [1fi] has adapted the Joyce-Dixon model to the stripe-geometry
DH laser .VVlth the current spreading effect. He obtained analogical fesults,
but for points outside the active region the temperature distributions depend-

5
X R,= oo |
o |
o !
Z |
{
I
3
2
1
1 ! — v A C !
o Fig. 7. Temperature distributions in the p-n
. | junction plane of stripe-geometry DH: lader
1 - » o
b . o diode with § = 10 pm and various value of -

X m sheet resistance Bp
ed much niore strongly on the sheet resistance By. This means that for this region
the'met‘hod described here is less exact. As far, however, as the electrical and
opt-leal properties of the laser diode are concerned, the  temperature distribu-
tion outside the active region is much less important.

6. Temperature distri. -

. Conclusions

The  approximate, analytical solution of the thermal conduction equation
fras obtained for the stripe-geometry double-heterostructure GaAs—(AlGa)As
ager diode. The space transformation reducing the nonhomogeneous medium
bf the laser diode to the homogeneous one was used. The results were compared
‘~ ith the exact, semi-analytical solution of Joyce and Dixon. The current spread-
ing effect was taken into consideration.
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npling of the incoherent spectrum in two-channel system

ANNA MAGIERA

Hnstitute of Physics, Technical University of Wroclaw, Wybrzeze Wyspiariskiego 27, 50-370

Wroclaw, Poland.

PThe information processing scheme of the incoherent optical system is based on the follow-
ing imaging relation:

I@',y) = 0@,y )QHE,Y) ,

fwhere I (x', y'), O(2, y’) denote the image and object intensity, respectively, while H (z', ¥°)
s the impulse response of the system. In Fourier gpace the relation (1) has the form

ig, n) = O(&, MG(E, ) (@)

Received June 13, 1983
here I(&,7), O(&,7), and G (&, n) are Fourier transform of I(",¥’), O(z’,¥’), H@'y')

spectively.
From Eq. (2) we see that the o
netion G (&, n). In papers [1-3]it has been shown that the incoherent spectrum 0 is attain-

hoice of G (£), which should take the form of a sampling function.
function (Py) of the slit form the width of which increases prog-

TepMuueckne cBOHCTBa JIGHTOYHLIX JIa3epoB
bject information O (&, ) is filtered by the optical transfer

B Bacrosmie#t paGoTe MPoU3IBeACH aHAJIH3 TEPMUISCKAX CBOKCTB GHreTepOMydTOBEIX JICHTOYHEIX naaepbs
GaAs-(AlGa)As. C 3T0it uenbro npaMeHeHa TPaHCHOPMaUMA IPOCTPARCTBA, PEAYUNPYIOMIAN HeNHHEHH
ypaBHEHHE TePMHYECKOH NPOBOMHOCTH K NuHeHON dopmMe. D1a Tparncdopmauus 3aMeHSET néommpo
Hyio GmrerepocTpykTypy GaAs—(AlGa)As MydToBOrOo nasepa oHHOPOAHON IOMOCTPYKTYpPOK GaAs 1
(AlGa)As. -

B pacuerax pacnpelelieHHf HCTOYHHKOB TeIU1A YYTEHB! HENyYHCTas pekoMOunauusa, peaGeopOums
H3JIYYeHHS, DKOYNEBO TeIUTO, NYYHCTHIH TpaHchepT CHOHTAHHOrO H3NYYeHHS dYepe3 NACCHBHLIC cndy"u
a Taxkxe 3ddexr ToxopacupenercHus. i

jable through a proper ¢
The application of the pupil
eagively (Fig. 1) yields é,(E) in the form of sampling function (Fig. 2).

In the described method the following recurrence formula was needed:

Ge(8) = [Gr(8) —2Gk_1(8) +Gr—2(H]s (3)

Iposepura Maszookama Xendpid; The sampled incoherent spectrum is then

e sin (z€47")

5(sAs);[ [ Boen T as - [ 06410

sin (n&dx")
X ———

sin {(n&Ax’) d&] .
né s

de+ [ 0@6GE-28) —;

i The number of independent samples (N) that can be measured in the incoherent spectrum
k of the object is bounded by the finite width of the photo-diode (4z’) and minimum value
b of the increment (A&)mins N < 1/{(48)min(4%) [1].
3 This paper describes the way in which the sampling function G4(§) in two-channel
g system is obtained. For this purpose the pupils functions P (£) (see Table) and the corre-
E sponding autocorrelation were carried out. The results obtained arc presented in Tig. 3.
f As it follows from Figs. 3 {-h the sampling function Gs(£) in two-channel system is obtained
by using two slits pupils in phase (channel I) and two slits pupils in antiphase (ehannel 1I) -

F Fig. 4. :




