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Heat source distribution, vertical structure, and coating
influences on the temperature of operating 0.98 mm laser diodes:
Photothermal reflectance measurements

L. C. O. Dacal, A. M. Mansanares,a) and E. C. da Silva
Instituto de Fı´sica Gleb Wataghin, Universidade Estadual de Campinas, Unicamp, Cx. P. 6165,
13083-970 Campinas, SP, Brazil

~Received 22 April 1998; accepted for publication 6 July 1998!

In the present work single-quantum-well laser diodes operating at 0.98mm are investigated by
photothermal reflectance microscopy. Temperature maps were obtained for the output facet of all
devices studied. Furthermore, the temperature distribution was determined along the cavity~on the
ridge! of lasers soldered with the junction side up. Near the facets, the measured temperature was
found to be about seven times the bulk’s temperature, indicating the presence of an important
surface heat source. The signal phase distribution of the laser facet shows the important role of the
vertical structure on the heat confinement. Comparison between experiments and calculations shows
that the confinement layers~GaAlAs and GaInP! thermal parameters are the principal responsible
for the heat propagation in these structures near the active region. The same calculations show the
role of the coating (Al2O3) in the heat propagation, and give a quantitative ratio between surface and
bulk heat sources. Measurements made on the facet and on the ridge as a function of injection
current were found to present a quite similar behavior, leading to the conclusion that thermal effects
are strongly dominant in these measurements, masking any carrier or electroreflectance effects.
Finally, measurements made under different light output power conditions and under the same
injection current conditions showed that the surface heat source is caused by laser light absorption
at the facets. ©1998 American Institute of Physics.@S0021-8979~98!05419-X#
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I. INTRODUCTION

Laser diode reliability is of crucial importance in th
development of telecommunication optical amplifiers. La
diodes operating at 0.98mm have proved to be highly suite
for erbium doped optical fiber pumping. However, they a
present a relatively low damage threshold power. Tests h
shown that damage is induced by temperature increase w
the device is operating and occurs mainly at the facets of
laser.1 The determination of the facet temperature becom
in this particular case, of great importance. Moreover,
investigation of the source of heating is also extremely us
in order to improve device performance.

Photothermal reflectance microscopy has been use
determine the temperature distribution of operating la
diodes2–4 as well as of conducting tracks in integrate
circuits5 and metal oxide semiconductor field effect transis
~MOSFET! structures.6 The technique combines spatial res
lution ~,1.0 mm! and sensitivity~roughly 1026 in DR/R!,
allowing the detection of temperature profile variatio
caused by both structural differences and local surfa
subsurface defects of optoelectronic and microelectronic
vices. Its nondestructive nature allows aging tests, a ne
sary step in the development of electronic devices, as we
comparative measurements before and after sample t
ments.

a!Author to whom correspondence should be addressed; electronic
manoel@ifi.unicamp.br
3490021-8979/98/84(7)/3491/9/$15.00
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The principle of the technique is based on the dep
dence of the sample’s reflectance on the temperature. U
ally a probe beam is reflected by the sample’s surface, an
intensity is then measured. A variation in the beam intens
is caused by a variation in the reflectance (DR), which is
related to the temperature variation (DT) through:

DR

R
5

1

R

]R

]T
DT. ~1!

The relative reflectance temperature coefficient (1/R)
3(]R/]T) depends on the sample’s material and on
wavelength. For a given homogeneous material surface,
distribution of the relative variation of the reflectanc
(DR/R), which can be measured, gives the temperature
tribution multiplied by a constant factor. The coefficie
(1/R)(]R/]T) can be found for several materials and wav
lengths, but for most of the applications of the technique,
behavior of the temperature is much more important than
absolute value. Moreover, in the frequency domain the te
perature oscillation presents amplitude and phase. The p
is related to the delay between excitation and tempera
increase, giving the time taken for the heat to propagate fr
the source to the probed point. This makes the phase m
surement a suitable way to determine the thermal param
of the sample~thermal diffusivity! as well as to establish th
heat source location.

When investigating operating optoelectronic devic
such as laser diodes, the device is biased in a modulated
~modulated current! and the signal~temperature! is usually
il:
1 © 1998 American Institute of Physics
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 [This a
measured at the fundamental frequency of the excitation~as
in the present work! or at the second harmonic. The tempe
ture distribution so determined may lead to the thermal l
distribution through appropriate modeling. Usually, in suc
modeling the direct problem is solved for a given structure
materials~with specified thermal parameters: thermal co
ductivity, k, and thermal diffusivity,a! and a defined hea
source distribution. The temperature distribution is th
found by solving the heat diffusion equation with the a
equate boundary conditions:

¹2T~r ,t !2
1

a

]T~r ,t !

]t
52

f ~r ,t !

k
. ~2!

Here f (r ,t) represents the heat source~power per unit vol-
ume!.

Besides temperature effects on the reflectance varia
carrier density and surface potential effects were also fo
in microelectronic and optoelectronic devices.3,6 In order to
treat these cases further terms must be added to Eq.~1!.7,8

However, as it will be demonstrated below, the temperat
effect is dominant in all measurements performed on the
sers studied here.

In the present work we investigated eight sing
quantum-well laser diodes operating at 0.98mm using pho-
tothermal reflectance microscopy. Temperature maps of
facet and of the ridge~along the cavity! were obtained. Nea
the facets, the measured temperature was found to be a
seven times the bulk’s temperature, indicating the prese
of an important surface heat source. The signal phase d
bution of the laser facet shows the important role of
vertical structure in the heat confinement. Comparison
tween experiments and calculations shows that the con
ment layers~GaAlAs and GaInP! thermal parameters ar
suitable to describe heat propagation in these structures
the active region. The same calculation shows the role of
coating (Al2O3) in the heat propagation and gives a quan
tative ratio between surface and bulk heat sources. Meas
ments made on the facet and on the ridge as a functio
injection current were found to present a quite similar beh
ior, leading to the conclusion that thermal effects a
strongly dominant in these measurements, masking any
rier or electroreflectance effect. Finally, measurements m
at different light output power conditions and at the sa
injection current showed that the surface heat source
caused by laser light absorption at the facets. This indu
table result is in opposition to a previous publication,9 which
reported that the surface recombination of carriers injec
by current was the main facet heating mechanism
GaAlAs ridge waveguided single-quantum-well lasers.

II. EXPERIMENTAL ARRANGEMENT AND SAMPLES

The experimental arrangement used in this work
shown in Fig. 1. A probe beam coming from a 670 nm la
diode enters a commercial microscope through its pho
graph eyepiece and is focused on the sample’s surface.
spot diameter is about 1.0mm when using a numerical ape
ture of 0.75~503 objective!. The typical probe beam powe
on the sample’s surface is 130mW. The beam is reflected
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub

143.106.1.143 On: Wed, 
-
s

a
f
-

n
-

n,
d

e
-

-

he

out
ce
ri-
e
e-
e-

ear
e

-
re-
of
-

e
ar-
de
e
is
i-

d
r

s
r
-
he

back by the surface of the sample and deviated in the di
tion of a Si photodiode by al/4 plate combined with a po
larizing beam splitter cube. The modulated current applied
the sample has the formj (t)5 j 01( j 1/2)@11sin(2pft)# and
is supplied by a source driven by a function generator. In
the measurements presented in this articlef was kept at 100
kHz and j 0 at 5.0 mA. The reflected probe beam is intens
modulated at frequencyf, since the sample’s reflectance~R!
is a function of temperature, which is modulated as well
the current flow modulation. The output signal from the
detector is analyzed with a lock-in amplifier~reference in
phase with the ac driving current! and its dc component is
used to normalize the lock-in signal, giving the experimen
values ofDR/R ~amplitude! and phase. The laser backing
temperature controlled by a Peltier cell. The sample, incl
ing the Peltier cell, is mounted on anx-y translation stage, of
0.1 mm step size, with the output facet side up in order
make maps on the facet, and with the ridge side up~for lasers
soldered junction side up! to obtain the temperature distribu
tion along the cavity. A notch filter for the wavelength of th
sample laser diode being investigated~0.98 mm! is used to
avoid the incidence of this~modulated! radiation both on the
photodetector and on the probe beam laser cavity. The w
experiment is controlled by a computer, which comman
the sample position and reads the signal amplitude
phase, and the dc component of the photodetector outpu

The samples studied were strained InGaAs sing
quantum-well ~0.98 mm peak emission!, separated-
confinement heterostructure, ridge-waveguide lasers.
vices with two types of confinement layers we
investigated: GaAlAs~graded index! and GaInP. Table 1
shows a list of the eight lasers used in this work, includi
the side of the soldering~junction up:n-type side soldered o
junction down:p-type side soldered!. Lasers soldered junc
tion up were used in the determination of the temperat
distribution along the cavity by scanning the probe beam
the ridge. Figure 2 shows the convention of axis adopted
the areas scanned by the probe beam, for a junction-up la

FIG. 1. Block diagram of the experimental setup.
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 [This a
Figure 3 depicts the energy band gap distribution of the v
tical structure for both types of laser studied: GaAlAs a
GaInP confinement layer. Notice the thickness of
GaAlAs and GaInP layers at then side of the structure: 1.0
and 0.7mm, respectively. The role played by these layers
the heat propagation will be discussed later. The lasers
their facets coated: al/4 Al2O3 antireflecting coating on the
front facet~output facet! to minimize internal reflection, and
a l/4 Al2O3 coating plus a Si high-reflecting coating on th
rear facet to maximize internal reflection. The current thre
old for all GaAlAs lasers was around 10 mA, as showed
Fig. 4 for laser No. 864, while for GaInP lasers the thresh
was around 23 mA. After the conclusion of the measu
ments of the samples with both facets coated, the rear c
ing was removed and the measurements on the output~front!
facet repeated. In this way it was possible to uncouple in
tion current and light intensity at the output facet. The c
rent threshold moved to several tens of mA after coat
removal@from 9.9 to 82 mA for laser No. 864~see Fig. 4!#
and the external quantum efficiency dropped significantly~a
factor of 7 for laser No. 864! since the highly reflective
~;70%! rear facet had its coating removed and was chan
into a fairly reflective~;30%! surface.

TABLE I. List of the lasers studied in this work, including the confineme
layer, the type of confinement, and the soldering orientation.

Laser
No.

Confinement
layer

Type of
confinement

Soldering
junction side

627 GaA1As GRIN SCHa down
864 GaA1As GRIN SCHa down

1247 GaA1As GRIN SCHa up
1248 GaA1As GRIN SCHa up
730 GaInP SCHb down
764 GaInP SCHb up
997 GaInP SCHb up

1453 GaInP SCHb up

aGraded index separated confinement heterostructure.
bSeparated confinement heterostructure.

FIG. 2. Convention of axis adopted and the areas scanned by the p
beam, for a laser soldered junction side up.
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III. RESULTS AND DISCUSSION

Figure 5 shows the signal amplitude and phase m
obtained from the output facet of laser No. 864~GaAlAs,
junction side down! and represents the general features
this type of measurement. The scanned area
10mm310mm ~2601 measured points!, and the current am-
plitude was j 15124 mA. From Fig. 5~a! one observes the
hot spot around the active layer, with the signal amplitu
dropping down as one moves away. At the lower part of
hot spot one can observe the contour of the ridge~squared

be

FIG. 3. Energy band gap distribution of the vertical structure for both ty
of laser studied:~a! GaAlAs and~b! GaInP confinement layer.

FIG. 4. Output power as a function of modulated current~0.1% duty cycle
at 1.0 kHz! for laser No. 864~GaAlAs, junction side down!, showing the
laser threshold and the external quantum efficiency before~dashed line! and
after ~solid line! rear facet coating removal.
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
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shape!. The vanished signal below the ridge is related to
fact that the probe beam reaches the backing~and soldering!,
and is scattered by a nonpolished unleveled surface. At
upper part of the hot spot one finds the temperature distr
tion in the substrate, which goes down slower following t
thermal parameters of the vertical structure and of the s
strate itself. One must remark that the signal amplitude r
resented in Fig. 5~a! is in fact the convolution of the tem
perature oscillation at the sample’s surface by the pr
beam intensity distribution, which is roughly 1mm wide.
The differences between the temperature coefficients of
flectance (]R/]T) for the distinct layers may also contribu
to the general behavior of the signal at small distances f
the active layer. From Fig. 5~b! one can see that the pha
reaches a maximum at the center of the hot spot. The r
contour can also be observed~noisier! as well as the ‘‘almost
cylindrical’’ isophases at the substrate side, related to
delay in the heat propagation from the source~at the active
layer/optical near field spot!.

In Fig. 6 the phase behavior for laser No. 627~GaAlAs,
junction side down! is represented along the vertical axis~y!,
i.e., crossing the active layer at its center (y50), from the
ridge ~negative side! to the substrate~positive side!. The
modulation frequency was 100 kHz andj 1594 mA. As in

FIG. 5. Amplitude and phase maps of the output facet of laser No.
~GaAlAs, junction side down!. The scanned area was 10mm310mm ~2601
measured points!, and the current amplitude wasj 15124 mA (f
5100 kHz). Black represents minimum while white represents maxim
~a! amplitude: (DR/R)min50 and (DR/R)max51.631023; ~b! phase:fmin

52100° andfmax5235°.
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the case of Fig. 5~b!, the phase has a maximum at the acti
layer, and out of the heated zone, at the substrate sid
decreases linearly with distance (slope50.22mm21). At the
ridge side the phase decreases slower. This is due to
interference of thermal waves reflected at the borders of
ridge, and indicates heat confinement within the ridge cau
by mismatch between thermal parameters of the ridge
the surroundings. The slope of the phase at the substrate
is related to the effective thermal diffusivity of the medium
The value of 0.22mm21 is typical both for GaAlAs and
GaInP lasers. A set of five measurements on lasers w
GaAlAs confinement layers gave a mean value of (0
60.02) mm21, for distances ranging from 1.0 to 3.0mm
from the center of the active layer~see solid line in Fig. 6!.
This value is much higher than that for GaAs at 100 k
~0.11 mm21!, and is much closer to that of GaAlAs~45%
Al !, which is the confinement layer.10 Another possible rea-
son for the higher slope experimentally found is the prese
of the Al2O3 layer ~coating!. A deeper analysis will be de
veloped below, taking into account the influence of the co
ing both on GaAs and GaAlAs effective media.

Let us now turn our attention to the temperature dis
bution along the laser cavity. Figure 7 shows the sig

4

:

FIG. 6. Signal phase along the vertical axis~y!, i.e., crossing the active laye
at its center (y50), from the ridge~negative side! to the substrate~positive
side!, for laser No. 627~GaAlAs, junction side down!. The modulation
frequency was 100 kHz andj 1594 mA.

FIG. 7. Signal amplitude for a line along the ridge, from the center of
crystal to the facet (z50), for laser 1453~GaInP, junction side up!. The
probed surface~metallic contact! is about 2.5mm away from the active
layer. The modulation frequency was 100 kHz andj 15124 mA.
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amplitude for a line along the ridge, from the center of th
crystal to the output facet (z50), for laser No. 1453~GaInP,
junction side up!. The probed surface~metallic contact! is
about 2.5mm away from the active layer. The modulatio
frequency was 100 kHz andj 15124 mA. Near the borde
the probe beam falls out of the crystal, disturbing the m
surement~result not shown!. As it can be seen, the temper
ture is much higher near the facet than in the bulk~a factor of
7!. The phase~not shown! also presents a slight decrea
from the facet to the bulk, reaching a stable value as i
observed for the amplitude. These results indicate the p
ence of a localized heat source at the facet. Similar res
have been reported for 0.98mm ridge waveguide lasers.11

In order to evaluate the ratio between surface and b
heat dissipation, and to calculate the influence of the Al2O3

coating on the temperature distribution at the output fa
the heat diffusion equation was solved for a medium oc
pying the half space, covered by a coating layer. Figur
represents such a model for the sample: the effective med
1 ~semi-infinite! represents the crystal~GaAs or GaAlAs!,
with thermal conductivityk1 and thermal diffusivitya1 ,
while medium 2, with thermal conductivityk2 and thermal
diffusivity a2 , is the coating~thicknessd!. The planez50 is
the output facet. Two distinct heat sources were conside
One of them was located at the facet~superficial heat source!
and had a Gaussian shape centered in thez axis. The super-
ficial power density for this source is given by

i ~r !5 i 0 exp~2r 2/R2! ~z50!, ~3!

where i 0 has dimensions of power per unit area,r is the
radial distance from thez axis, andR is the characteristic
Gaussian radius. This heat source is intended to describ
heat generation at facet of the laser regardless of its ac
location, in the crystal or in the coating. Further consid
ations will point out that the exact location of this he

FIG. 8. Schematic representation of a medium occupying the half s
~medium 1!, covered by a layer~medium 2!.
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source is in the crystal, but for the purposes of our calcu
tions there is no significant difference in placing it atz50.

The second source is distributed in the entire cavity, a
with a Gaussian shape~same characteristic radius! centered
at the z axis ~cylindrical heat source along thez axis!. Its
volumetric power density is given by

f ~r !5 f 0 exp~2r 2/R2! ~2`,z,0!, ~4!

where f 0 has dimensions of power per unit volume.f 0 may
be related toi 0 through a characteristic length,l:

i 05 f 0l , ~5!

where l represents the cavity length in which the sam
amount of power is deposited as compared to that depos
on the surface. The Gaussian shape assumed for both so
is intended to describe, even in a poor way, the optical m
of the laser, and also take into account the convolution of
temperature distribution by that of the probe beam intens
Even if this is a rough approximation, it is enough to d
scribe the temperature behavior out of the sources, bot
the output facet and on the ridge. In this way one can ded
the influence of the coating in the temperature of the fa
and compare the bulk and surface heat generation.

The boundary conditions employed were heat flow a
temperature continuity atz52d, and no net heat flow atz
50 and atz52`. The total temperature for each mediu
~1 and 2!, as a function ofr andz, is given by the sum of the
temperatures related to each heat source~wheres is superfi-
cial andb is bulk!:

T1~r ,z!5T1s~r ,z!1T1b~r ,z!, ~6!

and

T2~r ,z!5T2s~r ,z!1T2b~r ,z!. ~7!

The solutions of the heat diffusion equation with th
above boundary conditions and for the two heat sources
the following.
Superficial source:

T1s~r ,z!52p•E
0

`

b db J0~2pbr !•A1s~b!exp~m1z!,

~8!

T2s~r ,z!52p•E
0

`

b db J0~2pbr !•@A2s~b!exp~m2z!

1B2s~b!exp~2m2z!#, ~9!

whereJ0 is a Bessel function. The coefficientsA1s , A2s , and
B2s are given by

ce
A1s~b!5
2•I ~b!exp@~m11m2!d#

k1m1@11exp~2m2d!#2k2m2@12exp~2m2d!#
, ~10!

A2s~b!5
I ~b!exp~2m2d!~k1m11k2m2!

k2m2$k1m1@11exp~2m2d!#2k2m2@12exp~2m2d!#%
, ~11!

B2s~b!5
2I ~b!~k1m12k2m2!

k2m2$k1m1@11exp~2m2d!#2k2m2@12exp~2m2d!#%
. ~12!
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In the above expressions:

I ~b!5 i 0pR2
•exp@2~pbR!2# ~13!

is the Hankel transform of the superficial heat source dis
bution i (r ), and

mi
25~2pb!21q1

2 ~14!

is the wave number associated with the spatial frequencb,
where

qi5
~11 i !

m i
~15!

is the wave number related to the one-dimensional~1D! heat
diffusion and

m i5S a i

p f D
1/2

~16!
io
x
-

y

b
ha
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is the thermal diffusion length~where f is the modulation
frequency!.
Bulk source:

T1b~r ,z!52p•E
0

`

b db J0~2pbr !

•S A1b~b!exp~m1z!1
F~b!

m1
2k1

D , ~17!

T2b~r ,z!52p•E
0

`

b db J0~2pbr !S A2b~b!

•@exp~m2z!1exp~2m2z!#1
F~b!

m2
2k2

D , ~18!

where
A1b~b!5

k2m2

k1m1

F~b!•S 1

m2
2k2

2
1

m1
2k1

D •$exp@~m12m2!d#2exp@~m11m2!d#%

exp@2m2d#•S k2m2

k1m1

21D 2exp@1m2d#•S k2m2

k1m1

11D , ~19!

A2b~b!5

F~b!•S 1

m2
2k2

2
1

m1
2k1

D
exp~2m2d!•S k2m2

k1m1

21D 2exp~1m2d!•S k2m2

k1m1

11D , ~20!
-
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and

F~b!5 f 0pR2
•exp@2~pbR!2# ~21!

is the Hankel transform of the bulk heat source distribut
f (r ). The calculated temperature amplitude will be e
pressed in units ofQ0 divided by the pertinent thermal con
ductivity, where

Q05 f 0pR25P0 / l , ~22!

whereP0 is the total superficial power.
The temperature distribution at the facet (z50), as a

function of y (y[r ), was obtained by solving numericall
the integrals of Eqs.~9! and ~18!. The thermal para-
meters used were: k150.438 W/cm K for GaAs
and k150.110 W/cm K for GaAlAs ~45% Al!, a1

50.257 cm2/s for GaAs anda150.064 cm2/s for GaAlAs,10

k250.351 W/cm K and a250.117 cm2/s ~values for
sapphire!.12 The Al2O3 thickness was taken asd
50.156mm ~l/4 at 0.98mm, the refraction index asnAl2O3

51.5712! and the Gaussian radiusR50.5mm. The calcula-
tions, as well as the discussion developed below, will
limited to GaAlAs as the ternary layer. One must remark t
the thermal parameters for GaInP~lattice matched to GaAs!
n
-

e
t

are quite similar~slightly higher! than those of GaAlAs
~kGaInP50.144 W/cm K andaGaInP50.086 cm2/s!.10

Figure 9 shows the temperature amplitude~a! and phase
~b! for a modulation frequencyf 5100 kHz and a character
istic length l 530mm ~the pertinence of this value will be
clear when discussing Fig. 11!. The influence of the coating
on the temperature amplitude can be seen in Fig. 9~a! at
small values ofy ~near the source!. The coating produces a
temperature increase in the case of GaAs as medium 1, a
temperature decrease in the case of GaAlAs as medium
This is because Al2O3 has thermal parameters with lowe
values than those for GaAs, thus confining the heat near
source. These parameters are, however, higher than thos
GaAlAs, promoting a temperature spread in this case. O
can conclude then, that the coating has a minor influence
GaAs, slightly increasing the temperature for the specifi
heat source, and it has a significant influence on the temp
ture when the semi-infinite medium is GaAlAs. As the actu
structure of the laser is composed by a set of layers w
thermal properties between GaAs and GaAlAs, the ove
role of the coating is also between these two cases. S
must cause a decrease of temperature at the center o
active layer, which is surrounded by GaAlAs layers, th
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
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contributing to increase power threshold to mirror damag
Figure 9~b! shows that the coating does not disturb s

nificantly the phase behavior as a function of the dista
from the center of the heat source. The slope of the phas
slightly increased in the case of GaAs and slightly decrea
in the case of GaAlAs, in agreement with the amplitude
havior discussed above. From this figure one can see tha
slope of the phase is around 0.22mm21 for GaAlAs, a value
which matches very well the measured ones. This re
leads to the conclusion that the ternary layer plays a m
role in the radial~vertical! heat propagation.

In the same way, the temperature distribution along
laser ~on the ridge! was calculated by using Eqs.~8! and
~17!. Figure 10 shows the result of such a calculation fo
modulation frequencyf 5100 kHz, and the same therm
and geometrical parameters described above@Fig. 10~a! for
GaAs as medium 1, and Fig. 10~b! for GaAlAs as medium
1#, for a set of values of characteristic lengthl: 0, 5.0, 10.0,
20.0, and 30.0mm. The temperature amplitude is plotted as
function of z ~from 215 to 20.2 mm!, for a fixed value ofr
~r 52.5mm, which is the distance between the active lay
and the metallic contact on the ridge!. l 50 means that there
is no superficial heat source, and the temperature ampli
is found to be constant for allz values, including near the

FIG. 9. Temperature amplitude~a! and phase~b! at the facet (z50), as a
function of y(y[r ), calculated from Eq.~7!. Parameters used:k1

50.438 W/cm K for GaAs andk150.110 W/cm K for GaAlAs, a1

50.257 cm2/s for GaAs and a150.064 cm2/s for GaAlAs, k2

50.351 W/cm K anda250.117 cm2/s; R50.5mm, modulation frequency
f 5100 kHz and characteristic lengthl 530mm. Curves for GaAs and
GaAlAs were obtained makingd50, while for GaAs/Al2O3 and
GaAlAs/Al2O3 d was made equal to 0.156mm.
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facet. One must remark that forr 52.5mm there is no sig-
nificant influence of the coating on the facet temperatu
especially for GaAs as medium 1@see Fig. 9~a!#, and this fact
is also verified on the ridge for small distances from t
facet.

As the value ofl increases, the weight of the superfici
source increases, and the temperature amplitude nea
facet becomes higher and higher. This can be observed f
the curves of Fig. 10. For each value ofl, it is found that
the temperature near the facet (z;0), relative to the bulk
(z;215mm), is slightly higher for GaAlAs than for GaAs
Furthermore, the temperature increase is sharper for the
nary than for the binary. By comparing the calculated curv
with the experimental ones~see Fig. 7!, one concludes that a
reasonable value forl must lie between 20 and 25mm. Fig-
ure 11 shows the calculated temperature ratio defined
uT(z→02)u/uT(z→2`)u, in the function ofl, from which
one finds that the experimental value of 7~see Fig. 7! is
satisfied forl between 20 and 25mm, depending on the ther
mal parameters of medium 1. Such large values ofl cause the
facet temperature to be mainly determined by the superfi
heat source. This fact justifies the chosen value ofl when
calculating the facet temperature presented in Fig. 9.

Taking the characteristic length as 25mm ~20 mm!, and
using the thermal parameters of the binary~ternary!, one can
evaluate the temperature distribution alongz, at the center of
the heat source (r 50). The temperature amplitude for th
case is shown in Fig. 12. From this figure one can see

FIG. 10. Temperature amplitude along the laser, on the ridger
52.5mm), as a function ofz, calculated from Eq.~6!, for several values of
the characteristic lengthl: 0, 5.0, 10.0, 20.0, and 30.0mm. The thermal and
geometrical parameters used were the same of Fig. 9.d was kept equal to
0.156mm. ~a! medium 1: GaAs;~b! medium 1: GaAlAs.
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the temperature of the facet is 20 times~14 times! the tem-
perature of the bulk, instead of seven as measured on
ridge (r 52.5mm). This is related to the fact that each poi
of the bulk heat source gives rise to an effective tw
dimensional heat propagation~cylindrical!, while each point
of the superficial heat source gives rise to an effective th
dimensional heat propagation~spherical!.

Let us now discuss the experimental results obtained
varying the injection current amplitude. Figure 13~a! shows
the signal amplitude on the facet of the laser No. 12
~GaAlAs, junction side up!, at the center of the active region
for a modulation frequency of 100 kHz. From this figure o
can see that right above the threshold the signal amplit
increases almost linearly with current. Figure 13~b! shows
the result of a measurement under the same conditions,
the probe beam on the ridge, near the facet (z;0). One
should note that a straightforward comparison between
plitudes of these measurements is not possible, since th
flectance temperature coefficients (1/R)/(]R/]T) are not the
same. The similarities between the curves of Figs. 13~a! and
13~b! ensure the attribution of a dominant temperature eff
on the signal on the facet~on the active region! where carrier
effects could influence the signal. Furthermore, the disco
nuity of the slope of both curves right after threshold is oft

FIG. 11. Temperature ratio defined asuT(z→02)u/uT(z→2`)u, in func-
tion of l for both GaAs and GaAlAs as medium 1.T(z) is the calculated
temperature shown in Fig. 10.

FIG. 12. Temperature amplitude along the laser, at the center of heat s
@r 50, as a function ofz, calculated from Eq.~6!, for both GaAs and GaAlAs
as medium 1~ki is equal tokGaAs or kGaAlAs!#. l was taken as 25mm for the
first case and as 20mm for the second one. The other parameters were
same as for Fig. 10.
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attributed to light absorption heat generation. This me
that the heat source is associated with the light intensity
the laser and at its facet,13 instead of the heat source bein
associated with a nonradiative recombination of injec
carriers.9

In order to make this first evidence of light absorptio
heat generation clear, the rear coating of the lasers was
moved, shifting up the threshold current and lowering t
external quantum efficiency~see Fig. 4!. Figure 14 shows the
result obtained on the facet of laser No. 864~GaAlAs, junc-
tion side down!, 0.7 mm away from the active layer, on th

rce

e

FIG. 13. Signal amplitude as a function of the injection current amplitu
for the laser 1248~GaAlAs, junction side up! and for a modulation fre-
quency of 100 kHz.~a! on the facet, at the center of the active region;~b! on
the ridge, near the facet (z;0).

FIG. 14. Signal amplitude as a function of the injection current amplitu
for laser No. 864~GaAlAs, junction side down!, on the facet, 0.7mm far
from the active layer, to the substrate side (f 5100 kHz), after rear coating
removal.
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substrate side (f 5100 kHz). One can observe the thresho
near 82 mA through the slope change. Moreover, below
mA the signal amplitude is two orders of magnitude low
than that obtained before coating removal. This means th
the absence of light the signal, i.e., the temperature, dr
sharply. The nonradiative recombination of injected carri
and the Joule effect are expressed by the curve of Fig
below 82 mA.

In order to compare the temperature distribution on
facet, before and after coating removal, a map~not shown!
was obtained for a currentj 15124 mA. The maximum am-
plitude was found to be 1.231024. Before coating removal
under the same conditions, the maximum amplitude w
1.631023 @see Fig. 5~a!#, 13 times higher. By extracting th
output light level, for both situations, from Fig. 4 one co
cludes that at 129 mA (j 01 j 1) it passed from 89 to 5.0 mW
a factor of 18. There is, therefore, no doubt about the ori
of the heat source: it is mainly associated with laser li
absorption. Since it was demonstrated that the character
length is between 20 and 25mm, the final conclusion is tha
there is a strong light absorption at the laser facet. Finally
considering the typical low absorption coefficient of Al2O3,
these results point to the crystal surface absorption.

IV. CONCLUSIONS

In the present work photothermal reflectance microsc
was used in the investigation of single-quantum-well la
diodes operating at 0.98mm. Temperature maps of the fac
and of the ridge~along the cavity! were obtained. Near the
output~or front! facets, the measured ridge temperature w
found to be seven times the bulk’s temperature, indicat
the presence of an important surface heat source. Calc
tions using a model for an effective medium with coati
allowed for the determination of the relative weight of t
superficial heat source with respect to the bulk one~by com-
paring their results with measurements on the ridge!. Fur-
thermore, the temperature at the facet was found to be
tween 14 and 20 times that of the bulk, at the center of
heat source~active layer!. It is important to notice the use
fulness of such an effective medium model for which
analytical solution of the temperature distribution is easy
obtain, in contrast with the specific numerical solution of t
heat diffusion equation for the actual structure.
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The signal phase distribution on the laser facets show
the important role of the vertical structure in the heat co
finement. Comparison between experiment and calcula
demonstrated that the confinement layer’s~GaAlAs and
GaInP! thermal parameters are the appropriate ones to
scribe the heat propagation in these structures near the a
region. The same calculation also showed that the role of
coating (Al2O3) is to decrease the temperature at the cen
of the active region, which benefits the device reliabili
Measurements made on the facet and on the ridge, as a f
tion of injection current, were found to present a quite sim
lar behavior, confirming that thermal effects are strong
dominant in these measurements, masking any carrie
electroreflectance effect. Finally, measurements made u
different light conditions and under the same injection c
rent conditions, showed that the surface heating is cause
laser light absorption at the facets.
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