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Thermoelastic stress in GaAs ÕAlGaAs quantum cascade lasers
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We have determined the shear stress associated with the temperature gradient in quantum cascade
lasers operated in continuous-wave mode. This information was obtained as a function of the
electrical power using a combination of microprobe photoluminescence and anti-Stokes/Stokes
Raman measurements in ridge-waveguide GaAs structures mounted epilayer down to the heat sink.
At electrical power densities in the order of;5 kW/cm2, the strain in the cladding layers at the
edges of the laser ridges reaches the critical value for the creation of misfit dislocations. Above
10–12 kW/cm2, extended defect formation and eventual device failure are observed. ©2003
American Institute of Physics.@DOI: 10.1063/1.1586998#
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Quantum cascade lasers~QCLs! are the most advance
class of semiconductor sources operating in the midinfra
spectral range of 3.5–16mm.1,2 The attainment of
continuous-wave ~cw! operation at room temperature
achieved using a buried waveguide, is a breakthrough c
firming the potential of QCLs for applications such as tra
gas sensing and free-space optical communications.3 Since
high-temperature cw operation remains the only impedim
to the wide industrial use of these lasers, progress in
thermal management and in the understanding of thermoe
tic effects is needed.3

Two features determine the large electrical powers di
pated into the active region, typically two orders of mag
tude higher than those of comparable diode lasers:~i! The
high applied voltages~5–10 V! and ~ii ! the large threshold
currents, typically several kA/cm2, due to the high losse
~10–30 cm21! of midinfrared laser cavities. Further, the he
dissipation in the active region is poor because of the
thermal conductivity of ternary-alloy semiconductors and
large number~500–1000! of interfaces. This produces stre
fields related to active region temperatures much higher t
the heat sink ones and large temperature gradients.4,5 High
values of strain may trigger the nucleation and propaga
of misfit dislocations, voids, and cracks6 and has been sug
gested as the main reason for QCL failure,3 although no ex-
perimental evidence has been reported yet.

In this work, we have measured the thermally induc
strain in GaAs cw-operated ridge-waveguide QCLs moun
epilayer down to the heat sink. We used a combination
microprobe anti-Stokes/Stokes~AS/S! Raman and photolu
minescence~PL! spectroscopies. A GaAs/Al0.45Ga0.55As la-
ser structure was grown on a GaAs substrate. The ac
layer, consisting of 36 periods of a GaAs/Al0.45Ga0.55As het-
erostructure~total thickness 1.63mm! designed for emission
at 9.0mm, is sandwiched between two 4.5mm thick GaAs
cladding layers. Ridge waveguides~2 mm long and 30mm
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wide! were defined using photolithographic techniques, w
etching 10mm deep trenches through the active region.
stead of dielectric layers, ion implantation was used to el
trically isolate the regions bordering the laser ridges. T
strong refractive index contrast at the walls of the laser rid
and the absence of dielectric materials allow effective mo
confinement in the lateral direction as well as low loss
Two similar devices were mounted epilayer down
copper–tungsten~CuW! heat sinks and then soldered on
copper mounts. The devices were mounted on the cold fin
of a He-flow microcryostat interposing either an indium fo
~device A! or thermal grease~device B!. The midinfrared
optical performance and electrical characteristics of the
vices have been reported elsewhere.7 The microprobe appa
ratus used for Raman and PL measurements is describe
detail in Ref. 5. The 476.2 nm line of a Kr1 laser was fo-
cused to a 1mm spot onto the laser front facet using a
incident power density,104 W/cm2. AS/S Raman spectra
were simultaneously recorded using a notch filter to supp
the Rayleigh scattering.

Moderate strain fields (,1023) are typically present in
microelectronic devices due to the deposition of dielectric
metallic thin films and the existence of trenches.8 To deter-
mine the strain profile, we measured the PL spectra al
device B front facets while it was not in operation. Figure
maps the shiftDE of the PL peak in the GaAs upper clad
ding layer with respect to the direct exciton energy transit
at room temperature~1.4216 eV at 296 K!. ValuesDE.0
(DE,0) correspond to compressive~tensile! stress. The re-
gions far from the laser ridge and the device ends (80mm
,uYu,140mm) are unstressed. The tensile strain in the c
tral part of the ridge (uYu,13mm) and the compressive
strain at the edges arise from the surface discontinu
Abrupt stress variations around the edges are typical of ri
waveguides.9 The presence of a biaxial stress on GaAs ep
ayers splits the heavy-hole~HH! and light-hole~LH! exci-
tons and shifts their energy levels linearly with the in-pla
straind i5Dai /a. This splitting is too small to be resolved i
our case, due to the relatively broad PL linewidth~;10
9 © 2003 American Institute of Physics
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meV! at 140 K, and therefore, we ascribe the observed
band to a superposition of HH and LH excitonic transition
Accordingly, the measured maximum valueuDEu
;1.5 meV, gives an upper limit for the in-plane strainud iu
,331024.10 A similar PL peak profile is found in the lowe
cladding layer, although the maximumDE value is;50%
lower. Analogous results were obtained for device A. T
technique cannot be used for the active region since the
lated PL spectra appear as a superposition of at least t
different transitions between quantized states, difficult
separate unambiguously.

The application of a biaxial stress splits the three-fo
degenerate longitudinal optical~LO! and transverse optica
~TO! phonons into doublet and singlet modes.11 We used a
backscattering geometry with the incoming and collec
scattered light both propagating along the~110! crystal axis.
Raman selection rules allow the observation of the TOD dou-
blet only.11 For GaAs, the relation between the TOD energy
shift andd i is:12

DvTOD

d i
520.343103 cm21. ~1!

To separate the strain and temperature effects, we m
sured the Raman spectra in a stress-free region of the u
cladding layer (Y;100mm) with the device off and ex-
tracted two calibration curves: The TO phonon energy a
the related AS/S intensity ratio, as a function of the tempe
ture, in the range of 50 K–300 K. The local lattice tempe
ture TL with the device on was extracted from the AS
intensity ratio. A comparison between the measured TD

phonon energy and the unstressed value atTL gives the local
lattice strain. Note that we cannot use our approach to de
mine the temperature and strain in the active regions du
the presence of hot-phonon effects, which may lead to
overestimate of the lattice temperature if using the AS/S r
calibration curve.13

Besides the central part of the ridge (Y50), we focused
our attention on the edges (Y5615mm in Fig. 1!, where
calculations predict the strongest thermally induced stra3

Figure 2 shows the local lattice temperature and strain m
sured in the upper cladding layer as a function of the e

FIG. 1. Typical PL peak energy shift profile measured for the upper c
ding layer with device A off. The zero-energy value is indicated for clar
by the dashed line. The origin of theY axis corresponds to the center of th
laser ridge. The picture shows the cross section of device A. The laser
facet extends in the region215mm,Y,15mm.
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trical power density at the heat sink temperatureTH

5140 K. TL increases at a rate of 5.7 K cm2/kW and 4.2
K cm2/kW, for devices A@Fig. 2~a!# and B @Fig. 2~b!#, re-
spectively. The lower rate for device B indicates that a m
surable contribution to the total thermal resistance of
device originates from the mounting. This contribution
reduced when using a thermal grease, instead of an In foi
improve the thermal contact between the device and the
sink.14

Figures 2~c! and 2~d! show that increasing electrica
power causes tensile strain in the cladding layer. The larg
strain develops at the edges of the laser ridge and incre
with electrical power at a rate of;1.0531024 cm2/kW and
1.031024 cm2/kW for devices A @Fig. 2~c!# and B @Fig.
2~d!#, respectively, while the strain in the center of the rid
either increases with a 50% lower rate@see Fig. 2~c!# or
remains almost negligible@see Fig. 2~d!#. Figures 2~c! and
2~d! show the calculated onsets for strain relaxation in a
mm thick GaAs epilayer, using the excess stress model.15 At
power densities larger than;5 kW/cm2, the strain at the
edges of the ridge exceeds the critical value (dC50.61
31023) for the generation of misfit dislocations and th
propagation of lattice defects, leading to lattice deteriorati
In fact, we observe device failure at 10 kW/cm2 ~device A!
and 12 kW/cm2 ~device B!.

Figure 3 shows the calculated temperature and sh
stress contours on the laser front facet obtained from a t
dimensional model of thermal transport and thermally
duced stress.16 The lower shear stress values reported in R
3 are mainly due to the different device structures exploit
buried stripes, which greatly reduce the total amount of sh
stress that builds up during operation. However, in b
cases, the maximum shear stress builds up at the edges o
ridge waveguide in the active and cladding layers.

Comparing Raman spectra measured before and afte
device failure confirms that the starting points for devi
failure are the edges of the laser ridge where the cry
lattice suffers the largest strain field. Figure 4 shows
spectra taken at the right-hand side edge of the device A f

-

ntFIG. 2. Lattice temperature~a, b! and misfit strain~c, d! measured in the
upper cladding layer as a function of the electrical power density for dev
A ~a, c! and B~b, d!. ~d! Center of the laser ridge (Y50); ~j! right-hand
side edge of the laser ridge (Y5115mm); ~.! left-hand side edge of the
laser ridge (Y5215mm). The dashed lines in panels~c! and~d! mark the
critical strain value before relaxation for a 4.5mm thick GaAs epilayer.
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in both claddings and in the active region. Before dev
failure ~dashed curves in Fig. 4! the Raman spectra coincid
with those measured in crystalline GaAs. After device failu
~solid curve in Fig. 4! ‘‘forbidden’’ LO modes appear in Figs
4~b! and 4~c!. This is ascribed to the relaxation of the sca
tering selection rules due to lattice structural disorder. T
lower cladding layer retains its crystal quality since no s
nificant modification appears in the spectrum taken after
vice failure. This trend has been observed for all of the R
man spectra taken at the edges of the ridge in both dev
Whereas, the spectra measured in the center of the r

FIG. 3. ~Color! Computed temperature and shear stress contours in the
region of the QCL. The solid lines display the geometry of the differ
materials used in the simulation. The shear stress contours is symmetric
respect to theY50 axis and is shown for the region delineated by t
dashed line. The simulation includes also the Au contact layer, the so
and the laser heat sink.

FIG. 4. Raman spectra taken from the right-hand side edge of the r
(Y5115mm) of device A in the two claddings~a, c! and the active region
~b!, before~dashed curve! and after~solid curve! device failure. The appear
ance of the LO phonon band in the spectra taken after device failure is
to lattice structural disorder and a partial relaxation of scattering selec
rules. The~* ! symbol marks a plasma line of the Kr1 laser.
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show no crystal deterioration in the cladding layers and o
a barely visible LO phonon mode in the active region af
the device failure.

In conclusion, our results show that during operation
ridge-waveguide QCLs mounted epilayer down to the h
sink, a thermally induced tensile strain field builds up.
power densities larger than;5 kW/cm2, the strain overtakes
the critical value for the generation of misfit dislocatio
causing plastic relaxation in the cladding and active lay
and eventually leading to device failure. A substantial i
provement in the thermoelastic performance may be obta
using weakly index guided QCL cavities with shallo
trenches and proton implanted GaAs channels for lateral
rent confinement.
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