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Temperature profile of GaInAs ÕAlInAs ÕInP quantum cascade-laser facets
measured by microprobe photoluminescence
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The local temperature of quantum-cascade lasers operating in continuous wave mode is reported.
This information is extracted from the thermal shift of the band-to-band photoluminescence peaks
in the AlInAs and InP cladding layers of quantum-cascade laser facets using a high-resolution
microprobe setup. Interpolation by means of a two-dimensional heat diffusion model allows to
obtain the temperature profile and the thermal conductivity in the waveguide core. Comparison
between substrate and epilayer-side mounted lasers shows the superior thermal dissipation
capability of the latter, and explains their better performance with respect to threshold current and
maximum operating temperature. ©2001 American Institute of Physics.
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Quantum cascade~QC! lasers are unipolar semicondu
tor devices based on transitions between conduc
subbands1 or minibands2 of multiple quantum well struc-
tures. Since their invention, the continuous optimization
the active region and waveguide design has led to great
provements in terms of available wavelengths~3–19 mm!,
peak and average optical power, threshold currents, si
mode operation, and maximum operating temperature.3–7 At
present, lasing up to 425 K in pulsed mode,6 and 175 K in
continuous wave~cw! has been reported.7 This performance
makes QC lasers an almost ideal compact source of mi
frared radiation for gas sensing applications.8 However, it
would be highly desirable to raise the cw operating tempe
ture above;250 K, in a range accessible to thermoelect
coolers. For further improvements one has to contend
large dissipated electrical power, typically 10–50 kW/cm2,
and the low thermal conductivity of QC laser materials. T
latter is mainly due to the large number of interfaces~300–
1200! and the high thermal resistance of GaInAs or AlInA
materials.

In this letter we present the experimental determinat
of local heating of QC lasers during cw operation. We use
microprobe photoluminescence technique9 to compare epil-
ayer and substrate-side mounted devices with identical l
structure, in the heat sink temperature rangeTH

5100– 190 K. In conventional diode lasers the facet te
perature can be significantly higher than that in the dev
core because of nonradiative surface electron-hole reco
nation processes.10,11 The absence of this effect in unipola
devices such as QC lasers allows us to use the facet tem
ture as a close estimate of the internal one. Our results s
the superior thermal dissipation capability of epilayer-s
mounted devices, which explain their better las
performance.7

a!Author to whom correspondence should be addressed; electronic
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For the present study we chose the GaInAs/AlInAs la
structure of Ref. 5~wafer D2405! which shows the best ther
mal performance in cw operation to date.7 The waveguide
core consists of an;0.53 mm thick stack of twelve active
regions with interleaved injector regions sandwiched
tween two 0.5mm thick Ga0.47In0.53As layers. The top clad-
ding layer is formed by an inner 2.5mm thick Al0.48In0.52As
layer doped ton51 – 231017cm23 and an outer 0.5mm
thick Ga0.47In0.53As layer heavily doped to n55
31018cm23 for plasmon-enhanced confinement. The I
substrate, doped ton5231017cm23, acts as a lower wave
guide cladding layer. The three-coupled wells active reg
was designed for emission at 8mm wavelength. The device
were processed into 2.5 mm long, 11mm wide, deep-etched
ridge waveguides and then mounted either substrate
epilayer-side onto copper holders using In solder as sc
matically shown in Figs. 1~a! and 1~b!. To avoid facets over-
heating and the formation of ‘‘hot spots,’’ the solder bondi
was extended to the very end of the laser ridge using
procedure described in Ref. 7. The devices were t
mounted into a helium flow microcryostat and kept at a co
trolled heat sink temperature, measured with a calibrated
diode mounted on the copper cold finger close to the las

The photoluminescence~PL! signal was obtained by fo
cusing the 476.2 nm line of a Kr1 laser onto the QC lase
front facet to a spot of;1 mm diameter with an 803 micro-
scope objective. The sample position relative to the Kr1 laser
spot was varied with a piezoelectricx-y stage and controlled
with 0.1 mm precision. Laser induced heating of the samp
was avoided keeping the incident power dens
,104 W/cm2. The PL signal was dispersed using a 0.64
monochromator and detected with a Si charge coupled
vice detector ~CCD! cooled to 140 K, with a long-
wavelength cutoff of;1 mm.

At each point, the temperature of the laser facet is de
mined by comparing the shift of the PL peak to a calibrati
curve measured for each layer with no current through
il:
5 © 2001 American Institute of Physics
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device. Figures 2~a! and 2~b! compare the typical photolumi
nescence spectra of the AlInAs top cladding layer and
InP substrate obtained with device-off or device-on. The
peak energyEp was accurately determined by fitting
second-order polynomial to the PL spectrum in a 20 m
range aroundEp . The calibration curves of Figs. 2~c! and
2~d! are obtained for AlInAs and InP layers by probing t
device at zero current while varying the heat sink tempe
ture. The continuous lines are best fitting curves obtai
with the empirical relationEp(T)5Ep(0)2aT2/(b1T),
similar to that usually giving excellent reproduction of th
band-gap temperature dependence. The rather strong
perature dependence of AlInAs and InP band g
(dEg /dT;0.25 meV/K) at temperatures above 70 K allow

FIG. 1. Schematics of QC laser facets for epilayer-side~a! and substrate-
side ~b! mounted devices. The dashed lines indicate the locations inv
gated by microprobe photoluminescence. The lightly shaded regions
cate the waveguide core. The dark shaded region shows the indium s
The origin of thez axis corresponds to the interface between the wavegu
core and the InP substrate. Positive values indicate the direction toward
AlInAs cladding layers.

FIG. 2. Characteristic photoluminescence spectra measured atTH580 K
with a microprobe setup from a QC laser facet with the device ‘‘on’’~cw
injected currentI 50.9 A! and ‘‘off’’ ( I 50). ~a! AlInAs upper cladding
layer; ~b! InP lower cladding. Temperature dependence of the AlInAs~c!
and InP~d! photoluminescence peak position.
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a temperature resolution,0.3 K. Note that this is much bet
ter than achievable with microprobe Raman technique~610
K! using the ratio between anti-Stokes and Stokes inten
bands.12 Unfortunately, the PL emission at;1.5 mm from
GaInAs layers or at;1.4 mm from GaInAs/AlInAs hetero-
structures in the waveguide core cannot be detected bec
of the long-wavelength cutoff of our apparatus.

The local temperatures measured at different positi
along the facet center axis for an epilayer and a substr
side mounted device are shown in Figs. 3~a!–3~d! and Figs.
3~e!–3~h!, respectively. The heat sink temperature is var
in the rangeTH5100– 190 K, while a constant cw electrica
power P53.2 W is dissipated in the device. The measur
temperatures are always higher~by 7–21 K! thanTH because
of the finite thermal resistance of the device. The main d
tinction between the two lasers is the temperature differe
across the waveguide coreDTw5T(z51.5mm)2T(z50),
which can be related to the thermal resistance along thz
axis. In the range TH5100– 190 K, we found DTw

510– 16.5 K in the substrate-side mounted device@Figs.
3~e!–3~h!# and DTw;0 in the epilayer-side mounted on
@Figs. 3~a!–3~d!#. This means that in the epilayer-sid
mounted device, the thermal resistances in the two direct
z,0 andz.1.5mm @see Fig. 1~b!# are comparable. On the
other hand, the thermal resistance in the directionz
.1.5mm is much larger in the substrate-side mounted las
due to the absence of an effective thermal contact betw
the top of the ridge and the heat sink.

Knowledge of the heat conductivity of the active regio
kw , and of its dependence on temperature and doping le
would allow to calculate the heat fluxes and the local te
peratures inside the active region. The latter piece of inf
mation is very difficult to obtain by independent means in
complex multilayered structure like ours. To our knowledg
no investigation of the GaInAs/AlInAs or similar ternary
ternary heterostructures has been reported so far, and th
of bulk values is a too rough approximation. In fact, due
the presence of interfaces and inherent phonon interfere

ti-
i-
er.
e
the

FIG. 3. ~a!–~h! experimental~d! and calculated~solid lines! temperature
profiles of epilayer-~a!–~d! and substrate-side~e!–~h! mounted QC lasers
driven by a cw electrical power of 3.2 W. The heat sink temperatures
TH5190 K ~a!, ~e!, TH5160 K ~b!, ~f!, TH5130 K ~c!, ~g!, and TH

5100 K ~d!, ~h!.
ct to AIP copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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effects, the heat conductivity of semiconductor superlatti
may be considerably smaller than that of constituent mat
als and has been found to be either an increasing function
in Si/Ge,13 or a decreasing function of the temperature, as
GaAs/AlAs superlattices.14 Existing theories do not fully ex-
plain the observed temperature dependence even in the
totype GaAs/AlAs system.15 Therefore, in order to estimat
kw , we fitted a two-dimensional model of heat diffusion
the experimental results of Figs. 3~e!–3~h!, employing a
commercial software package. We used the values plotte
Fig. 4 for the heat conductivity of InP, GaInAs, and AlInA
For the insulating layer, contact layer, and solder we u
0.1, 0.87, and 3.2 W/~K cm!, respectively. As boundary con
ditions we used the heat sink temperature. For the subst
side mounted device, we found best agreement with thekw

values of Fig. 4. These results show that the thermal cond
tivity of the active region is significantly lower than that o
bulk GaInAs and AlInAs, and that it is an increasing functi
of T in the temperature range 110–210 K. The heat fl
towards the InP substrate turns out to be 85%–95% of
total power. The residual power flows out of the active
gion into the AlInAs cladding or laterally into the gold laye
and eventually flows back into the InP substrate.

The curves in Figs. 3~a!–3~d!, calculated for the
epilayer-side mounted devices usingkw values interpolated
from those of Fig. 4, are in good agreement with the exp
mental temperatures in the cladding layers. Our 2D calc
tions show that the heat extraction through the AlInAs cla
ding is greatly enhanced in the epilayer-side mounted dev

FIG. 4. Thermal conductivity of the active region of QC lasers~dots! ex-
tracted by fitting a two-dimensional model of heat diffusion to the exp
mental data of Figs. 3~e!–3~h!. The continuous lines are calculated usin
(4.06– 0.0203T12.88310253T2) W/~K cm) for the heat conductivity of
InP and (0.29– 0.001393T11.98310263T2) W/~K cm) for the heat con-
ductivity of Ga0.47In0.53As ~Refs. 7 and 16!. The relation for GaInAs is
extracted from known values at selected temperatures. The heat conduc
of Al0.48In0.52As is scaled by a factor 1.25 with respect to that of GaInA
based on the known heat conductivity values of GaAs, AlAs, and InAs
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Still, ;60% of the heat flows toward the InP substrate bef
reaching the heat sink through lateral channels, due to
high thermal conductivity of InP. The calculated avera
temperature in the active region of the epilayer-side moun
laser is always lower than that of the substrate-side moun
one, and this temperature difference increases withTH .
These results explain the superior device performance
epilayer-side mounted QC lasers, in terms of maximum
erating temperature and threshold current density.7

In conclusion, we have shown that thermal modeling
GaInAs/AlInAs/InP QC lasers, based on the measuremen
facet temperature profile and 2D heat diffusion calculatio
allows to determine the active region thermal conductiv
and gives a reliable description of the device thermal ch
acteristics. This approach will allow to design QC las
structures with improved heat dissipation capability. Bet
results, considering structures including InP top cladd
layers7 or buried waveguides, are expected.
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