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Simultaneous measurement of the electronic and lattice temperatures
in GaAs /Al 45Ga, 55As quantum-cascade lasers: Influence
on the optical performance
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We measured the electronic and lattice temperatures in steady-state operating GaAs/AlGaAs

quantum-cascade lasers, by means of microprobe band-to-band photoluminescence. Thermalized
hot-electron distributions with temperatures up to 800 K are established. The comparison of our data

with the analysis of the temperature dependence of device optical performances shows that the
threshold current is determined by the lattice temperature2084 American Institute of Physics.
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Quantum-cascade lasefQCL9 are unipolar devices determined by the active region lattice temperature. These
based on transitions between intersubband states created tgsults validate a method based on the analysis of light—
guantum confinement in ultrathin alternating layers of semicurrent and current—voltage characteristics to determine the
conductors. The emission wavelength is determined via thdevice thermal resistance and active region temperatures.
proper choice of well and barrier layers thickness and by  GaAs/Al 4Ga) ssAs QCLs were grown by molecular-
tailoring the optical matrix elements and the relaxation timesbeam epitaxy on GaAs substrates-doped to 2-3
Laser emission has been reported in the midinfrared wavex 10® cm™3. The active layer consists of a 1.6an thick
lengths(3.5—-24um) and recently also in the terahertz range region composed of 36 periods of a GaAs/AlGa, ssAS het-
(67—100 um).1™® The demonstration of continuous-wave erostructure designed for emissiomat9.0 um. The midin-

(cw) operation at room temperature in InP-based QCLs usindgrared optical performance and electrical characteristics of
a buried waveguideconfirms the high potential of QCLs the devices have been reported elsewfi&ssential features
for applications including gas sensing and wirelessare a diagonal anticrossed laser transition and depopulation
communicationg. However, high-temperature cw operation of the laser ground state via resonant optical phonon emis-
over a large range of wavelengths remains the most imporsion and tunneling into the injector. The active layer is sand-
tant performance milestone for the wider commercializationwiched by two 3.5um thick GaAs layersn doped to 8

of these laser sources. This, in turn, requires further progress 10'® cm 2 and two 1um thick GaAs plasmon cladding

in the device design to reduce the threshold current and itiyers heavilyn doped to 5<10*® cm™ 3. Ridge waveguides
temperature sensitivity. Thermally induced leakage of elec2 mm long and 3Qum wide were defined using photolitho-
trons into delocalized continuumlike states is the main prographic techniques and wet chemical etching. Twogd0
cess controlling the temperature dependence of the threshotiéep semicircular trenches were wet etched through the ac-
current density. This process reduces the injection efficiencyive region to define the laser ridge and ion implantation was
into the upper laser level and contributes to the establishmenised to electrically isolate the regions bordering the laser
of a nonequilibrium electronic distribution, which may ridge. The devices were mounted on the cold finger of a
weaken the population inversién. helium flow microcryostat using thermal grease to facilitate

In this work, we report the simultaneous determinationthermal contact. The heat sink temperature was controlled by
of electronic and lattice temperatures in operating GaAsA Si-diode mounted close to the laser. The microprobe appa-
AlGaAs QCLs under steady-state operation, by means of eatus used for PL measurements is described in detail in Ref.
noninvasive microprobe band-to-band photoluminescencg0. The 476.2 nm line of a Krlaser was focused to adm
(PL) technique. Our results demonstrate the establishment ot onto the laser front facet. Laser-induced heating of the
a thermalized hot-electron distribution. Comparison with op-samples was avoided keeping the incident power density
tical power—current characteristics as a function of the actuak 10* Wi/cnm?.
active region temperature shows that the threshold current is The active region local lattice temperatui@ ] has been
obtained by comparing the PL peak energy shift induced by
aElectronic mail: spagnolo@fisica.uniba.it heating with a calibration curve obtained by probing the de-
YElectronic mail: scamarcio@fisica.uniba.it vice at zero current while varying the heat sink temperature,
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FIG. 1. Mean lattice temperature and electronic temperature in the active Current (A) T, =T, (K)

region of the investigated GaAs/ifGa, ssAs QCL as a function of the
electrical power measured at a heat sink temperatuiig;ef140 K (@) and FIG. 2. (a) Light—current—voltage characteristics of the investigated
T, =243 K (H). The lines are linear fits to the data. The slopes of the latticeGaAs/Al 44Ga ssAs QCL obtained at low duty cyclépulse width=45 ns,
temperatures give the thermal resistance vaRe§.6 K/W atT;=140 K repetition rate=20 kH2), as a function of the heat sink temperature. Note
andR=7.2 K/W atT,=243 K. Inset: Electronic temperature increase with that the current—voltage characteristics are practically unchanged in the
respect to the lattice temperature as a function of the current density me#ange of 243 K—-303 K. Light from one laser facet was collected usig
sured atT,;=140 K (@ symbols and T;=243 K (B symbol$. For the optics and a calibrated room-temperature mercury—cadmium-—telluride de-
electronic temperatures, an offset value of 25 R g=243 K and 22.7 K at  tector. The estimated collection efficiencysjs-0.5. (b) Temperature depen-
Ty=140 K is used in order to take into account the heating of the electroniglence of the threshold current density. The solid line reproduces the typical
ensemble induced by the probe Kfaser (see Ref. 18 The slope of the  exponential dependendg,=J, exp(T/Tg), with To=100 K.
linear fit gives the electron—lattice coupling constantvg_|
— 2 . — 2 — . .. .
=27.0 KAk cm) at 140 K;ag- =28.8 KIkA ) atT, =243 K. heating effects are negligible and the heat sink temperature
) _ _ _ approaches that of the active region. Figufb) Zhows the
following the method outlined in Ref. 11. Self-consistent threshold current density as a function of the active region
band structure calculations show that the PL emission iSemperature.
dominated by a transmqn mvoIvmg the lower conﬁneq level At larger duty cycles, the active region temperature sig-
of the conduction band in the active layer. The analysis of thgjificantly deviates fronTy; due to self-heating. This is evi-
high-energy slope of the PL bang' yields the electronic temyent in Fig. 3a) showing the light—current characteristics as
perature Tg) in the active regiort ~afunction of the duty cycle up t6=5.2%. In this case, we
Figure 1 shows the temperaturBs andTe measured in  estimate the active region temperature at threshold from Fig.
the active region, at a hegt sink temperatureTpf=243 K 2(b), usingJy, as a thermometric property. These tempera-
and Ty =140 K, as a function of the cw electrical POwer up tyres are plotted in Fig.(B), as a function of the electrical
to 7 W, below Igser thresholq. Bofy andTg show a linear power at thresholdPy,= - Vi- 8, whereV,, is taken from
dependence with the electrical power, although the propofhe current—voltage characteristics of Figa2The observed
tionality constant is significantly different. The slope of the |inear dependence corresponds to a thermal resistance of 6.9
lattice temperature gives the device thermal resistance valuggyy, which coincides with the value obtained by PL mea-

R=7.2 KIW at Ty=243 K, andR=7.6 K/W atT;=140  syrementgsee Fig. 1 This shows that the analysis of light—
K.1%12 The electronic temperature slope slightly decreases

from Rg=17.1 K/IW at Ty=243 K to Rg=15.3 K/W at 0.8 v e —— .
Ty=140 K. The difference betweehe and T, at zero cur- () 1.1%
rent is expected and ascribed to the heating of the electronic~ I 1.5
ensemble due to the large excess energy of the electron—holé . ] 260
pairs excited by the probe Krlaser. The fact thaRg is g 2%
significantly larger tharR shows that the electron—phonon 2 1 -~
interaction is not large enough to efficiently dissipate the% 04l 32% \M.:
relatively large amount of electrical power via optical- £ ™ =
phonon emission. = 4.3%, 250
The inset of Fig. 1 shows the difference between the -3
electronic and lattice temperatures in the active region as eg
function of the injected current densilly at a fixed heat sink &
temperature o ;=243 K andTy =140 K. A linear correla-
tion betweenAT andJ is found. This trend confirms the 0 6 8 ' '1'0' o OJ = 1 - 2 ——- 240
) . L 3
establishment of a thermalized hot-electron energy distribu- Current (A) P, (W)
. . . . lh
tion, and the proportionality constaat |, =AT/J is a mea-
sure of the electron—Ilattice COUp|iIJI§.14 FIG. 3. (a Pulsed light—current characteristics of the investigated

Figure Za) shows the light-current and voltage-current GaAs/Ab GassAs QCL obtained at constant heat sink temperature
characteristics in pulsed mode obtained at different heat sinﬁ*:243 K, as a function of the duty cycle up to 5.2%, with a pulsed width
O

. . 45 ns.(b) Mean lattice temperature of the active region, extracted from
temperatures, using a short pulse wid#b n9 and a very ine threshold current values @, as a function of the electrical power. The

low duty cycle (6=0.0999. Under these conditions, self- linear fit corresponds to a thermal resistance of 6.9 K/W.
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