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One of the top priorities in the development of quantum cascade laser sources is the optimization of

the heat transport dynamic.

We review here our experimental studies on the thermal properties of state of
art quantum cascade lasers operating both in the mid-IR and THz ranges.

The experimental approach is

based on the investigation of the band-to-band photoluminescence signals, collected during device continu-

ous wave operation.

We measured the lattice temperature profile on the device front facet and using these

data as inputs, we extract the heat dissipation patterns, the in-plane and the cross-plane active region thermal
conductivities and the thermal boundary resistance for quantum cascade lasers based on different material systems.

PACS numbers: 61.46.—w, 61.82.Fk, 68.35.Ct

1. Introduction

Quantum cascade lasers (QCLs) are unipolar semicon-
ductor lasers based on electron resonant tunnelling and
optical transitions between quantized conduction band
states. Quantum engineering of the electronic energy
levels and tailoring of the wave functions are used to
obtain the correct matrix elements and scattering rates
which enable population inversion and the optimization
of the overall laser performance. The laser wavelength
can be selected by tailoring the active layer thickness [1].
Laser emission has been reported in a wide range of mid-
-infrared wavelengths (3.0-24 pm) and terahertz range
(60-441 pm) [2, 3]. Excellent performance in the mid-IR
range in terms of peak power (12 W at room tempera-
ture) [4] and maximum operating temperature (a 470 K)
have been achieved in pulsed mode. Continuous wave
(cw) operation up to 330 K has been demonstrated. Out-
put power up to 2.8 W have been measured at room tem-
perature (RT) with wall-plug efficiency of 15% [5], while
at 80 K 10 W of power output and a wall-plug efficiency
of 33% have been demonstrated [6].

Compared to the mid-IR, QCLs at much longer wave-
lengths face unique challenging issues and because of the
narrow separation between subband levels, heating and
electron—electron scattering will have a much greater ef-
fect. The highest reported operating temperature for
GaAs/AlGaAs THz QCLs is 225 K in pulsed mode [3]
and 117 K in cw, the highest wall-plug efficiency reported
is ~ 5.5% [7].

Although these improvements, the lifetime for QCLs
under cw operation is still much lower than that of quan-
tum well diode lasers. This is mostly due to the high elec-
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trical power needed to achieve the laser threshold since
the cascading scheme inherently requires applied thresh-
old voltages of several volts. Moreover, the QCLs device
thermal resistance is strongly increased by the ternary al-
loy nature of employed materials, the presence of a large
number of interfaces and the associated phonon interfer-
ence effects [8]. These characteristics leads to a temper-
ature of the active material much greater than the heat
sink. Thus, the attainment of device operation in a wider
range of wavelengths and the enhancement of the maxi-
mum operating temperature requires a deeper knowledge
on the key physical phenomena controlling thermal dis-
sipation in QCLs.

Due to its superlattice-like nature, the thermal conduc-
tivity of the QCL active region is strongly anisotropic
and as a result, both the in-plane (k) and cross-plane
thermal conductivities (k) are reduced compared to the
bulk values of the constituent materials [9]. Since the
layer widths are comparable to or less than the phonon
mean free path, the phonon scattering rate at the in-
terfaces between layers increases, hindering the phonon
transport. The partially diffuse scattering of phonons at
the interfaces can explain the reduction in k), while the
stronger reduction in &, is caused by the multiple reflec-
tions of phonons at the many interfaces. Furthermore,
THz QCLs particularly suffer compared to MIR, devices
since they generally contain more active region periods
resulting in a larger number of interfaces and a higher
value of thermal resistance [7, 10, 11].

To address all these issues we have developed a u-probe
photoluminescence technique allowing us to measure the
facet lattice temperature profiles in QCLs under cw op-
eration [8, 9.

The obtained experimental data have been reproduced
using an anisotropic thermal model taking into account
the effect of temperature and doping on the thermal con-
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ductivity of the different bulk-like layers composing the
QCL and leaving the in-plane (kj) and the cross-plane
components of the active region thermal conductivity
tensor as the only fitting parameters. Using this method
we validated the heat diffusion model and directly ex-
tracted the heat dissipation patterns and used the model
as a workbench to compare the thermal properties of
QCLs having the same gain medium, but different heat
sinking configurations [12].

The paper is organized as follows. The experimental
procedure is outlined in Sect. 2. In Sect. 3, the devel-
opment of steady-state thermal models of heat diffusion
in QCLs are described, with an overview of the results
obtained and conclusions from our results.

2. Experimental procedure

The photoluminescence (PL) signal was obtained by
focusing the line of a Krt laser directly onto the QCL
front facet down to a spot of &~ 1 um diameter by us-
ing an 80 x long-working-distance microscope objective
lens (see Fig. 1). The incident power density was kept
< 10* W/cm? to avoid laser-induced heating. The device
was mounted into a helium-flow micro-cryostat. The heat
sink temperature (T};) was measured with a calibrated
Si-diode mounted close to the device.
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Fig. 1. Schematics of a typical mid-IR and THZ QCL
front facet, the black areas represent the related active
regions (AR) layer.

The sample position relative to the Krt laser was var-
ied by a two-dimensional piezoelectric translation stage
with 0.1 pm spatial resolution. The PL signal was dis-
persed using a monochromator and detected by a stan-
dard Si-CCD or a Na-cooled GalnAs diode array detec-
tor. The use of the GalnAs detector is required for de-
tection of PL signal falling in the wavelength range below
1 pm, due to the long-wavelength cut-off of Si-based de-
tection system.

The shift of the PL spectra was used as a thermomet-
ric property. By probing the device at zero current while
varying the heat sink temperature Ty we determined the
PL peak position as a function of the lattice temper-
ature, thereby obtaining calibration curves for the dif-
ferent regions composing the devices in good agreement
with known band-gap temperature dependences. Then,
we kept fixed the heat sink temperature and varied the

QClLs electrical power. The laser facet temperature pro-
files were measured by comparing the shift of the PL peak
with the calibration curves. In the case of PL emitted
from the quantum well active region, electric field effects
were taken into account, following the method outlined
in Ref. [13]. We were able to determine the thermal gra-
dient both along the X axis and the growth axis Z (see
Fig. 1). The temperature resolution for the different lay-
ers composing the devices depends on related energy gap
temperature dependence, typically we obtained temper-
ature resolution < 0.7 K.

3. Steady-state thermal model

The device lattice temperature distribution and the
heat flux pattern have been calculated using a two-
-dimensional anisotropic steady-state heat dissipation
model based on the Fourier law of heat conduction

-V (k-VT)=0Q, (1)
where () is the heat source, T is the temperature and k
is the thermal conductivity tensor.

The only fitting parameter in this model is the
anisotropic thermal conductivity. We used temperature
dependent values for the heat conductivities of the differ-
ent layers composing the investigated devices. In Fig. 2
there is shown a selection of thermal conductivity val-

ues for materials typically employed in the realization
of QCLs.
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Fig. 2. Temperature dependence of the thermal con-
ductivity of different materials composing the investi-
gated QCLs.

In the calculations we included the effect of doping
that reduces the semiconductor thermal conductivity by
8% for each increasing decade of electrically active im-
purities concentration [14], starting from 105 cm=3. As
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boundary conditions we used the experimental heat sink
temperature, with the assumption that no heat escape
through the sides or top of the laser exists.

The comparison of the experimental temperature pro-
files with the calculations allow us to validate the model.
The model can thus be used to determine the 2D-
-temperature profile.

One of the outcomes of the model is the heat dissi-
pation pattern of the devices, which strongly depends
from the device geometry and mounting configurations.
In Fig. 3 there are shown two representative heat dissipa-
tion patterns calculated for a junction-up mid-IR QCLs
with thick gold layer on top and a bound-to-continuum
THz QCL.
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Fig. 3. (a) Heat flux configuration for a junction-up
InGaAs/AllnAs/InP mid-IR QCL with 2 pm thick gold
layer on top; (b) heat flux configuration for a bound-to-
-continuum GaAs/AlGaAs THz QCL.

The strong differences in the heat flow configuration
is manly due to the different device geometry between
mid-IR and THZ QCLs. In mid-IR QCLs, the ridges are
narrow (typically down to few pm), surrounded by an
insulated layer and by an Au contact layer, the devices
may be buried by means of InP re-growth and mounted
epilayer-up or -down. The consequences of these charac-
teristics are:

1. even if it is not very efficient, the insulated layer is
a lateral channel for the heat flow;

2. employing a thick top contact layer greatly im-
proves the heat extraction through the top cladding
and leads also to significant lateral heat fluxes, thus
facilitating the heat extraction in all in-plane direc-
tions;

3. in buried device there is strongly enhanced the lat-
eral heat flow;

4. the use of an epilayer-down mounting greatly im-
proves heat dissipation since it reduces the thermal
path between the heat source (active region) and
the sink.

In THz QCLs, the absence of layers surrounding the
ridge prevents heat from flowing from the top towards
the substrate and laterally. However, in THz QCLs the
absence of the lateral channels has no great consequences
with regard to the heat management, when we consider
device with large width of the ridges (> 150 um). More-
over, in THz QCLs, k; can be easily extracted from the
experimental data, taking advantage of the absence of
lateral heat extraction channels. In fact, under this con-
dition and assuming that in QCLs the heat is uniformly
dissipated in the whole active region, the lattice temper-
ature distribution across the active region is given by a
polynomial of the second order. Thus, we can extract
the cross-plane component of the active region thermal
conductivity simply from the quadratic fit of the experi-
mental data.

The cross-plane thermal conductivity parameter de-
pends on the material systems employed and also on the
number of layer composing the active region and can be
expressed as a function of the bulk resistivities of the
materials (R;) and the average thermal boundary resis-
tance (TBR) that keeps into account the mean contribu-
tion of the interface resistivities. The following relation
holds [15]:

_ d;
(kr)~ ' = Z P R; +
i tot

where d; is the thickness of the well, or barrier layers
in the active region, diot the total active region thick-
ness and N the total number of interfaces [16]. In QCLs
the bulk resistivity values have a negligible effect on the
thermal conductivity of active regions. In fact, the lat-
ter is mostly determined by the high density of interfaces
and hence by the second term in the above expression
for (k)=

N

dtot

TBR, (2)

TABLE
Cross-plane thermal conductivity and thermal bound-

ary resistance in a set of quantum cascade lasers, classi-
fied on the basis of the emitted wavelength and material
system.

Device material system | A [pm] | T [K] kL TBR
[W/(K m)] | [10° m*’K/W]

InGaAs/AllnAs 8 80 1.7 4.4
InGaAs/AlGaAsSb 4.9 60 2.0 0.58
InGaAs/AllnAs 4.8 60 2.0 0.50
GaAs/Alg.33Gag.e7As 9.4 90 5.5 0.51
GaAs/Alp.15Gap.g5As 105 45 5.4 1.28
GaAs/Alp.15Gag.g5As 106 45 8.1 1.35

In Table there are reported the TBR values and
the relative cross plane thermal conductivities, mea-
sured in a set of mid-IR and THz QCLs based on
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GaAs/AlGaAs, GalnAs/InAlAs and GalnAs/AlGaAsSb
material systems.

Our results show that the relative weight of the inter-
face resistivity is dominant with respect to the bulk-like
ones, thus demonstrating that the thermal properties of
QCLs are primarily controlled by nanoscale heat trans-
port at the interfaces.

Future developments include the study of the influence
of interface structure on the thermal boundary resistance
and the exploitation of the thermal model for the de-
velopment of new strategies for the realization of QCL
having lower thermal conductivities.
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