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Investigation into thermal effects in InGaAs/AlAsSb quantum cascade lasers

Craig A. Evans, Vladimir D. Jovanović, Dragan Indjin, Zoran Ikonić, and Paul Harrison
School of Electronic and Electrical Engineering, University of Leeds, Leeds LS2 9JT, United Kingdom

A quantum cascade laser (QCL) thermal model is presented. Based upon a finite-difference approach, the
model is used in conjunction with a self-consistent carriertransport model to calculate the temperature distribu-
tion in a near-infrared InGaAs/AlAsSb QCL. The presented model is used to investigate the effects of driving
conditions and device geometries on the active region temperature, which has a major influence on the device
performance. A buried heterostructure (BH) combined with epilayer-down bonding is found to offer the best
performance compared to alternative structures and has thermal times constants up to eight times smaller. The
presented model provides a valuable tool for understandingthe thermal dynamics inside a QCL and will help to
improve operating temperatures.

INTRODUCTION

The large threshold currents and voltages in QCLs lead-
ing to strong local heating effects in the device active region
which can therefore be at a considerably higher temperature
than the heat sink. This has serious implications on device per-
formance since the population inversion decreases at higher
temperature due to increased levels of electron leakage into
continuum-like states and thermal back-filling into the lower
laser level. Therefore, in order to achieve the desirable prop-
erty of room temperature continuous-wave (cw) operation, it
is necessary to pay special attention to the device thermal
management in order to reduce the active region heating ef-
fects.

Several QCLs operating in cw mode at room temperature
have been reported using a variety of thermal management
techniques. The first report of room temperature cw emis-
sion was from aλ ∼ 9.1µm InGaAs/AlInAs QCL utilizing a
BH configuration mounted epilayer side down on a diamond
heat sink [1]. Buried heterostructures offer superior temper-
ature performance compared to standard ridge structures due
to the fact that the active region is completely enclosed within
the host material (InP in the case of the InGaAs/AlInAs QCL)
which allows heat to be dissipated from the active region in all
directions compared to standard ridge structures in which the
only heat channel is through the substrate. In addition to this,
epilayer-down mounting allows the heat generating active re-
gion to be in closer proximity to the heat sink thus further im-
proving heat dissipation compared to substrate-side mounted
devices.

Although the use of a BH offers superior temperature per-
formance, it comes at the cost of more complicated process-
ing techniques, namely the lateral regrowth of semiconductor
material around the active region core. Due to this fact, al-
ternative thermal management techniques have been success-
fully used to achieve room temperature cw emission. The use
of exclusively InP waveguides (due to InP having a higher
thermal conductivity than InGaAs) [2] and thick gold layers
electroplated on top of the laser ridge to help remove waste
heat [3] as well as buried heterostructures [4] and epilayer
down mounting [5], has led to several reports of room tem-
perature cw emission in the rangeλ ∼ 4–6µm [2–6]. As well
as special thermal management techniques, these devices have
also utilized strain-balanced InGaAs/AlInAs active regions to
increase the temperature performance. The use of strain in-
creases the conduction band offset compared to the lattice-

matched system and hence reduces the electron leakage into
the continuum-like states at shorter wavelengths. This hadled
to QCLs operating with high power at room temperature in cw
mode (480 mW) and at temperatures as high as 363 K [2]. To
date, room temperature QCL cw emission has been limited to
to the InP-based material system, not just because of its matu-
rity over GaAs-based QCLs but also due to the high thermal
conductivity of InP compared to GaAs meaning that improved
temperature performance is inherent to this QCL material sys-
tem.

Recently InGaAs/AlAsSb QCLs lattice matched to InP sub-
strates have been reported [7]. The InGaAs/AlAsSb het-
erostructure has a very large conduction band offset of∼1.6
eV which is almost double that of the strained InGaAs/AlInAs
heterostructure and makes this material system inherentlyless
sensitive to temperature. These factors led to the rapid devel-
opment of high temperature InGaAs/AlAsSb QCLs, albeit in
pulsed mode. An InGaAs/AlAsSb QCL emitting atλ∼ 4.5µm
up to at least 400 K in pulsed mode has been reported [8]. The
device was processed into a standard double channel waveg-
uide and mounted substrate side down with no particular at-
tention paid to optimizing the structure to improve the ther-
mal management. Although to date there has been no report
of cw emission from InGaAs/AlAsSb QCLs, cw emission has
been observed from QCLs in the similar InGaAs/AlGaAsSb
material system. Incorporation of Ga into the barrier mate-
rial reduces the conduction band offset to∼1–1.2 eV, depend-
ing on the exact composition of the quarternary layer. This
increases the electron tunnelling probability and relaxesthe
requirement for the growth of ultrathin layers while still pro-
viding sufficient quantum confinement for short wavelength
emission. Following the report of laser emission from aλ ∼
4.9µm InGaAs/AlGaAsSb QCL up to at least 400 K in pulsed
mode [9], cw operation up to 94 K from the same active region
design was achieved by covering the top and sides of the laser
ridge in 2.5µm thick electroplated gold in order to promote
heat removal in the lateral direction [10].

It is clear that the thermal dynamics inside QCL structures
must be understood in order to improve the temperature per-
formance. In this work we outline the development of a two
dimensional thermal model of a QCL and use it in conjunction
with our self-consistent carrier transport calculation [11–13]
to investigate the effects of device geometry and drive condi-
tions on the thermal dynamics inside the QCL. The investiga-
tion will centre on aλ ∼ 3µm InGaAs/AlAsSb QCL, which
was the focus of a previously reported simulation [13] of an
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experimentally measured device [14].

THEORETICAL BACKGROUND

The electron dynamics inside the device active region were
calculated using a self-consistent scattering rate approach
[13]. After calculating the electronic states of the QCL, the
wavefunctions were then used to evaluate all the principal
electron-electron and electron-LO phonon intra- and inter-
period scattering rates [15]. The resulting rate equationsmust
be solved self-consistently since the subband populationsde-
pend upon both the initial and final populations, and hence
the process was repeated until the subband populations con-
verged. The self-consistent solution yields the nonequilibrium
electron density and the lifetime of a carrier in each of the
subbands, from which the total current densityJ and the lo-
cal gaing can be calculated. By repeating the above proce-
dure at different values of electric field strengthF and at dif-
ferent lattice temperatures,F–J curves can be generated for
each temperature. The self-consistent procedure was run for
the λ ∼ 3µm InGaAs/AlAsSb QCL and theF–J curves gen-
erated for several temperatures. The model gainGM is cal-
culated using the local gaing and the waveguide parameters
(the confinement factorΓ, waveguide lossesαwg and mirror
lossesαm). The waveguide parameters were calculated using
a transfer-matrix technique [16] and in order to include the
effect of temperature on the waveguide parameters, a temper-
ature dependent mobility [17] was used to calculate the com-
plex refractive index of the waveguide layers. The calcula-
tions show that the InGaAs/AlAsSb QCL has enough gain to
achieve laser emission up to a temperature of 300 K.

The thermal model is based upon the heat diffusion equa-
tion in two dimensions

ρ(x,y,T)cp(x,y,T)
∂T(x,y,t)

∂t
= ∇·[κ(x,y,T)∇T(x,y,t)]+S(x,y,t)

(1)
whereρ is the density of the material (kg/m3), cp is the

specific heat capacity of the material (J/kg K),T is the tem-
perature (K),κ is the thermal conductivity (W/m K) andS is
the power density of the heat source (W/m3). Eq. 1 is solved
using a finite-difference approach and the temperature cross-
section is found explicitly using Euler’s forward method. The
QCL structure is meshed into a non-overlapping grid which
defines the boundaries between the individual control volumes
and the temperature is found at the centre (or node) of each of
these control volumes (of size∆x = ∆y = 0.5µm). The two
dimensional geometry of the QCL is then mapped onto this
grid and the temperature at the centres of each node are cal-
culated in each time step to give a complete time-dependent
picture of the thermal dynamics inside a QCL structure. Since
QCL experimental measurements are typically made in a vac-
uated environment, Neumann (zero-derivative - no heat flow)
boundary conditions are applied to the surfaces exposed to the
vacuum, with a constant temperature boundary condition ap-
plied to the surface in contact with the heat sink. The heat
source power densityS is applied to the device active region
and is given byS= FJ, with F andJ extracted from the gener-
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FIG. 1: AverageTAR for different levels of anisotropic active region thermal
conductivity anisotropism.Tsink = 200 K and the pulse width is 100 ns with a
100 kHz repetition rate.

ally nonlinearF–J curves mentioned previously. By extract-
ing the values ofJ at the operating bias point (135 kV/cm) at
each temperature,S was calculated as a function of temper-
ature (= 1000exp(T/1023) GW/m3). This ‘quantum source
term’ is then inserted into Eq. 1 and succinctly describes the
QCL active region heating effects due to dissipative quantum
transport processes. We note that the ‘quantum source term’is
dependent upon the local lattice temperature and is therefore
non uniform within the device active region. Both pulsed and
cw operating conditions can be simulated by varying the time
dependency ofSaccordingly.

The active region of the QCL is made up from a multitude
of thin semiconductor layers and it is impractical to include all
the individual layers due to their small dimensions and hence
the active region is treated as being just one material. Due
to the lack of data for the thermal conductvity of the AlAsSb
barriers, the active region is assumed to be purely InGaAs.
The thin semiconductor layers create extra phonon scatter-
ing channels at the interfaces between these layers [18, 19],
and hence the thermal conductivity perpendicular to the lay-
ers (κ⊥) is found to be approximately an order of magnitude
smaller than the thermal conductivity in the plane of the lay-
ers (κ‖) [20]. Fig. 1 shows the effect of the different ratios of
κ‖ to κ⊥ on the average active region temperature (TAR) of the
InGaAs/AlAsSb QCL at the centre of this work. A heat sink
temperature (Tsink) of 200 K with 100 ns pulses at a frequency
of 100 kHz is used in the simulation. It can be seen from Fig.
1 that with an isotropic thermal conductivity, the averageTAR

is 222 K and increases with the ratio before starting to satu-
rate atκ‖/κ⊥ ≈ 10. Since the ratio is not known exactly, in
this workκ‖ will be taken to be that of bulk InGaAs, andκ⊥

a tenth of the bulk value in order to simulate the worst case
scenario.

The material parameters are temperature dependent and Ta-
ble I lists the functional relationships for the material parame-
ters used in the simulations [21–23]. The specific heat capac-
ities are calculated using the Debye specific heat equation

cp = 9NAVkB

[

T
ΘD

]3 Z ΘD/T

0

x4ex

(ex−1)2dx (2)

whereNAV is Avogadro’s number,kB is the Boltzmann con-
stant andΘD is the Debye temperature. The material densities
vary only slightly with temperature and are therefore treated
as being constant in the simulations.
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TABLE I: Material parameters used in the simulations[21–23].

Material κ [W/m K] ΘD [K] cp [J/kg K] ρ [kg/m3]

InP [a] 425 - 4.81×103

InGaAs [b] 330 - 5.52×103

Au 317 - 128 19.30×103

Cu 398 - 385 8.96×103

Diamond 2000 - 502 3.52×103

In-solder 320 - 233 7.31×103

Si3N4 10 - 160 3.18×103

[a] 406−2T +2.88×10−3T2

[b] 23−9.3×10−2T +1.06×10−4T2

NUMERICAL RESULTS AND DISCUSSION

Using the thermal model outlined in the previous section,
the influence of various aspects of the QCL device design and
driving conditions on the temperature performance of the de-
vice can be investigated. As discussed earlier, the maximum
operating temperature of theλ ∼ 3µm InGaAs/AlAsSb QCL
active region is predicted to be 300 K and the thermal model
can be used to find the correspondingTsink for various ge-
ometries and driving conditions. In the following sectionsthe
QCL active region and waveguide cladding layers are as de-
scribed in Ref. [13] with the device itself considered to be
a standard ridge waveguide of width 10µm and etched to a
depth of 9µm, mounted substrate side down.

Influence of heat sink temperature

The effect of the heat sink temperatureTsink on the active re-
gion temperatureTAR was investigated using 100 ns pulses at
100 kHz. During pulsed operation, the active region temper-
ature increases rapidly during the pulse and then decays until
the next pulse arrives. In the case of high duty cycle opera-
tion (high repetition frequency and/or long pulse widths),the
active region may not have recovered the heat sink tempera-
ture before the next pulse arrives and hence the active region
heats up further during the next pulse. This heat accumula-
tion effect gets progressively worse during each subsequent
pulse until the device reaches a steady-state. In the follow-
ing simulations, the active region temperatures are extracted
once this steady state has been reached. Also, the tempera-
ture distribution within the active region itself is non-uniform
and so both the minimum and maximum active region tem-
perature are given. Fig. 2 shows the effect ofTsink on TAR.
It can be seen from Fig. 2 that both the minimum and maxi-
mumTAR increase linearly withTsink. Linear fits of the form
TAR= T1+αs–ARTsink, where used to extract the coupling con-
stant between the heat sink and active region,αs–AR. For the
case of the minimumTAR, αs–AR = 1.097, while for the maxi-
mumTAR, it is equal to 1.167. This shows that the temperature
range inside the QCL active region increases with tempera-

140 180 220 260 300 340
heat sink temperature, K

150

200

250

300

350

400

450

ac
tiv

e 
re

gi
on

 te
m

pe
ra

tu
re

, K minimum temperature

maximum temperature

FIG. 2: Spatial minimum and maximum values ofTAR for different values
of Tsink at 100 kHz with 100 ns pulse widths.

ture and could cause damaging thermal stress effects at high
heat sink temperatures. The cause of the temperature range
increase is probably due to the thermal conductivity of the ma-
terials in the devices decreasing with temperature. The hotter
areas of the active region have a lower thermal conductivity
than the cooler areas and are less able to dissipate heat leading
to an increase in temperature, while the cooler areas are better
able to dissipate heat and hence the temperature rise is not as
great. For the case of the InGaAs/AlAsSb QCL at the centre
of this work, with 100 ns pulses at 100 kHz (1% duty cycle)
andTsink = 220 K, the entirety of the active region is less than
300 K,meaning laser action would be expected for these driv-
ing conditions. Above this heat sink temperature, only some
of the active region is less than 300 K. Since the temperature
gradient inside the active region is in the direction perpendic-
ular to the active region periods, laser action may still occur,
but only in those periods at less than 300 K. AboveTsink =
260 K, the entirety of the active region is above 300 K and
hence this is expected to be the maximum operating tempera-
ture of the QCL under the stated driving conditions. The fact
that the temperature gradient inside the active region increases
with heat sink temperature could help to explain the abrupt de-
crease in slope efficiency at higher temperatures, just before
cut-off which has been measured experimentally [24]. When
the device is being operated at close to its maximum temper-
ature, not all of the active region periods may be contributing
to laser action. As the heat sink temperature is increased, the
temperature gradient is increased further and less periodswill
contribute to laser action. This process will cause the output
power to decrease further (and hence the slope efficiency) un-
til eventually all of the active region periods will cease lasing
and the device reaches cut-off. In addition, if each of the ac-
tive region periods are at a slightly different temperature, the
amount of red shift in the emission wavelength will vary, lead-
ing to a broadening of the linewidth.

Influence of duty cycle

The duty cycle can be increased by increasing either the
pulse repetition frequency or the pulse width (or a combina-
tion of both). In order to investigate the effect of higher duty
cycle operation, the same device as in the previous section was
simulated withTsink = 200 K and a pulse width of 100 ns at dif-
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FIG. 3: (a) TAR for different pulse frequencies with a pulse width of 100 ns.
(b) TAR for different pulse widths withf = 100 kHz. In both casesTsink =
200 K.

ferent repetition frequencies and the results are shown in Fig.
3(a). For low frequencies (< 50 kHz), the temperature range
of the active region is independent of the pulse frequency.
This is due to the relatively long time period between pulses,
which gives the active region enough time to entirely dissi-
pate the heat accumulated during the pulse and recover the
heat sink temperature. As the frequency is increased beyond
this value, heat accumulation effects come into play and the
active region temperature begins to rise. With 100 ns pulses
andTsink = 200 K, a repetition frequency of∼600 kHz (6 %
duty cycle) is possible without the entire active region being
above 300 K and hence laser action could occur. The effect of
increasing the duty cycle by increasing the pulse width onTAR

is shown in Fig. 3(b). For pulse widths of less than 10 ns, very
little active region heating occurs. Above this value thereis a
rapid increase in active region temperature with pulse width.
This is due to the same heat accumulation effects as before,
but on a more pronounced scale due to the rate of tempera-
ture increase during the pulse being far greater than the rate
of temperature decrease in between pulses. In Fig. 3(a) for
a 100 ns pulse, 1000 kHz corresponds to a 10 % duty cycle
and the maximum active region temperature is∼370 K. In the
case of Fig. 3(b), a 10 % duty cycle is equivalent to a 1000 ns
pulse and the maximum active region temperature is∼ 1000
K. Although this temperature increase is obviously too high
and the device would quickly burn out, it shows the effect of
having a long pulse width on the active region temperature. In
fact, the InGaAs/AlAsSb QCLs which have been reported in
the literature have been operated in pulsed mode at extremely
low duty cycles of 0.01 ns (100 ns, 1 kHz) in order to avoid
large device heating effects.

It can be seen that is better to increase the duty cycle by in-
creasing the pulse repetition frequency rather than increasing
the pulse width. In terms of the InGaAs/AlAsSb QCL for a
100 kHz repetition frequency at a 200 K heat sink tempera-
ture, a maximum pulse width of∼ 200 ns (2 % duty cycle)
is possible without the entire active region temperature rising
above 300 K.
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FIG. 4: Maximum values ofTAR for (a) different ridge widths and (b) differ-
ent etch depths.

Influence of ridge dimensions

The previous sections have investigated the effects of the
QCL driving conditions on the active region heating. The
thermal model also allows the influence of changing the de-
vice structure on the heating effects inside the QCL to be in-
vestigated. In this section the effect of the ridge dimensions
(width and height) on the active region temperature are inves-
tigated. ATsink of 200 K, with 100 ns pulses at 100 kHz is
used in the simulations and the results presented in Fig. 4. A
constant etch depth of 9µm is used in Fig. 4(a), and a ridge
width of 10 µm used in Fig. 4(b). The results in the Fig.
4(a) agree with experimental measurements [25] in which the
active region temperature increases with ridge width. This
is an obvious result due to the greater active region volume
and hence higher power density and more heating effects. In
the case of the QCL in question, ridge widths of at least 70
µm are possible without the active region rising above 300
K. From a thermal standpoint, a narrow ridge would be ad-
vantageous, but this would also reduce the maximum power
due to the reduced emitting volume and also reduce the mode
overlap with the active region, which in turn will reduce the
gain. The ridge height is defined by the etch depth and the
effect of varying this on the active region temperature range is
shown in Fig. 4(b), for the same driving conditions as before.
The total thickness of the active region and upper cladding
of the InGaAs/AlAsSb QCL is∼7.5 µm, and it can be seen
from the figure that once the entirety of the active region is
etched through, the active region temperature rises with in-
creased etch depth due to an increased spreading resistance
into the substrate.

Comparison of different device mountings

In the previous sections, the investigations have been car-
ried out on a standard ridge waveguide mounted substrate side
down. In this configuration heat must escape from the ac-
tive region through the substrate to the heat sink. Efficient
heat transfer in this direction is prevented by the smallκ⊥ in
the active region and consequently substantial active region
heating occurs. As described in the introduction, alternate de-
vice configurations have been used (gold-covered ridges, epi-
layer down bonding, buried heterostructures mounted epilayer



5

200
220
240
260

0 5 10
time, µs

200
220
240
260
200
220
240
260
200
220
240
260

(a)

(b)

(c)

(d)av
er

ag
e 

ac
tiv

e 
re

gi
on

 te
m

pe
ra

tu
re

, K

FIG. 5: Temperature–time profiles for (a) a standard ridge waveguide (b) a
double channel waveguide mounted substrate side down with a5 µm thick
gold layer deposited on top (c) a double channel waveguide mounted epilayer
down on a copper heat sink and (d) buried heterostructure mounted epilayer
down on a diamond heat sink.

TABLE II: Results of fitting the cooling phases of each structure (Fig.5) to
a second-order exponential decay function

TAR = a0 +a1e−t/τ1 +a2e−t/τ2 (t > 100 ns)

Device a0 a1 τ1(µs) a2 τ2(µs)

a 203.0 47.5 0.19 32.1 2.67

b 203.1 75.5 0.17 13.7 1.98

c 200.1 32.4 0.14 52.3 0.47

d 200.1 43.7 0.12 45.3 0.33

down) to improve heat dissipation in the active region and in
order to compare them, temperature–time profiles and device
cross-section temperature profiles were calculated for each.
The average active region temperatures as a function of time
for the different configurations are shown in Fig. 5. ATsink

= 200 K is used with a pulse width of 100 ns at 100 kHz. It
can be seen from the figure that at the end of the 100 ns pulse,
the ridge waveguide (a) has the highest temperature (262 K)
with the gold covered (b) and epilayer down mounted (c) hav-
ing temperatures of 258 K at the end of the pulse. The BH
has the lowest temperature of 252 K. For these driving con-
ditions (in particular the short pulse width), the effect ofthe
different geometries on the active region temperature is rela-
tively small although they do play a large part in the abilityof
the devices to dissipate the accumulated heat in between the
pulses. In order to quantify the ability to dissipate heat, the
cooling phases of the temperature–time profiles were fitted us-
ing a second-order exponential decay function and the results
are summarised in Table II. From the table it can be seen that
the substrate side mounted devices (a and b) have higher val-
ues ofa0 than the epilayer-down mounted devices due to the
heat accumulation effects in these configurations. The second-
order exponential fit represents the two distinct cooling phases
in the structures, namely the initial escape of heat from the
active region and then the diffusing of heat through the sub-

strate and cladding regions to the heat sink. The thermal time
constantsτ1 andτ2 represent these respective cooling stages.
Due to the substrate side mounted devices being similar in the
fact they have the same cladding and substrate,τ1 is relatively
similar in both structures. The epilayer down mounted de-
vices have smaller values ofτ1 due to the heat sink being in
closer proximity to the active region and hence have a steeper
temperature gradient between the active region and heat sink
that in the substrate side mounted devices. The BH has the
smallestτ1 due to heat being able to escape from the active
region both laterally and vertically. As mentioned previously,
the active region thermal conductivity in the lateral direction
is greater than in the vertical direction and hence the lateral
heat channels in the BH offer more efficient heat dissipation
than the primarily vertical heat channels in the other devices.
From the data is appears that the second stage of cooling rep-
resented byτ2 dominates the cooling phase. Since in the sub-
strate mounted devices, the heat has to diffuse through the en-
tire substrate to the heat sink, the values ofτ2 are much greater
in these devices than the epilayer down mounted devices (τ2

is eight times smaller in the BH than the standard ridge struc-
ture). In order to further investigate the effect of the geometry
on the heat dissipation capability of the devices, the cross-
sectional temperature profiles at t = 1µs were calculated for
each configuration and are shown in Fig. 6. The substrate side
mounted devices have similar temperature profiles, with heat
primarily escaping through the substrate, although the thick
gold layer in device (b) offers and extra heat removal channel
from the active region which results in a reduction in the av-
erage active region temperature at t = 1µs from 225 K in the
standard ridge to 210 K in the gold covered device. Fig. 6(d)
shows the heat escaping from the buried heterostructure active
region in all directions compared to the primarily verticalheat
channel in the epilayer down mounted double-channel ridge
waveguide (Fig. 6(c)), leading to a lower average active re-
gion temperature. Table II and Fig. 6 highlight the fact thata
buried heterostructure is the best solution in terms of thermal
management of QCLs, especially in conjunction with epilayer
down mounting. As well as the reduced active region temper-
ature, the temperature profile inside the active region is much
more uniform and so the majority of the periods will be at the
same temperature. Despite this improvement, the increased
performance must be balanced against the much more com-
plicated processing techniques required.

CONCLUSION

To conclude, a QCL thermal model has been presented.
The model takes into account temperature dependent material
parameters and the anisotropism of the active region thermal
conductivity. The power density in the QCL active region was
calculated using a self-consistent carrier transport model and
then inserted into the developed thermal model to investigate
the influence of various driving conditions and device geome-
try on the QCL active region temperature. Buried heterostruc-
tures are found to be the best solution in terms of thermal man-
agement due to heat being able to dissipate from the active re-
gion in all directions, leading to thermal time constants several
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FIG. 6: Cross sectional temperature profiles for each of the devicesin Fig.
5, 1 µs into the period (0.99µs into the cooling stage). Note the different
temperature scales.

times smaller than those found in standard ridge waveguides.
In this present work, the thermal model was used to investigate
the thermal dynamics in a near-infrared InGaAs/AlAsSb QCL
but it is equally applicable to all QCL material systems and
wavelength ranges. In particular, the thermal model should
prove especially useful in the design and optimization of ter-
ahertz (THz) QCLs due their sensitivity to temperature due to
smaller energy gaps between laser levels and reduced conduc-
tion band offsets. It should also be useful in improving the
temperature performance in GaAs-based QCLs. Room tem-
perature pulsed mode operation has been reported in the mid-
infrared, although to date no report of room temperature cw
emission has been made. The fact that GaAs has a lower ther-
mal conductivity than InP means that knowledge of the ther-
mal dynamics inside GaAs-based QCLs must be understood
in order to close the gap in temperature performance with InP-
based QCLs. A side effect of active region heating is a change
in the optical length of the cavity due to a change in refractive

index. This reflects in a frequency sweep of the output ra-
diation and this can be controlled by careful engineering of
the thermal properties of the device. For example, the thermal
model could be used to design a device which gives a constant
wavelength shift in time.
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and J. Wagner, “GaInAs/AlAsSb quantum-cascade lasers oper-
ating up to 400 K,”Appl. Phys. Lett., vol. 86, no. 131107, 2005.

[9] Q. Yang, C. Manz, W. Bronner, L. Kirste, K. Köhler, and
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