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We present the design and simulation of a GaAs-based quantum cascade laser 共QCL兲 emitting at
6.7 m, the shortest room-temperature lasing wavelength projected to date for GaAs-based QCLs.
This is achieved by introducing compressive strain only in the active quantum wells, where the
optical transition occurs. A Monte Carlo simulation including both ⌫- and X-valley transport
demonstrates that the proposed QCL achieves room-temperature lasing at a threshold-current
density of 14 kA/ cm2, lower than that of the conventional 9.4 m QCL 共16.7 kA/ cm2兲.
Furthermore, the electron temperature at 300 K lattice temperature is similar to that of the 9.4 m
device. © 2007 American Institute of Physics. 关DOI: 10.1063/1.2820039兴
I. INTRODUCTION

The Al0.45Ga0.55As/ GaAs quantum cascade laser 共QCL兲
by Page et al.,1 emitting at 9.4 m, has shown the best
device performance so far among GaAs-based mid-infrared
quantum cascade lasers 共QCLs兲. It can achieve pulsed roomtemperature operation and operate in continuous mode up to
150 K.2 The superior performance of this particular design is
due to the relatively large 共370 meV兲 ⌫-point conduction
band offset between the wells and barriers, which minimizes
the leakage arising from the scattering of carriers from the
injector states to the ⌫-valley continuum states,3 and also
indirectly results in very small leakage to the X-valleys even
at room temperature.4,5
To decrease the room-temperature emission wavelength
of AlxGa1−xAs/ GaAs QCLs below 9 m, one alternative is
to deposit InAs monolayers in the active quantum wells
共QWs兲.6 This way, Carder et al.6 achieved room-temperature
pulsed lasing at 8.5 m. Wilson et al.7 have shown that, in
AlAs/ GaAs QCLs incorporating a single injection barrier,
once the upper lasing level becomes aligned with the lowest
X-valley state of the injection barrier, lasing is suppressed
due to intervalley 共⌫ - X兲 electron transfer, which limits the
emission wavelengths to above 8 m. Utilizing a double
injection barrier,7 however, reduced the emission wavelength
to 7.3 m, the shortest wavelength so far reported in GaAsbased QCLs, with pulsed lasing observed only at cryogenic
temperatures.
In this paper, we present a design for GaAs-based QCL
devices, which shows that, for a given lattice-matched QCL
structure, one can significantly shorten the emission wavelength at no penalty in device performance by introducing
compressive strain only in the active QWs, and tensile strain
in a layer adjacent to the injection barrier. Specifically, by
using a Monte Carlo simulator including both ⌫- and
X-valley transport,4 we demonstrate that using In0.1Ga0.9As
active QWs in the 9.4 m Al0.45Ga0.55As/ GaAs QCL structure of Page et al., with modified layer thicknesses, provides
a兲
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room-temperature lasing at 6.7 m with a slightly lower
threshold-current density 共14 kA/ cm2兲 than obtained for the
9.4 m QCL 共Ref. 1兲 共16.7 kA/ cm2兲. This approach to significantly shorten the wavelength is extendable to latticematched InP-based devices8,9 for lowering their emission
wavelength below 7 m, and it is much simpler to implement and potentially more reliable than the current approach
共i.e., compressively straining all QWs and tensilely straining
all barriers10,11兲.
II. THE DEEP-WELL STRUCTURE

The concept of utilizing deep wells in the active region
共strained InxGa1−xAs active wells in GaAs-based devices兲 in
order to significantly shorten the emission wavelength was
demonstrated on single-stage In0.3Ga0.7As/ Al0.7Ga0.3As/
GaAs devices, which provided strong electroluminescence at
4.7 m 共Ref. 12兲 and were not strain compensated. A similar concept was applied to the not-strain-compensated, deepwell In0.4Ga0.96As/ Al0.33Ga0.67As/ GaAs devices,13 emitting
at 10.4 and 9.45 m up to a maximum temperature of 200
K. Our proposed laser structure employs the conventional
three-well active region design,1 but utilizes strained
In0.1Ga0.9As in the two wide active QWs to achieve a roomtemperature emission wavelength below 7 m, with the
strain compensated within each stage. The calculated conduction band profile and the moduli squared of the relevant
⌫- and X-valley wave functions in two adjacent stages for the
proposed QCL are depicted in Fig. 1, where the ⌫-states are
solved for using the k · p method and the X-states are obtained within the effective mass framework.4,14 To partially
compensate the compressive strain in the In0.1Ga0.9As layers,
one GaAs0.6P0.4 layer is added just to the left of the injection
barrier. The resulting net compressive strain within one stage
is 0.07 %, calculated using the model-solid theory.15
The ⌫-point conduction band offset between the strained
In0.1Ga0.9As well and the Al0.45Ga0.55As barrier 共the straininduced offset is included using the model-solid theory15兲 is
45 meV larger than that between the GaAs well and the
Al0.45Ga0.55As barrier. The radiative transition energy 共3
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FIG. 1. 共Color online兲 Conduction band profile and the moduli squared of
the relevant ⌫- and X- wave functions in two adjacent stages of the proposed
In0.1Ga0.9As/ Al0.45Ga0.55As/ GaAs laser design. The bold black lines denote
the active lasing levels 共3: upper, 2: lower, 1: ground兲. The thin black lines
are the injector miniband states, and the bold green lines are the ⌫ continuum states 共⌫c兲. Level 4 denotes the first ⌫c-state. The thin blue lines
denote the doubly degenerate Xx states, and the yellow lines are the Xz
states. The arrow denotes the lasing transition. The layer sequence of one
stage 共in Å兲 starting from the GaAs0.6P0.4 barrier layer on the left is 20, 32,
12, 11, 兵48其, 11, 兵40其, 28, 34, 15, 30, 16, 28, 18, 25, 20, 19. The bold italic
script denotes the GaAs0.6P0.4 barrier, the bold script the Al0.45Ga0.55As barriers, the normal script the GaAs wells, and the values in curly brackets
indicate the In0.1Ga0.9As wells. The underlined layers are n-type doped with
a sheet doping density of Ns = 3.8⫻ 1011 cm−2. The calculated energy difference is E32 = 185 meV 共 ⬇ 6.7 m兲.

→ 2兲 is 185 meV, about 54 meV larger than 131 meV for the
9.4 m 45% Al QCL. While the upper lasing level of the
proposed structure is 20 meV closer to the ⌫-band edge due
to the thinner active region wells, the remaining 34 meV
increase in the transition energy is thanks to the deep wells in
the active region. The thinner active region wells also enable
the lowest ⌫-continuum level 共level 4 in Fig. 1兲 to shift up by
15 meV, which helps to reduce leakage to the continuum.4
The calculated lifetime due to the electron-longitudinal optical 共electron-LO兲 phonon interaction for level 3 is 3
= 1.5 ps, where 1 / 3 = 1 / 32 + 1 / 31, 32 = 2.5 ps, and 31
= 3.8 ps. The lifetime of level 2 is 2 ⬇ 21 = 0.3 ps. The dipole matrix element 具z32典 is calculated to be 1.5 nm. These
calculations were done at F = 55 kV/ cm, close to the estimated threshold field of F = 58 kV/ cm 共see Figs. 2 and 3兲
and T = 77 K. The lifetimes and matrix element are similar to
those of the 9.4 m 45% Al QCL 共3 = 1.4 ps, 2 = 0.3 ps,
and 具z32典 = 1.7 nm兲.1
III. SIMULATED PERFORMANCE CHARACTERISTICS

To simulate the output characteristics of the proposed
QCL structure, we employ a Monte Carlo simulator4,14 that
takes into account both ⌫- and X-valley transport and includes all the relevant scattering mechanisms: electron-LO
phonon, electron-electron, and intervalley scattering processes within the same stage and between adjacent stages.
The Monte Carlo simulation yields the current density J, the
electron density in each subband, and the electron tempera-

FIG. 2. Electric field vs current density for the proposed QCL structure at
the lattice temperatures of 77 K and 300 K. The solid lines are polynomial
fits to the data points.

ture Te for a given electric field. The modal gain Gm can then
be calculated from the population inversion 共i.e., the electron
density difference between the upper and lower lasing levels兲
and the waveguide confinement factor ⌫w. Based on the estimate of the waveguide losses ␣w and mirror losses ␣m, a
realistic threshold-current density can be determined.
A. Modal gain. Threshold current density

The modal gain Gm is proportional to the population
inversion ⌬n and is given under the steady-state conditions
by16
Gm =

4e2 具z32典2
⌫w⌬n = g⌫wJ,
0n 2␥32L p

共1兲

where 0 is the vacuum dielectric permittivity, n is the optical mode refractive index, 2␥32 is the full width at half maximum of the electroluminescence spectrum below threshold,
L p is the length of one stage,  is the laser emission wavelength, 具z32典 is the dipole matrix element, and ⌫w is the
waveguide confinement factor. The waveguide is designed
such that the 25-stage active region is sandwiched between
two 1.3 m thick, low-doped 共4 ⫻ 1016 cm−3兲 GaAs layers.
共Only 25 stages are expected to be grown considering that
the residual strain may cause dislocations in the crystal lattice.兲 The GaAs layers are followed by 0.3 m thick
Al0.9Ga0.1As cladding layers 共doped to 1 ⫻ 1018 cm−3兲 and
1 m thick GaAs layers 共doped to 4 ⫻ 1016 cm−3兲. On one
side of the above layer sequence is a 1 m thick, highly
doped 共5 ⫻ 1018 cm−3兲 GaAs contact layer, and on the other
side is a 1 m thick, highly doped 共5 ⫻ 1018 cm−3兲 GaAs
cladding layer and the GaAs substrate. The parameters of the
designed waveguide are calculated to be ⌫w = 33%, n = 3.21,
and ␣w = 15 cm−1. Even with fewer stages, the addition of
Al0.9Ga0.1As cladding layers allows for a ⌫w value higher
than 28%, the value used in the 36-stage 9.4 m 45% Al
QCL.1 The calculated waveguide losses are lower than those
of the 9.4 m 45% Al QCL 共20 cm−1兲, due to a reduction in
the free-carrier absorption with decreasing wavelength.17 L p
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FIG. 3. Modal gain vs current density at the lattice temperatures of 77 K and
300 K. The horizontal dashed line indicates the calculated total losses ␣w
+ ␣m = 19 cm−1. The solid lines are linear fits to the data points in the region
of relatively low current density, whose intercept with the loss line gives the
threshold current density Jth. Inset: Population inversion vs current density
at 77 K and 300 K.

= 40.7 nm, while 2␥32 = 12 meV at 77 K and 22 meV at 300
K 共values taken from Ref. 1兲.
Figure 2 shows the calculated electric field versus current density characteristics of the proposed QCL structure at
the lattice temperatures of 77 K and 300 K. The computed
current density values include the leakage currents through
the next-stage ⌫-continuum states and the X-valley states.14
The saturation currents 共20 kA/ cm2 at 77 K and 25 kA/ cm2
at 300 K兲 are comparable to the values for the 9.4 m 45%
Al QCL.1 Given the waveguide parameters, the Gm versus J
relation obtained is shown in Fig. 3. Following Eq. 共1兲, the
gain coefficient g is obtained as g = 11.8 cm/ kA 共T = 77 K兲
and g = 7.6 cm/ kA 共T = 300 K兲 for the proposed laser, which
are similar to the calculations by Indjin et al.18 for the
9.4 m 45% Al QCL 共g = 11 cm/ kA at 77 K and g
= 5 cm/ kA at 300 K兲. Given the calculated total losses ␣m
+ ␣w = 19 cm−1 共␣m = 4 cm−1兲, the threshold-current density
Jth is found to be 5 kA/ cm2 at 77 K and 14 kA/ cm2 at 300
K 共Fig. 3兲.19 关For comparison, Jth at 300 K for the 9.4 m
QCL 共Ref. 1兲 is 16.7 kA/ cm2.兴 At 300 K, the modal gain of
the proposed structure saturates in the high-J range 共above
17 kA/ cm2兲 due to the carrier loss to the X-valleys14 that
results in reduced population inversion 共inset of Fig. 3兲. Nevertheless, the saturation gain 共~25 cm−1兲 is sufficiently high
with respect to the total losses of 19 cm−1 to deem roomtemperature operation of the proposed QCL quite feasible.
B. X-valley leakage

With the shortening of the wavelength, enhanced leakage
to the ⌫-continuum 共⌫c兲 states and the X-valley states becomes a concern. In our recent work,4,14 we have shown that
the dominant X-valley leakage path in GaAs-based QCLs is
interstage X → X scattering, a result of the following threestage process: 共1兲 In the case of appreciable overlap between
the ⌫-localized 共⌫l兲 states in one stage and ⌫c states in the
next stage, leakage to ⌫c occurs. 共2兲 A portion of the elec-

FIG. 4. Electric field vs current density for the proposed QCL structure 共a兲
and the 9.4 m QCL from Ref. 1 共b兲 at the lattice temperatures of 77 and
300 K, with and without the inclusion of the X-valley transport in the simulation. The lines are polynomial fits to the data points.

trons that have leaked into ⌫c do not remain there, but rather
end up in the same-stage X-valley states. ⌫c → X same-stage
scattering is very efficient 共provided there are enough intervalley phonons to enable the transition兲 due to these wave
functions’ large overlap and the high effective mass of the
X-valley subbands. The inverse scattering is significantly less
efficient, because of the ⌫-valley lower mass, so carriers
once scattered into X tend to remain in X rather than go back
to ⌫. 共3兲 With enough population in the X-valley subbands,
X → X scattering between adjacent stages occurs, because the
X-valley subbands are generally poorly confined so the overlap among the subbands in neighboring stages is appreciable.
Therefore, significant overlap between ⌫l and the next stage
⌫c states causes not only the leakage to continuum, but also
significant X → X leakage.4,14
In Fig. 4, electric field versus current density for the
proposed QCL 共a兲 and the 9.4 m QCL of Ref. 1 共b兲 are
presented, at 77 K and 300 K lattice temperatures, with and
without the X-valley leakage. At both 77 K and 300 K, the
X-valley leakage current in the proposed QCL is higher than
in the 9.4 m QCL of Page et al. 共At 77 K, the leakage in
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FIG. 6. Electron temperature Te vs current density J for the proposed
6.7 m QCL and the 9.4 m QCL structure of Page et al.,1 at the lattice
temperature of 300 K. The lines are polynomial fits, intended to guide the
eye. Inset: Electron temperature vs input electrical power density Pe = JF for
the two structures.

C. Electron heating

FIG. 5. 共Color online兲 Blow-up of the wave function moduli squared of the
injector miniband and the next-stage ⌫-continuum states in the proposed
QCL 共a兲 and the 9.4 m structure of Page et al.1 共b兲, at the field of
63 kA/ cm 共above threshold for both structures兲. Black lines denote the
injector states 共bold black lines are the lower lasing level 2 and the ground
state 1兲, while the green lines denote the next-stage ⌫-continuum states.
Significant overlap between the injector miniband states and the
⌫-continuum states results not only in direct carrier loss to the ⌫-continuum
states, but indirectly in high current through the X-valley states, through the
mechanism described in Ref. 4. The overlap is greater in the proposed structure 共a兲 than the QCL of Ref. 1 共b兲.

both structures is fairly low, predominantly due to a low
number of intervalley phonons.兲 As seen in Fig. 5, the reason
is the difference in the overlap between the injector miniband
and the next-stage continuum states: the structure of Page
et al. has a remarkably low overlap 关Fig. 5共b兲兴 between the
miniband and the next-stage ⌫c; in the proposed structure,
however, this overlap is greater 关Fig. 5共a兲兴, which results in a
somewhat higher X-valley leakage current for a given electric field. However, even with more X-valley leakage, the
total current at a given field is significantly lower in the
proposed structure than in the 9.4 m QCL of Page et al.,
owing to the design modification necessary for the wavelength shortening.

The electron temperature Te, generally higher than the
lattice temperature, characterizes the degree of electron heating in a QCL device. With relatively high carrier densities
per subband, the distribution function within each subband i
becomes Maxwellian 关f共Ek,i兲 ⬃ exp共−Ek,i / kBTe兲兴 as a result
of efficient carrier-carrier intra-subband scattering 共intersubband scattering, both electron-electron and electronphonon, is less efficient兲. The electronic temperature Te is
approximately the same for all subbands.20,21 In the Monte
Carlo simulation, the electron temperature can be obtained
either from the thermalized distribution function above or
from the ensemble average of the carrier kinetic energy Te
= 具Ek典 / kB 共these two approaches are equivalent as long as the
distribution is Maxwellian兲, and in this work we use the latter approach.
Figure 6 shows the electron temperature as a function of
the current density J for the proposed 6.7 m structure and
the 9.4 m QCL,1 as well as a function of the input power
density 共inset兲, at the lattice temperature of 300 K. It is clear
that the reduction in the room-temperature emission wavelength, provided by the proposed deep-well structure, is
achieved at no penalty in the electron heating: at threshold,
the electron temperatures are Te = 530 K 共Jth = 14 kA/ cm2兲
for the proposed structure and Te = 544 K 共Jth
= 16.7 kA/ cm2兲 for the 9.4 m QCL of Page et al.1 共We
find very little influence of the X-valley transport on the electron temperature, up to very high electric fields, and therefore do not separate the curves with and without X-valley
transport. The reason is low X-valley population and generally low kinetic energy in these subbands, up to high electric
fields.22兲
In both structures, the variation of the electronic temperature with the current density is linear only for very low
current densities 共Fig. 6兲, with the low-current electronlattice coupling constant being limJ→0关共Te − TL兲 / J兴
⬇ 14 K cm2 / kA for both structures. However, the variation
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of Te with the power density 共JF兲 obeys a linear law up to
high power densities 共inset of Fig. 6兲. This agrees with a
simple energy-balance equation,
nkB

d共Te − TL兲
共Te − TL兲
= JF − nkB
,
dt
E

共2兲

where n is the total carrier density and E is an effective
共ensemble averaged兲 energy relaxation time.23 In the steady
state, the above equation yields
Te − TL =

E
JF,
nkB

共3兲

which is a simple, intuitive description of the linear behavior
that we observe in the simulation 共inset of Fig. 6兲.
For the structure of Page et al., the University of Bari
group recently reported24 a projected electronic temperature
of about 800 K at threshold, with the heatsink temperature of
243 K and an estimated lattice temperature of 300 K. The
temperature they reported is about 250 K higher than what
we obtain for the same lattice temperature and at threshold
共Fig. 6兲. There are several reasons for the discrepancy. First,
we perform all the simulations at a given lattice temperature,
rather than at a given heatsink temperature, because a specified lattice temperature is necessary for the calculation of the
scattering rates that enter our simulator. Therefore, we do not
account for the thermal resistance,25–27 which is a nontrivial
thing to model in superlattices and certainly beyond the
scope of this paper. Accounting for confined bulklike and
interface phonons, as well as for the nonequilibrium phonon
distribution at high fields, is important for the computation of
the thermal resistance, but would also alter the scattering
rates and further change the output of the electronic-transport
simulation. Second, our calculation accounts for the transport
through the laser’s active region alone, and thus no effect of
the actual waveguide is incorporated in the simulation.
Therefore, it is not trivial to perform a direct comparison of
our simulation results with the experimental data of Spagnolo et al.24
IV. SUMMARY

We have reported the design and simulation of a straincompensated In0.1Ga0.9As/ Al0.45Ga0.55As/ GaAs QCL emitting at 6.7 m, using a Monte Carlo simulator that includes
both ⌫- and X-valley transport. The designed QCL is predicted to yield sufficient gain for lasing action up to at least
300 K, in conjunction with the proposed waveguide design.
The threshold current density is estimated to be 5 kA/ cm2 at
77 K and 14 kA/ cm2 at 300 K. Electron heating at
room temperature is similar to that of the 9.4 m

Al0.45Ga0.55As/ GaAs QCL. Therefore, the use of deep active
quantum wells appears to be an attractive design approach
for high performance GaAs-based QCLs at wavelengths below 7 m, as well as for shortening the wavelength of InPbased QCLs.
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