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To investigate carrier scattering processes in short wave-
length InAs/AlSb quantum cascade lasers we carried out ex-
perimental and theoretical studies of the threshold current, 7,
as a function of high hydrostatic pressure and temperature.
Using the calculated pressure dependence of the optical pho-
non scattering current, /,,, and the estimated pressure depend-
ence of leakage current, /., we show that carrier leakage
from the upper laser levels into the indirect L-valley of the
conduction band in InAs quantum wells is negligible in the
3.3 um QCLs at RT leading to their superior temperature per-
formance. In the shorter wavelength devices emitting at
2.9 pm, this loss mechanism is more important and accounts
for up to 13% of [, at 190 K.

1 Introduction Developing lasers for the mid-
infrared spectral region 3—4 um is of key importance for
gas sensing and free space optical communications. There
are several strategies being investigated to cover this spec-
tral range using inter-band quantum well or cascade lasers.
However the performance of such lasers tends to deterio-
rate with increasing emission wavelength due to increasing
non-radiative Auger recombination and optical losses.
Quantum Cascade Lasers (QCLs) have been very success-
ful above 4 um [1, 2] and considerable effort is now
being put into reducing the wavelength of QCLs to target
the shorter wavelength applications [3, 4]. Potential
advantages of QCLs are high temperature stability of
the threshold current, 7, (characterised by high 7, values:
T, =1,(dI,/dT)™") and high output power. Here we discuss
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short wavelength InAs/AlSb quantum cascade lasers emit-
ting around 3 pm [4].

It is anticipated that QCLs will overcome the problem
of non-radiative Auger recombination which plagues inter-
band lasers. Modelling, however, shows that the operation
of short wavelength QCLs may be affected by electron
leakage from the upper levels of the laser transition into
energy states associated with indirect conduction band val-
leys. Compared with other materials used at present in
QCLs the InAs/AISb system exhibits not only the highest
conduction band offset (2.1 eV), but also the largest sepa-
ration of direct (I') and indirect (L) minima in the quantum
well conduction band (0.72—0.76 eV) [3]. To investigate
the presence and importance of the L-leakage loss mecha-
nism, we analysed the pressure dependences of the lasing
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threshold current, /;, in InAs/AlSb QCLs as a function of
temperature. High hydrostatic pressure enables one to tune
the separation between the I' and L minima of the conduc-
tion band at constant temperature providing an effective
tool to separate and study the effects related to band struc-
ture and temperature.

2 Experiment QCLs emitting near 2.9 um and
3.3 um were grown by MBE and processed into ridge la-
sers (ridge widths of 12 um and 17 um) using wet chemi-
cal etching and standard photolithography. Lasers were
cleaved in cavities with lengths of 1.1-2.05 mm. Details
of the growth and structure of the lasers can be found in
[3,4].

The lasers were investigated in the temperature range
of 80—295 K using a static gas exchange cryostat. Lasers
were operated in pulsed mode with a repetition rate of
1 kHz and pulse width of 100 ns. The emission intensity
was measured using a cooled InSb detector and lock-in
amplifier. For the high pressure studies the lasers were
mounted in the pressure cell shown in Fig. 1, which was
then placed in a cryostat cooled with liquid nitrogen. The
cell was connected to a helium gas compressor, which can
generate pressures up to 10 kbar (1 GPa).

3 Results and discussion Figure 2 shows the tem-
perature dependence of the threshold current density for
both of the QCLs. The laser emitting at 2.9 um exhibited a
higher threshold current and lower maximum operation
temperature, 7T, compared with the longer wavelength
device. The threshold current density of a QCL at its
maximum operation temperature corresponds to it entering
into the negative differential resistance (NDR) region of
the current—voltage characteristics which indicates mis-
alignment of energy levels in the active region at high elec-
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Figure 1 (online colour at: www.pss-b.com) High pressure cell
used in the experiments. Lasers were mounted in a clip and the
facet emission was collected from a sapphire optical window. The
pressure cell was mounted in a cryostat for measurements at dif-
ferent temperatures.
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Figure 2 (online colour at: www.pss-b.com) Temperature de-
pendence of threshold current density of the two InAs/AISb based
QCLs with emission wavelengths near 2.9 um and 3.3 um.

tric field resulting in switching the laser action off. It
should be noted that by using longer cavities (~4 mm) it
was possible to reach a high 7, of 280 K and 400 K for
the 2.9 um and 3.3 um devices, respectively [3, 4]. The
difference in 7,,,, may indicate that a temperature sensitive
loss process in these lasers is more important at shorter
wavelengths, which is in agreement with the assumption of
indirect carrier leakage into the L minimum of the conduc-
tion band, since the shorter wavelength devices have a
smaller I'-L separation.

High hydrostatic pressure results provide further evi-
dence that carrier scattering between the I and L valleys
plays a significant role in operation of short-wavelength
QCLs. Figure 3 shows the pressure dependence of [, at
different temperatures for two such QC lasers with differ-
ent lasing wavelengths. We assume that the total threshold
current is formed by two components: current due to inter-
subband longitudinal optical phonon scattering, /,,, and
current loss due to the leakage into the L-valleys,
I, (the current component related to radiative transitions
is very small in QCLs at threshold and may be neglected in
this analysis). The dashed lines (/) in Fig. 3 describe the
pressure dependence of inter-subband carrier relaxation via
longitudinal polar optical phonon scattering calculated us-
ing the Frélich Hamiltonian approximation [5].

The theoretical pressure variation of the leakage cur-
rent is also plotted in the figure for different temperatures
and was derived using the temperature dependence of the
leakage current at threshold which may be calculated from

Eq. (1) [6]:
a0 =Ty exp = ). n

where /., is a constant, k is the Boltzmann constant, and
E, is the activation energy of the leakage process, which is
equal to the energy separation between the quasi-Fermi
level (assumed to be at the upper lasing level) and L-related
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Figure 3 (online colour at: www.pss-b.com) Symbols show ex-
perimental dependencies of the normalised threshold current to its
value at atmospheric pressure, /,, measured for the two QCLs at
different temperatures (2.9 um device with cavity length of
2.05 mm and 3.3 pm device with cavity length of 1.28 mm). The
dashed lines present theoretical calculations of the pressure de-
pendence of intersubband carrier relaxation via longitudinal polar
optical phonon scattering in the shorter wavelength device. Dash-
dotted lines show the current due to the carrier leakage into the L
subband calculated from Eq. (2). The solid lines are a fit to the
data points using (3) and x = 0.006 at 90 K and x = 0.13 at 190 K.

level in the InAs quantum well. Using (1) we can write the
following expression:

dE, dE
Iltak(p)ocexp (_( d E— r]pjs
p  dp J kT

where p is pressure value, dE| /dp and dE./dp are pressure
coefficients of the direct I' and indirect L band gaps in the
InAs quantum wells. We assume here that dE, = dE| —dE;.

Taking into account the pressure dependence of the I’
and L minima (with increasing pressure the energy separa-
tion between the I' and L minima decreases at a rate of
~7 meV/kbar) [7] and using (2) we can estimate the pres-
sure dependence of 'L carrier leakage.

One can see from Fig. 3 that for the 3.3 um QC laser,
1, is almost pressure independent, which shows that carrier
leakage into the L-valleys is negligible in this device even
at RT. The threshold current in this case is due to phonon
scattering intersubband relaxation with very weak pressure
dependence due to a small pressure dependence of the
phonon energy. The pressure dependence of intersubband
carrier relaxation via longitudinal polar optical phonon
scattering calculated for the 2.9 pm device is shown in
Fig. 3. However, in contrast, the measured threshold cur-
rent of this device increases considerably with pressure in-
dicating significant leakage into the L-valley. This effect
becomes more pronounced with increasing temperature
(see results for 90 K and 190 K in Fig. 3) in accordance
with (1). The effect of pressure is approximately the same
at 3.8 kbar, 90 K and at only 2.1 kbar at 190 K. It was not
possible to achieve lasing above approximately 2.4 kbar
and 4.2 kbar at 190 K and 90 K, respectively.

2
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where 1y, I, and I, are the threshold current, phonon
scattering current and leakage current at atmospheric pres-
sure, respectively. x is a fraction of /, due to leakage into
the L-minima at atmospheric pressure. The solid lines in
Fig. 3 are the fitting curves for the data at 90 K and 190 K.
They fit well the experimental results with x value of 0.006
and 0.130 showing that the loss of current due to L-leakage
increasing from 0.6% of [, at 90 K up to 13% of I, at
190 K. By applying pressure we increase the leakage cur-
rent up to 29% of [, at 2.4 kbar at 190 K and up to 20% of
1, at 4.2 kbar at 90 K. Using absolute values of the leakage
current determined for the 2.9 pm device from the fit in
Fig. 3 at 90 K and 190 K, together with Eq. (1) we estimate
that E, = 48 meV, which is in reasonable agreement with
the expected value [3].

Figure 4 shows light—current characteristics of the
2.9 um laser measured as a function of pressure at 90 K.
One can see that the increase in the threshold current with
pressure is accompanied by a decrease in the current corre-
sponding to the maximum of the light intensity (maximum
available current, /,,,.). The characteristics of this laser at
190 K were similar but the effect of the pressure on 7, was
stronger than on /,,. For a given design the maximum
available current in a QCL is determined by the total rate
of supply of electrons in the structure, i.e. by the injector
doping level. After alignment of the structure above the
turn-on voltage, the current grows quickly with applied
voltage because of the fast supply of electrons from the
doped injector. When the supply of electrons from the in-
jector becomes limited at /,,,, the small increase in current
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Figure 4 (online colour at: www.pss-b.com) Light—current char-
acteristics of the 2.9 um laser measured at different pressures at
90 K. The numbers near each curve show the pressure value in
kbar. NB: laser light was measured without collecting optics.
Therefore the collection efficiency may vary with pressure. This
does not affect our interpretation of the results.
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Figure 5 Maximum operating temperature as a function of wave-
length for InAs/AISb QCLs [3].

requires high growth of the electric field, which results in
misalignment of the structure and ceasing of the laser ac-
tion. The threshold current of the laser grows with pressure
because of the reduction of population of the upper level of
the lasing transition due to the leakage into L-valley. As
the electron lifetime in the L-valley associated states is ex-
pected to be longer than in the I'-levels due to the fact that
the probability of indirect phonon assisted transitions
is smaller than the probability of direct transitions via
I'-states, the maximum available current decreases for the
same total number of electrons in the structure.

Figure 5 shows maximum operation temperature of
short wavelength InAs/AISb QCLs as a function of emis-
sion wavelength [3]. These data were obtained on longer
lasers, which is responsible for their higher operation tem-
peratures compared with results of this work. We showed
that operation of the 3.3 um QCLs is not affected by the
electron leakage into L-valley. It is possible to estimate
now the influence of this loss on high temperature per-
formances of the 2.9 um lasers. We used Eq. (1) and the E,
value determined above to quantify the loss due to '-L
carrier leakage at the maximum temperature of 280 K as
presented in [3]. Assuming that at 190 K the leakage cur-
rent accounts up to 13% of I, we found that at the maxi-
mum temperature the leakage current is about 20% of 1.
This relatively small contribution of the leakage to the total
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current suggests that the temperature performance of such
QCLs can be improved through optimisation of the design
to increase the relative influence of 1. For the QCLs emit-
ting at 2.75 um, the L-valley impact is certainly stronger in
these devices and should be considered as an important
factor limiting their performance.

4 Conclusion To summarise, the impact of I'-L scat-
tering on the temperature performance of short wavelength
InAs/AlISb QCLs was investigated using high hydrostatic
pressure. The results show clear evidence of the presence
of this loss mechanism in lasers with emission wavelength
near ~2.9 pm, whereas it is much less pronounced in the
longer wavelength ~3.3 um devices allowing their superior
temperature performance. We suggest that increased leak-
age into the L-minima is the reason for the even lower op-
erating temperature limit (140 K) of lasers emitting near
2.75 um [3]. In order to further reduce the operating wave-
length of InAs/AlSb QCLs, carrier leakage into the indirect
L-valley should be minimised to achieve laser operation
over an extended temperature range.
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