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The effect of the pump pulse duration and duty cycle on power
characteristics of quantum cascade lasers
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We experimentally and theoretically investigated the quantum cascade lasers (QCLs) characteristics at various
duty cycles and different repetition rates of pumping pulses. We show theoretically and experimentally that short-
pulse pumping should be used to obtain high average power while maintaining peak power values. The maximum
average output power of more than 100 mW has been experimentally demonstrated. Further increase in average
power requires better heat dissipation from the active region.
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Quantum-cascade lasers (QCLs) is a rapidly growing
class of coherent emitters for the mid-infrared range. Their
high output power and efficiency largely depend on the
temperature stability of the output characteristics, primarily
on the temperature stability of the threshold current. This
is mainly due to the fact that high operating voltages and
low thermal conductivity of the active region materials lead
to its strong heating even at pumping with short current
pulses [1].

A separate area of research is using QCLs to generate
and transmit data. This includes studies of random number
generation based on cascade lasers [2,3] as well as the
development of mid-infrared wireless optical communication
systems [4]. These and many other applications require
temperature stability of QCLs when operating in continuous
or pulsed mode with high filling factor. Therefore, the
efforts of researchers are focused on developing new active
region designs that provide high temperature stability of
QCLs. In [3], a characteristic temperature of Ty ~ 380K
was demonstrated for the 4—5 um, spectral range of QCLs,
which allowed this design to achieve efficiencies of over
30% in pulsed mode [6] and over 20% in continuous mode
generation [7]. Also for longer wavelength QCLs T, over
170K at efficiencies of ~ 20% [8] and even over 240K
at efficiencies over 10% [9] were shown. In all cases, the
approach to improving the threshold properties of QCLs is
the development of active region designs based on voltage-
balanced pit/barrier layers, which provide a large energy
gap at the hetero-boundary, allowing to reduce the thermal
release of charge carriers from the upper laser level into the
continuum.
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In this paper, the pulsed modes of QCL operation at
different filling factors have been investigated. In the
experiment we used QCLs of the 8 um spectral range with
an active region based on InGaAs/InAlAs well/barrier pair
with fifty quantum stages lattice matched to InP substate. A
detailed description of the structure is given in [10].

QCL stripes were formed by etching two deep grooves
~ 9 um deep. The width of the formed stripe along the top
edge was ~ 10 um. Details of the post-growth procedure are
outlined in [11]. After the post-growth processing, the wafer
was divided into 3mm long chips, which were mounted
epitaxial layer down for better heat dissipation from the
active region.

Fig. 1 shows the dependencies of the maximum peak
power and maximum average power on the filling factor.
The QCL studies were carried out in pulsed mode at
different values of the filling factor at a pulse repetition
rate of 10kHz. The QCL radiation was collimated by
a germanium alloy aspherical lens with an effective focal
distance of 0.7mm and a numerical aperture of 0.85.
The working surfaces of the lens were coated with a
broadband antireflection coating that provided a Fresnel
reflection loss of less than 1%. The collimated beam
was split in a 1/9 ratio using an BaF,wafer. The smaller
portion of the radiation was directed to a fast-acting CdHgTe
photodetector (CdHgTe — cadmium—mercury —tellurium)
with four-stage cooling. This photodetector, connected to an
oscilloscope, allowed the precise shape of the optical pulse
to be recorded. The average P, power was recorded using
a Thorlabs PM100D verified power meter with an S401C
thermoelectric detector. In the average power readings, 10%
of the power was detached to the CMT photodetector. The
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Figure 1. Dependence of peak power (circles) and average power
(squares) on the filling factor. Hereinafter, the power from two
QCL mirrors is given.

peak power Ppeak Was calculated using a simple expression

_ AnPay
F’peak— St (1)

where Ay, — the maximum amplitude of the optical pulse,
S — the oscillogram area of the optical pulse [V's], f —
the pulse repetition rate [Hz]. Although the maximum value
of the filling factor is small and is not more than 1.6%,
the results clearly indicate that the QCL overheats once
the filling factor increases beyond 0.3%. It is after this
value that a decrease in peak power is observed, as well
as a deviation from the linear relationship of the average
power value. The results obtained show that it is necessary
to properly select the pulse pumping modes to reduce the
influence of overheating of the active region of the QCL in
order to achieve an optimal balance between the pulse and
average power of the output radiation.

To analyze the influence of the pumping mode of the
laser on its parameters, we used the numerical solution
of the nonequilibrium heat conduction equation squared
0.2 x 0.2mm with the thermal engineering parameters of
the laser design elements given in [1]. We have considered
two limiting cases of heat dissipation efficiency. In the
first case in the model, the massive copper heat sink had
full contact with the laser chip, while in the other case it
was effectively isolated. The width of the structure was
chosen to be 20 um, which corresponded to the width of
the base of the samples strip studied. We considered the
pump pulse durations of 100 and 1000ns. The dynamics
of the core center temperature change over the 100us
interval in double logarithmic scale for four combinations
of heat sink and pulse duration is shown in Fig. 2. It can
be seen that when a current pulse of 2A and 100 and
1000 ns duration is applied, the laser core center overheats
by 7 and 20K, respectively. Then, after the pump pulse
is turned off, the temperature decreases according to a
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Figure 2. Temporal dynamics of the temperature of the QCL
core center calculated by solving the two-dimensional unsteady
heat conduction equation and plotted on a double logarithmic
scale. The lines /—3 show the evolution of the core center
temperature when pumped by a 100ns pulse, the lines 4—6 —
1000ns. The solid lines 1,4 — the results of the model with
a working copper heat sink, the dashed lines 2,5 — with an
isolated heat sink, the dotted lines 3, 6 — approximating functions
of the form t~! (t — time). The amplitude of the pump current
is | =2A. For the parameters of this calculation, the values
of equilibrium superheat in the linear response approximation
are Teq(1000ns) = 1.1K, Teq(100ns) = 1.3 K, while the average
pulse superheat for these cases is (Timp)(1000ns) = 14K and
(Timp) (100 ns) = 3K respectively.

complex law obeying the nonequilibrium heat conduction
equation without internal heat sources. The small size
and the filling factor allow the core to be considered as
an instantaneous point source of heat for the entire QCL
structure. In the case of two-dimensional geometry of the
structure, the temporal and spatial evolution of the released
energy, or the Green’s function of the instantaneous heat
source, has the following form:

o) 2
T(o,t) = -—~-e ® 2
(0:1) 4kt ’ )
where p — distance from the instantaneous heat release

point, k — diffusion coefficient, [cm?/s], ©(t) — Heaviside
function. Since the cross-sectional area of the QCL is much
smaller than that of the heat sink, after the pump is turned
off in the p — 0 limit, the core temperature will change
with time according to the law

TAR(t) ~t7 L (3)

The display of the analytical law in Fig. 2 shows that this
approximation adequately describes the heat diffusion in the
QCL structure. It can be seen that an order of magnitude
difference in pulse durations leads to an almost proportional
residual superheat, while the largest superheat differs by a
factor of about 3.
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Under the assumption of fairness of the linear response
approximation, when the temperature distribution from
previous pulses does not affect the heat transfer dynamics of
the current pulse, the core temperature will be determined
by the convolution of the core cooling dynamics and the
modulated pump signal

Teq(t) = / Pump[x]Response]t — x|dx. 4)

— 00

A specific feature of the considered problem is that a
function of the form t~! is not integrable at infinity, ie.,
analytical calculation of the true equilibrium value of the
core temperature on an infinite time scale is impossible.
However, the specifics of the problem allow a sufficiently
accurate quantitative assessment. Taking into account the
fact that energy is supplied to the core in portions with a
known frequency, let us replace the true equilibrium value
of the core temperature by the experimentally observed
value, which is formed after some time commensurable with
the duration of the experiment:

Teq ~ T’ f 15 In(f Tobs), (5)

where T’ — temperature constant proportional to the
energy release per pulse, f — pulse delivery frequency,
Tobs — duration of the experiment, 7, — duration of
the pump pulse. The logarithmic function is obtained by
summing up the contributions from the residual heating,
given by the expression (3), due to all pulses applied at the
time of observation. The experiment time t ~ 103 s is taken
for the calculations. Using expression (5) for different pulse
durations under conditions of unchanged filling factor, in
the linear response approximation, it can be obtained that
for durations differing by an order of magnitude, the value
of the equilibrium temperature will differ by fractions of
degrees Kelvin. In particular, for durations of 100 and 1000

ns and a filling factor of 1%, the ratio T(FR™) = 0.85

(Teq(1000ns) = 1.1K and Teq(100ns) = 1.3K), ie., the
residual overheating of the active region when pump pulses
with a constant filling factor are applied but at different pulse
durations (100 and 1000 ns) is actually the same.

The temporal dynamics of heating during pulse delivery
in Fig. 2 can be approximated by the following function:

Timp(t) = Ta (1_67#) =20 (l_e_m)’ (6)

where T, and 7, — fitting parameters denoting the effective
amplitude of the pulse heating temperature and the charac-
teristic time constant of its attainment, respectively. Thus,
the average pulse heating, additive (additive) to the steady-
state equilibrium value derived in equation (5), will be equal
to

p

(Timp) (Tp) = Tip/Timp(t)dt =Ta (1 _ I (1 - e—i—f)> .
0

Tp
(7)

Substituting the corresponding values, it can be ob-

tained that {pelrie — 4.6 ((Timp) (1000ns) = 14K and
(Timp)(100ns) = 3K). As a result, the average additive
heating for long pulses is much greater than that for short
pulses. It should be noted again that the equilibrium
superheat for both cases is the same.

Thus, the simulation results, taking into account specific
parameters, clearly showed that the presence of rapid local
overheating of the active region, which is not compensated
by the complete cooling of the active region of the
QCL during the pause time between pulses, can lead to
the intensity drop after pulse durations of 100ns. The
simulation results are well confirmed by the data of Fig. 3, «,
which shows the experimental dependence of the average
power of the QCL output radiation on the filling factor and
pulse repetition rate. To obtain this dependence, multiple
watt-ampere characteristics were measured for each of the
repetition frequencies with increasing pulse duration from a
minimum value of 100 ns, which gives the minimum value
of the filling factor for each frequency, to the maximum
value determined by the observed decrease in the maximum
output average optical power. It can be seen from the
figure that as the filling factor increases by increasing the
repetition rate and decreasing the duration of the pump
pulses, the highest average power is achieved. This is
due to the fact that when the duration of the pump pulse
decreases, less additional heat is generated in the active
region of the QCL, which makes it possible to increase
the filling factor with an increase in the output average
power.

We have experimentally investigated the dependence of
the power and threshold characteristics of the QCL on the
filling factor when pumping the QCL by current pulses with
a duration of 100ns. Figure 3,5 shows the dependence
of the average power, peak power, and threshold current
of QCL on the filling factor. It can be clearly seen that
the saturation of the maximum average power occurs at a
filling factor of 5%, and the decline occurs after a filling
factor of 10%. At the same time, the maximum peak power
begins to decrease after a filling factor of 0.3%, and the
threshold current does not change significantly until a filling
factor of 2.5%. It can be clearly seen from Fig. 3, ¢, where
the watt-ampere characteristics of the QCL for various
filling factors are given, that no decrease in the differential
efficiency is observed up to a filling factor of 2.5% and a
pump current amplitude of 3 A, after which the thermal
bending of the watt-ampere characteristics becomes the
stronger the higher the filling factor. Thus, at an operating
voltage of ~ 12V for a pump current of 3 A, the total
power consumption is ~ 36 W, which, with a filling factor
of 2.5%, shows that about 1 W of thermal power can be
efficiently dissipated from the active region of the QCL
without overheating with the chip design used. Further
increase of the operating current leads to an increase of the
power consumption and, consequently, to QCL overheating.
This finding shows that a further increase in the average
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Figure 3. a — The dependence of the average output power of the QCL on the filling factor and frequency. » — the dependence
of average power (7), peak power (2), and threshold current (3) on the filling factor. ¢ — watt-ampere characteristics of the QCL for
different values of the filling factor. The duration of the current pumping pulse on the b and c slices was 100ns. A color version of the

figure is provided in the online version of the paper.

power output requires improved approaches to post-growth
processing of the structures.

The studies show that to achieve high average power
and increase the filling factor while maintaining high peak
power, the duration of current pumping pulses should be
reduced. In these studies, the minimum duration of current
pumping was 100ns. At the same time, as shown in [12],
the on-off delay time of the QCL when pumping with non-
zero edge pulses can exceed 5ns. Therefore, a pump pulse
duration range of 20—100ns appears to be optimal for
modulating the QCL with large-amplitude current pulses
with a nonzero leading edge. A more precise determination
of the pump pulse duration optimum requires additional
studies that are beyond the scope of this study.

Thus, the QCL characteristics at different filling factors
and different pump pulse repetition rates have been ex-
perimentally and theoretically investigated. A maximum
average output power of more than 100 mW has been
experimentally shown. Further increase of the average
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power requires providing better heat dissipation from the
active region.
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