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Quantum cascade lasers that emit more light

than heat

Yanbo Bai, Steven Slivken, Shigeyuki Kuboya, Shaban R. Darvish and Manijeh Razeghi*

For any semiconductor lasers, the wall plug efficiency, that is, the
portion of the injected electrical energy that can be converted
into output optical energy, is one of the most important figures
of merit. A device with a higher wall plug efficiency has a lower
power demand and prolonged device lifetime due to its
reduced self-heating. Since its invention, the power performance
of the quantum cascade laser' has improved tremendously?”’.
However, although the internal quantum efficiency’® can be
engineered to be greater than 80% at low temperatures, the
wall plug efficiency of a quantum cascade laser has never been
demonstrated above 50% at any temperature. The best wall
plug efficiency reported to date is 36% at 120 K (ref. 9). Here,
we overcome the limiting factors using a single-well injector
design and demonstrate 53% wall plug efficiency at 40 K with
an emitting wavelength of 5 pum. In other words, we demonstrate
a quantum cascade laser that produces more light than heat.
The core design of a quantum cascade laser (QCL) generally com-
prises an active region and an injector’. In the injectorless design'®!!,
however, two adjacent active regions are connected directly. For an
injector-based core design, electrons generate photons in the active
region through a transition from the upper laser level to the lower
laser level. The injector forms a miniband, which blocks electrons
from escaping from the upper laser level into the continuum, yet
couples strongly to the lower laser level. In addition, this injector,
as the name implies, also serves to recycle extracted electrons by re-
injecting them into the upper laser level of a subsequent emitting
stage. For conventional room-temperature, high-efficiency designs,
the implementation of the injector is usually a chirped superlattice,
incorporating many pairs of quantum well/barriers. This long injec-
tor approach is advantageous for high-temperature operation,
because an electron reservoir can be formed at the end of the injector,
which helps to reduce thermal backfilling. However, at sufficiently
low temperatures, thermal backfilling does not pose a serious
problem to device operation due to a smaller thermal activation
energy, and the long injector approach starts to present adverse
effects®. Most obviously, the voltage defect!?, defined as the difference
between the energy drop per stage and the emission energy, is very
high at low temperatures, which gives rise to a low voltage efficiency’.
In addition, as the temperature decreases, the slope efficiency satu-
rates at some point and the threshold current stops decreasing. As
a result, the wall plug efficiency (WPE) is not always higher at
lower temperatures, but peaks at a certain intermediate temperature,
for example, 120 K in ref. 9. Attempts have been made to reduce the
voltage defect with alternative designs'>!®, but any improvements
were achieved at the expense of slope efficiency. To overcome the lim-
iting factors and fully take advantage of a reduced thermal activation
energy at low temperatures, we report a single-well injector design
specifically made for low-temperature, high-efficiency operation.
The design philosophy is to create a structure with a high internal
quantum efficiency and a minimum voltage defect at both the

threshold field (turn-on) and at the field that gives negative differ-
ential resistance (NDR; turn-off). Figure 1 shows the conduction
band and wavefunction diagram of two QCL stages at a design
temperature of 80 K. The active region is composed of three
quantum wells, featuring a slightly diagonal optical transition and
a single phonon resonance relaxation scheme. The optical phonon
limited upper laser level (level 4) lifetime, lower laser level (level 3)
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Figure 1| Conduction band and wavefunction diagram for the single-well
injector design. a,b, Simulation is performed at turn-on (a) and turn-off (b)
conditions. The dashed box demarcates one full stage. The comb-shaped
structure denotes the conduction band diagram of alternating Gag 54Ing ¢¢As
(well) and Al ¢4lng 3¢As (barrier) layers. The superimposed horizontal
curves are the modulus-squared wavefunctions. The lasing transition takes
place from level 4 to level 3, indicated by vertical arrows. Starting with the
injection barrier, the thicknesses in nanometres for one QCL stage are

(left to right): 3.8, 1.6, 1.3, 4.9, 1.6, 3.4, 2.7, 2.7, where the AllnAs barriers
are in bold, and the underlined thicknesses represent the doped layers

22 %107 cm™3).
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lifetime, and the transition lifetime between level 4 and level 3, are
calculated to be 2.17, 0.44 and 6.76 ps, respectively. The internal
quantum efficiency is therefore 82%, based on the calculated life-
times and a simple rate equation approach®. The benefit of an
active region with a high internal quantum efficiency can be lost
if carrier transport is poor®. For this reason, we introduced a
single quantum well as the injector. Spatially, the injector level
(level 2) is located between the active regions of two adjacent
stages. Energetically, as the applied field increases, it passes the
phonon resonance levels (level 1 and 3), in turn. The structure is
carefully designed such that immediately after level 4" passes level
3, level 2 lies in between level 1 and level 4’ (the scenario in
Fig. 1a). At this field, carriers accumulating in level 1 can be ther-
mally activated into level 2 by means of phonon and electron-elec-
tron scattering. With the bridging of level 2, level 4' can be
populated via resonant tunnelling through the injection barrier'4.
The unique aspect of this design is the spatial and energetic location
of the injector level, which effectively forms a thermal ‘forward
filling” scheme. This scheme is advantageous for population inver-
sion and carrier transport, which is lacking in injectorless
designs'"'2. The combination of a high internal quantum efficiency
and good carrier transport is expected to give a high slope efficiency.
In addition, the thermal forward filling scheme allows for a voltage
defect of less than one optical phonon energy at the turn-
on condition.

As well as a small voltage defect at turn-on, the voltage defect at
turn-off should also be minimized, otherwise the device would
exhibit a high differential resistance and therefore a lower overall
electrical efficiency’. The turn-off condition occurs when level 4’
passes the ground level of the injector miniband (Fig. 1b). At this
field, level 4 becomes out of resonance with the injector, and the
current decreases as more voltage is applied to the device, that is,
NDR behaviour is exhibited. In this design, a three-well active
region (single phonon resonance) is used instead of a four-well
active region!! (double phonon resonance), because a minimum
energy drop per stage near the NDR field can be achieved with
the smallest energy difference between the lower laser level and
the ground level of the injector miniband. For this single-well injec-
tor design, the turn-off field is only 20% greater than the turn-on
field, which is the smallest margin for any existing mid-infrared
QCL design. The reduction of the voltage defect at both turn-on
and turn-off directly translates into a lower operating voltage per
stage, which is strongly favoured for a high WPE. Furthermore,
the differential gain is inversely proportional to the period (thick-
ness) of the repeating QCL stage'. The period of a typical room-
temperature, high-efficiency design at this wavelength is ~50 nm.
The period of this design is only 22.1 nm. As a result, the differential
gain is expected to be much higher, which is helpful for a small
threshold current density.

The main purpose of this work is to demonstrate the highest
WPE possible in pulsed-mode operation. Accurately measuring
the output power outside the cryostat window is therefore critical,
and requires a regular and stable output far field to maintain a con-
stant optical collection efficiency. We therefore chose to process the
QCL wafer into a buried ridge structure (Fig. 2a) with a ridge width
only 6 um wide. The lasing far field was confirmed at room temp-
erature to be regular and stable when driven at currents significantly
above threshold (Fig. 2b).

As the differential gain of this structure is designed to be high, a
device with a shorter cavity length does not show a large increase in
threshold current, yet can show large increases in slope efficiency’.
Bearing this in mind, we found that the optimum device cavity
length is 2 mm for the highest WPE, as opposed to 5 mm for the
room-temperature, high-efficiency design®. Figure 3 shows the test
results for the 2 mm device. At a design temperature of 80 K, the
threshold current density, threshold voltage per stage, and slope
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Figure 2 | Image of the device facet and lasing far field. a, Scanning
electron microscopy image of a processed device facet showing the buried
ridge structure. The lateral regions adjacent to the laser core are filled with
iron-doped InP with a resistivity of ~1 x 10° Qcm. b, Laser angular beam
characteristics in the far field taken at 300 K with a 5% duty cycle and 200-
ns pulse width. The driving current is 1.2 x [,;, for the low current and 1.4 x
Iy, for the high current curves, respectively.

efficiency per stage are 0.5kAcm™2 027V and 0.17 WAL
respectively, which are all among the best reported values at a wave-
length around 5 pm. The voltage defect at threshold is as low as
22 meV, without subtracting any parasitic voltage drop from the
threshold voltage'®. The temperature-dependent threshold current
density, threshold voltage, slope efficiency and maximum WPE
are shown in Fig. 3c-f. Above 80 K, due to increased thermal back-
filling, the threshold current density increases and the slope effi-
ciency decreases very quickly. Below 80 K, thermal backfilling is
mostly negligible. However, similar to ref. 13, the threshold
voltage increases as the temperature decreases. This is because
most of the carriers are found in the ground level of the injector,
so the threshold voltage must be slightly increased to populate the
upper laser level. A minimum for the threshold voltage is reached
at 150 K, and, at higher temperatures, the behaviour of the threshold
voltage is dominated again by thermal backfilling. Consequently, as
a collective measure, the WPE peaks at 40 K with a value of 53 + 1%.

Figure 4 shows the lasing spectra measured slightly above
threshold at different temperatures. The behaviour of the tempera-
ture-dependent lasing wavelength is the result of two competing
effects. On one hand, the conduction band offset decreases with
temperature, which always introduces a redshift. On the other
hand, the quantum Stark effect can either redshift or blueshift the
emission wavelength depending on a decreasing or increasing
threshold voltage. Combining these two effects, the experimentally
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Figure 3 | Temperature-dependent characteristics. a, Power-current and voltage-current characteristics. b, WPE-current characteristics. c-f, Temperature-
dependent threshold current density (c), threshold voltage (d), slope efficiency (e), and WPE (f). The dashed curve in c is an exponential fit of

Jyy = Joexp(T/T,), where J, is the threshold current density and T is the temperature. The fitting parameters are Jo = 0.3 kA cm ™2 and T, =120 K.

The error bars are generated based on measurement uncertainties for the optical power, current and voltage.
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Figure 4 | Lasing spectrum near threshold at different temperatures. The
device is biased slightly above threshold in pulsed mode, with 5% duty cycle
and a pulse width of 200 ns. The open circles represent the simulated
emission wavelength taking into account both temperature-dependent band
parameters and the quantum Stark effect.
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observed wavelength change as a function of the temperature can be
qualitatively reproduced by taking into account the band bowing
parameters'® and the threshold voltage data (Fig. 3d), as shown by
the open circles in Fig. 4.

In conclusion, we demonstrate 53% WPE operation of QCLs at
40 K with a single-well injector design. This design takes advantage
of a reduced thermal activation energy at cryogenic temperatures to
create a thermal forward filling scheme near threshold. This demon-
stration marks an important milestone in exploring the efficiency
capability of intersubband semiconductor lasers.

Methods

Growth and fabrication. The structure was grown in a gas-source molecular beam
epitaxy reactor with 80 QCL stages inside the laser core, giving a total core thickness
similar to a typical QCL at this wavelength. Growth of the structure started with a
n-InP substrate. The layer sequence and the waveguide doping were as follows:

1 pm lower cladding (6 x 10'® cm™?), 80-stage laser core, 3 pum upper cladding
(exponentially doped from 6 x 10'® cm™ to 6 x 10'” cm™?) and 1 pm cap layer
(2.5 x 10" cm™3). The QCL wafer was processed into a buried ridge structure. Iron-
doped InP regrowth was performed with metal-organic chemical vapour deposition.
The fabrication procedure followed the description in ref. 16, except for the use of a
AuGe bottom contact to reduce the contact resistance’.

Device testing. All testing was carried out with a pulse width of 200 ns and a duty
cycle of 5% (that is, a repetition rate of 250 kHz). For output power measurement, a
calibrated thermopile detector was used to measure the average power, and the peak
power was obtained from the measured average power and the known duty cycle.
Each device was first tested at 300 K on a thermoelectric cooler by placing the
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thermopile directly in front of the laser facet, assuming 100% collection efficiency.
Low-temperature testing was carried out with a liquid-helium-cooled cryostat. The
same thermopile was placed just outside the cryostat window and the collection
efficiency was obtained by comparing the room-temperature power—current curve
with that measured outside the cryostat. A collection efficiency of 70% was obtained,
which was used to correct the measured power data. In addition, the value was
doubled (total peak power) to account for light emitted from the rear laser facet. The
noise level of the thermopile was 0.5 mW, which translates to 14 mW for the peak
power uncertainty at the relevant duty cycle and collection efficiency. The noise
levels of the current and voltage measurements were 5 mA and 10 mV, respectively.
Spectra were measured with a Fourier-transform infrared spectrometer (FTIR)
with a resolution of 0.125 cm™! in rapid scan mode. Far fields were obtained

with a computer-controlled rotational stage and a mercury cadmium telluride
(MCT) detector.
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