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Abstract: We report measurements which give direct insight into the
origins of the transparency current for A ~5 um Ing¢Gag4As/Ing 4Alj s3As
quantum cascade lasers in the temperature range of 80-280 K. The
transparency current values have been found from broadband transmission
measurements through the laser waveguides under sub-threshold operating
conditions. Two active region designs were compared. The active region of
the first laser is based on double-LO-phonon relaxation approach, while the
second device has only one lower level, without specially designed resonant
LO-phonon assisted depopulation. It is shown that transparency current
contributes more than 70% to the magnitude of threshold current at high
temperatures for both designs.
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Introduction

Recently, mid-infrared quantum cascade lasers (QCLs) [1] have achieved a remarkable level
of performance, emitting several Watts of continuous optical power at room temperature [2,
3]. This performance has become possible due to careful optimization of the laser parameters
and continuing advances in device processing and packaging. However, in most cases high
threshold currents are still a problem and the origin and the value of transparency current are
increasingly thought to be an important factors that have not yet been studied experimentally
in great detail. The transparency current corresponds to the current through the laser at the
point when the increasing gain at the laser transition is equal to the losses at this transition. In
a simplified theoretical analysis of mid-infrared QCLs it is still widely assumed that
transparency current is virtually zero, in contrast to the case for interband lasers. Any small
current through a QCL is supposed to create intersubband population inversion and result in
gain. However, such a suggestion is only valid if there are no electrons on the lower laser
level and the current flows only by injection of the carriers into the upper laser level. The first
requirement can be easily fulfilled for the optimum active region designs, albeit only for very
low temperatures. The second is more problematic, since there can be phonon-assisted
leakage transport of electrons from the injector directly to the lower laser levels or escape of
electrons to the continuum through the injector upper minibands, suppressing the onset of
population inversion.

In the present paper we report detailed investigations of transparency current in mid-
infrared QCLs at various temperatures, by means of broadband transmission spectroscopy of
devices under sub-threshold operating conditions. We show that at 280 K the transparency
current constitutes more than 70% of the threshold current value for typical QCL designs.

Laser designs and experimental setup

Two laser designs have been studied for comparison, based on strain-compensated
Ing ¢Gag 4As/Alg sslng 40As QCL wafers with laser cores comprising 35 periods of the active
and injector regions. The first design (S1) is based on a double-LO-phonon relaxation
approach with the layer sequence (thicknesses, in nm), starting with the injector barrier:
4/1.3/1.3/5.1/1.3/4.5/1.4/4/2.3/3.1/1.8/2.8/1.9/2.5/2/2.4/2.2/2.3/2.8/2.2, where Aljsslng4As
barriers are in the bold font and underlined layers are doped with Siton =1 x 10" cm™. It is
usually assumed that two levels positioned below the lower laser level and separated by the
energy close to the LO phonon energy should provide efficient depletion of the lower laser
level, therefore helping to achieve population inversion. For the second wafer (S2) the exit
barrier (2.3 nm thick as in the first design) is moved to be closer to the injection barrier:
4/1.3/1.3/5.2/2.4/4.5/1.7/4/1.7/3.1/1.8/2.8/1.9/2.5/2/2.4/2.2/2.3/2.8/2.2, creating just one wide
quantum well (5.2 nm thick) in the active region without specially designed resonant LO-
phonon assisted depopulation.

The wafers were grown on highly doped (n~10"® cm™) InP substrates by metal organic
vapour phase epitaxy [4]. The laser core regions are grown between 0.3 pum thick
Ing 53Gag 47As spacer layers (n = 5 x 10'¢ cm_3) and 2.5 pm thick low doped (n = 5 x 10'°
cm™) InP waveguide layers. The wafers were capped with 0.8 um highly doped (n =7 x 10'®
cm™) InP top claddings.
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The wafers were processed by dry etching into 20 um wide ridge lasers. Thermally
evaporated, annealed Ti/Au top and InGa/Au bottom contacts were used. 5 yum thick
electroplated gold was deposited on top of the ridges to improve heat dissipation from the
devices. The laser chips were indium-soldered epilayer-up on copper submounts. The
mounted lasers were then fixed on a cold finger of a continuous flow helium cryostat. The
broadband mid-infrared emission from a FTIR spectrometer was focused on to the front facet
of the laser ridge and the light transmitted through the laser waveguide was detected by a
cooled mercury-cadmium telluride detector. The experimental setup is very similar to that
described in [5]. Due to the selection rules applicable to the intersubband electron transitions
in quantum wells, TM (parallel to the growth direction) polarized light was used for the
transmission measurements. To eliminate waveguide absorption effects (assumed to be
independent of polarization), the TM transmission spectra were divided by the spectra taken
at the TE polarization. The spectral resolution is about 5 meV. DC bias below the laser
thresholds was applied to the lasers under investigation.

Transmission measurements

The transmission spectra in the energy range around the laser transitions were studied at
temperatures of 80, 120, 160, 200, 240 and 280 K and for various current values below the
threshold for 2 mm long laser S1 and 2.5 mm long laser S2. The spectra taken at 80 and 240
K are shown in Fig. 1. The dips correspond to the absorption or the losses at particular
energy, while the peaks represent the amplification of the incident light or, in other words, the
presence of gain. At 80 K no absorption is observed for S1 at the laser energy for any current.
This is a direct demonstration of a double-phonon design working at low temperatures as
theoretically predicted when the lower laser level stays empty due to efficient LO-phonon
assisted electron relaxation. At elevated applied bias the amplification peak gradually
increases at the energy of the laser transition (230 meV).

For laser S2 at low current, even at temperatures as low as 80 K (Fig. 1(b)), there is strong
absorption at the laser energy, indicating that in this case the lower laser level is populated
with the electrons from the doped layers of the injector. Such a strong absorption at the laser
transition (high concentration of the electrons on the lower laser level) exists for laser S2 at
low current for all temperatures. The intensity of the transmitted light increases with bias and,
similar to S1, at certain bias the gain starts building up at the energy of the laser transition
(253 meV for laser S2).

For laser S1 the absorption at the energy of the laser transition (signalling the presence of
electrons on the lower laser level) is however, observed starting from the temperatures higher
than ~120 K. This indicates that even for this phonon-assisted-depopulation laser design hot
electrons from the injector occupy the lower laser level at these temperatures (see Fig. 1(c)).

At high temperatures the transmission experiments reveal very distinct features of the
amplification and absorption peaks. For some values of current the spectra near the laser
transition have a dispersive shape, when the absorption and amplification are observed at the
same time but at slightly different energies (Fig. 1(c) and 1(d)). Similar behavior has been
previously observed in mid-infrared QCLs and studied both theoretically [6] and
experimentally [7, 8]. In these works it was suggested that for the cases when the populations
of the electrons on the upper and lower laser levels are comparable, the existence of the
scattering processes, particularly at higher temperatures, leads to the increased contribution of
the second order gain which results in a dispersive shape.

The gain value can be scaled as the product of the gain cross-section g and the population
difference, so the transmitted light intensity is proportional toexp(g (n, —n,)L), where ny
are the electron concentrations (dependent on current) on the upper and lower laser levels
respectively, and L is the laser length. The logarithms of the light intensities of the absorption
dips and amplification peaks normalized to the laser cavity lengths are shown in Fig. 2 for
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both lasers. At the bias well below the laser alignment, there are more electrons on the lower
laser level compared to the upper level (n; >> n,) and as the observed dependence of the
absorption intensities on increasing current (see Fig. 2) is almost exponential it can be
assumed that n; reduces linearly with increasing current.
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Fig. 1. Experimental transmission spectra (taken for TM polarization and normalized for the
spectra taken for TE polarization) for lasers S1 and S2 measured at 80 and 240 K for various
current values below the laser thresholds. The spectra are vertically shifted for clarity where
the spectra presented as the lowest were measured for the smallest current values. The
absorption peaks observed at the energies higher than the laser transitions correspond to other
intersubband transitions in the QCL active regions (see [5], for example).

The intensities of the absorption peaks for laser S2, extrapolated to zero current, converge
to nearly the same value (marked by the black square in Fig. 2(b)) for all temperatures (80 -
280 K). The band structure simulations show that at zero bias the lower laser level in device
S2 is the overall ground state of the laser period consisting of the active region and doped
injector; therefore, almost all electrons from the injector are residing on the lower laser level.
For laser S1 the absorption appears only at temperatures above 120 K; (see Fig. 2(a)) when
thermally excited electrons start to populate the lower laser level. The electron population on
this level gradually increases with the temperature but it is still lower than for device S2, even
at 280 K. n; reduces with increasing bias for both lasers. However, at the elevated
temperatures the rate of this reduction of the electron concentration with increasing current
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decreases because thermal backfilling of the electrons from the injector increases. These
measurements directly show that the thermal back-filling process is less pronounced for S1
compared to S2, consistent with expectations.
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Fig. 2. The logarithm (In(/,,, ,;; )/ L) of the intensities of the amplification peaks (upper

curves, A) and the absorption dips (lower curves, ®), extracted from the TM/TE transmission
spectra and normalized by the cavity length L, versus the current density for QCLs S1 (a) and
S2 (b). The horizontal and vertical thick black lines show the example on how the transparency
current for laser S2 was estimated from the data at 240 K.

The dependence of the intensity of the amplification peaks on current density can be fitted
by the exponential curve only in the current range close to the threshold (Fig. 2). For the bias
close to the laser alignment the injection of the electrons to the upper laser level becomes very
efficient and we can assume that n, >> n;. Then our measurements directly demonstrate that
the gain formation does not start straightaway at very small current values but appears after
some given value of the current and this “onset” current increases with temperature.

One of the formal descriptions of such transparency current density (J,,) in experiments
with QCLs is the introduction of additional intersubband resonant losses «, =GJ, ,

originating from the electrons residing on the lower laser level [9—11] so the equation for the
threshold current density is therefore modified as follows:
Jp=(a, +a, +a,)/G=(a, +a,)/G+J, , where a, is the waveguide losses, a, is the
mirror losses and G is the modal gain coefficient.

However, by using the transmission spectra data presented here it is possible to directly
determine the transparency current for the operating devices. The transparency current is
assumed to correspond to the bias condition when the gain is the same as the losses at the
energies near to the laser transition. The method of extracting the transparency current values
from our measurements can be explained by taking, as an example, the dependence for the
transmission light intensities for laser S2 at 240 K. (We note that when the transmission
spectra has the dispersive shape both amplification and absorption are observed even for
n,=n,.) The thick black horizontal line in Fig. 2(b) represents the intensity of the

transmitted light observed at low bias when there is no gain in the laser. Then the current
value is found which corresponds to the position where the distances to the amplification and
absorption curves (the vertical thick black lines with the arrows) are equal. This current value
is the transparency current as at this point the gain is equal to the losses. J,, found from the
transmission experiments and J,;, measured in the pulsed regime with 50 ns pulses at 5 kHz
repetition rate are shown in Fig. 3 for both lasers. The small difference in the length of the
ridges of the studied lasers should be noted (laser S1 is shorter and therefore has higher mirror
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losses) which results in J, being slightly less for laser S2 at 80 and 120 K than for laser S1.
The transparency current as percentage value of the threshold current is higher for laser S2
confirming the advantage of the double-LO-phonon designs. However, the transparency
current increases rapidly with temperature for both lasers and contributes more than 70% to
the threshold current at high temperatures even for the laser with the double-LO-phonon
design. The measured contribution of the transparency current is similar to that reported in
other publications [11-13], where it was estimated that the transparency current makes up
more than half of the threshold current. Another possible explanation [14] also supported by
our theoretical simulations is that at elevated temperatures and for the voltage values below
the voltage at threshold the current flows in part due to scattering from the bottom of the
injector directly to the lower laser level.
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Fig. 3. Threshold J,; and transparency J, current densities for QCLs S1 and S2 in the
temperature range of 80-280 K. 7, values have been extracted from the fitting J,, ~exp(7/T).

Conclusion

The detailed spectroscopic investigation of the origin and the values of the transparency
current has been carried out for two InGaAs/InAlAs quantum cascade lasers with different
designs. Rapid increase of the transparency current with temperature was observed not only
for the laser with much suppressed electron depopulation from the lower laser level but also
for the laser with nearly optimized active region design based on the double-LO-phonon
assisted depopulation of the electrons from the lower laser level. It has been demonstrated
that the transparency current contributes significantly (more than 70% at 280 K) to the
threshold current for both lasers and originates partly due to temperature defined processes
such as thermal backfilling and scattering assisted leakage from the injector directly to the
lower laser levels.
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